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Introduction

Every chemical or physical process is ruled by thermodynamic variables

like pressure, temperature and chemical potential [1]. Acting on one of these

variables allows to affect the equilibrium composition of simple molecular

systems and the kinetics of their transformations. In particular, pressure is

a powerful tool to govern the behaviour of molecular systems, because of

their “softness” (or, in other words, because of their high compressibility)

[1, 2]. Pressure has a wide range of variation in nature, from the absolute

vacuum of the interstellar spaces to the huge pressure at the center of neutron

stars, passing through the hundreds of GPa (365 GPa, actually, and at least

5000 K of estimated temperature) at the core of our planet: laboratory

equipment allows to perform experiments in a wide range of pressures (up to

the megabar) and temperatures (up to thousand of Kelvin), making possible

to exploit pressure versatility to promote phase transitions from fluid to

crystalline phases, or even insulator-metal transitions, and also reactivity on

simple molecular systems. An external high pressure has the general effect to

reduce the molar volume of the molecular systems, increasing their density.

The very interesting part is that by changing pressure one can achieve drastic

variation of molar volume (up to 50% with few tenth of GPa), and this is not

the same acting on temperature (it could take hundreds of degrees to achieve

contraction of the 8% on the molar volume), see figure 1.

In fact, it takes relatively low pressure to significantly reduce the inter-

molecular distances in the system, leading to an enhanced interaction and,

from an energetic point of view, to a high energy state. Molecular systems
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Introduction

Figure 1: Effect of pressure (green) and temperature (red) on the molar volume of

molecular systems. Figure taken by Mills et al., see ref. [3].

can this way explore different region of their potential energy surfaces, reach-

ing previously unaccessible new local or global energy minima (figure 2). For

molecular crystals, this can correspond to transitions to new dense phases

[4], amorphisation and ionisation processes or, in more drastic conditions,

to a complete reorganisation of the chemical bonding structure, leading to

the formation of new products [5]. Particularly, the application of high pres-

sures in the range from 1 to 10 GPa, together with temperature and laser

irradiation, allows to overcome the energetic barriers for the synthesis of

compounds such as polymers, avoiding the use of catalysts and any other

substance than the reactants [6–8].

This is a general feature for high pressure reactivity, and an interesting

point for what concern the so called Green Chemistry : exploiting physical

tools, we do not require the use of solvents, catalyzers or other chemical

coadiuvants. Nevertheless, chemical reactivity at high pressure is a largely

unexplored field of study, although really important for fundamental issues

and novel material synthesis too: the high pressure synthesis of polymeric
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Introduction

Figure 2: Schematic representation of the effect of pressure on potential surfaces

of a molecular system. Different local minima in the low-lying potential energy

surface can be experienced through variation in the density conditions, or even by

electronic excitation to higher potential energy surfaces and, then, through conical

intersection leading to different structure and, consequently, to different chemical

products.

nitrogen [5], extended CO2 phases [9] or benzene-derived carbon nanothreads

[10, 11] are good examples of this general statement. Moreover, some of

these pressure-triggered reactions are reversible but others are irreversible

processes, allowing to recover their products at ambient conditions. These

products can be really promising for practical applications, and the high

pressure reactions, typically small volume processes, can be scaled up to

larger volumes in order to fully exploit the appealing characteristics of several

of these compounds [12].

In this framework, even more intriguing is to investigate the effect of

combined high pressure and extreme confinement on ordinary matter, a con-

dition that is really common in nature but far less studied in laboratory. At

different pressures, geochemical and geophysical properties of earth’s crust,

mantle and core show the recurring of elements like carbon and silicon (see

figure 3), whose high pressure behaviour is of great interest even in con-
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fined conditions, and of system in which the effects of confinement cannot

be neglected, like, for instance, clathrate hydrates. On the other hand, ex-

treme confinement conditions can, in perpective, be exploited to drive the

synthesis of new materials and devices with specific and tunable character-

istics. “Classic” confinement chemistry is related to the use of active zeolites

(zeolites having metallic, catalytic centers) [13–21] or, anyway, to catalysis

in spatially confined conditions for several kind of applications, ranging from

polymer science [22] to energy vectors storage [23], resulting in a huge amount

of literature about this and others related arguments. In our case, we are in-

terested in deepen the understanding about chemistry in confined conditions

in absence of any coadiuvant effect, so to exclude the presence of active or

catalytic sites and to exploit only physical tools to promote and foster react-

ivity. In other words, we are interested in exploiting reduced dimensionality

so to direct a chemical reactivity fostered only by physical tools (pressure,

temperature, laser irradiation).

Figure 3: The role of deep carbon in geological processes is controlled at a fun-

damental level by atomic-scale structure and bonding. Image from “Physics and

Chemistry”, DCO directorate final proposal.

We took into examination three different systems that show a great funda-
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Introduction

mental interest (ranging from cosmology, to geology to life science) and that

could exhibit also powerful technological applications deriving both from the

synthesis of nanocomposites (starting from our materials) and from their high

pressure functionalization. These model system are a) nanocomposite inclu-

sion materials based on C/Si constituents, b) nanostructured carbon-based

materials such as graphite, graphene oxide or carbon nanotubes and c) the

reactivity and the structural behaviour of red and black phosphorus (and its

derivatives such as phosphorene). We have also studied clathrate hydrates

of simple hydrocarbon molecules, and particularly methane clathrate hy-

drates: these studies are still ongoing. The specific goals of these studies are

to provide general contributions to a deeper understanding of fundamental

chemistry and physics of densified systems in small spaces and reduced di-

mensionality and to develop novel, high pressure, Green Chemistry-oriented

routes for the synthesis of nanocomposite materials.

The first class of materials we have studied is that of nanocomposites

inclusion materials based on C/Si constituents. C and Si are two of the main

constituents of earth interiors, and some interesting studies have underlined

the effect of pressure in clarifying the affinities between CO2 and SiO2 [9], and

even the possibility to have a reactivity between a molecular form of Carbon,

CO2, and its Si-counterpart SiO2, in the form of Silicalite: the product of

this reaction is a mixed carbonate-silicate phase that can be quenched and re-

covered at ambient conditions [24]. In the framework of this research project,

we have studied high pressure polymerization of simple organic molecules in

meso/micro-porous materials. The idea is simple: by exploiting the density

increase due to the high pressure and, if necessary, light absorption to help

trigger the polymerization reaction, avoiding any catalytic effect due to the

pore walls (this has been ensured by using non-catalytic porous materials

as confining systems), it is possible to synthesize and even stabilize specific

polymers embedded in a protecting inorganic scaffold, that allows to recover

them and, potentially, to apply them for technological purposes. The high

pressure polymerization of simple organic molecules inside the zeolite allows
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to obtain nanocomposite materials with finely tunable mechanical properties

such as a perfect, ideal zero thermal expansion coefficient material, or ideal

conducting, embedded polymers (PolyAcetylene, for instance), or even high

density energetic materials (polyCO) trapped in the inorganic framework.

Furthermore, high pressure functionalization of the pore walls of nano-porous

materials could be of great importance for obtaining composites with poten-

tial applications as optical sensors and in non-linear optics. Here zeolites are

used as micro-chemical reactors and for this purpose we have selected two

different kind of synthetic, non catalytic and electrically neutral pure SiO2

zeolites, the one with a 3D porosity (named Silicalite, structure type MFI)

and the other with a 1D porosity (named ZSM-22, structure type TON). We

have then performed high pressure polymerization of acetylene and carbon

monoxide in these zeolite matrices, with the twofold purpose to stabilize the

polymers and to recover these unique nanocomposite materials at ambient

conditions.

The second main field of study has been that of nanostructured carbon-

based materials, and particularly Graphite Oxide (GO). Carbon plays a key

role on Earth: it’s involved in several, different useful materials; it spans

over a wide range of oxidation states, giving place to the formation of several

different compounds; its near-surface cycle (atmosphere, oceans, crustal sur-

face) profoundly affects climate changing and the health of ecosystems; and

also its deep cycle, even if it’s not so well known, has a tremendous import-

ance for a complete understanding of its chemistry [25]. The most recurring

allotropes of carbon in nature are sp2 and sp3 graphite-like and diamond-like

phases: these phases have a wide range of metastability that, for instance,

allows diamond to be undefinitely stable at room conditions, where graph-

ite is the thermodinamically stable phase. Metastable allotropes of Carbon

include fullerenes, nanotubes and graphene, as well as other disordered or

amorphous forms like glassy carbons. Between all these allotropes, graphene

has reached a wide audience and gained a lot of attention in the past 10

years since its discovery and due to its possible practical applications [26].
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In the framework of high pressure reactivity in confined conditions, it’s more

interesting to starting from a particular graphite derivative, called Graphite

Oxide (GO), a layered material whose single layer is named Graphene Ox-

ide. Graphite Oxide shows a larger d-spacing between the single layers in

respect to that of Graphite (7-12 Å, depending on the degree of hydration

of the samples, versus about 3 Å) and this make it a good candidate for

the inclusion of small molecules in perspective of studying its structural sta-

bility and possible functionalization (particularly using N-bearing molecules,

because of the many, useful N-doped graphene applications). The presence

of small, penetrating gas molecules (Ar, molecular nitrogen, ammonia) and

of small hydrocarbons such as ethylene, along with pressure application and

laser irradiation, allows to trigger a reactivity that could lead to graphene

oxide layer functionalization (N-doped graphene planes) and to the synthesis

of interesting nanocomposites in which insulating polymer chains (polyethyl-

ene, in our case) could form in between the layers, enlarging the d-spacing

and indefinitely separating the layers.

The last model system we took into account is Phosphorus. Phosphorus

is another key element for chemistry, physics, Earth and planetary sciences

and, of course, biology [27]. The major part of Phosphorus on Earth can

be found in the crust and mantel, as phosphate, phosphosilicate and other

minerals. Phosphorus belongs to the pnictogen group (VA, Group 15 in the

periodic table) together with Nitrogen, Arsenic, Antimony and Bismuth; its

chemistry, and the chemistry of nitrogen, are of paramount importance in

several different fields. From a technological point of view, the most used

allotropic form of Phosphorus is the white, molecular one (P4), that is toxic,

unstable and highly reactive. Applying high pressure methods to the react-

ivity of Phosphorus has the twofold utility of a) try to find the conditions

to switch from the white allotrope, currently used for the majority of the

industrial applications, to the more stable and less toxic red polymeric form

and black layered one; b) deepen the understanding about reaction mechan-

ism for these two different allotropes, that are really interesting for diverse
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reasons. Red, polymeric Phosphorus (P-red) offers in fact a high contact sur-

face to other reactants: it’s of great interest to exploit this feature to foster

reactivity with small molecules in the perspective of obtaining new P-N func-

tionalized materials of some industrial and technological appeal. Conversely,

black Phosphorus (P-black), with its layered structure, is an ideal candid-

ate for the inclusion of small molecules, and has been recently rediscovered

by the scientific community [28]. In perspective, the layered structure of

P-black is ideal for exploiting nanoconfinement conditions to functionalize

Phosphorus and to understand the behaviour of the single sheet of P-black,

named Phosphorene in analogy with the system Graphite-Graphene. Phos-

phorene is particularly promising as a 2D platform material [29–31], even

in respect to Graphene, for its inherent bandgap, that made it suitable for

several possible applications in diverse field, and this versatility explains the

growth of interest of the scientific community, that led to a great number

of published papers about it and the bulk P-black in the last two years (see

figure 4).
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Figure 4: Number of published papers (figure 4a) and citations (figure 4b) per

year on Phosphorene and black Phosphorus. Data taken from Web of Science

(http://apps.webofknowledge.com).

In conclusion, the behaviour of P-black in presence of small molecules

could be interesting for functionalization of the single Phosphorene layer and
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for the intercalation of molecules both in the bulk P-black or in the few layers

Phosphorene (FLP).

These three systems are of great interest because of their recurrence in

geophysical context: Si, C and P are all involved in minerals structures, and

constitute three ideal cases of study for the implications of high pressure

application on simple molecular systems.

A fourth, important system is that of clathrate hydrates of simple hy-

drocarbons, that represents at the same time a perfect model for a) highly

confined conditions, b) a technological issue (as instance, for the choke of

pipelines for oil and gas transportation) and c) an incredible resource for

gas storage [32]. Clathrate hydrates are supramolecular compounds in which

water molecules are arranged in cage structures that can host different types

of guest molecules, from simple gases and small chain hydrocarbons to n-

alkanes [33]. Most of the scientific literature studies concern with structure

and stability of these clathrate hydrates, whereas chemical reactivity inside

clathrates cages is a largely unexplored field of study. Recently, the possibil-

ity to use water as a radical initiator and a reactant in this kind of processes

by means of near-UV two-photon absorption, that promotes water to dissoci-

ative excited states, has been explored at LENS [34]. Some of the products of

chemical reactions, starting from simple hydrocarbons clathrate hydrates, are

of great importance in the context of green chemistry (particularly for stor-

age of molecular hydrogen and in situ sequestration of CO2, typical products

of this reactivity, through the formation of the corresponding clathrate hy-

drates [35]) and also for prebiotic chemistry [36]. In this project, the high-

pressure reactivity in methane clathrate hydrate should have been studied

in three different phases, that are structurally different, ranging from cage

structures for MH-I and MH-II phases to filled-ice-like structure for MH-III

phase, in order to understand the influence of cage geometry and occupancy

on the reactivity of these systems. In the case of methane clathrate hydrate,

we have characterized the structure and phase transitions between the cage

structured phases MH-I and MH-II and the filled-ice-like structure MH-III
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by means of Raman spectroscopy. We have performed some preliminary

experiments about photo-induced reactivity in the MH-II phase, that have

revealed a low tendency of the clathrate hydrate to react starting from this

phase. The reaction, probably related to the occupancy of the larger cages in

the MH-II structure, led to the formation of small amounts of products like

ethane, ethanol, 2-methylpropanal and, likely, formic acid (all assigned by

their Raman spectra). We are currently working on a reactivity study in the

MH-III phase, in order to better understand the influence of cage geometry

and occupancy on the reactivity of these systems, and in a newly discover

mixed phase where methane and water show a high miscibility [37]. These

experiments are still ongoing at the moment, and no definitive results have

been already obtained.

Outline

In this thesis, several new experimental results about the synthesis of

novel nanocomposite materials with tunable and specific characteristics and

the functionalization of 2D platform materials of potential technological in-

terest will be shown.

In the first chapter, the polymerization of simple guest molecules inside

the nanopores of non catalytc zeolites, and the obtainment of interesting

nanocomposite materials will be discussed.

In the second chapter, the effects of the intercalation of simple molecules

between the layers of Graphite Oxide will be taken into account, with a

twofold interest for structural and reactivity features. Moreover, some new

interesting results regarding high pressure, high temperature polymerization

of fluid ethylene (a preliminary work for some experiments to be performed

on GO) will be shown.

The third chapter will be focused on the high pressure chemistry of P-

red and P-black in presence of small (H2, He) and N-bearing (N2, NH3)

molecules, with the twofold purpose of studying the structural behaviour of
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the two allotropes with pressure and of synthesizing new P-N functionalized

materials.

In the experimental section, a detailed description of the techniques and

of the instrumentations used for the experiments will be given.
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Chapter 1

C/Si based nanocomposite

inclusion materials

In this chapter, we will present our data for the synthesis and characteriz-

ation of novel nanocomposite inclusion materials based on C/Si constituents.

These nanocomposites are good models to understand the influence of low

dimensionality on fostering and directing reactivity of small hydrocarbons,

and to design new synthetic routes for systems of appealing practical and

technological application.

1.1 An intriguing micro-chemical reactor: syn-

thetic zeolites

A large variety of nanoporous materials have been used so far to custom

design new appealing materials or just to drive their synthesis, being used

as catalyzers. The best class of compounds for these purposes is that of

zeolites. These materials are micro-porous, crystalline inorganic solids made

up of corner-sharing SiO4 and AlO4 tethraedra, which typically show a strong

acid character and enhanced catalytic properties, so to be used as coadiuvant

in many different synthetic processes. In the perspective of driving synthesis

of new materials exploiting only physical tools, the first requirement is to

13



1.1 An intriguing micro-chemical reactor: synthetic zeolites

use non-catalytic zeolites as micro-chemical reactors. For our experiments,

we choose two types of non-catalytic zeolites, differing in their nanochan-

nels arrangement and dimensionality: silicalite (structure type MFI, with

a 3D network of channels) [38] and ZSM-22 (structure type TON, with a

1D porosity) [39, 40]. Both of these zeolites, apart from being non catalytic

ones, are synthetic, electrically neutral and constituted only by pure silica

SiO2 units.

Silicalite (framework type MFI, monoclinic space group P21/n at room

temperature with cell parameters a = 19.8352(2) Å, b = 20.0903(2) Å and

c = 13.3588(1) Å) is characterized by a framework of 4-, 5-, 6- and 10-

membered rings of corner sharing SiO4 tethaedra forming a 3D network

of internal, mutual interconnected nanochannels, the one linear, parallel to

the crystallographic (010) direction with dimensions of 5.4 x 5.6 Å, and the

other sinusoidal and parallel to the crystallographic direction (100) with di-

mensions of 5.1 x 5.3 Å[38, 41] (see figure 1.1a). At higher temperature,

monoclinic silicalite reversibly turns to an orhorombic Pnma structure with

cell parameters a = 20.0511(1) Å, b = 19.8757(1) Å and c = 13.36823(9)

Å. Silicalite has brute formula Nan[AlnSi96−nO192] with n = 0, and there

are two different kind of silicalite, Silicalite-1-OH and Silicalite-1-F. The first

one contains a significant amount of -OH groups, while the second one is

obtained via calcination in the so called fluorine route [42], revealing a low

concentration of surviving fluorine ions.

High pressure behaviour of silicalite is well known, and it has been studied

with several compression media both experimentally (silicon oil, CO2 and Ar

[43]) and theoretically [44]. The most important feature is that, if compressed

without pressure transmitting medium or with non penetrating silicone oil

[43], silicalite structure tends to collapse at a pressure slightly above 8 GPa

for effect of a Pressure Induced Amorphization (PIA), while this mechanism

is deactived up to higher pressures if silicalite is filled with guest molecules.

In the latter case, with CO2 or Ar filled nanochannels, PIA is deactivated up

to 25 GPa and a bulk modulus B0 of 35.9(4) GPa, near to the bulk modulus

14



C/Si based nanocomposite inclusion materials

value for α-Quartz [43], is obtained, whereas a B0 of 26.7 GPa is found with

ethylene/polyethylene filled cavities [45]). Of course, this enhanced resistence

to PIA is due to the penetration of small molecules inside the channels: if this

penetration can not take place due to the dimensions of the guest molecules,

as in the case of silicone oil, the PIA mechanism is not deactivated. We

have performed our experiments starting both from powder and from single

crystal silicalite: the single crystal has dimensions of 80 µm x 40 µm x 40

µm (see figure 1.1b).

(a)

(b)

Figure 1.1: Silicalite (framework type MFI). In 1.1a, the structure of silicalite is

reported: a projection of the structure along the ac plane, and a representation of

the 3D network of inteerconnected nanochannels. In 1.1b, two optical images of

single crystals of silicalite (MFI) on a microscope glass (left) and inside the gasket

hole in a DAC (right).
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1.1 An intriguing micro-chemical reactor: synthetic zeolites

All-silica ZSM-22 (framework type TON, orthorhombic space group Cmc21
with cell parameters a = 13.859(3) Å, b = 17.420(4) Å and c = 5.038(2)

Å) is constituted by SiO4 tetrahedra that are corner-linked to build up a

3-dimensional 4-connected framework made up by 5-, 6- and 10-membered

rings. The 5-membered rings of SiO4 tetrahedra form a zig-zag chain along

the crystallographic direction a-, and these chains are linked through oxygen

atoms along b- and c- directions by the remaining free corners of the SiO4

tetrahedra, giving rise to 10-membered rings channels parallel to the (001)

direction with no interconnection and therefore representing a 1D channel

system (see figure 1.2). These unidirectional, 1D channels have elliptical

cross sections of 4.6 and 5.7 Å axes. ZSM-22 crystals show twinning nature

with (110) as twin plane [39]. The twinning phenomenon is responsible for

the presence of another kind of 10-membered-rings, quite similar to the one

described above, and it is assumed to cause only slight distortions of the

Si-O bond and angles structure. Anyway, the twinning occurs frequently be-

cause there’s probably a very small difference in the binding energy between

twinned and untwinned structure, and it’s quite common to find no un-

twinned crystals in a batch of these zeolite [39]. ZSM-22 is prepared by sol-gel

techniques using triethylenetetramine as structure directing agent, followed

by crystallization at 170◦C under hydrothermal conditions [40]. The sample

is then calcined in air at about 550◦C to remove the organic template.

The high pressure behaviour of all-silica ZSM-22 is currently under in-

vestigation. We have designed and performed several experiments of simple

compression/decompression using pressure transmitting media such as sil-

icone oil (Daphne Oil 7474), Ne and NaCl. The results are currently on

elaboration. In our experiments, only powder ZSM-22 has been employed,

due to the complexity of the synthetic routes leading to the growth of a good

quality single crystal of this zeolite.
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C/Si based nanocomposite inclusion materials

Figure 1.2: The structure of ZSM-22 (framework type TON) is reported in this

projection along the ab plane. The dimensions of the elliptical 1D nanochannels

are also reported.

1.2 High pressure polymerization of Acetylene

in silicalite

The first experiment designed to exploit confinement conditions in a

zeolite in order to drive polymerization reactions of simple hydrocarbon mo-

lecules using only physical tools (pressure and laser irradiation) was about

the polymerization of ethylene inside silicalite [45]. Among the remarkable

results of this experiment, it’s appropriate to recall the obtainement of a

completely filled silicalite crystal (with a bulk modulus B0 = 26.7 GPa, and

an enhanced resistance to external uniform compression up to 24 GPa). Fur-

thermore, the filling of silicalite pores with synthesized PolyEthylene (PE)

has the effect of changing the thermal expansion coefficient from negative

[46] to positive value, and constitutes a good starting point in the quest for

ideal, zero thermal expansion coefficient materials, as one could argue that

a good balancing of the amount of polymerized molecules inside the pores

would allow to calibrate this thermal coefficient to the desired value. The

specific structure of polyethylene favours its complete polymerization inside

17



1.2 High pressure polymerization of Acetylene in silicalite

the channels: polyethylene is in fact constituted by a chain of single-bonded

C atoms, and it can stretch freely in order to adapt and fit into the silicalite

pores. The synthesized material is named PESIL (acronymous for PolyEthyl-

ene filled SILicalite).

The natural extension of this work relates to the synthesis of some nano-

composite material with specific, tunable and interesting properties. Poly-

acetylene constitutes a textbook model for organic linear, ideal conductive

chains, a sort of prototype for 1D conductive polymers. Acetylene high pres-

sure behaviour is well-known [6, 47–51], and its polymerization treshold at

ambient temperature is relatively low (between 3 and 4 GPa). Polymerization

starts from the solid, orthorhombic phase of avetylene, where the molecules

show the correct alignment that leads to a transoid -polymer. Unfortunately,

polyacetylene (PA) obtained from bulk polymerization of its monomer is dif-

ficult to recover at ambient conditions due to its high reactivity in respect

to the atmospheric moisture, and the synthsis of an all-conjugated form of

this polymer is prevented by the occurring of branching of the chains (that

is also favoured, for instance, by laser irradiation) [6].

This experiment has a twofold purpose: to synthesize a new nanocom-

posite material made up of a conductive nanowire embedded in a protecting,

inorganic scaffold; and to stabilize the synthesized polyacetylene avoiding

its reaction with moisture and the branching of the chains, so to preserve

conjugation.

150 µm

c) recovered Pamb

a) beginning

150 µm

b) 4.1 GPa

Figure 1.3: Optical images of the sample at three different stages of the reaction:

at the beginning (left); at about 4.1 GPa, where polymerization completes (center);

the recovered PASIL surrounded by bulk polyacetylene (right).
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Samples of acetylene (see figure 1.3 for optical images at different stages

of the experiment) were loaded in DAC together with powder or single crystal

silicalite by the spray loading method (see section 4.2). The time evolution of

the pressure induced polymerization of acetylene in the presence of silicalite

and the evaluation of the unreacted monomer in the reaction mixture at the

end of the process have been tracked using FTIR spectroscopy (see figure

1.4). Reactions kinetics are strictly dependent on the crystalline quality of

the starting acetylene sample: the more the defects, the faster the reaction

up to a stabilization when the 80-90% of the initial monomer has undergone

polymerization. Typical times for the reaction to complete are between few

hours and more than one day at about 4-5 GPa, depending on the sample.

From the ratio between the integrated intensity of the combination bands

of monomer at different times of the reaction, it’s possible to evaluate the

percentage of unreacted monomers and so to quantify the advancement of

the reaction. The so synthesized novel nanocomposite has been called PASIL

(standing for PolyAcetylene filled SILicalite).

The spectral region of C-H stretching modes of polyacetylene-like chains

has been studied at about 2.7 GPa in the bulk polymer (surrounding the

silicalite crystal, see figure 1.3 above) and inside the silicalite crystal, ex-

ploiting the high spatial resolution provided by synchrotron FTIR (20-30

µm spot on 80 x 40 x 40 µm crystal almost bridging between the anvils).

The spectra, reported in figure 1.5, are normalized with respect to the in-

tegrated intensity of combination bands of the residual acetylene. Here, the

ratio between the integrated intensity of confined PA and that of bulk PA is

about 0.48, and this means that the amount of confined polymerized mater-

ial is about half than that of the bulk, probably due to the unfavourable 3D

character of the host crystal (i.e., for its particular geometrical constraints,

polyacetylene does obviously not fit well in sinusoidal channels). Peaks above

3000 cm−1 are assigned to modes of C-H groups with sp2 carbons (PA-like

chains) while peaks below 3000 cm−1 are assigned to C-H groups with sp3

hybridized carbon, related to terminations and branching of the chains. More
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1.2 High pressure polymerization of Acetylene in silicalite

in detail, peaks at about 2870 cm−1 and 2940 cm−1 are related to -CH2- and

R3C-H groups respectively, with this last directly related to branching of the

PA-like chains. The sp2 peak in the confined material (3025-3042 cm−1) is

much broader than that of bulk PA, indicating that PA chains inside the

zeolite host are highly strained due to confinement. The ratio between the

integrated intensity of all the sp2 and sp3 peaks in confined and bulk poly-

acetylene is 0.46 and 0.35, respectively. Taking into account the different

absorption cross sections for sp2 and sp3 sites (see reference [52]), these val-

ues leads to an sp2/sp3 ratio of 0.67 in confined PA, and of 0.52 in bulk PA.

So, both the confined and the bulk polyacetylene are made of highly branched

chains, but the confined one exhibits a slightly higher sp2 content for effect of
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Figure 1.4: Polymerization progress in acetylene/silicalite samples. From bottom

to top, FTIR spectra referring to the sample at the beginning of the reaction (black

curve), after 24 hours (red curve), after 49.5 hours (green curve) and after 144

hours (blue curve).
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confinement. Micro-raman spectroscopy has been used to identify and map

differences between bulk and confined PA-like conjugated chains. Despite of

the huge background fluorescence, the strong resonance Raman spectrum of

PA was always clearly observed [53, 54]. In bulk PA we observe up to seven

active Raman mode, related to cis and trans species (see table 1.1), while in

the confined PASIL we only see the peaks from the trans isomer [49,53,55–59]

and the peaks from the cis one are really weak or even absent (figure 1.6).

Furthermore, we observed a systematic blue-shift (estimated in 5-10 cm−1)

for the polymer-related bands inside the silicalite crystal in respect to the

bulk PA, likely due to the interaction between the confined chains and the

walls of the nanochannels.

Figure 1.5: Synchrotron FTIR absorption spectra of bulk (a) and nanoconfined (b)

PA in PASIL in the frequency range of C-H stretching modes at 2.7 GPa. Conjug-

ated (C sp2) chains are identified by olive peaks, while branching and terminations

(C sp3) are indicated in dashed blue. The absorbances of the two spectra were nor-

malize to the same integrated intensity of combination bands of residual acetylene.
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1.2 High pressure polymerization of Acetylene in silicalite

Active Raman Mode Frequency, cm−1 Isomer

CH bending in-plane + C-C and C=C stretching 925 cis

CH bending out-of-plane 1010 trans

C-C stretching + CH bending in-plane 1120 trans

C=C stretching + C-C stretching 1255 cis

C-C stretching (?) 1300 trans/cis

C=C stretching 1497 trans

C-C stretching 1543 cis

Table 1.1: Assignments for the Raman bands in polyacetylene.
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Figure 1.6: Raman spectra of the PA-like chains at 4.1 GPa in the bulk (blue curve)

and in the silicalite (red curve) crystal. The spectra have been normalized to the

same integrated intensity and vertically shifted for the sake of clarity. T and C

refer to peaks of Trans and Cis PA, respectively; D indicates the diamond peak.

Although the resonance effect is related to the wavelength excitation and
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to the experimental pressure (optimal conditions seems to be 1.9 eV and 0.7

GPa, where cis and trans isomers have almost the same resonance), making

difficult to correctly estimate the relative abundance of the two isomers, there

is a good evidence of the selection of only one of these two isomers due to the

nanochannel dimensionality of the zeolite. In PASIL, we observe a stronger

fluorescence background than in the bulk PA, probably due to the presence

of structural defects in the nanocomposite leading to a lower S/N ratio. A

better understanding of the polymer properties inside and outside of the

single crystal silicalite is derived by the map of the spatial distribution of the

different isomers using the relative intensity of two corresponding Raman

peaks. This is possible thanks to the high spatial resolution of our Raman

setup. We took into account the integrated intensity, IT of the trans peak at

1503 cm−1 and that of the cis peak, IC , at 1548 cm−1. In figure 1.7 we report

a map of the quantity η = IT/(IT + IC) after polymerization in the selected

sample region (white framework) at about 4.1 GPa through a 5 µm, 95 x 95

µm2 square mesh. η of course does not provide reliable values for relative

concentrations of the two species, because the intensity of Raman signal

strictly depends on the different scattering cross section of the species took

into account, but the map allows to visualize the relative spatial distribution

of the isomers. As a result, it can be seen that a major abundance of trans

isomer is found in the zeolite region or, in other words, that confined PA in

PASIL exhibit a much higher trans character than the bulk PA, and this is

clearly an effect of confinement.
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1.2 High pressure polymerization of Acetylene in silicalite

Figure 1.7: Optical and spectroscopic images of PASIL: Raman mapping of a selec-

ted portion of the sample. On the left, optical image of the sample at the beginning

of the polymerization (photo taken in transmitted light), with the silicalite crystal

clearly embedded in the bulk, reddish PA/acetylene mixture; on the right, the Ra-

man microscopy mapping of the sample, referring to the selected, square region in

the optical image. The color scale refers to the quantity η = IT /(IT +IC), where IT

is the integrated intensity of the trans peak at 1503 cm−1 and ICm is the integrated

intensity of the cis peak at 1548 cm−1

The recovered PASIL in the gasket hole has been studied by single-crystal

XRD (SC-XRD) at 175 and 293 K using Cu Kα radiation (λ = 0.154 nm).

The unit cell of PASIL results to be orthorhombic with space group Pnma,

and cell parameters a = 20.01(5) Å, b = 19.969(5) Å and c = 13.477(7)

Å. The first noticeable thing is the changing in structure from monoclinic in

pure silicalite [41] to orthorhombic, as it was in other systems [43, 45] due

to the filling of the pores. The unit cell volume at 293 K is 5385(14) Å3,

0.6% greater that that of empty silicalite (5354.3 Å3 [41]), confirming the

insertion of polymerized acetylene inside the pores. At the temperature of

175 K, the unit cell volume is 5358(5) Å3. The thermal expansion coefficient,

estimated from these two values, is positive over this temperature range: this

means that the insertion of polyacetylene in the pores of silicalite changes
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its thermal expansion coefficient from negative in unfilled silicalite [46] to

positive in PASIL. Insertion of molecules inside the pores deactivates the low

energy high amplitude vibrations that are responsible for negative values of

thermal expansion coefficient [60]. The unit cell value, compared to that

of PESIL (5434 Å3) [45], is lower, thus indicating the lower degree of pore

filling in PASIL. The analysis of the intensity data in the SC-XRD patterns

was complicated due to the twinned nature of the silicalite crystal, with a 2-

fold twin axis along the (110) direction. If the silicalite pores are completely

filled, the a and b lattice parameters are almost equal, and so the twinned

reflections overlap almost perfectly [43,45]. Here, due to the varying degrees

of partial overlap of the reflections from the twin components, the integration

becomes increasingly difficult at higher angles, strongly limiting the number

of useful reflections. For the refinement of the structure of PASIL, there were

292 useful reflections at low angle (θ < 34◦). The structural refinement has

been performed starting from the structural model of PESIL. Due to the

low number of available reflections, some constraints were applied on C-C

and on Si-O distances, obtaining an R1 agreement factor of about 8.2% with

a carbon occupancy fixed to 100%. If the carbon atoms were completely

removed, we obtained an R1 of 12%, while with a 50% occupancy of carbon

we obtained R1 of 5.7%. These results are in good agreement with the

spectroscopic evidences of a low pore filling due to only partial polymerization

inside the nanochannels. Trying to put carbon atoms only in the linear

channels results in an increase of R1 agreement factor, and this means that, in

the lowest R1 configuration, both types of pores are occupied in a completely

disordered way by arrangements of carbon atoms that looks very similar to

highly strained transoid -PA like chains, as seen spectroscopically. In figure

1.8 is shown a representation of the crystal structure of PASIL, corresponding

to the best R1 agreement factor of 5.7%, yielding a 50% carbon occupancy

of the available sites.
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1.2 High pressure polymerization of Acetylene in silicalite

Figure 1.8: Representation of the crystal structure of PASIL along the three crys-

tallographic directions a, b and c. On the left, the view along the a direction; on the

center, the view along the b direction; on the right, the view along the c direction.

The framework tetrahedra are shown in orange-brown, the oxygen atoms are red

and the carbon atoms with 50% occupancy are half white, half grey.

Angle dispersive synchrotron XRD (AD-XRD) measurements have been

performed to investigate compressibility and resistence of the synthesized

PASIL to irreversible pressure induced amorphization (PIA). The XRD pat-

terns were measured on the recovered PASIL at ambient conditions. Once

opened the cell, the unreacted acetylene was gone, and PASIL was then

compressed again using the bulk PA as compression medium. We perform

AD-XRD measurements by oscillating the DAC around ω ± 3◦ during the

acquisition to activate different Bragg peaks within the average 2D diffrac-

tion image. We found at least two different domains in PASIL, corresponding

to different amounts of PA in the channels of silicalite (see figure 1.9). The

integrated XRD pattern of PASIL shows the peaks of the host zeolite pro-

gressively weakening with increasing pressure but surviving up to 19 GPa.

This indicates a progressive PIA even if amorphization is not complete, be-

cause two poorly resolved bragg peaks around 2.0◦ are still observed in the

decompressed sample at room conditions. In completely filled silicalite, PIA

was deactived up to 24-26 GPa [43, 45, 61], while in empty silicalite PIA is

complete at about 8 GPa [43]. The degree of filling of the channels affects

the overall compressibility of the crystal [43,45], and so the intermediate PIA

value obtained for PASIL is again in good agreement with the picture of a

partially filled zeolite. Looking at the integrated pattern, above 3 GPa we
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can see four Bragg peaks between θ 1.8◦ and 2.7◦, where there should be only

two reflections. The presence of these 4 peaks is related to the presence of two

different domains spanned by the x-ray beam within the same cystal during

the small angle oscillation of the sample. Each of the two domains observed in

the XRD experiments has a pseudotetragonal, Pnma orthorhombic unit cell

with two Bragg peaks in this angle region. The presence of two main peaks

around 2◦ is consistent with both the structure of PASIL and that of empty

silicalite. The splitting of the peaks is not related to a non-hydrostatic com-

pression of the sample, because the bulk PA is a quasi-hydrostatic amorphous

soft compression medium over the first few GPa. Therefore, the first and the

third peaks are related to the higher specific volume and less compressible

domain, while the second and the fourth peaks are related to a softer domain

with smaller specific volume. The two peaks left at room conditions in the

decompressed sample are originated from what remains of the two crystalline

high and low volume domains after the compression/decompression cycle. In

the inset of figure 1.9, the relative volume over pressure of the two domains

until 4 GPa, where non-hydrostaticity of bulk PA makes it unreliable as com-

pression medium, is shown. These two domains exhibit completely different

compression behaviours. The responses of the two domains to the external

applied pressure diverge with respect to each other up to 4 GPa, more than

the error bars on each single P-V point. Linear equations of state (EOS)

fitted through the points yield bulk moduli of 20.1 ± 0.9 GPa and 14.5 ±
1.8 GPa, whereas the PESIL bulk modulus was found to be 26.7 GPa. The

stiffer and the softer domains in PASIL therefore correspond to more or less

PA confined inside the channels, because it is well-known that pore filling

reduces the compressibility of the host framework [43, 45]. A high channel

filling and a low compressibility reduce the tendency of the crystal to un-

dergo PIA; nevertheless, the two domains of PASIL do not exhibit a marked

difference in PIA, and this clearly indicate that the rigidity of conjugated

chains also plays s role in deactivating this amorphization mechanism, and

that this effect is predominant here.

27



1.2 High pressure polymerization of Acetylene in silicalite

0 2 4 6 8 10

0 2 4

0.8

0.9

1.0

 

 

V/V0

(GPa)

**

**

*
recovered

27.8

14.9

10.1

6.0

3.2

1.8
 

 
In

te
ns

ity
 (a

rb
. u

ni
ts

)

2 (deg)

0.5
P (GPa)

*

Figure 1.9: AD-XRD patterns of PASIL as a function of pressure. The stars

indicate the peaks from Re gasket. The pressure are written under the relative

pattern. Red curve indicates the calculated powder XRD pattern at ambient pressure

based on structural model of PASIL. The inset shows the relative volumes of the

two domains of PASIL as a function of pressure. The two EOS (empty and solid

circle) correspond to two regions of the sample, where polymerization occurred at

a different extent. The stiffer EOS correspond to a larger amount of confined PA.

λ = 0.3738 Å.
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1.3 From 3D to 1D zeolites: PA/TON

Switching to all-silica ZSM-22, the synthesis of single, ideal nanoconduct-

ive chains in the protecting scaffold offered by the zeolite can be significantly

improved. In fact ZSM-22 provides an ideal host matrix to exploit the direc-

tional properties of polyacetylene, due to its internal 1D nanochannels. As in

the case of PASIL, the samples was loaded using the Spray Loading technique

(section 4.2). The polymerization reaction was triggered only by pressure and

conducted in the same way than in PASIL. Polymerization takes few hours

to complete at about 5 GPa: timescales are comparable with those of PASIL

and of bulk PA, thus ensuring that no catalytic effect due to eventual, re-

sidual groups from synthesis of 1D-zeolite is present. Only powder sample

of all-silica ZSM-22 has been used for this experiments. The syntehsized

nanocomposite material has been called PA/TON [62].

The results of this prothocol are really encouraging. By the comparison

of FTIR spectra acquired in the C-H stretching region of PA in the PA/TON

composite at high pressure (see figure 1.10) with those of bulk PA and con-

fined PA in PASIL, we observe a significant amount of sp2 carbons with

respect to the sp3 ones. The peaks assigned to modes of CH groups with C

in sp3 hydridization refers to points of branching or termination of chains,

while the peaks assigned to modes of CH groups with C in sp2 hybridization

refers, as in PASIL, to PA chains or oligomers. By a simple qualitative obser-

vation, it’s fairly seen that the sp2 to sp3 ratio is greater than in the previous

attempt, indicating an improved conjugation in PA/TON with respect to

what we obtained in PASIL. More in detail, the r ratio between the integ-

rated absorbance of sp2 and sp3 peaks could give good hints on the deviation

of our PA-like chains from the ideal, all conjugated chain of PA. In perfect

PA, r would tend to infinite. In bulk PA, PASIL and PA/TON, r is equal to

0.35, 0.46 [63] and 1.1, respectively. Taking into account the different cross

section for sp2 and sp3 C sites [52], this r values leads to sp2/sp3 ratios of

0.52 for bulk PA, 0.67 for PASIL and 1.5 for PA/TON. Given that we used

only powdered ZSM-22 for our experiments, we can confidently speculate
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1.3 From 3D to 1D zeolites: PA/TON

that sp2/sp3 ratio for the powdered nanocomposite is even higher than 1.5

because the powdered nanocomposite is completely surrounded by bulk PA

that likely contributes to the IR absorption lowering the ratio because of its

less ordered structure. The final result is that, as a difference with the PASIL

case, where the degree of branching inside the zeolite and in the bulk PA was

comparable, in PA/TON the monodimensionality of the channels is able to

drive the formation of virtually non-branched PA chains, which is a great

advancement for potential technological applications.
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Figure 1.10: FTIR absorption spectrum of PA/TON in the CH stretching region.

On the top panel, the spectrum of PA/TON at 5.2 GPa: conjugated chains are

indicated by the C(sp2)-H peak in orange, with full area, whereas the C(sp3)-H peak

(blue line) is related to branching and terminations fo the chains, and likely arises

from the bulk, surrounding PA. On the central and on the bottom panel, spectra

from PASIL (at 2.7 GPa) and bulk PA (2.7 GPa) are reported for comparison. All

the spectra have been normalized to the same peak intensity and vertically shifted

for the sake of clarity.
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Figure 1.11: Experimental (dots) and calculated (solid line) XRD profiles from

the Rietveld refinement of PA/TON at ambient pressure. Data were collected on

sample recovered in the gasket. Black profile: difference XRD profile. Vertical bars:

position of the calculated Bragg reflections.

Unfortunately, Raman measurements on PA/TON composite has been

prevented by the huge fluorescence, probably due to the powdered matrix.

Anyway, laboratory XRD has been used to qualitatively check the degree

of pore filling of TON with acetylene/PA during the high pressure synthesis

of the nanocomposite material. The limited data quality of this laboratory

XRD and in particular the low signal to noise ratio and the low angular res-

olution prevented a good, quantitative structure refinement of PA/TON. To

overcome this limitation, synchrotron XRD measurements were performed

on the PA/TON material recovered at ambient conditions inside the gas-

ket. To better understand the configuration and nature of the 1D embedded

polymers, DFT calculations has been also performed.

Starting the Rietveld refinement from the structural model by Marler [39],

the first fit was very poor with an R1 factor of 30.1%. The Fourier difference

map calculated for this refinement show 4 sites for carbon atoms per unit cell

to be located. Each of these 4 sites had a multiplicity of 4 but, lying in the yz

plane, they cannot be all simultaneously occupied because the C-C distances
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1.3 From 3D to 1D zeolites: PA/TON

would result to be too short. Conversely, considering 24 SiO2 formula units

from the framework and 16 C atoms in the pores with a chemical occupancy

fixed to 50% has been obtained a very good fit, with R1 factor of 4.2%, see

figure 1.11. The parameters obtained from the fit are reported in table 1.2.

Cell parameters

a (Å) 13.8553(1)

b (Å) 17.3992(2)

c (Å) 5.03855(5)

V (Å3) 1214.64(2)

Rp (%) 10.2 [11.9]

Rwp (%) 9.4 [10.7]

RBragg (%) 4.2 [5.7]

Table 1.2: Structural Data and Agreement Factors Obtained from Rietveld Refine-

ment on PA/TON (space group Cmc21, Z = 8). The values in square brackets

refer to the agreement with the atoms of the embedded polymers fixed to the values

obtained from the relaxed DFT structure with fixed cell parameters.

The improvement in the fit, obtained including 16 C atoms with 50%

occupancy, is consistent with the presence of some degree of disorder in the

chain isomers and positions: this picture is in better agreement with the

residual electron density in the center of the pores that can be seen in the

observed Fourier map (the Fourier transform of the intensity distribution in

the space of wave vectors, see figure 1.12) than a model with 8 C atoms fully

occupying their crystallographic sites. The PA content is therefore 4 chains

per unit cell and, consequently, 1 chain per pore, corresponding to 100% pore

filling.

In order to obtain more informations on the nature of PA chains inside

the pores, a second refinement was performed using the relaxed cis-PA chain

from DFT calculations with fixed positions. DFT calculations show and

confirm that the PA-like chains have a planar zigzag conformation, parallel
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Figure 1.12: Section of the electron density map at x/a = 0.5, obtained by Fourier

inversion of observed structure factor amplitudes and model phases (the isocontour

interval is 0.1 e/3). The white circles (y/b = 0.1 − 0.25 and y/b = 0.75 − 0.9)

represent the framework atoms, while the polymerized chains of PA are visible in

the range y/b = 0.4− 0.6.

to the bc plane (see figure 1.13). In this case, the Bragg R-factor increases

to 5.7%, thus indicating that such a model, although much closer to the

final model in terms of quality of the fit, does not completely reproduce

the data. The parameters obtained for this second fit are reported in the

same table 1.2, in square brackets. This result, along with the fact that

the observed Fourier map contains additional features out of the four peaks

along z in the center of the pores, that are expected for carbon atoms in

pure cis-PA, indicates that the real structure of the composite is somewhat

disordered. Another noticeable thing is that, in the case of PA/TON and

differently for the main feature observed in PASIL, an ordered, pure trans-

PA is not consistent with the simmetry of ZMS-22 (framework type TON).

Such a structure for the guest polymer would imply an increase in the size of

the unit cell, with a consequent change in symmetry and thus in the X-ray

diffraction patterns. No changes in this direction has been observed during

our experiments, allowing to neglect this possibility.

Therefore, the use of all-Silica ZSM-22 instead of silicalite as protecting

host allows to obtain a major conjugation in the confined PA chains, and
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a high degree of filling of the pores (because of the favourable geometry of

linear nanochannels), even if some kind of disorder in the confined polymer

is not avoided.

Figure 1.13: Structure of PA/TON. SiO4 tetrahedra are represented in blue;

black/white and white spheres represent respectively carbon and hydrogen atoms

from the relaxed structure of PA obtained from DFT calculations and fixed during

the Rietveld refinement.
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1.4 High pressure polymerization of CO in silic-

alite

Carbon monoxide (CO) is an interesting model system due to its prop-

erties and to its simple structure. Several studies have shown, for simple

molcules such as CO2 [9] or N2 [5], a high pressure reactivity ending in the

formation of extended covalently bonded solids: these transformations re-

quired drastic pressure conditions, and the products couldn’t be recovered

at room conditions. On the contrary, CO at high pressure undergoes to

an irreversible chemical transformation giving a solid, yellowish to brownish

product with a high carbon content, namely a polymeric carbon monox-

ide (polyCO, or pCO). This is particularly interesting because CO is a very

simple molecule with a weak and static dipole moment, isoelectronic and also

isostructural with (but much more reactive than) molecular nitrogen, N2, in

a rather wide P,T range. The formation of polymeric CO (pCO) in the high

pressure range has been investigated in several experimental and theoretical

studies [3, 64–72]. Polymeric CO is an amorphous solid made up of car-

bonyl groups with structural and orientational disorder, non-stoichiometric

and with a tendency to disproportionate with the formation of C and CO2.

The pCO chains are highly photosensitive, hygroscopic, and metastable at

ambient conditions, where they can storage energies of several kJ/g [67]. Cep-

patelli et al. (see reference [72]) have studied the CO polymerization starting

from three different crystalline phases (see figure 1.14), rhombohedral ǫ-CO

(13 GPa and 100 K), cubic δ-CO (7 GPa and 200 K; 5.9 GPa and 300 K)

and hexagonal β-CO (5.8 GPa at 400 K), carefully separating temperature

effects from irradiation effects. They found that the polymerization process

at low temperature gave rise to polycarbonyl chains containing a considerable

amount of anhydride groups. At T ≥ 300 K, this groups were interconverted

in epoxy rings, CO2 and carbonyl functional groups. The polymerization

seemed to proceed essentially in two steps, a first one (the early stage) in

which the formation of carbonyl groups was observed, and a second one (a
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1.4 High pressure polymerization of CO in silicalite

later stage) in which the formation of carbonyl groups slowed down (or at

least stopped) and started to appear CO2 and apoxy rings signatures in

the FTIR spectra. These two steps seems to be strictly consequential, thus

suggesting an extended network decomposition of the carbonyl groups, a de-

carboxylation process that gives a carbon rich solid product (characterized

by the presence of epoxy functions) and molecular CO2. Unfortunately, the

product of this reaction could not be recovered: once opened the cell, the

contact with the atmospheric moisture determined a sudden conversion of

the products, that incorporated water (in form of -OH groups) and showed

new spectral signature that could be related to the presence of carboxylic

acids [72].

Recently, a DFT study [73] have predicted that orientationally and struc-

turally ordered pCO can be obtained at high pressure in the form of a crys-

talline, metallic phase made up of 1D [-(C=O)-]n chains with an alternate

head-to-tail orientation of C=O bonds, or in the form of a 3D insulating CO

crystal structures where carbon atoms are all in sp3 hybridization.

It is quite clear that the exploitation of extreme confinement conditions

could represent a unique way to synthesize a completely ordered pCO, at

the same time avoiding the reactivity with water and allowing inexpensive

storage (considering the hydrophobic nature of silicalite and all-silica ZSM-

22 crystals). As it was for PA, pCO is characterized by intriguing properties

that could made it a suitable high density energy material, so an improved

synthesis could open several potential technological perspectives.

Samples of carbon monoxide in the presence of silicalite crystal or powder

were loaded in DAC using the Cryo loading technique (see section 4.2). The

polymerization has been performed at room temperature and 7.0-7.5 GPa,

well above the ambient temperature polymerization threshold pressure of

about 5.8 GPa [72]. At this pressure, CO to pCO conversion have typical

time constant of about an hour, reaching the 90% completion in several

days. The advancement of the polymerization reaction has been followed us-

ing FTIR spectroscopy, looking at the appearence of polymer-related bands
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Figure 1.14: Phase diagram of CO (taken from Ceppatelli et al., see reference [72]).

The empty circles indicates the P-T value for the onset of polymerization in the

study of Ceppatelli and coauthors. The onsets were observed avoiding visible or

higher frequency irradiation of the sample. Upper line is the instability line for

CO, traced after that paper. The dotted line is an older instability line, traced by

Evans and coauthors [68]. The dashed lines refer to the single paths followed to

reach the experimental conditions where the chemical reaction was observed. Dash-

dot lines refer to the extrapolated high P-T boundaries of the melting line and of the

β-δ and δ-ǫ phase boundaries with respect to existing literature data (full lines).

but, mostly, at the consumption of CO monomer, that can be estimated

using the integrated intensity of the CO overtones. Once the polymeriza-

tion was completed, the samples of the pCOSIL (polyCarbon monOxide filled

SILicalite) nanocomposite were recovered at ambient conditions and infrared

spectra and XRD diffraction pattern were acquired on the recovered material

on a free-standing gasket. In the recovered samples at ambient pressure, bulk

pCO strongly reacted with the atmospheric moisture [72] but this reaction

was avoided in pCO confined in silicalite due to the hydrophobic nature of

the host inorganic framework. In figure 1.15 we present the FTIR spectra
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1.4 High pressure polymerization of CO in silicalite

acquired on the recovered pCOSIL, surrounded by bulk pCO as an embed-

ding medium, along with the spectrum of pure bulk pCO synthesized in the

same conditions and of pure silicalite powder pelleted in the gasket. All of

these three spectrum were taken out of DACs, so to expose everyone of these

three sample to the atmosphere. The spectral region presented in the figure

is the C=O stretching region: other section of the MIR spectrum at lower

frequencies are dominated by absorption due to silicalite, and the quantit-

ative analysis of the C=O band can be performed only in recovered sample

outside DAC, because of the severe limitation due to the close, overwhelming

two-phonon peak of the diamond.
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Figure 1.15: C=O stretching region of the IR spectrum of recovered pCOSIL on

gasket, after opening of the cell and exposition to the atmosphere. Black line refers

to pCOSIL; magenta (rescaled) to pure, bulk pCO; blue (rescaled) to pure silicalite;

green line indicates an analytical peak for confined pCO in pCOSIL; Red line is

the sum of the rescaled spectra of bulk pCO, silicalite and confined pCO fitting the

experimental spectrum of pCOSIL.

The composite peak of pCOSIL in the spectral region of interest arises
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from the sum of three different absorption component. The spectrum of

pCOSIL has been fitted using a linear combination of the experimental spec-

tra of pure, bulk pCO and of pure silicalite and of an analytical, slightly

asymmetric peak, assigned to confined pCO. The fit (red line in the figure

1.15) is very good. The single C=O stretching peak assigned to confined

pCO is 1758 cm−1, while the broad composite band of bulk pCO is centered

at about 1739 cm−1. As it was for PASIL [63], CO2 [24] and PESIL [45],

this frequency shift can be related to the interaction between the confined

molecules and the walls of the nanochannels. Such a shift (10-15 cm−1) is

so small that it can be suitably assigned to average van der Walls type in-

teraction between pCO and host silicalite. More useful information could be

gained looking at the shape of the C=O stretching band. In the bulk pCO,

this band is broad and composite, and it can arise from the contribution

and the presence of several, different C=O containing groups, underlying the

high disorder of the recovered material; in contrast, the confined pCO in

pCOSIL exhibits a single peak, which is a strong sign of orientational and

structural ordering. The slight asymmetry of this peak, together with its

large bandwidth, is indeed an indication of the confinement induced strain of

the pCO chains, another clear effect of the interaction between confined pCO

and silicalite walls. The total frequency spread of the C=O stretching peak

(about 7%) is again compatible with a range of interactions between pCO

and silicalite still of the order of van der Walls forces. Another interesting

point is that the ideal, infinite [-(C=O)-]n chain (sse figure 1.16) shows two

C=O groups alternately pointing in opposite directions in each asymmetric

unit. This configuration means that there are two different stretching modes

for the single unit: one antisymmetric and one symmetric. Due to the pres-

ence of an inversion center, the first one is only IR active, while the second

one is only Raman active. Therefore, the single C=O stretching peak struc-

ture in the FTIR spectrum of confined pCO in pCOSIL is a strong signature

for these ideal chains to be synthesized in the highly confined conditions.

DFT calculations showed that the frequency of the symmetric Raman mode
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1.4 High pressure polymerization of CO in silicalite

Figure 1.16: [-(C=O)-]n polycarbonyl chain structure with alternate head-to-tail

orientation of C=O units. Grey spheres indicate C atoms, red spheres indicate O

atoms.

for this structural model should be 55 cm−1 lower that the IR frequency.

Unfortunately, Raman measurements of pCOSIL samples was prevented by

strong photosensitivity and fluorescence of the whole mixture of pCOSIL and

bulk, embedding pCO (even using very low laser power densities of about 104

W/cm2).

Single crystal X-ray diffraction (SC-XRD) measurements on the recovered

pCOSIL have allowed to determine the crystal structure of the nanocomposite

material. The single crystal of pCOSIL, embedded in bulk pCO, was removed

from the free-standing gasket and glued on the top of a glass fiber. Starting

from the empty silicalite network in the orthorhombic space group Pnma, the

crystal structure of pCOSIL has been refined obtaining an R factor of 13%.

In figure 1.17, the difference Fourier maps for pCOSIL are presented. These

maps clearly shows the presence of electron density-rich regions in both linear

and sinusoidal channels of silicalite, and this picture is consistent with the

presence of single, isolated and disordered pCO chains in both types of pores.

Adding C atoms to the model in the same positions where they were found

in the refinement of PESIL structure [45], a significant improvement of the

refinement can be obtained (new R factor of 10%). Two more C atoms per

asymmetric unit were added based on the strongest remaining peaks on the

Fourier difference map. The high degree of translational and conformational

disorder of confined pCO chains, and the close scattering power of oxygen
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and carbon atoms, prevent any attempt to distinguish between C and O:

based on the experimental IR results, half of the guest atoms were defined as

carbon and the other half as oxygen. For the reasons explained above, this

assignement has absolutely no effect on the R factor value. So, we obtained

the number of 84 C/O atoms per unit cell, with a final R factor of 9.2%.

This R factor corresponds to the structural model presented in figure 1.18.

Figure 1.17: Difference Fourier maps of pCOSIL. Left panel: projection along b;

right panel: projection along a. The maps show the presence of regions of electron

density due to C and O atoms in both the linear and sinusoidal pores. The linear

pores are visible in the left panel, orthogonal to the drawing; the sinusoidal pores

can be seen on the right panel.

If only one type of pores, linear or sinusoidal, is occupied, the resulting

R factor is close to 11%, showing a worse agreement with experimental data.

From this refinement, we obtained high atomic displacement parameters, due

to translational, orientational and conformational disorder of confined pCO

chains. These displacement are strictly related to the van der Walls inter-

action between confined pCO and silicalite walls. Due to this interactions,

the unit cell volume of pCOSIL results to be very near to that of unfilled

silicalite (5351.5(5) Å3).

FTIR and SC-XRD results show that the synthesized pCOSIL is made of a

silicalite network with the addition of confined, extra-framework pCO chains

compatible with the model of ideal, all-transoid polycarbonyl [-(C=O)-]n
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1.4 High pressure polymerization of CO in silicalite

Figure 1.18: Refined structure of pCOSIL. Top part: cyan tetrahedra and red balls

indicate silicalite framework; contour plot indicate charge density distribution for

pCO in both the linear (orthogonal to the drawing) and sinusoidal pores of the

silicalite framework. Top left, left image: cut along the b axis at y = 0; top right,

right image: cut along the b axis at y = 1/4. Bottom part: structure of pCOSIL

obtained by SC-XRD. Blue tetrahedra and red dots indicate the silicalite framework,

gray spheres the confined C and O atoms. Bottom left, left image: view along the

b axis, where linear (along y) and sinusoidal (parallel to xz) extra-framework C/O

chains can be seen; bottom right, right image: view along the a axis.

with head-to-tail orientation of the C=O functional groups [73]. As in the

case of PASIL, the peculiar nature of silicalite host force the pCO chains

to be bent at least in the sinusoidal channels, resulting in a high strain of

the confined polymer. This feature may easily prevent the occurrence of the

predicted metallic pCO chains in our real system [73].

42



C/Si based nanocomposite inclusion materials

1.5 From pCOSIL to pCO/TON

The presence of the interconnected channels characterizing the silical-

ite framework likely affects the development of linear, unbranched polyCO

chains, therefore, in order to obtain a better quality confined pCO in a zeolite,

to preserve it at ambient conditions and to be able to exploit its character-

istics, it is worth to try to perform the polymerization in a more appropriate

framework. All-Silica ZSM-22, with its network of internal, linear, slightly

elliptical nanochannels, offer the desired 1D framework to drive the poly-

merization of carbon monoxide in the perspective of obtaining an ideal pCO

chain. Carbon monoxide has been loaded in DAC, together with all-silica

ZSM-22, through Cryo loading technique (see section 4.2). Polymerization

has been triggered by pressures between 7 and 10 GPa, and it reached its

completion in few days. This pressures are slightly higher than that of the

room temperature threshold (5.8 GPa at 300 K, see ref. [72]), but compar-

able with those of pCOSIL synthesis [74]. The synthesized nanocomposite

has been named pCO/TON (polyCarbon monOxide filled TON ) [62].

Figure 1.19 shows the FTIR spectrum of pCO/TON after exposition to

the atmosphere, and the spectrum of pCOSIL in the same conditions [74].

The two spectra have been acquired at room conditions on a free-standing

gasket so to avoid the overlap between the C=O stretching region and the

two-phonon band of diamond. As in the case of pCOSIL, we see a central

peak (marked in blue) with an underlying fine structure superimposed on a

much broader band, arising from the contribution of surrounding, bulk pCO

and, at a less extent, from the weak peaks of ZSM-22 powder itself. Following

what stated about FTIR analysis of pCOSIL, the sharper peak arises from

confined pCO. While the broad band of bulk pCO is likely related to different

kind of carbonyl groups in the disordered bulk material, the sharp peak of

confined pCO constitutes a strong signature of a major chemical order of the

confined polymer in the zeolite.

As a difference with the case of pCOSIL, the peak from confined pCO is

not a single, slightly asymmetric one but can be splitted in three components,
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Figure 1.19: C=O stretching region of the IR spectrum of pCO/TON (top panel)

and, for the sake of comparison, pCOSIL (bottom panel, see also figure 1.15). The

sample of pCO/TON was recovered in the gasket, taken out of DAC and exposed

to the atmosphere. Blue line marks the peak assigned to confined pCO in the host

ZSM-22 (top) and in the host silicalite (bottom). Three lorentzian peaks have been

fitted to this peak (dashed lines for each one and continuous white line on blue

for the sum of the three). Yellow vertical bars refer to DFT calculated frequencies

for cisoid-pCO/TON. Absorbance of the two spectra were normalized to the same

peak intensity and spectra are vertically shifted by a constant value, for the sake of

clarity.

separated by about 25-30 cm−1. This splitting is related to a more complex

structure or to a stronger interaction with the zeolite host than it could be

with “isolated” all-transoid -polycarbonyl chains. In addition, this transoid

structure is not compatible with the symmetry of the TON unit cell, whereas
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the most simple symmetry-compatible configuration is that with alternating

cisoid- and transoid- C=O conformations, named cisoid -pCO/TON. DFT

calculations performed of transoid -pCO/TON predict eight infrared active

A-modes (1606, 1607, 1643, 1656, 1665, 1684, 1690, 1692 cm−1) in this region

while the same calculations on cisoid -pCO/TON give four infrared modes

[1776 (B2), 1766 (A1), 1746 (A1) and 1733 (B2) cm−1]. Taking into account

the number and the frequency of the predicted bands, this latter configuration

is in good agreement with the experimental results.

Synchrotron XRD measurements have been performed on pCO/TON

nanocomposite to refine its structure. The Rietveld procedure gave a very

good Bragg R factor of 3.1%. In figure 1.20, the diffraction pattern of

pCO/TON is reported, together with its calculated and difference profile.

In table 1.3, the structural parameters are reported.

Figure 1.20: Experimental (dots) and calculated (solid line) XRD profiles from

the Rietveld refinement of pCO/TON at ambient pressure. Data were collected on

sample recovered in the gasket. Black profile: difference XRD profile. Vertical bars:

position of the calculated Bragg reflections.

C and O atoms can be easily located on the Fourier difference map, but

they cannot be chemically distinguished because of their nearly equal scat-

tering power. Anyway, the refined occupations yield a CO content of 2.4

molecules per unit cell, that corresponds to a 30% filling of the pore in a
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Cell parameters

a (Å) 13.8867(4)

b (Å) 17.4430(9)

c (Å) 5.0475(2)

V (Å3) 1222.63(8)

Rp (%) 9.1 [9.8]

Rwp (%) 5.7 [6.3]

RBragg (%) 3.1 [3.2]

Table 1.3: Structural Data and Agreement Factors Obtained from Rietveld Refine-

ment on pCO/TON (space group Cmc21, Z = 8). The values in square brackets

refer to the agreement with the atoms of the embedded polymers fixed to the values

obtained from the relaxed DFT structure with fixed cell parameters.

statistical distribution. The incomplete filling could be related both to an

incomplete polymerization of CO inside the nanochannels, with subsequent

loss of the unreacted molecules at the cell opening, or to an unfavourable

filling of the same pores by the monomer in the beginning of the reaction.

Figure 1.21 shows the observed Fourier map of the pCO/TON nanocompos-

ite: the structural model for the nanocomposite consists in an alternating

cis- and transoid configuration of the polymer. This configuration is com-

mensurate with the host structure of ZMS-22, and it is also consistent with

the Fourier map, but gives unreasonable bond lengths and angles.

As in the case of PA/TON, a second refinement has been performed

starting from the relaxed pCO chain obtained from DFT calculations, with

fixed positions for the atoms. Figure 1.22 reports the structural model of

pCO/TON obtained from this second refinement. The Bragg R factor re-

mains the same within this second refinement (see square bracketed values

in table 1.3), thus suggesting that the refinement is not very sensitive to a

slight shift in the atomic positions. Also this DFT model can thus reproduce

the experimental data, both on a structural and on a vibrational level (see

infrared spectrum).
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Figure 1.21: Section of the electron density map at x/a = 0.5, obtained by Fourier

inversion of observed structure factor amplitudes and model phases (the isocontour

interval is 0.1 e/3). The white circles (y/b = 0.1 − 0.25 and y/b = 0.75 − 0.9)

represent the framework atoms, while the polymerized chains of PA are visible in

the range y/b = 0.4− 0.6.

Figure 1.22: Structure of pCO/TON. SiO4 tetrahedra are represented in blue;

black/white and red/white spheres represent respectively carbon and oxygen atoms

from the relaxed structure of pCO obtained from DFT calculations and fixed during

the Rietveld refinement.

47



1.6 Summary

1.6 Summary

The effect of nanoconfinement on the high pressure polymerization of

acetylene and carbon monoxide has been studied, exploiting the host frame-

work of two different synthetic, non catalytic and electrically neutral, pure

silica zeolite. These two different zeolite matrices (silicalite, with an internal

3D network of mutual intersecting channels, and all-silica ZSM-22, with a 1D

internal structure of linear, slightly elliptical nanochannels) have offered the

possibility to evaluate the effect of the host structure in the behaviour of the

confined monomers during the polymerization reaction. The purpose of the

experiment was twofold: to recover the high pressure synthesized polymers

at ambient conditions, avoiding their degradation, and to obtain materials

that could be suitable for technological applications.

Polyacetylene is a textbook case for our studies. This polymer is a pro-

totype for a perfect, 1D nanoconductive chain, and it is difficult to recover it

from its bulk polymerization because of its tendency to form branching and

termination (especially in presence of laser irradiation) and of its high react-

ivity towards atmospheric moisture [6]. Exploiting the protecting scaffold of

the zeolite crystal, it has been possible to synthesize a polymer with specific,

high quality characteristics and to recover it at ambient conditions. A new

nanocomposite material, named PASIL, has been synthesized under moder-

ate pressure conditions (4 GPa) and avoiding exposure to laser irradiation.

The synthesized material has been studied by optical spectroscopy and x-ray

diffraction methods. Firstly, confinement conditions are able to drive the

polymerization along specific paths: micro-Raman spectra on PASIL show

clearly the preferential synthesis of a transoid polymer inside the zeolite in

respect to the bulk preferential configuration, far less ordered. IR spectra

show an increased conjugation for confined PA in the zeolite crystal than in

the bulk PA, but a considerable amount of terminations and branchings of

the chains, that are highly limited in length (see figure 1.5), is still observed.

This data are consistent with the SC-XRD on the recovered sample, from

which we obtained a picture of a partially filled silicalite crystal and a car-
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bon occupancy inside the nanochannels that ranges up to no more than 50%.

This is due to the unfavourable geometry of the channels, that doesn’t match

with the strict steric requirements of an ideal polyacetylene chain: PA indeed

should be planar, because it’s constituted by a sequence of conjugated double

bonds, but silicalite has two different nanochannels in its 3D network, the

one linear and the other sinusoidal, and of course this last type is not good

for a polymer that isn’t able to stretch as far as necessary to perfectly fit

into it (differently from what happened with polyethylene in PESIL [45]). In

fact, in PASIL we register only a partial occupancy of nanochannels, and this

feature emerges clearly also from the equation of state of the nanocomposite

material. During the compression of PASIL, at least two different domains

were identified in the crystal, with two different bulk moduli: the first one,

almost equal to an empty silicalite; the second one, with intermediate val-

ues between empty and completely filled silicalite (as it was for PESIL). To

improve the synthesis of the nanocomposite, we switched from silicalite to all-

silica ZSM-22, which has only one set of linear, internal nanochannels. The

polymerization in this 1D zeolite gives a very good quality of the embedded

polymer, with an sp2/sp3 ratio far higher than it was in PASIL, thus suggest-

ing an enhanced conjugation in the polymer chains and far less branching

and terminations. From XRD, the nanocomposite named PA/TON shows a

complete filling of the pores, and the embedded polymer is in an alternate

cisoid and transoid configuration, that is consistent with the structure of

the zeolite host. XRD refinement suggests that some degree of disorder in

the chain isomers and positions should be present in PA/TON. No Raman

characterization was possible due to huge fluorescence.

Polycarbon monoxide is another interesting system for its potential tech-

nological applications. Even more than in the case of polyacetylene, the

recovery of the polymerization product at ambient conditions is impossible

because it readily reacts with the atmosphere [72]. The use of an inorganic,

protecting scaffold seems to be the only way to synthesize an ordered material

and to recover it once the DAC is opened. In fact, driving the polymeriz-

49



1.6 Summary

ation of CO inside silicalite, we obtained a more ordered polymer inside

the nanochannels than in bulk CO, as suggested by the FTIR spectra on

the recovered sample (see figure 1.15). SC-XRD data on the nanocomposite

product, named pCOSIL, show a high filling of the pores of silicalite with the

embedded polymer. Furthermore, both FTIR and XRD data are compatible

with a specific model configuration of the embedded polyCO, a highly ordered

head-to-tail configuration predicted by DFT calculations. Raman measure-

ments was prevented by rapid degradation of the synthesized polyCO under

laser light. Switching to ZSM-22 has allowed to obtain even more highly

ordered polymer embedded in the zeolite matrix, even if the filling of the

pores was not complete (about 30%), due to an incomplete polymerization

of the monomer or even to an initial insufficient filling of the pores by fluid

CO. The XRD have been refined showing an alternated cisoid and transoid

configuration for embedded pCO, commensurate with the zeolite framework

geometric requirements. No significant improve can be obtained refining the

XRD data starting from DFT calculations on relaxed polymer chains in the

cisoid configuration.

For both the ordered models of PA/TON and pCO/TON, DFT calcula-

tions of the electronic density of states show van Hove singularities within the

band gap of TON, that are related to the 1D nature of the confined polymer

chains. It was not possible to estimate this band gap, but we found that

the ordered models of PA/TON can be metallic (trans-PA/TON) or semi-

conducting (cis-PA/TON), and the same occurs with the ordered models of

pCO/TON.

Extreme confinement due to the walls of the nanochannels in silicalite

and ZSM-22 is indeed capable to drive the polymerization of guest molecules

along preferential path, selecting preferred geometrical configuration and, in

the case of 1D zeolites, possibly preventing side effect of branching and ter-

minations, otherwise impossible to avoid in the bulk processes. All the nano-

composites have been recovered at ambient conditions without any signature

of degradation due to contact with the atmosphere, and this is particularly
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evident in the case of embedded pCO, that is a far more ordered material

than the pCO obtained by bulk polymerization.
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Chapter 2

High pressure chemistry of

Graphite Oxide and simple

molecules

In this chapter, the results about high pressure chemistry of Graphene

Oxide based systems in the presence of small molecule will be presented.

Graphene Oxide, derived from Graphite Oxide (GO), is an interesting car-

bon based nanostructured material that can be a good 2D platform for the

synthesis of modified and doped graphene, in the perspective of possible

technological applications.

2.1 Graphite Oxide: structural and spectro-

scopical features

In the last few years, chemically modified graphenes (CMG) have been ex-

tensively studied for their peculiar electrical, mechanical and thermal proper-

ties, with the perspective of exploiting these features for several applications

ranging from polymer composites to metal-free catalysis, energy-related ma-

terials, sensors, field-effect transistors (FET) and biomedical applications.

In this constantly evolving framework, Graphite Oxide (GO) has rapidly
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become a promising starting system for the mass production of CMG and

other related 2D platform materials [75]. Graphite Oxide (GO) is a largely

and cheaply available product of mass oxidation of graphite. GO is a bulk,

non stoichiometric high-surface layered material, typically available as wa-

ter dispersion. Interlayer spacing of GO ranges from 6 to 12 Å , depending

on the hydration degree of the dispersed material, and it’s sufficient for the

insertion of small molecules. This interlayer spacing originates from the ox-

idation process of graphite and it is related to the molecular structure of the

single layers of GO, referred to as graphene oxide (in an obvious analogy with

graphite/graphene system). The layers of graphene oxide are characterized

by the presence of several, different oxigen containing functional groups, that

decorate the edges and the basal plane of the material, and contain a variable

amount of sp3 carbon sites. This is the main difference with the fully sp2

hybdrized “honeycomb” structure of graphene: whereas the latter is a planar

sheet, the sp3 hybridization and the introduction of defects, holes and het-

eroatoms into the carbon layers determine a loss of planarity of GO sheets

and the occurrence of a puckering of the layers (see figure 2.1). The over-

all structure of GO is generally modelized on that of turbostratic graphite

[76, 77].

Figure 2.1: Comparison between graphite (left, space group P63/mmc, planar layers

with a d-spacing of 3.3 Å) and graphite oxide (right, turbostratic packing of highly

oxidized puckered layers with d-spacings ranging from 6 to 12 Å) structures.

Despite of the recent interest for this system, GO synthetic routes have
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been extensively studied in the past decades, at the beginning of the chemical

interest for graphite-based systems. The principal routes for the synthesis

of GO are at least five, namely by Brodie [78], Staudenmeier [79], Hofmann

[80], Hummers [81] and Tour [82]. Brodie proposed a reaction involving

concentrated sulfuric (H2SO4) and nitric (HNO3) acids together with po-

tassium chlorate (KClO3) as oxidant. Staudenmaier proposed to use fuming

HNO3 only and KClO3 as oxidizing agent. These methods yield a highly

oxidized material with a C/O ratio up to 2:1. Staudenmaier method im-

proved the Brodie protocol by stating a multiple adding approach of KClO3

aliquots over the course of the reaction, rather than in a single addition as

Brodie had done. After these two pioneering studies, Hofmann proposed a

synthesis using non-fuming HNO3 and KClO3, and later Hummers and coau-

thors developed a different oxidation method using a mixture of potassium

permanganate (KMnO4) and sodium nitrate (NaNO3) and concentrated sul-

furic acid. Finally, Tour method uses KMnO4 as an oxidant in a reaction

media provided by a mixture of sulfuric and phosphoric (H3PO4) acids. The

synthetic protocol adopted for the production of the GO used during our

experiment was a so called “modified Hummers method”, starting from pur-

ified natural graphite with the addition of H2SO4, K2S2O8 and P2O5 in the

first step, and KMnO4 and H2O2 in the subsequent phases [83]. For a more

detailed description of the method, see Ceppatelli et al., ref. [84].

The precise chemical structure of GO has been largely debated over the

years, and even today no unambiguously assigned model exists. The main

reason for this has to be searched in the complexity of this material, that

includes sample-to-sample variability, due to its nonstoichiometric, amorph-

ous character. The very first structural models of GO were entirely based

on regular lattices composed of discrete, repeated units [75]. Hofmann-Holst

structure was based on a spreading of epoxy rings all over the GO basal

plane [85], while Ruess model proposed to consider, in addition to the epoxy

functions, also hydroxyl group in the edge of the sheets, altering the sp2

character of the plane with the introduction of sp3 hybridized carbon atoms
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[86]. The Ruess model was based on the idea of an elementar, repeating unit

of the complete lattice. The Scholz-Boehm model suggested that the plane

was based on quinoidal species in a puckered carbon backbone [87], while

Nakajima and Matsuo model relied on the assumption of a lattice framework

similar to that of poly(dicarbonomonofluoride), (C2F)n [88,89]. Recently, the

idea of a lattice-based model has been rejected, and the most widely adop-

ted structure is the one described by Lerf and Klinowski (the Lerf-Klinowski

model, see figure 2.2), even if there is actually no complete agreement on this

topic. The Lerf-Klinowski model was mainly refined by NMR spectroscopy,

giving the picture of a corrugated basal plane with a loss of planarity (due

to the presence of several sp3 hybridized carbon sites) and several, different

functional group decorating the basal plane itself (epoxy and alcohol) and

its edges (carbonyl and carboxyl) [90]. A further model is that of Dékány, in

which no carboxylic acids are presents, composed by two distinct domains,

trans-linked cyclohexyl species interspersed with tertiary alcohols and 1,3-

ethers, and a corrugated network of keto/quinoidal species [91].

Figure 2.2: Structural model of GO as proposed by Lerf and Klinowski. Picture

taken from Dreyer, et al. see ref [75].
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From a spectroscopical point of view, the huge number of different func-

tional groups on the single layers of GO give rise to very complex spectral

features. In the top panel of figure 2.3, we report a typical FTIR spectrum

of the GO samples used for this experiments.
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Figure 2.3: FTIR (top panel) and Raman (bottom panel) spectra of pristine GO

at ambient conditions. Infrared spectrum has been acquired in the DAC at ambient

pressure; the break in the wavenumber axis corresponds to the region of absorption

of diamond anvils. The Raman spectrum instead has been acquired out of the DAC

on a free standing gasket, to avoid overlap of the diamond band with the D band of

GO. The two broad Raman signals are due to the D band (lower frequency) and to

the overlapped G and D’ bands (higher frequency).

The infrared spectrum of GO is dominated by three broad absorption

regions: between 800 and 1500 cm−1, between 1500 and 1800 cm−1 and

between 2600 and 3800 cm−1. The intensity in these regions is related to the

presence of O atoms. Due to the extreme difficulty in stating a unique assign-
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2.1 Graphite Oxide: structural and spectroscopical features

ment for these very broad bands, the three region refer single bonded C-O

functionalities, sp2 hybridized carbon and carbonyl and carboxyl functional-

ities, and hydroxyl functionalities (alcoholic, carboxylic and water-related),

respectively [92].

In the bottom panel of figure 2.3, we report a typical Raman spectrum of

GO in its most characteristic region (between 1000 and 1700 relative cm−1).

In this spectral region, the Raman spectrum is dominated by the character-

istic D, G and D’ bands. A commonly accepted criterion for assessing relative

amounts of sp3 and sp2 carbon sites in carbon-based graphitic materials is

in fact the intensity ratio ID/IG between the D (about 1330 cm−1) and the

G (about 1600 cm−1) Raman bands. D and G bands are related to C sp3

and C sp2 sites, respectively; D’ band is related to defects in the honeycomb

lattice structure of graphite and again to sp3 carbon sites. The intensities of

D and G bands (and, obviously, the ID/IG ratio) are strictly related to the

excitation wavelength; furthermore, as a difference in respect to graphite-

like, fullerenes and nanotubes, in GO the inherent disorder of the material

is responsible for broad Raman signals and a strong overlap between G and

D’ bands.

In figure 2.4, we report a comparison between the diffraction patterns

of graphite (upper curve) and of pure graphite oxide (lower curve). In the

pattern from graphite, the main feature is the peak related to the (002)

reflection, that gives the characteristic 3.3 Å d-spacing of the graphite layered

structure. The pattern from graphite oxide, indexed with respect to the

turbostratic model of graphite [76, 77], as discussed above, shows two main

Bragg peaks, related to the (001) and the (010) reflections. The (001) peak

gives the d-spacing between two adiacent layers of graphene oxide in the GO

bulk structure, while the (010) refers to a distance in the basal plane of GO,

and it is intimately related to the puckering of the GO sheets. The diffuse,

broad signal between 2θ = 5-11◦ in GO is likely due to the S(Q) structure

of H2O trapped between the GO sheets [77].

Due to the presence of several active sites on its puckered basal plane, GO
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Figure 2.4: Integrated spectra from the 2D-XRD patterns of graphite (upper curve)

and graphite oxide (lower curve). The labels indicate the peaks corresponding to the

(002) and (101) reflections in graphite, and to the interlayer (001) and intralayer

(010, 110) d-spacings in graphite oxide. The pattern of graphite has been measured

at LENS (λ=0.71093 Å), while the pattern of graphite oxide has been measured at

ID09, ESRF (λ=0.415352 Å).

is a very promising platform material to study insertion of simple molecules

between the layers in the perspective of separating the graphene oxide layers

and of obtaining doped and chemically modified graphenes. There are plenty

of experimental and theoretical studies about chemical functionalization of

GO [75], about synthesis of reduced GO (rGO, an interesting material for

the production of large quantities of graphene) [93], and about the doping

with heteroatoms (particulary, the N-doping) [94], but far less studies that

investigate high pressure structural and reactive behaviour of GO. There are

several work by Talyzin and coauthors investigating lattice expansion of GO

by the insertion of small molecules that could interact with the basal plane

oxygenated functionalities through the formation of H-bond, like water, alco-

hols (methanol and ethanol) and acetone. The studies about GO immersed

in water have shown a huge auxetic effect on the d-spacing of layered GO
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2.1 Graphite Oxide: structural and spectroscopical features

due to the insertion of molecules in the fluid phase, a structural breathing

of the lattice with a negative compressibility and an increase of the unit cell

volume up to 30% at 1.4 GPa with respect to ambient conditions. At the

solidification pressure of water (1.3-1.5 GPa), the compressibility returns to

be positive and the pressure dependence of unit cell volume shows the usual

characteristics [77]. Talyzin and coauthors have also studied the temperature

effetc on this lattice breathing of GO in the presence of water [95]. A similar

behaviour, even if to a lesser extent, has been founded in mixtures of GO with

protic solvents lik liquid alcohols (methanol, ethanol and methanol/ethanol)

[96] and non-protic solvents like liquid acetone [97]. A systematic study of

structural breathing of GO in excess of basic or acidic water media has been

conducted by the same group, with the result that the lattice spacing of

graphite oxide enormously increase in the presence of basic (NaOH) solution

up to a value of 85% in respect to “dry” GO at 1.6 GPa, while in contrast this

effect is far less pronounced in acidic water (HCl solution) if compared with

compression in pure water, stating that pressure induced structural breath-

ing of graphite oxide is strongly enhanced in basic media and suppressed in

acidic media [98].

The idea of our study is to exploit high pressure to drive the insertion

of simple molecular systems between the GO layers and to foster chemical

reactivity in nanoconfined conditions. In this way, we aim to modify the

chemical structure of the single graphene oxide sheets achieving at the same

time their reduction and, by using suitable molecules, their N- doping. As

simple molecular systems we used an inert noble gas (Argon) and two dif-

ferent N-bearing molecules to evaluate the actual experimental conditions

for the N-doping: molecular nitrogen (N2), apolar and non-interacting, and

ammonia (NH3), an highly reactive, polar nucleophile with a basic charac-

ter according to Brønsted and Lewis. We have also extended this reactiv-

ity studies to the possibility of a HP polymerization of ethylene between

the GO layers, in the perspective of the synthesis of a nanocomposite insu-

lator/semiconductor material. In order to maximize its insertion between the
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GO layers, ethylene should be in the liquid phase: we have performed laser

induced polymerization of liquid ethylene in GO, then only pressure induced

polymerization and high temperature, high pressure polymerization, whose

conditions has been specifically investigated to this purpose.

2.2 GO/Ar, GO/N2 and GO/NH3: a closer look

to the structure

Samples of pure GO and GO loaded with Argon (cryo-loading), N2 (cryo-

loading) and NH3 (spray-loading) have been studied during room temper-

ature compression and decompression by XRD technique. Figure 2.4 shows

a typical integrated XRD pattern of GO. XRD peaks of GO have been in-

dexed referring to the model structure of turbostratic graphite [76,77], with

the d(001) reflection corresponding to the interlayer d-spacing and the d(010)

reflection to the intralayer periodicity.

In figure 2.5, the evolution of the d(001) and d(010) spacings for pure

GO, GO/Ar and GO/N2 samples are reported. For pure GO, two different

sets of data are shown, corresponding to different XRD spots on the sample.

Black and red circles (full on compression, empty on decompression) mark the

equation of state (EOS) of pure GO and show a substantial agreement, taking

into account the anisotropic compression conditions, indicating an overall

positive compressibility of the system. The pressure evolution of the d(001)

spacing indicates a general decrease of the interlayer distance on compression,

with a flattening of the curve above 7 GPa. During the decompression step,

slightly larger d(001) values were measured. Most important, in the recovered

sample at ambient conditions a significantly smaller interlayer spacing was

measured (8.02 ± 0.03 Å for black data and 7.98 ± 00.3 Å for red data)

with respect to the starting GO (8.920 ± 0.006 Å for the black curve and

8.81 ± 0.09 Å for the red one), indicating an irreversible modification of

the interplanar arrangement. The pressure evolution of the d(010) spacing

exhibits the same behaviour up to 7 GPa, but above 8 GPa this distance
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2.2 GO/Ar, GO/N2 and GO/NH3: a closer look to the structure

slightly increases again. During the decompression, the d(010) values tend to

be larger than those acquired during the compression step, while the ambient

conditions values are equal to pristine GO before compression (2.121 ± 0.001

Å for black data and 2.124 ± 0.002 Å for red data with respect to the initial

values of 2.119 ± 0.005 Å and 2.120 ± 0.007 Å, within the experimental

error).
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Figure 2.5: Pressure evolution of the interlayer d(001)-spacing of pure GO, GO/Ar

and GO/N2 samples. Black and red circles refer to pure GO; green circles refer

to GO/Ar; blue and cyan circles refer to GO/N2. Open and empty circles refer to

compression and decompression, respectively. Blue and cyan data on GO/N2 refer

to two different experiments. All the data were acquired at ID09 beamline in ESRF

(λ= 0.415352 Å), except for cyan data on GO/N2, acquired at LENS (λ= 0.71093

Å). Inset: pressure evolution of the intralayer d(010)-spacing of GO for the same

samples. Same colors summary.

As for pure GO, also the XRD data acquired on GO/Ar and GO/N2

samples indicate a positive compressibility, as shown by the reduction of

the interlayer d(001) and of the intralayer d(010) spacings with increasing

pressure. Anyway, the presence of a compression medium allows several

important difference to be noticed. First of all, despite the fact that the
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ambient pressure values are the same as in GO without compression medium,

the curves for d(001) and d(010) spacings in GO/Ar samples (green circles)

and in GO/N2 samples (blu and cyan circles) are systematically lower than

in the pure GO case. It is well known that the interlayer d-spacing of GO

strictly depends on the hydration degree of the material. Ar and N2 are

apolar systems unable to form H-bond, but their penetration between the

GO layers in high-density conditions is largely favoured by the presence of

trapped water molecules enlarging the interlayer spacing, thus allowing Ar

and N2 to accomodate between the sheets [99]. The overall reduction of

d(001) spacing suggests a reduction of the H-bonding interactions due to the

presence of intercalated, soft non-interacting media.

In the GO/Ar samples, the maximum pressure achieved on compression

was limited to 5 GPa, due to the high intensity of the diffraction peaks

of solid Ar above this threshold which masks the weak diffraction peaks

of GO. The first important thing to notice is a sharp discontinuity in the

pressure evolution of both d(001) and d(010) spacings: this discontinuity was

observed at the transition pressure of Ar (1.3 GPa) from the liquid to the fcc

crystal phase [100, 101], revealed by the appearance of the intense peaks of

crystalline Ar in the integrated patterns. The d(001) spacing values show a

sudden increase at the phase transition on compression, and a corresponding

decrease on decompression. The d(010) values, instead, exhibit a sudden

decrease on compression, while on decompression no XRD data could be

acquired for this reflection due to the weakening of the peak intensity and its

overlap with a reflection from the gasket. This discontinuity in the d(010)

spacing suggests a perturbation of the GO basal plane, a puckering of the

GO layers induced by the Ar crystallization.

More in detail, the evolution of the unit cell volume of GO/Ar sample

during the compression is reported in figure 2.6. The volume behaviour is

dominated by the interlayer d(001) expansion over the intralayer d(010) con-

traction, and show a 3% volume increase at the Ar transition pressure from

35 ± 1 to 36.4 ± 0.3 Å3. This volume expansion is consistent with the volume
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contraction of Ar (about 5%, ∼1 mm3 mmol−1) during the transition from

the liquid to the crystal fcc phase [102] and indirectly confirms the insertion

of Ar atoms between the GO layers. Considering the ∼ 5.59 Å value of the a

lattice parameter of Ar fcc unit cell, calculated from the 19.5 mm3 mmol−1

volume at the transition pressure [102], only one unit cell of fcc-Ar could

fit in the 7.0 Å spacing between the GO layers. Because confined molecules

generally experience different transition pressure with respect to their bulk

counterpart, confined Ar between the layers likely remains in the liquid phase

while its bulk counterpart starts to crystallize with the volume contraction

stated above, allowing a free volume to be exploit for the expansion of GO

lattice under the pressure exerted by the Ar atoms confined between the

layers.
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Figure 2.6: Pressure evolution of the GO/Ar unit cell volume during room temper-

ature compression.

In the case of GO/N2 samples, two different compression/decompression

XRD experiments were performed. In the first one (performed at LENS,

cyan full and empty circles in figure 2.5), the sample was compressed up

to 15.1 GPa, while in the second one (performed at ESRF, blue full and

empty circles in figure 2.5), the sample was compressed up to 5.0 GPa. In
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the first experiment, due to the weakness of the signal, only the (001) peak

was followed on compression and decompression; in the second one, both

the (001) and (010) reflections were measured. In contrast to what observed

in GO/Ar samples, only hardly detectable discontinuities are observed at

the pressure values corresponding to the solidification of liquid N2 into the

β-N2 crystal phase at 2.4 GPa [103], and to the transitions between the β-

N2 and the δ-N2 (disordered cubic, Pm-3n, 4.9 GPa) [3] and between the

δ-N2 and the δloc-N2 (tetragonal, P42/ncm, 10.5 GPa) [104] crystal phases.

However, as it was for the GO/Ar samples, the same interlayer d(001) spacing

as in the starting GO was recovered after compression and decompression.

This feature is in clear contrast with what observed on pure GO where, in

absence of any compression medium, the recovered d(001) spacing at ambient

conditions was significantly lower than in the pristine GO.

In contrast to what observed on GO/Ar and GO/N2, the GO/NH3 sample

exhibits a remarkably different high pressure behaviour. In figure 2.7, the

pressure evolution of a selection of the integrated XRD diffraction patterns

acquired on GO/NH3 sample are presented. In the left part of the figure,

the pattern evolution upon compression is shown: different colors refer to

different NH3 phases. A more detailed picture of the structural features of

this different phases is presented in figure 2.8. For the sake of clarity, the the

pressure evolution of d(001), d(010) and unit cell volume of GO/NH3 system

are presented separately from those of pure GO, GO/Ar and GO/N2 samples

(see figure 2.9 below).

The XRD patterns of GO/NH3 have been acquired in the range between

0.2 and 6.8 GPa, for a complete run of compression/decompression to ambi-

ent conditions. Within this pressure range, NH3 undergoes to the transition

between the liquid phase [108,109] and the orientationally disordered plastic

phase III [105, 106] at about 1.0 GPa, and then to the transition between

phase III and the ordered phase IV (P212121) [109]. During the experiment,

this phase transitions were clearly detectable by the appearence of charac-

teristic sharp peaks in the integrated pattern (see figure 2.8). The d-spacing
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Figure 2.7: Left panel: pressure evolution of a selection of integrated diffraction

patterns from GO/NH3 sample up to 7 GPa. Right panel: detail of the pressure

evolution of the (001) peak during compression and decompression, clearly showing

the 2θ shift. Black trace corresponds to GO at ambient conditions; blue traces refer

to the pressure range where NH3 is in the liquid phase; red traces to the pressure

range where NH3 is in the plastic phase III; orange traces to the pressure range

where NH3 is in the crystal phase IV.

and relative intensities of these peaks are in good agreement with the literat-

ure data for NH3-III [105, 106] and NH3-IV [107]. The XRD peaks assigned

to NH3 mostly correspond to ring diffraction patterns, thus indicating the

formation of powdered, crystalline NH3 in the excess bulk phase. The phase

transitions of NH3 occur at a slightly higher pressure than in the bulk (1.1

GPa for liquid to NH3-III, and 4.5-5.0 GPa for NH3-III to NH3-IV), as ob-

served in water [77] and ethanol [96]. Figure 2.7 highlights the peculiar

behaviour of the (001) peak in this sample: with respect to the pristine GO,

in the presence of NH3 the peak is shifted to lower angles, indicating an in-

creased d-spacing with respect to the starting one. The low angle shift during

pressurization is a typical feature of auxetic materials and it is related to the

insertion of liquid ammonia between the layers of GO. The observed effect
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Figure 2.8: Detail of the XRD integrated patterns acquired during compression of

GO/NH3 sample and showing the phase transitions of NH3 between liquid (blue),

plastic NH3-III (red) and crystal NH3-IV (orange) phases. Peak indexing is in

accord with literature data [105–107].

correspond to a 10.8% increase in the d-spacing between 0.2 and 1.1 GPa,

where ammonia solidifies into plastic phase-III. Above this pressure, we ob-

serve a shift inversion towards high angles with a continuous decrease of the

d-spacing up to the maximum investigated pressure.

Figure 2.9, panel a, allows to better understand this behaviour. At 0.2

GPa, the XRD pattern provides an interlayer d(001)-spacing of 13.04 Å

(46.2% larger than in the pure GO, 8.921 Å). At 1.1 GPa, the interlayer d-

spacing reaches its maximum values of 14.45 Å (on compression) and 14.74 Å

(on decompression), respectively corresponding to a 62.0% and to a 65.2% in-

crease with respect to ambient pressure value of pure GO. Above 1.1 GPa and

up to the maximum investigated pressure, the interlayer d-spacing continu-

ously decrease but always remaining well above 11.27 Å at 6.8 GPa (26.3%

larger than in ambient pressure GO). Figure 2.9, panel b, shows how the

intralayer d(010)-spacing, instead, is much less affected by pressure, slightly

and continuously decreasing up to 7 GPa with only a minimal singularity
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at 1.1 GPa. The overall unit cell volume (figure 2.9, panel c) has a beha-

viour that reflect perfectly the one of d(001)-spacing, because the intralayer

effect is at least two order of magnitude smaller than the interlayer one, and

its contribution is almost negligible. The pressure evolution of the unit cell

volume closely follows that of the interlayer d(001)-spacing, exhibiting a neg-

ative compressibility between 0.2 and 1.1 GPa (auxetic behaviour), with a

10.5% volume increase within this range. With respect to pure GO, at 0.2

GPa a 45.2% volume increase is calculated, whereas 60.5% (on compression)

and 63.9% (on decompression) increases are achieved at 1.1 GPa. No dir-

ect comparison with GO immersed in liquid NH3 at ambient pressure can

be established, because NH3 is not liquid at room conditions. Nevertheless,

a comparison at high pressure indicates that the interlayer d(001)-spacing

increases by 10.8% (on compression) and 11.5% (on decompression) with re-

spect to 0.2 GPa, whereas the unit cell volume by 10.5% to 12.8%. It should

be remarked that, in the same pressure range, the increases in d(001)-spacing

and unit cell volume for GO/H2O [77] is 8.7% and 7.8%, respectively. In the

case of Talyzin work on the GO/water system, the overall maximum lattice

expansion occurs to 1.3 GPa, where water starts to solidify, and corresponds

to a 19.5% interlayer d-spacing increase and to 18.9% unit cell volume in-

crease in respect to the values at 0.2 GPa. Anyway, the lattice expansion of

GO in the presence of NH3 clearly indicates the insertion of liquid ammonia

between the GO layers up to solidification of ammonia into plastic phase III.

This suggests that, while part of the NH3 molecules directly interact with

the functional groups of GO layers, other excess molecules can flow in and

out the layers. When (1.1 GPa) the external NH3 solidifies, this molecular

insertion is blocked an the NH3 filled GO starts to behave as expected for a

material with positive compressibility.
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Figure 2.9: Pressure evolution of the interlayer d(001)-spacing (a), of the intralayer

d(010)-spacing (b) and of the unit cell volume calculated from d-spacing (c) for

GO/NH3. Full blue circles indicate data acquired on compression, while red empty

circles data acquired on decompression. The maximum lattice expansion coincides

with the solidification of NH3 into plastic phase III (1.1 GPa), whereas only a slight

slope variation above 5.0 GPa during compression indicates the transition between

phases NH3-III and NH3-IV. This behaviour resulted to be reversible with some

hysteresis on decompression, with even larger lattice expansion after the melting of

NH3.

69



2.2 GO/Ar, GO/N2 and GO/NH3: a closer look to the structure

In the investigated pressure range, the interlayer d-spacing of GO oscil-

lates between 13.04 Å at 0.2 GPa, 14.45 Å at 1.1 GPa and 11.16 Å at 6.8

GPa. Considering literature data for the density of liquid ammonia at high

pressure and 298 K, we can calculate the volume occupied by a single NH3

molecule from the corresponding density at 0.25 GPa (0.7223 g cm−3) and

0.95 GPa (0.8287 g cm−3) [110]. The diameter of the sphere containing the

tetrahedral NH3 molecule should range between 4.212 Å at 0.25 GPa and

4.023 Å at 0.95 GPa. Considering that the thickness of GO layers (due to

the functional groups pointing in different directions) ranges between 7 and

9 Å [93], the number of NH3 molecules that can fit between the GO layers at

1.1 GPa ranges from 1.3 to 1.8 in the region where two functional groups of

the GO layers are pointing against each other, up to 3.6 in absence of func-

tional groups, whereas at 0.2 GPa this number ranges respectively between

1.3 to 1.4 and 3.1. Only a 1-3 molecular layer can thus fit between the GO

layers.

Another remarkable feature is that the d(001) spacing and the unit cell

volume for the recovered GO after compression/decompression cycle (8.86 ±
0.04 Å and 45.8 ± 0.5 Å3, respectively) are quite similar to those of pristine

GO (8.920 ± 0.006 Å and 46.34 ± 0.09 Å3). The similarity of these values

seems to exclude the occurrence of a massive reduction process, which would

cause a significant decrease of the interlayer d-spacing and, consequently, of

the unit cell volume, due to the removal of oxygenated groups on the layers.

As shown before, the pressure evolution of the d(010)-spacing reveals only

a subtle effect of pressure on the chemical bonds building up the C network

of GO, suggesting a strong mechanical resistance of this material. The GO

sheets are naturally puckered with respect to the graphite planes, due to

the presence of a large amount of sp3 carbon sites. The reduction of GO

and the restoration of sp2 carbon domains should cause an increase in the

a lattice parameter. No increase is observed in our compression, and the

d(010)-spacing of pristine GO and of recovered GO/NH3 are quite the same.

However, the asymmetric shape of the (010) peak seems to account for some
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kind of perturbation of the chemical bonds structure in the GO layers during

compression.

Considering that the confinement is known to alter the transition pres-

sure and temperature of molecular systems and that only few layers can fit

between the GO sheets, inserted NH3 is likely expected not to follow the

solidification of its bulk counterpart outside GO. At 1.1 GPa, the molecu-

lar insertion is blocked by the crystallization of bulk NH3, but however the

d-spacing values indicate that ammonia is still present between the layers.

Ammonia could likely interact with the O-bearing functionalities on the GO

layers, and considering its Brønsted-base character, the weak acidity of water,

the fact that absorption of gaseous NH3 in the presence of adsorbed water is

strongly enhanced [111], and the known tendency of the GO d-spacing to in-

crease in presence of basic media [98], the reported auxetic effect is in perfect

agreement and further confirms and supports available literature data.

2.3 High pressure reactivity of GO and simple

molecules

Besides of the structural behaviour of GO in the presence of simple in-

ert (Ar, N2) or interacting (NH3) molecular systems, the main interest of

our study was about the pressure induced reactivity of confined molecules

between the GO layers, in the perspective of promoting the N-doping of

this carbon based nanostructured material. The reactivity of the GO/Ar,

GO/N2 and GO/NH3 systems has been fostered by means of pressure, heat-

ing and photoirradiation, and the effects have been monitored by FTIR and

micro-Raman spectroscopy. More in detail, on the different samples have

been performed room temperature compression/decompression experiments

(GO/Ar, GO/NH3), high pressure resistive heating (GO/N2, GO/NH3) and

high pressure photoirradiation using UV and VIS wavelengths (GO/N2 and

GO/NH3, with NH3 both in the liquid and in the solid phase).
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2.3.1 Experimental results

Regarding GO/Ar mixtures, only compression/decompression experiments

have been carried out, to evaluate possible chemical changes of the layers due

to the increased density conditions. GO/Ar samples have been studied by

FTIR and Raman spectroscopy during room temperature compression up

to 31 GPa and further decompression to ambient conditions. As shown in

section 2.1, FTIR spectrum of GO is dominated by three broad absorption

regions (800-1500 cm−1, 1500-1800 cm−1 and 2600-3800 cm−1). In figure 2.10,

upper panel, the pressure evolution of the IR spectra of GO/Ar upon com-

pression is reported. The main effect of the application of pressure on this

sample seems to be an intensification of the IR bands centered at 1416 and

1625 cm−1, starting from 0.8 GPa. Every band in the spectrum is subjected

to a broadening upon pressure application, and to a blue shift, except for

the absorption related to the O-H groups, that tends to have a red shift and

presents a broadening towards low frequencies, thus suggesting the strength-

ening of the H-bond. Above the hydrostatic limit for Ar (∼ 10 GPa) [112],

the structure of the absorption profile is progressively lost and the intensity

of the infrared signal weakens. This deterioration of the IR spectrum is re-

lated to the appearance of cracks on the layers of GO, thus confirming the

non-hydrostatic conditions, which prevented the acquisition of spectra below

9.6 GPa during the decompression. Only limited spectral changes are detec-

ted on compressing GO/Ar samples: during the compression, we observed

an intensity decrease between 1500 and 1800 cm−1, and an intensity increase

between 900 and 1400 cm−1 up to 31 GPa. These effects are better appre-

ciated in the comparison of the IR spectrum of GO/Ar sample recovered at

ambient conditions with the IR spectrum of the starting GO (see figure 2.10,

bottom panel, a traces). The difference indicates that the slight chemical

modifications mainly involve the adsorbed water molecules, with an intens-

ity decrease at 1620 cm−1 and in the O-H stretching region, whereas the

intensity increase at about 1000 cm−1 suggests the formation of new C-O

bonds on GO layers (figure 2.10, bottom panel, b trace).

72



High pressure chemistry of Graphite Oxide and simple molecules

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 600  800  1000 1200 1400 1600 1800

A
b

so
rb

a
n

ce

0.0

0.8

1.7

2.6

4.7

10.0

15.8

20.0

25.0

31.0

Wavenumber (cm-1)

 2800  3600

0.0

0.1

0.2

0.3

0.4

 600  800  1000  1200  1400  1600  1800

A
b

so
rb

a
n

ce

Wavenumber (cm-1)

GO

GO/Ar

GO/Ar - FTIR
compression

 2800  3600

a

-0.1

0.0

0.1

A
b

so
rb

a
n

ce

difference b

Figure 2.10: Upper panel: evolution of FTIR spectra of GO/Ar with pressure.

Spectra were vertically shifted for the sake of clarity. The wavenumber axis break

excludes the frequency region where the saturating absorption of the diamond anvils

occurs. Lower panel: (a) FTIR absorption spectra of the GO/Ar recovered sample

(red) and of the starting GO (black) at room conditions; (b) difference between

recovered GO/Ar and starting GO spectra.
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The Raman spectra of GO/Ar during room temperature compression up

to 31 GPa and further decompression to ambient conditions are reported in

figure 2.11 together with the pressure evolution of the frequencies for D, G

and D’ Raman bands.
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Figure 2.11: Upper panels: Evolution of Raman spectra of GO/Ar during room

temperature compression (left) and decompression (right). Lower panel: pressure

dependence of the D (black circles), G (red squares) and D’ (blue triangles) Raman

bands of GO during compression (full symbols) and decompression (empty circles).

The dotted line indicates the solidification pressure of Ar at room temperature.

The Raman data show a continuous blue shift of the GO bands after the

solidification pressure of Ar (1.3 GPa) [101] up to 6 GPa, where a flattening

in their frequency occurs. Above 15 GPa, we observed an increase in the

frequency of the three bands, that decrease again above 30 GPa. Even in

the Raman spectrum, the profile deteriorates after the crystallization of Ar

due to non-hydrostatic conditions, thus determining a bigger uncertainty in

the frequency of the Raman bands. The ID/IG values remains substantially
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unaffected after the compression/decompression run in respect to the starting

values (3.4 after and 3.2 before).

The reactivity of GO/N2 samples was studied by FTIR and Raman spec-

troscopy in two different experiments performed at 1.9 GPa and room tem-

perature, where N2 is liquid and the molecular insertion between the layers

should be easier, at the same time providing sufficiently high density con-

ditions for the reaction to occurs. In the first experiment, reactivity was

induced by one-photon excitation of GO, using the 514.5 nm wavelength of

an Ar ion laser source. In the second experiment, reactivity was induced

by thermal activation of GO. In both the experiments, we used GO films

of 10-20 µm thickness produced by drop-casting deposition for obtaining a

good intensity transmission (evaluated by FTIR intensity signal). We found

that irradiation with power higher than 100 mW and heating at more than

200◦C systematically cause the loss of the infrared transmission signal.

In the first experiment, three irradiations of 100 mW and increasing dur-

ation (1, 3 and 5 hrs) were performed on GO/N2 sample. In figure 2.12,

the evolution of the FTIR spectra during the irradiation is reported (panel

a), together with two magnifications (panels b and d) and the differential

spectra after the different irradiations (panel c).

The FTIR spectra, acquired after each irradiation, suggest the occur-

rence of a chemical reactivity: the main feature is the appearance of two

sharp bands at 664 and 2350 cm−1, assigned to bending and antisymmet-

ric stretching vibration of CO2 growing with the irradiation time. A small

amount of CO2 was also present in the starting spectrum, acquired before

the first irradiation (black trace in figure 2.12a), and it’s probably the ef-

fect of the 647.1 nm laser line from a Kr ion laser used to excite the ruby

fluorescence. Besides this two features, the differential spectra reported in

figure 2.12c show a broad intensity increase between 800 and 1800 cm−1,

with peaks centered at 1240 and 1580 cm−1. Furthermore, looking at figure

2.12d, the spectra clearly show the presence of two distinct components of

the antisymmetric stretching mode of CO2. In the experimental conditions
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Figure 2.12: FTIR spectra acquired on GO/N2 sample during laser irradiation.

Lower panel (a): FTIR spectra acquired at the beginning of the reaction (black trace)

and after the three successive irradiations (λ=514.5 nm) of the same power (100

mW) and increasing duration (1, 3 and 5 hrs). Spectra were vertically shifted for

the sake of clarity. The wavenumber axis break excludes the frequency region where

the saturating absorption of the diamond anvils occurs. Upper panels: difference

absorption spectra of the spectra acquired after the three irradiations with respect

to the spectrum of the starting sample in the bending (b) and stretching (d) regions

of CO2 and in the characteristic absorption region of GO between 800 and 1900

cm−1.

(1.9 GPa and 300 K), CO2 is stable in the solid phase I (Pa3), where only

one component for the antisymmetric stretching band is expected. Therefore

these two bands indicate that CO2 experiences two different environments

in the sample, with different interactions, and are assigned to bulk CO2 and

to CO2 molecules trapped between the layers. More in detail, the high-

frequency side of this composite band (2350.5 cm−1), stronger and narrower,

is assigned to bulk CO2 [113,114], while the broad low-frequency one (2339.9

cm−1) is likely due to the nanoconfined CO2, trapped between the layers and

exposed to several, different interactions with the functional groups of GO
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decorating both sides of the interlayer spacing [115]. These interactions are

responsible for the broadening and for the low-frequency shift of this band.

The Raman spectra acquired after the three irradiations do not exhibit

appreciable changes. However, as for CO2 in the infrared spectra, an asym-

metric band shape of the N≡N stretching mode is observed in the spectra

acquired on the top side of GO layer in contact with bulk N2, compared to

the spectra acquired on the bottom side, where a symmetric band shape is

observed. The ID/IG value changes from 3.3 (at the beginning of the experi-

ment) to 2.8 (at the end of the experiment).
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Figure 2.13: FTIR spectra acquired on GO/N2 sample during heating experiment.

Lower panel (a): evolution of the FTIR spectra of GO/N2 at 1.9 GPa before heating

(black trace), after three weeks (red trace) and after the first heating (373 K, 1 h,

blue trace). After the second heating (473 K, 1 h) no IR signal was detectable. The

wavenumber axis break excludes the frequency region where the saturating absorp-

tion of the diamond anvils occurs. Upper panels: difference absorption spectra with

respect to the spectrum of the starting sample in the bending (b) and stretching (d)

regions of CO2 and in the characteristic absorption region of GO between 800 and

1900 cm−1.

In the second experiment, the reactivity of GO/N2 sample was induced
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2.3 High pressure reactivity of GO and simple molecules

by performing two different heating of the same duration (373 K, 1 h and

473 K, 1 h) at the same pressure (1.9 GPa). Both infrared and Raman

spectra are substantially identical to those obtained under irradiation. Figure

2.13 shows the FTIR spectra for this experiments. After the second heating

(473 K, 1 h), the infrared signal was completely lost. A direct comparison

between the difference absorption spectra of the photoirradiated and heated

samples indicates a remarkably similar absorption profile (see figure 2.14),

thus suggesting that the same reaction channel is accessed by both electronic

and thermal excitation of GO.
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Figure 2.14: Comparison of the FTIR difference absorption spectra in the 800-1800

cm−1 frequency range between the irradiated (blue) and heated (red) samples with

respect to the spectra acquired before irradiation and heating at the same pressure

(1.9 GPa).

For the irradiated sample, an infrared spectrum of the recovered GO/N2

could has been acquired at ambient conditions outside of DAC and compared

with the same spectrum of the starting GO. The two spectra and the differ-

ential spectrum are reported in figure 2.15. The comparison clearly indicates

a remarkably increase of the absorption intensity in the range between 800

and 1800 cm−1 and between 2300 and 3600 cm−1.
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Figure 2.15: FTIR absorption spectra on the recovered GO/N2 sample after irra-

diation and on starting GO and their difference. Lower panel: FTIR absorption

spectra of the starting GO before compression and irradiation (black trace) and of

the GO/N2 sample recovered after three irradiations with the same wavelength (λ =

514.5 nm), same power (100 mW) but increasing duration (1 h, 3 hrs, 5 hrs.). The

spectra were acquired outside the DAC on a free standing gasket at room conditions.

Upper panel: difference absorption spectra between the recovered GO/N2 irradiated

sample and the starting GO.

The Raman spectra acquired during the thermal reaction are quite similar

but, as in the case of the photoirradiated GO/N2 sample, the ID/IG values

after heating are slighlty lower than before (2.8 against 3.3, exactly as it was

for the photo-induced reaction).

In the case of GO/NH3, we have studied the high pressure reactivity of

the system under static compression only and in combination with controlled

photoirradiation, using the 514.5 nm wavelength in the solid phase IV of NH3

(5.0 GPa) and the near-UV multiline emission centered at ∼350 nm in the

liquid phase of NH3 (0.5 GPa).

In the case of compression/decompression experiments, the high pressure

behaviour of GO/NH3 samples has been studied until 15.1 GPa (Raman)
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and until 7 GPa (FTIR). This lower pressure value is related to the limit-

ation imposed by the small sample thickness required for the acquisition of

good FTIR spectra, which is responsible for a breaking of the GO sample

at higher pressure, preventing further acquisitions. Figure 2.16 reports the

FTIR absorption spectra acquired during compression and decompression on

GO/NH3 sample.

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 800  1000  1200  1400  1600  1800

A
bs

or
ba

nc
e

Wavenumber (cm-1)

0.0
0.1
0.8

1.5

3.2

5.0

7.3

GO

 2800  4800

GO/NH3 - FTIR
compression

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 800  1000 1200 1400 1600 1800

A
bs

or
ba

nc
e

Wavenumber (cm-1)

5.3

3.5

0.5

0.2
0.0GO/NH3

 2800  4800

GO/NH3 - FTIR
decompression

Figure 2.16: FTIR absorption spectra acquired during compression (upper panel)

up to 7.3 GPa and decompression (lower panel) to ambient pressure of a GO/NH3

sample inside the DAC. Spectra were labeled with the corresponding pressure value.

Ambient pressure spectra were acquired on GO before loading NH3 and applying

pressure (upper panel, compression, 0.0 GPa) and on the recovered sample after

releasing the pressure (lower panel, decompression, 0.0 GPa. Spectra were ver-

tically shifted for the sake of clarity. The wavenumber axis break excludes the

frequency region where the saturating absorption of the diamond anvils occurs.

The spectra are dominated by the saturating intensity of the fundamental
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modes of NH3, i.e. ν2(A1) at 1062 cm−1, ν4(E) at 1630 cm−1 and the unre-

solved ν1(A1) and ν3(E) modes at ∼3310 cm−1, whose intensity overwhelms

the broad and weaker absorptions of GO, and by their combination modes,

ν2 + ν3 at 4463 cm−1 and ν3 + ν4 at 5007 cm−1 [116]. In the comparison

with the GO/N2 samples, the reactive character of NH3 towards GO is im-

mediately evident even at the lowest applied pressure (0.1 GPa, after the

loading), where a decrease in the intensity of the carbonyl bands of GO at

∼1740 cm−1 is registered, together with the appearance of two new absorp-

tions at 1375 and 1470 cm−1, intensifying and shifting to high frequency

with increasing pressure, respectively assigned to (C=O)-O− and NH+
4 ions,

and the intensification of the absorption between 2300 and 3000 cm−1, on

the lower frequency side of the intense N-H stretching region, suggesting the

formation of H-bonds after loading of NH3. No other features related to some

kind of reactivity are visible during compression/decompression experiments,

and no infrared spectral changes account for the phase transitions from liquid

to plastic phase III (Fm3m) of NH3 at 1.1 GPa [105, 106, 108, 109], whereas

an evident high frequency shift and narrowing of the ν2 mode of NH3 and,

consequently, also of the ν2 + ν3 combination mode, together with the ap-

pearance of absorption between 3500 and 3700 cm−1, provide evidence for

the phase transition from disordered crystal phase III to the ordered crys-

tal phase IV of NH3 (P212121) [109], as visible in the spectrum acquired at

5.0 GPa. The behaviour of the GO/NH3 sample is substantially reversible

during decompression. After the complete releasing of pressure, the bands

related to NH3 and the two bands observed at 1375 and 1470 cm−1 are not

observable anymore and the absorption profile of the recovered sample is

remarkably different with respect to the starting GO. The decrease of the

integrated area of the ν2+ν3 combination mode of NH3 during the compres-

sion/decompression cycle allows to estimate an overall 12% NH3 consumption

(comparison between the spectra acquired at 0.1 GPa in compression and 0.2

GPa in decompression), but the occurrence of chemical reactivity can be bet-

ter appreciated by looking at the comparison between the infrared spectra of
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Figure 2.17: FTIR absorption spectra on the recovered GO/NH3 sample and start-

ing GO and their difference. Lower panel: FTIR absorption spectra of the starting

GO at ambient pressure (black trace) and of the recovered GO/NH3 sample after

compression and decompression (red trace). Upper panel: difference absorption

spectrum between recovered GO/NH3 sample and starting GO (red and black trace

of lower panel). The Spectra on upper and lower panel were acquired outside the

DAC.

the recovered GO/NH3 sample and of the starting GO.

In figure 2.17, the comparison between the infrared spectra of recovered

GO/NH3 and starting GO, and the related difference spectrum, are presen-

ted. As it was for GO/N2 samples, the recovered GO after compression and

decompression with NH3 shows a strong intensity increase in the frequency

range between 800 and 1900 cm−1 and between 2300 and 3500 cm−1. Fur-

thermore, in comparison to GO/N2 samples, a sharp intensity drop is clearly

observed at 1745 cm−1, in the carbonyl stretching region.

In figure 2.18, the evolution of the Raman spectra in the region of the D,

G and D’ characteristic bands of GO is reported, together with the pressure

evolution of their frequencies. Raman spectra have been measured up to

15.1 GPa and then during decompression to ambient conditions. No evident
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changes, except for a frequency shift towards high frequency, can be appre-

ciated, suggesting that the structure of GO is maintained upon compression.

The bottom part of the figure shows the frequency evolution of the D, G

and D’ bands (fitted by Voigt profiles) upon compression (full symbols) and

decompression (empty symbols). The points have a smooth and continuous

increase during compression, and a reversible behaviour during decompres-

sion.

Exploiting photoirradiation to foster reactivity on GO/NH3 sample, we

have performed two experiments: a first one in the solid phase IV of NH3,

and a second one starting from the liquid phase of ammonia. As the first

experiment is concerned, the reactivity of the GO/NH3 system was induced

at 5.0 GPa and room temperature, where NH3 is stable in its solid phase

IV, using the 514.5 nm wavelength of an Ar ion laser. This wavelength is

one-photon (OP) absorbed by GO. Four irradiations of increasing duration

and power have been performed on the GO/NH3 sample compressed at 5.0

GPa: 100 mW per 1 h, 100 mW per 3 hrs, 300 mW per 1 h and, finally,

500 mW per 1 h. No higher power irradiation or longer duration could be

performed without completely losing the infrared signal (always decreasing

along these various steps) or irreversibly damaging the thin deposited GO

layers. Figure 2.19 reports the sequence of infrared spectra acquired dur-

ing the various stages of irradiation and, in its bottom part, the comparison

between the spectrum of the recovered GO/NH3 sample at the end of the

experiment with respect to the starting GO, and the calculated absorption

difference. Infrared spectra are dominated by the saturating absorption due

to the modes of NH3, all out-of-scale except for the combination modes. As

in the case of the compression/decompression, the appearance of two new

absorption at 1375 and 1470 cm−1 and the disappearance, at the same time,

of the carbonyl band of GO (1740 cm−1), can be appreciated. In contrast

to the result for photoirradiation experiment on GO/N2 sample, no CO2 is

observed to form. The results of this experiment are quite the same than

those of the compression/decompression experiment, and this is confirmed
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Figure 2.18: Evolution of Raman spectra of GO/NH3 during compression and de-

compression and pressure evolution of the frequency of D, G and D’ Raman bands

of GO. Upper panels: Raman spectra acquired on the GO/NH3 sample during com-

pression up to 15 GPa (left) and decompression (right) to ambient pressure. Peak

at 1330 cm−1 is from the diamond anvils. Lower panel: pressure evolution of the

frequency of D (circles), G (squares) and D’ (triangles) Raman bands of GO during

compression (full symbols) and decompression (empty symbols). The data were ob-

tained by a fit of the Raman spectra using Voigt band profiles. The vertical, dotted

lines correspond to the room temperature transition pressure of NH3 from the liquid

to the plastic phase III (1.1 GPa), from phase III to the ordered crystal phase IV

(4.2 GPa) and from the phase IV to the phase V (12.0 GPa).
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by the constant value of the integrated area of the ν2+ν3 combination mode

of NH3, before and after the irradiations, indicating the absence of NH3

consumption during the experiment. Furthermore, the absorption spectrum

of the recovered sample at ambient conditions closely reminds that of the

GO/NH3 samples recovered from compression/decompression, and the dif-

ference spectrum reveals an increase of the absorption intensity between 800

and 1700 cm−1 (∼143%) and between 2300 and 3500 cm−1, as it was in the

experiment with only pressure. No appreciable differences are visible in the

Raman spectra, acquired after each irradiation.

In a different reactivity experiment, a GO/NH3 sample was irradiated at

0.5 GPa and room temperature, where NH3 is in its liquid phase, using the

UVML emission of an Ar ion laser centered at about 350 nm. Besides being

one-photon (OP) absorbed by GO, this wavelength should be indeed two-

photon (TP) absorbed by NH3 itself [117, 118]. In figure 2.20a, the FTIR

spectra acquired before and after two successive irradiations of the same

power (100 mW) and increasing duration (30 mins, 1 h) are reported. In this

case, the occurrence of photoinduced chemical reactivity can be appreciated

from the absorption difference (figure 2.20b), obtained from the substrac-

tion of the spectrum acquired before starting to irradiate at 0.5 GPa from

the spectrum acquired after the second irradiation at the same pressure. A

systematic intensification can be observed between 1190 and 1300 cm−1, at

about 1375 cm−1, between 1450 and 1600 cm−1, between 1660 and 1715 cm−1

on both sides of the ν4 band of NH3, and between 2600 and 3600 cm−1, in

the region of the O-H and N-H vibrations. All these bands are compatible

with the formation of single and double C-N bonds that can be obtained from

the supposed reactivity of GO layers with the photodissociation products of

NH3 [117,118]. Besides of the increasing absorption intensity in these region,

a weakening of the carbonyl bands of GO at ∼1740 cm−1 and of the fun-

damental and combination bands of NH3 between 750 and 985 cm−1 (ν2),

between 1715 and 1900 cm−1 (ν4) and at ∼4460 cm−1 (ν2 + ν3 combination

band) is observed. The estimated consumption of NH3 during the reaction
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Figure 2.19: Evolution of FTIR spectra of GO/NH3 during VIS-photoirradiation in

the solid phase IV of NH3 (5.0 GPa, λ= 514.5 nm) and FTIR absorption spectra on

the recovered GO/NH3 sample and starting GO, and their difference. Upper panel:

FTIR absorption spectra acquired on the starting GO at ambient pressure and on

the GO/NH3 sample at 5.0 GPa before irradiation and after each irradiation (blue

trace: 100 mW, a h; green trace: 100 mW, 3 hrs; magenta trace: 300 mW, 1 h;

cyan trace: 500 mW, 1 h) using the 514.5 nm wavelength emission of an Ar ion

laser. Spectra were vertically shifted for the sake of clarity. The wavenumber axis

break excludes the frequency region where the saturating absorption of the diamond

anvils occurs. Lower panel: bottom part of the figure show the FTIR absorption

spectra if the starting GO (black trace) and of the recovered GO/NH3 sample (red)

after the irradiation at ambient conditions outside the DAC; top part of the figure

show the difference absorption spectrum obtained by subtracting the spectrum of the

starting GO from the spectrum of the recovered sample.
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is about 4%. It’s interesting to notice that the intensity of the band at 1470

cm−1, assigned to NH+
4 ions, doesn’t change upon irradiation: this suggests

that the proton donor sites on GO are fully deprotonated by the excess NH3.

Also in this case, as it was for the VIS-photoinduced reactivity on GO and

solid NH3, no CO2 is formed during the reaction. The infrared spectrum of

the recovered GO/NH3 sample is quite different with respect to the other

experiments (see figure 2.20c). The comparison between the spectra of the

recovered GO/NH3 sample and of the starting GO shows an intensity increase

in the range 800-1600 cm−1 (+66%) with peak maxima at about 1240 and

1575 cm−1, and an intensity decrease at 1740 cm−1 due to the consumption

of carbonyl groups, while a strong intensity decrease is evident between 3300

and 3700 cm−1 (more evident on 2.20d). Raman spectra shows no appreciable

profile changes for D, G and D’ bands of GO.
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Figure 2.20: Evolution of FTIR spectra of GO/NH3 during UV-photoirradiation in

the liquid phase of NH3 (0.5 GPa, λ= 350 nm). (a) FTIR absorption spectra of

GO at ambient conditions (black, before loading NH3) and of the GO/NH3 sample

at 0.5 GPa before irradiation (red) and after two successive irradiation (30’, blue;

1 h, magenta) with the same power (50 mW). Spectra were vertically shifted for

the sake of clarity. The wavenumber axis break excludes the frequency region where

the saturating absorption of the diamond anvils occurs. (b) Difference absorption

spectrum obtained by subtracting the red spectrum from the magenta spectrum in

figure (a). (c) FTIR absorption spectra of the starting GO sample before loading

NH3 (black) and of the GO/NH3 sample recovered after the irradiations (red). (d)

Difference absorption spectrum obtained by subtracting the spectrum of the starting

GO from the spectrum of the recovered sample.
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2.3.2 Reactivity overview

A rapid overview of the results previously described allows to enlight the

different features in the reactivity of GO with different simple molecules, dif-

ferences related to the conditions (pressure, temperature, photoirradiation,

heating) and to the molecular systems used as reactants. The samples of

GO/Ar and of GO/N2, studied only with pressure in compression/decompression

FTIR (GO/Ar), Raman (GO/Ar and GO/N2) and XRD (GO/Ar and GO/N2)

experiments, have substantially shown the high pressure stability of GO in

the presence of inert systems, extending the literature range which was lim-

ited to 8 GPa [119], where a methanol:ethanol (4:1) mixture, which is not

chemically or structurally inert towards GO, was used as a compression me-

dium [96], up to a maximum of 31 GPa.

Differently from the simple pressure application, irradiation and heating

have been probed to be effective in inducing a reactivity on GO/N2 mix-

tures. The FTIR spectra acquired on recovered GO/N2 samples from both

irradiation (1.9 GPa, 5145. nm) and heating (1.9 GPa, 200◦C) experiment

are quite similar, suggesting the obtainment of really similar products in the

two cases. The most evident feature of this reactivity is the appearance of

CO2 related absorption bands, suggesting the decomposition of GO and, ac-

cordingly, an increasing of the C:O ratio. The appearance of CO2 is a typical

feature of thermal exfoliation and reduction of GO [120]. The process in-

volves the decomposition of the O-bearing functional groups of GO and the

release of CO2 associated with bond breaking and reconstruction in the basal

plane of GO due to the removal of C atoms [121]. The high temperature de-

composition mechanism is known to be influenced by the presence of water

trapped within the layers [92, 122], and the presence of N2 or NH3 in high

density conditions has been reported to be effective towards the N-doping of

GO during thermal reduction [94].

In the case of the visible irradiation (514.5 nm), the wavelength could

be one-photon absorbed by GO, whic has small non negligible absorbance

at this wavelength [123], whereas it is not absorbed neither by N2 nor by
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adsorbed water, even through two-photon absorption mechanism. Moreover,

the infrared data show the same reaction products both from irradiation

and heating, thus suggesting that the electronic transition to the LUMO of

GO give rise to the same reaction products as the thermal excitation of the

low-frequency vibrational modes.

Ambient pressure studies at temperature values comparable with those

used in our studies show a completely different reactivity, largely character-

ized by the formation of H2 and CO as main products [92]: in our samples,

molecular hydrogen and carbon monoxide have never been detected, and this

is not surprising because high pressure conditions can drive chemical react-

ivity to completely different reaction paths. The reactive enviromnment of

our samples, in which dense N2, trapped between the layers, is found to be

very near to those C sites where CO2 elimination occurs, make highly prob-

able that N2 itself could be involved in bond reconstruction, as reported in

a recent high-pressure study using the same 514.5 nm wavelength [124]. The

evolution of the difference absorption spectra during irradiation and heating

shows a continuous increase of CO2 associated with an absorption increase

between 800 and 1800 cm−1 (∼84%), with higher intensity at 1200 and 1300

cm−1, and at 1585 cm−1. These spectral features are consistent with the

insertion of N atoms in extended sp2 carbon network with the formation of

C-N bonds [124,125]. Furthermore, the ID/IG ratio values for irradiated and

heated GO/N2 samples significantly decrease, consistently with the release

of CO2 and strengthening the idea of a simultaneous reduction/N-doping of

the GO basal planes.

Taking into account NH3, that is known to interact with the oxygen-

ated functional groups of GO, it should be considered that the presence of

adsorbed water on GO and the application of pressure have been proved

to be effective in ehnancing the interaction between GO and gaseous NH3

[84,111,126,127]. NH3 is a nucleophilic Lewis base, known to attack electron-

poor carbon atoms of carbonyl, carboxyl and epoxy groups, besides of having

a basic character according to Brønsted, thus tending to deprotonate the al-
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cohol and carboxyl groups, generating NH+
4 and corresponding anions. The

reactivity of GO/NH3 samples is immediately evident with respect to that

of GO/N2, due to this inherent characteristic of ammonia. Some spectral

changes are immediately visible (the decreasing in the intensity of the car-

bonyl stretching region of GO at 1740 cm−1 and the appearance of two new

bands at 1375 and 1470 cm−1), whereas some others can be appreciated only

by comparing the spectra of the recovered sample with that of the starting

GO (i.e. the absorption increase at 1670 cm−1, see figure 2.20). Anyway, all

these spectral changes are compatible with the conversion of -COOH groups

into amide (-CO-NH2) and ammonium carboxylate ([NH+
4 ][RCOO−]) groups

and with the formation of amino groups. The formation of amide groups is

consistent with the absorption at 1670 cm−1. The band at 1470 cm−1 can be

assigned to the bending of NH+
4 (ν4), whose other absorptions (ν2 at 1669

cm−1, ν1 at 3250 cm−1 and ν3 at 3280 cm−1) are covered by the out-of-

scale absorptions of NH3 [128]. The band at 1375 cm−1 is compatible with

the modes of carboxylate ions, tertiary alcohols (R3-C-OH) and furthermore

with the presence of C-N bonds in amines (-NH2), likely generated by epoxy

ring opening on the GO surface due to nucleophilic attack of NH3, and in

amides. This assignment is in good agreement with the complete absence

of CO2 spectral signatures for the various GO/NH3 samples with respect to

the GO/N2 ones: the carbonyl groups of GO are indeed chemically conver-

ted or stabilized after reacting with NH3. Furthermore, this assignment also

accounts for the constant intensity of the NH+
4 band at 1470 cm−1 during

the irradiation with the 350 nm wavelength at 0.5 GPa. The fact that CO2

is completely absent from the reaction products directly implies that a dif-

ferent reactive process takes place for the GO/NH3 samples if compared to

the GO/N2 ones.

The fact that NH3 saturates and stabilizes the oxygenated functional

groups of GO also accounts for the very similar spectra of the GO/NH3

samples recovered after compression/decompression and after irradiation at

5.0 GPa in the ammonia solid phase IV using the 514.5 nm wavelength. For
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these two samples, the absorption profile between 1000 and 1600 cm−1 closely

reminds that of GO/N2 sample recovered from the irradiation (514.5 nm) and

heating (200◦C) at 1.9 GPa, except for the different intensities: this suggests

that under high pressure conditions the inherent chemical reactivity of NH3

towards the oxygenated functions of GO is able to modify the structure of

GO in such a way that the absorption of the 514.5 nm wavelength by GO

does not further affect it.

The irradiation of GO in the presence of liquid NH3 at 0.5 GPa, us-

ing UV wavelengths (350 nm), shows a completely different reactive beha-

viour (see figure 2.20). The dissociation of NH3 by two-photon absorption

mechanism [117, 118, 129] into ṄH2 and H excited fragments suggests the

formation of C-N bonds and amine groups. The recovered spectrum of the

GO/NH3 samples irradiated with 350 nm wavelength are reamarkably dif-

ferent from those of the other GO/NH3 and GO/N2 samples. In particular,

in UV-photoirradiated GO/NH3 a larger consumption of carbonyl groups is

osberved, together with a higher absorption intensity at 1240 cm−1 and 1575

cm−1, a frequency shift of the band at 1585 cm−1 and an intensity decrease in

the O-H and N-H stretching region (3300-3700 cm−1). This last observation

suggests that, besides NH3, also GO and the adsorbed water are involved in

the reaction and are possibly excited by the near-UV radiation, respectively

one-photon and two-photon, with this latter generating H and OH excited

fragments [34,35,130]. The ID/IG ratio values, as obtained from the Raman

spectra, show an increase in the recovered sample with respect to the starting

GO, thus supporting the formation of sp3 hybridized carbon atoms in the GO

layers due to the reactivity with NH3. Anyway, the reactivity does not affect

the persistence and stability of the GO layered structure, as confirmed both

by the Raman spectra (the profile signature are always maintained during

the whole experiments) and the XRD data (see figures 2.7, 2.8 and 2.9).

The disordered character of GO layers makes it difficult to exaustively as-

sign the IR vibrational spectra of the recovered GO/N2 and GO/NH3 samples

in terms of group frequencies or local vibrational modes. In addition, the
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spectra for the recovered GO/NH3 product are also largely different from

those reported in the literature, referring to GO treated with gaseous NH3 at

ambient pressure [131], and cannot be interpreted only in terms of different

oxidation level and relative amount of C:H:O due to the CO2 removal. In

the perspective of a rationalization of the experimental results, the infrared

spectra of the recovered GO/N2 and GO/NH3 samples have been compared

to those of amorphous products recovered from high pressure reactivity of

benzene (C6H6) [52], containing only C and H atoms, furan (C4H4O) [132],

containing C, H and O atoms, and s-triazine (C3H3N3) [133], containing C,

H and N atoms. This comparison is reported in figure 2.21.
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Figure 2.21: Comparison among the infrared absorption spectra of GO/N2 (1.9

GPa, 514.5 nm) and GO/NH3 (5.0 GPa, 514.5 nm; 0.5 GPa, 350 nm) irradiated

recovered samples (blue) with respect to starting GO (black) and to the recovered

samples of high pressure reactivity of benzene [52] (green), furan [132] (red), s-

triazine [133] (orange) and variously composed amorphous hydrogenated carbon

nitrides (CNxH: x = 28%, cyan; x = 36%, purple) adapted from the literature [125].

The spectra were rescaled with respect to their highest absorbance. The spectra for

GO/N2 and GO/NH3 were vertically translated for the sake of clarity.

The comparison reports the infrared absorption spectra of the reaction
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products recovered from the photoinduced reactivity of GO/N2 at 1.9 GPa

(λ= 514.5 nm), GO/NH3 at 5.0 GPa (λ= 514.5 nm) and GO/NH3 at 0.5

GPa (λ= 350 nm) together with the spectrum of the starting GO at ambi-

ent conditions and with the spectra of the high pressure reaction products

recovered from benzene, furan, s-triazine and variously composed amorph-

ous hydrogenated carbon nitrides (general formula CNxH). The interesting

spectral range between 700 and 1900 cm−1 is shown, and each spectrum was

normalized to its strongest absorption band.

The infrared spectrum of the recovered sample from the high pressure

reaction of benzene, corresponding to an amorphous C:H framework, has its

highest absorption between 1200 and 1500 cm−1. Introducing an O atoms

(i.e., the recovered sample from the high pressure reaction of furan) determ-

ines a consistent intensity increase on the low frequency side of the absorption

profile, whereas the introduction of N atoms (i.e., the recovered sample from

the high pressure reaction of s-triazine) is responsible for an intensity increase

on the high frequency side. The spectrum of furan closely reminds that of

GO, because of the oxygenated functions present on the two materials, while

the recovered spectra from the GO/N2 and GO/NH3 photoinduced reactiv-

ity experiments show a strongest absorption exactly on the high frequency

side of the absorption profile, where s-triazine has its “maximum”. This is

exactly the same frequency range where hydrogenated amorphous carbon

nitride (CNxH), containing C-N and C=N bonds, show their highest absorp-

tion value [134]. The comparison clearly shows how the intensity distribution

in the spectra of the recovered GO/N2 and GO/NH3 samples, peaked on the

high frequency side of the absorption profile, can be rationalized through the

comparison with the spectra of N-containing systems, thus supporting the

incorporation of N atoms into the framework of GO. Furthermore, the intens-

ity increase in the frequency range 800-1600 cm−1, that was observed in all

the GO/N2 and GO/NH3 samples, has been related to the incorporation of N

atoms in pure and hydrogenated amorphous carbon nitride, with an increase

of sp2 carbon content [125], and, in our case, would likely be related to the
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incorporation of N into the GO layers. Also the 1270 cm−1 intense peak, that

is present in the recovered GO/NH3 sample from UV-photoirradiation at 0.5

GPa but it’s not visible in the recovered products of benzene, furan and s-

triazine, can be compatible with the broad absoprtion centered at about 1250

cm−1 in the spectrum of amorphous carbon nitride [125] and likely related to

the formation of C-N bonds upon the attack of GO by the photodissociation

products of NH3.

2.4 High pressure polymerization of ethylene

in GO

Besides of N-doping of GO layers, another intriguing topic regards the

possibility to synthesize new hybrid layered nanocomposite materials with

strong directional properties (for instance, a systems made up of alternating

conductive and insulating layers) using only physical tools. In this perspect-

ive, we have focused on the possibility to induce the polymerization of ethyl-

ene between the layers of GO, exploiting the effect of spatial confinement

in order to obtain an ordered nanocomposite layered material with specific

characteristics.

The structural and chemical changes of ethylene have been investigated

in a quite broad range of P and T. In particular, the polymerization under

high pressure conditions has been studied both from the liquid phase, in con-

junction with UV-photoirradiation [7], and from the solid phase, for effect

of the pressure only [8]. The relatively mild pressure/irradiation conditions

required to perform the ethylene polymerization allowed to desing and realize

an apparatus suitable for extending this synthesis to larger volumes [12]. In

order to have the maximum mobility of the monomer molecules, so to favour

the insertion between the layers, it was mandatory to perform the synthesis of

the new hybrid GO/polyEt nanocomposite starting from the liquid phase of

ethylene. Because of the impossibility to perform an in situ laser irradiation

of the sample on the high pressure beamline where we conducted the pre-
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liminary experiments on GO/Et mixtures, it has been necessary to find the

correct P,T conditions to perform a high pressure, high temperature spon-

taneous polymerization of ethylene. For this reason, we performed several

preliminary high temperature experiments on fluid ethylene in the perspect-

ive of finding the better conditions to synthesize a good quality polymer

using only pressure and temperature. In the following section 2.4.1, the high

pressure, high temperature experiments on ethylene polymerization will be

described.

As a preliminary work, several samples of GO loaded with ethylene was

studied. The loading of ethylene was performed both using Spray loading

technique and simple Cryo loading method (-30◦C, ∼30 bar of ethylene),

see chapter 4.2. GO was loaded both as a thin layer, through drop cast

deposition, and as a powder (mainly for XRD experiments). Ethylene poly-

merization has been performed exploiting only pressure (P ≥ 5 GPa, starting

from solid phase I of ethylene); the joint effect of pressure and mild UV irra-

diation (0.5 GPa and few mW of the 350 nm wavelength emission of an Ar

ion laser, starting from the liquid phase of ethylene); and in the fluid at the

high pressure, high temperature conditions described later (1.5 GPa, 423 K).

The samples have been investigated by FTIR and Raman spectroscopy, both

during the reaction and once released the pressure, and by means of XRD,

exploiting the high spatial resolution provided by synchrotron radiation facil-

ities (ESRF, Grenoble). As a preliminary result, we have measured an EOS

of the hybrid GO/polyEt nanocomposite material, during a room temperat-

ure compression; we have performed XRD studies during high pressure, high

temperature polymerization experiments; and we have characterized the re-

covered sample with Raman spectroscopy. We have found some interesting

results, but the data are still under elaboration.
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2.4.1 High pressure, high temperature polymerization

of ethylene

Polyethylene (polyEt) is probably the most important synthetic polymer.

The typical industrial synthesis of polyethylene make use of catalysts and rad-

ical initiators, along with high temperature or high pressure conditions in the

gas phase or in solution [135]. In this framework, the possibility to synthes-

ize polyethylene from its constituent monomer exploiting only physical tools

such as pressure, temperature or laser irradiation is incredibly appealing even

in terms of Green Chemistry. The technological applications of polyethylene

range from medical prosthesis to high-tech fibers, from plastic manifacturing

to packaging. The main reason for this incredible variety of possible applica-

tions has to be found in the possibility of tuning the mechanical properties of

this material by changing its degree of cristallinity, according to the fact that

polyethylene is classified by its density and branching: higher the density,

higher the cristallinity and more efficient the packing of linear unbranched

chains [136]. Another important parameter is the molecular weight: ultrahigh

molecular weight (UHMW) polyethylene is an incredibly tough material even

though its density is slightly lower than in the more crystalline high molecular

weight (HMW) polymer.

Below 10 GPa, the high pressure behaviour of ethylene is well known: in

figure 2.22, the phase diagram of ethylene is reported. The characterization

of the ethylene phase diagram has been conducted at high pressure by means

of NMR (0-2.5 kbar, 100-140 K) [137], isochoric (up to 2.3 GPa and 322 K)

[138] and differential scanning calorimetry (up to 2.3 GPa and 300 K) [139].

Two solid phases have been investigated. For pressure and temperature lower

than 468 bar and 110.36 K, liquid ethylene solidifies in ordered crystal phase

I (monoclinic, space group P22/n and two molecules per unit cell), while in-

creasing pressure above 110.36 K ethylene crystallizes in another solid phase,

indicated as phase II (plastic phase, characterized by orientational disorder,

structure assigned to space group Im3m). At room temperature, the plastic

phase II is obtained for compression above 1.9 GPa, while ordered phase I
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is obtained upon further compression up to 2.9 GPa [8]. Phase transition

between phase II and the ordered crystal phase I has been characterized by

FTIR spectroscopy upon the observation of Davydov splittings for most of

the modes and upon the frequency discontinuities measured at the trans-

ition [8]. On the other hand, the phase transition between fluid ethylene and

its disordered-solid phase II has been detected by the frequency discontinu-

ity and the slope change observed in the pressure shift of bending mode of

ethylene [8].
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Figure 2.22: Phase diagram of ethylene. Full symbols indicate the phase boundaries

[137–139]. Empty symbols indicate the p,T conditions where ethylene has been

studied in ref. [8]. The stars identify the p,T conditions where the polymerization

has been studied in ref. [8].

The occurrence of a spontaneous polymerization in bulk ethylene was

first reported at 322 K and 2.3 GPa by Wieldraaijer et al. [138]. More

recently, the pressure threshold for induced polymerization at room temper-

ature has been studied both in the crystal phase I, at pressure larger than 3

GPa [8], and in the fluid ethylene under near UV irradiation [7]. These last

studies allowed to gain important insight about the mechanism of the reac-
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tion, and particularly about the relation between the reaction coordinate and

the electronic structure of the molecule, in the laser induced reaction, and

the crystal structure in the purely pressure induced process. Furthermore,

the conditions for the attainment of a polymer with remarkable structural

and mechanical characteristics were established. The appeal of a synthetic

approach where no solvents, catalysts or radical initiatior are employed stim-

ulated the extension of the high pressure photoinduced synthesis in the fluid

to larger volume through the realization of a specifically designed laboratory

reactor, described in ref. [12].

The very first studies about purely temperature/pressure or photochem-

ical initiation in a homogeneous ethylene phase were conducted by Buback

(between 453 and 523 K, pressure about 0.2 GPa) [140, 141]. Despite the

high pressure capability of tuning the reactivity of pure ethylene in the fluid

phase, the instability boundaries were not characterized and only a upper

limit of 450 K at 0.3 GPa was found while measuring the equation of state of

ethylene [142]. Of course, temperature is known to have a relevant effect in

producing high quality crystalline polymers, but a deeper knowledge of the

instability boundaries would allow to better understand if purely pressure

induced reactions can be exploited with current technologies and which are

the expected characteristics of the synthesized polymer. Other important

informations that could be obtained are about the reaction mechanisms and

would allow to span light on how the relevant thermodynamic parameters

are modified by pressure.

The instability threshold of fluid ethylene were studied along quasi-isobaric

heating cycles, monitoring the appearance of the characteristic absorption

bands of the polymer in the infrared spectra. FTIR spectroscopy was used

also to check the quality of the sample before setting the initial pressure for

the experiments. All ethylene samples were loaded by Cryo Loading tech-

nique at -30◦C and 30 bar of inlet gaseous ethylene. Initial loading pressure

was low (0.1-0.5 GPa). Three samples were heated quasi-isobarically at ini-

tial pressures of 0.4, 0.8 and 1.4 GPa. Figure 2.23 reports the spectrum of

99



2.4 High pressure polymerization of ethylene in GO

fluid ethylene and the polymer bands appearing during the heating.
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Figure 2.23: Panel (a): comparison between the FTIR absorption spectra of fluid

ethylene along the quasi-isobaric heating experiment performed at 0.4-0.5 GPa at

two different temperatures (298.0 K, red curve; 420.3 K, black curve). Panel (b)-

(d): FTIR absorption spectra showing the appearance of polyethylene characteristic

bands and their intensification with pressure in the regions of CH2 bending (b),

CH2 rocking (c) and CH stetching (d). Panel (e): difference spectrum in the CH

stretching region between the spectra measured at 0.5 GPa at 423 K and 422.1 K,

stating the onset of the reaction.

The spectrum of fluid ethylene is dominated by an out-of-scale absorption

at about 950 cm−1, assigned to the ν7 mode of CH2 waggins, and three other

strong absorption centered at 1437 cm−1 (ν12, CH2 bending), 2982 cm−1

(ν11, CH stretching) and 3097 cm−1 (ν9, CH stretching). The heating was

performed in 5◦C degrees step, measuring a spectrum for each step. The

onset of the polymerization reaction was identified through the appearance

of the characteristic polymer bands, shown in the panel (b), (c), (d) and (e)

of figure 2.23. These bands are the sharp doublet between 2850 and 3000

cm−1, whose high frequency component has an asymmetric shape, assigned
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to the CH stretching of saturated carbon atoms, see figure 2.23d and e; the

doublet at about 1470 cm−1, on the high frequency side of the ν12 band of

pure ethylene, assigned to CH2 bending modes, see figure 2.23b; and the

doublet in the region between 700 and 750 cm−1, assigned to CH2 rocking,

see figure 2.23c. These two last doublets appear in an advanced phase of the

polymerization, in respect to the stretching bands.
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Figure 2.24: Phase diagram of ethylene and stability boundary of fluid versus the

polymerization reaction. Phase I refers to the monoclinic, solid phase of ethylene

(space group P21/n, 2 molecules per unit cell) [143], phase II to plastic crystal

phase, characterized by orientational disorder (space group Im3m) [143, 144]. The

black, full square is the ambient polymerization pressure threshold in solid phase

I [8]. The empty red dot is related to the reaction threshold observed in the iso-

choric measurements of ref. [138,139], whereas full red dots represent the thresholds

measured in the present work. The dashed line across these points is a guide for

the eyes, while the blue line indicates the regione where the reaction were studied

by Buback at 0.2 GPa [140,141]. The red dotted line represents the melting line of

orthorhombic polyethylene.

Figure 2.24 reports the onset of the polymerization reaction measured in

this way at the three different pressures (0.4, 0.8 and 1.4 GPa) together with

other available literature data. The stability boundary of the fluid versus the

101



2.4 High pressure polymerization of ethylene in GO

polymerization reaction lies well within the P,T region where the polymer is

in its stable orthorhombic crystal phase (space group Pnam, two polymeric

chains per unit cell). Once it is formed, polyethylene directly crystallizes

from the bulk, fluid ethylene. The only exception is for the low pressure

region explored by Buback, see ref. [140], where the instability boundary

crosses the melting line of polyethylene so that a coexisting, homogeneous

liquid phase of both monomer and polymer is expected.

Once the onset of the reaction was identified, the pressure of the sample

was rapidly increased to 1.5 GPa where FTIR spectra as a function of time

at constant P,T conditions were measured. The reaction kinetics has been

studied by measuring the integrated area of the CH bending mode of the

polymer as a function of time. The fit was performed using pseudo Voigt

band shape to reproduce the absorption profile. Time evolution of integrated

area was fitted according to the Avrami model [145–147], originally developed

to reproduce crystal growth from a liquid phase and later extended to the

study of diffusion controlled solid-state reactions. The general formulation

for the Avrami model is given by

At

A∞

= 1− e[k(t−t0)]
n

(2.1)

where At and A∞ are the band intensities at the time t and at the end of

the reaction; t0 is the initial time, related to the nucleation step; k is the rate

constant and n is a parameter related to the dimensionality of the growth

process. Figure 2.25 reports the data collected at 423 K, 1.5 GPa together

with the best fit using equation 2.1. k and n values used in the fit for the

three kinetics are reported in table 2.1. The reaction rate increases with

temperature, while the n values are always smaller than 1, thus suggesting

unidimensional diffusion controlled growth of the polymeric chains.
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Figure 2.25: Time evolution of the integrated absorption of CH2 bending modes of

polyethylene at 1476 cm−1 measured at 423 K and 1.5 GPa. The evolution has

been reproduced according to equation 2.1.

Temperature, K k n

354 0.002 0.92

414 0.010 0.76

423 0.012 0.50

Table 2.1: Rate constant and n parameter values as obtained by the fit using equa-

tion 2.1 of the time evolution of the integrated absorption of the polymer CH bending

modes at 1.5 GPa and the indicated temperature.

The quality of the product was checked using AD-XRD, FTIR and Raman

spectroscopy. Both the vibrational spectra and XRD patterns of the three

polymers synthesized at different temperatures are indistinguishable. Figure

2.26 reports the relevant regions of the infrared spectrum of polyethylene

recovered at ambient conditions after the synthesis at 423 K and 1.5 GPa.
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Figure 2.26: Selected spectral regions of the IR absorption spectrum of recovered

polyethylene at ambient conditions. The Davydov components of the CH2 rocking

and bending modes are shown in the left and in the central panel. In the central

panel, the inset reports a magnification of the frequency region between 1300 and

1400 cm−1, where the characteristic absorptions of gauche defects, branching and

terminations are located. The right panel shows the CH stretching region.

The two doublets centered at 725 and 1470 cm−1 (CH2 rocking and bend-

ing) characterize the ordered crystal, being fully resolved only in high-density

polymers. A notable feature is the extremely weak intensity of the absorption

bands in the region between 1250 and 1440 cm−1 (see inset in figure 2.26,

central panel). These absorptions originate from gauche defects, branching

and terminations, and are weak when the cristallinity of the polymer is high

[148, 149] as in the present case. In addition, no bands related to methyl

groups (umbrella modes) are visible, thus excluding a great number of ter-

minations and suggesting a considerable length of the chains. This latter

issue is also supported by the lack of absorptions related to CH stretching of

sp2 carbon (see right panel).
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Figure 2.27: Spectral deconvolution of the CH2 bending absorption region of

polyethylene.C1 and C2 refer to the orthorhombic crystal components; A1 and A2,

particularly broad and weak, account for the amorphous fraction. Peak frequencies

and integrated area from the fit are also reported.

Important informations can be gained from the analysis of the doublet

at 1462.6 and 1473.1 cm−1. Figure 2.27 reports the spectral region of this

doublet together with the fit, made using four pseudo Voigt bands. In the ori-

ented gas approximation [150], the intensity ratio between these two crystal

components should be 1.2333 to have a perfect orthorhombic crystal com-

posed by trans-planar chains [148]. Besides the two crystal components,

indicated as C1 and C2, two other broad bands centered at 1445.6 cm−1 and

1467.0 cm−1, due to the amorphous fraction of polymer, and indicated as

A1 and A2, are always present in the spectra of polyethylene, even if in the

present case they are really weak with respect to the crystal components, thus

attesting the high crystallinity of the polymer. The intensity ratio between

C1 and C2 is calculated to be 1.224, really close to the expected value for an

ideal crystal.

The Raman spectrum of the polymer synthesized at high temperature is
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2.4 High pressure polymerization of ethylene in GO

compared in figure 2.28 with those of commercial low density (LDPE) and

high density (HDPE) polymers. Broad bands between 1060 and 1100 cm−1

and between 1300 and 1330 cm−1, observable in LDPE and related to the

disruption of the long range order due to branching and gauche defects, are

barely visible in the high temperature, high pressure synthesized samples (see

dotted lines in the figure).
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Figure 2.28: Comparison of ambient conditions Raman spectra of recovered poly-

ethylene from HP, HT synthesis and commercial low density (LDPE) and high

density (HDPE) polyethylenes. Black curve: Raman spectrum of the recovered

polyethylene from high p,T experiment (340 K, 1.5 GPa). Red curve: Raman spec-

trum of a commercial sample of high density polyethylene (HDPE). Blue curve:

Raman spectrum of a commercial sample of low density polyethylene (LDPE). The

two vertical dotted lines indicate the regions where spectral contributions from the

amorphous fraction are expected.

Angle dispersive X-Ray diffraction (AD-XRD) provides the more direct

informations about the crystallinity of high temperature, high pressure syn-

thesized polyethylene. Figure 2.29 shows the ADXRD pattern of the re-

covered polymer from the reaction at 423 K and 1.5 GPa. The two osberved
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peaks, at 2θ values of 9.869◦ and 10.963◦, are related to pure orthorhombic

polyethylene, and are in the correct relative intensity [151]. The two peaks

are assigned to the (110) and (200) reflections, respectively, and are expected

at about 9.829◦ and 10.883◦ taking into account the standard settings of the

orthorhombic Pnam structure, with cell parameters a = 7.48 Å, b = 4.97 Å,

and c = 2.55 Å, and with the c axis directed along the chain-axis direction

[152]. From the experimental value, the calculated d-spacings are 4.138 Å

and 3.730 Å, to be compared with those of HDPE (4.11-4.14 and 3.70-3.75

Å, [153,154]). No other features are visible in the polyethylene XRD pattern.

In fact, polyethylene could present here additional contributions, i.e. a broad

absorption background related to the amorphous fraction of the polymer [12]

and three sharp peaks due to the monoclinic phase (space group A2/m),

normally stable above 14 GPa [151] but possibly stabilized at lower pressure

due to stress [155].

The polymer obtained upon high temperature, high pressure polymeriz-

ation presents a really high crystal quality also with respect to the product

of laser induced polymerization in the liquid phase of ethylene [7], as shown

by the very low amount of defects detectable in the infrared spectrum (see

figure 2.26, central panel). The different starting temperature of the experi-

ment (0.4, 0.8 and 1.4 GPa) does not seem to affect the crystal quality of the

product, even if a systematic increase of the n value with decreasing temper-

ature could suggest an increase of branching and defects possibly related to

the higher reaction rates (see table 2.1).

Deeper insight about the reaction mechanism and other fundamental as-

pects of the reaction can be gained by the kinetics study. The kinetics were

measured at 1.5 GPa at three different temperatures. The pressure value of

the kinetics was choosen because of the larger temperature range it could

provide, besides of being quite different from the 0.2 GPa value choosen by

Buback for the same purpose [140, 141].
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Figure 2.29: XRD pattern of the recovered polyethylene from high temperature, high

pressure polymerization (423 K, 1.5 GPa). The blue lines indicate the position of

the expected reflections for an orthorhombic Pnam structure with the cell parameters

reported in ref. [152] (a = 7.48 Å, b = 4.97 Å, c = 2.55 Å). The baseline has

been corrected by subtracting the background due to the diamond anvils Compton

scattering.

The dependence of the rate constant k upon temperature at constant

pressure is given by

(

∂ln k

∂T

)

P

=
Ea

RT 2
(2.2)

and its integration allows to compute the activation energy Ea by the

linear relation of ln k vs 1/T . Figure 2.30 reports this plot using the rate

constant derived from the Avrami model and reported in table 2.1. The

computed activation energy value is 31.5 ± 1.1 kJ/mol, much lower than

that measured by Buback (136.3 ± 6 kJ/mol at 0.2 GPa) but comparable

to the value of 37 ± 8 kJ/mol obtained at 0.2 GPa in the UV photoinduced

reaction (see ref. [141]). For having a profitable comparison, one could adopt
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the same, extremely simplified analysis procedure used by Buback (see ref.

[140,141]), separating the whole activation energy obtained with the fit (Etot)

in three different contributions related to initiation (Ei), propagation (Ep)

and termination (Et) steps, respectively:

Etot =
1

2
Ei + Ep −

1

2
Et (2.3)

Buback adopted a mean value of Ep − 1
2
Et equal to 31.4 ± 6 kJ/mol,

thus giving an activation energy if the initial step Ei of 209.8 ± 12 kJ/mol.

Following this same procedure, in the present case the value of Ei is about 0.

An underestimation of this number is quite likely, because a decrease of the

activation energy of the propagation step with the increasing pressure can

be reasonably expected.
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Figure 2.30: Linear regression of the evolution of ln k as a function of 1/T at 1.5

GPa. The equation of the fitting curve is also reported. The rate constant values

have been obtained by reproducing the evolution with time of the CH2 bending mode

bands of polyethylene using the Avrami model.

Another reasonable cause for the lowering of the activation energy bar-

109



2.4 High pressure polymerization of ethylene in GO

rier has to be found in the reduced distances and in the minimization of

the steric hindrance for the monomers to react. In fact, the pressure in-

crease can determine a consistent reduction in the activation energy for the

initiation step, up to a complete annhilation of the energy barrier between

reactants and products [156]. In the fluid phase, the activation energy for

the initiation step is substantially related to the energy barrier for the in-

ternal rotation. The annullment of this term can be imagined as due to the

formation of a structured fluid at high denisity, where steric hindrances are

enormously minimized and the molecules are already in the most profitable

configuration to readily react. A similar occurrence was found in the UV-

photoassisted polymerization of ethylene at high temperature (470-500 K)

and 0.2 GPa [141], where the activation energy for the initiation step was

about 0. The photochemical activation of the reaction is based on a two-

photon absorption process to the ππ∗ valence state [7]. The population of

the antibonding molecular orbital reduces the bond order of the molecule

down to one, thus increasing the sp3 hybridization like character of the in-

volved carbon atoms and causing a stretching of the C-C bond and a twisting

of the entire molecule [157, 158]. This rotation of the CH2 groups along the

C-C axis (D2d point group simmetry) allows the minimization of the repuls-

ive interactions with the nearest-neighbour molecules, making of ethylene a

classical example of a biradicaloid specimen [159]. High density conditions

are capable of driving a very fast reaction of these excited specimen with

their nearest neighbours, thus readily and very efficiently starting the poly-

merization process. A speculated mechanism could be the one in which high

temperature and high pressure conditions favour a displacement along the

twisting coordinate in the ground state of ethylene, determining a decrease of

the π bonding character of the molecule and then the formation of diradicals

which efficiently act in triggering a fast reactivity, in other words enormously

reducing the initiation and propagation contribution to the activation energy.

Buback adopted a very simple rate law expression to reproduce the ab-

sorption (i.e., concentrations) data in its thermal and photoinduced polymer-
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ization experiments [140, 141]:

v = k [C2H4]
m (2.4)

In equation 2.4, k is the overall reaction rate coefficient, [C2H4] the

monomer concentration and m the overall reaction order. The parameter

m can be determined by a double logarithmic plot, where the logarithm of

the overall reaction rate is plotted versus the logarithm of the monomer con-

centration yielding, by means of a linear fit of the data, to the determination

of both overall rate constant and reaction order. In his experiments, Buback

found m values at 0.2 GPa ranging from 2 (for the photoinduced reaction)

to 2.5 (for the thermal polymerization), thus corresponding to an initiation

reaction order of 2 and 3, respectively [140, 141]. The effect of increasing

pressure on the polymerization reaction can be better explained by compar-

ing the data for the present study, performed at 1.5 GPa, with those from

Buback. The kinetics at three different temperature were analysed following

the consumption of the monomer as a function of time through the integrated

absorption of the ν5 + ν12 and ν2 + ν9 combination bands of ethylene lying

at 4518 and 4735 cm−1, respectively. The evolution has been reproduced by

a stretched exponential function. Figure 2.31 reports in the left panel an

example of the evolution with time of the integrated area relative to the two

combination modes, measured during the reaction at 423 K and 1.5 GPa and

the corresponding fit. This way, the double logarithm plot on the right panel

was produced, allowing to determine the overall reaction order by the slope

value of the linear fit. In the present experiment, the value ranges between

8 and 9, much larger than those reported by Buback, and leading to an ini-

tiation reaction order between 14 and 16. Despite of the exact meaning of

this number, it should be related to the number of molecules involved in the

initial step of the reaction and, taking Buback’s work as a reference, let think

of a process that become more an more cooperative with increasing pressure

[160].
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Figure 2.31: Left panel: time evolution of the total integrated absorbance of the

combination bands of ethylene. The fitting curve is a stretched exponential with

exponent β = 0.324. Right panel: log-log plot of the reaction rate vs the integrated

absorbance (concentration) of ethylene. The linear regression of these data yields a

reaction order greater than 8 (see equation 2.4).

2.5 Summary

The high pressure structural and reactive behaviour of Graphite Oxide

(GO) in the presence of small atoms and molecules (Ar, N2 and NH3) have

been studied. The effects of the intercalation of small molecules between

the layers of GO have been characterized by means of spectroscopic (FTIR,

Raman) and structural (XRD) techniques.

The conservation of the structural properties of GO upon compression

in GO/Ar, GO/N2 and GO/NH3 mixtures is deduced by the preservation

of the interlayer d(001)-spacing once released the pressure at the end of the

experiment. In fact, in pure GO, the d(001)-spacing reduces of about 10%

after compression/decompression. In the case of GO/N2, the preservation of
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the d-spacing constitute a major proof of the insertion of molecular nitrogen

between the layers, thus avoiding the formation of interlayer bonding that can

alter the structural features of the matrix, while in the case of GO/Ar, more

evidently, sharp discontinuities in the EOS of the mixture is visible at the

transition pressure between liquid and solid phases of Ar (1.3 GPa, see figures

2.5 and 2.6). In the case of GO/NH3, the extremely particular behaviour of

the mixture clearly shows the presence of ammonia molecules in between

the layers: the interlayer d(001)-spacing tends to increase upon compression

up to the solidification pressure of ammonia into plastic phase III (about 1.1

GPa), thus suggesting that more and more molecules are introduced between

the layers with increasing pressure until NH3 is in the liquid phase. The

negative compressibility of GO/NH3 mixtures between the lower investigated

pressure (0.2 GPa) and the solidification pressure of NH3 (1.1 GPa) is a major

feature of so called auxetic materials. Above the solidification pressure of

ammonia, the system starts to behave as expected for a material with positive

compressibility, but the d(001)-spacing remains always well above the mean

value for the pure GO, thus attesting how the layers remain spaced by the

now solid, trapped molecules of ammonia. A singular feature is that the EOS

for GO/Ar and GO/N2 mixtures are lower in the graph with respect to pure,

compressed GO (see figure 2.5 with regard to a parameter, which has a major

influence on the unit cell volume, and to c parameter in the inset). This is

another indirect proof of the successful insertion of Ar and N2 between the

layers: these small systems substitute the adsorbed water molecules, that

are responsible for the d-spacing value in the pure GO (the value of d(001)-

spacing strongly depends on the hydration of the material), thus resulting

in a lower interlayer d(001)-spacing (i.e., lower hydration degree) and at the

same time avoiding bond cleavage and reformation by someway “insulating”

the layers through the formation of an inserted buffer. This allows to recover

the initial interlayer d(001)-spacing once released the pressure in membrane.

The fact that GO, with respect to zeolites, is an active system, in which

every single layer is decorated by many different oxygenated functional groups,
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establishes an important difference from the reactivity point of view. Whereas

silicalite was an inert, protecting inorganic scaffold that allowed to perform

high-pressure synthesis of specific polymers inside their nanocavities, thus

enhancing the capability of ambient pressure recovering of interesting ma-

terials, GO is highly reactive because of its several, different oxygenated

functionalities, that makes it easy to undergo further functionalization and

doping. In particular, N-doping of the GO basal plane is an extremely ap-

pealing achievement for diverse technological applications. Samples of GO

have been compressed in the presence of two different N-bearing systems, the

inert and apolar molecular N2 and the highly reactive NH3, a nucleophilic

Lewis base with a basic character also according to Brønsted and Lowry. Re-

activity was induced by means of pure pressure (compression/decompression

experiments), heating and photoirradiation (VIS and UV). Both in the pres-

ence of N2 and NH3, infrared spectra reveal clear signatures of a reaction,

and particularly of N atoms inclusion in the basal plane (in terms of C-N,

C=N and -NH2 functionalities, see figures 2.14, 2.17, 2.20 and 2.19). The

results of photoirradiation experiments on GO/NH3 sample are the most in-

teresting, both starting from the solid phase IV of ammonia (5.0 GPa, with

the 514.5 nm wavelength) and from the liquid phase (0.5 GPa, with the 350

nm wavelength). In these last cases, and differently from what was observed

in GO/N2 samples, there is no CO2 formation and the FTIR spectra ac-

count for the conversion of carbonyl groups of GO into other functionalities

(amides, -CO-NH2, ammonium carboxylate groups, [NH+
4 ][R-COO−]) due to

the reaction with NH3 molecules. The constant intensity of the NH+
4 band

at 1470 cm−1 during the irradiation with the 350 nm wavelength at 0.5 GPa

could be explained in the same way. IR spectra reveal also the presence of

amine groups, likely generated through the opening of epoxy rings on GO.

In the case of UV-photoirradiation, the recovered spectrum at the end of the

reaction is quite peculiar also with respect to the other sample from high

pressure ammonia photoinduced reaction, showing a large consumption of

carbonyl groups, a higher absorption intensity at 1240 and 1575 cm−1, a fre-
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quency shift for the band at 1585 cm−1 and an intensity decrease in the O-H

and N-H stretching region (between 3300 and 3700 cm−1), thus suggesting

that UV laser line is absorbed not only by ammonia (TP absorption) but

likely by water molecules (TP absorption) and, of course, GO (OP absorp-

tion). The evolution of ID/IG ratio values before and after the reaction is

significant because supports the formation of sp3 hybridized carbons on the

basal plane of GO.

An assignment of the bands in the recovered samples was not possible

in terms of localized vibrational modes. This is likely due to the inherent

disorder of the starting GO. Anyway, a comparison is possible between the

recovered sample of GO/N2 and GO/NH3 experiments with the recovered

samples of other high pressure experiment on C-rich sytems (benzene), C:O

systems (furan) and C:H:N systems (s-triazine and amorphous, variously hy-

drogenated carbon nitrides). The results, summarized in figure 2.21, clearly

show an increased N amount on the recovered sample of GO after reaction

in the presence of N2 and NH3 with respect to the starting, unreacted GO,

thus confirming the insertion of N on the basal plane. This result is par-

ticularly appealing because the N-insertion was obtained only by means of

physical tools (pressure, irradiation, heating) and without the exploitation

of strong and quite dangerous reducing agent as hydrazine, typically used to

these purposes.

In order to perform the high pressure synthesis of new hybrid nanocom-

posite materials with interesting physical characteristics, a first step was

the study of polymerization reactions in the confined space provided by the

layered structure of GO. In particular, as a reference case study, the polymer-

ization of ethylene between the layers of GO has been studied both with spec-

troscopic and structural techniques. FTIR and Raman spectroscopy provided

informations about the evolution of the reaction, while XRD allowed to un-

derstand the behaviour of the system upon compression/decompression. The

data from this experiments are currently under elaboration. Furthermore, in

order to have the maximum mobility of the monomers and to work in favour-
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able P,T conditions for the polymerization, as a preliminary step in this syn-

thesis, the high pressure, high temperature polymerization of bulk ethylene

has been studied. This study allowed to gain information on the instability

boundaries of liquid ethylene as a function of pressure and temperature (see

figure 2.24) and provided also important kinetic data and interesting insights

on the reaction mechanism. In particular, kinetic data accounted for a reac-

tion with essentially no initiation energy and that becomes more and more

cooperative with increasing pressure: the energy barriers for the initiation

step of a reaction are generally lowered by the reduction of the distances and

the minimization of the steric hindrance, and in the liquid phase the energy

barrier is essentially related to the internal rotation. The annulment of the

term Ei in equation 2.3 could therefore be interpreted in terms of forma-

tion of a structured fluid where molecules are in the correct configuration for

readily starting the reaction. This occurrence is likely related to a displace-

ment in the twisting internal coordinate, favoured by high pressure and high

temperature conditions, resulting in the formation of a biradicaloid specimen

with lowered steric hindrance and an increased sp3 hydridization character

of the carbon atoms. These reactive radicals efficiently trigger a fast reaction

with the nearest-neighbour molecules, that is what data account for. Fur-

thermore, the quality of the polymer synthesized at high P,T conditions is

really high, substantially crystalline, orthorhombic polyethylene with no (or

extremely low) fraction of amorphous species.

Further experiments are planned to fully elucidate the features of high

pressure polymerization between the layers of GO, in the perspective of per-

forming the synthesis of new materials with specific characteristics.
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Chapter 3

High pressure chemistry of

Phosphorous allotropes

In this chapter, the results concerning high pressure stability and struc-

tural behaviour of black Phosphorus (P-black) in the presence of simple atoms

and molecules, and about high pressure chemical reactivity of black and red

Phosphorus (P-red) towards ammonia will be presented. In fact, a compar-

ison between the reactivity of red and black phosphorus is mandatory to bet-

ter understand the stability of these two allotropes towards simple molecule

in specific pressure, temperature and irradiation conditions, and as a pre-

liminary work for the study of possible molecular insertion and intercalation

in the layered structure of black phosphorus. These results are obviously of

great importance, from an applicative point of view, as Phosphorene-based

materials are concerned. Phosphorene is a recently emerging 2D platform

material with a huge variety of possible applications, mainly related to its

inherent bandgap that makes it a natural semiconductor.

3.1 Phosphorus and its allotropes

Phosphorus (P) is a key element in chemistry and physics as well as in

Life, Earth, planetary and materials science [27]. It belongs to the pnicto-
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gen group (VA, Group 15 in the periodic table) together with Nitrogen (N),

Arsenic (As), Antimony (Sb) and Bismuth (Bi), with external electronic con-

figuration ns2np3 and, therefore, most common oxidation states of ±3, +5.

In addition, d orbitals can also be involved in the formation of chemical

bonds. Phosphorus is an ubiquitous element, widely abundant on Earth and

in our organism also (i.e., DNA), but is not found free in nature, frequently

occuring in some oxidized state as phosphate, at least on Earth [27]: there

are more than 300 different known phosphate minerals [161–163] that can be

roughly splitted in two distinct groups, a) Apatitic Phosphate Minerals and

b) Non-Apatitic Phosphate Minerals, being the first ones the major commer-

cial sources of the element due to their great abundance and concentration

[27].

The members of Apatite group are common accessory minerals in ig-

neous, sedimentary and metamorphic rocks, of general formulation given by

Ca10(PO4)6(F,OH,Cl)2. The most common igneous apatite deposits consist

mainly of fluorapatite, whose general formulation is Ca10(PO4)6F2, chlorapat-

ite, with general formula Ca10(PO4)6Cl2, and hydroxyapatite, with general

formula Ca10(PO4)6(OH)2. Apatite occurs mostly as a sedimentary deposit

of approximate composition Ca10(PO4)6F2 named Phosphorite or “Phosphate

Rock ”, being this last a general term used to describe almost all kind of

phosphate deposits. Phosphorites are typically dirty white to greenish and

made of mainly microcrystalline or amorphous fluorapatite, often found in

association with calcium carbonate and other impurities (general formula

Ca10−x(PO4)6−x(CO3)x(F,OH)2, with some chance of found up to 25% re-

placement of PO4 by CO3 and up to 10% Ca by Mg) [27]. Another common

metal involved in these phosphates is Aluminium (Al).

Non-Apatitic Phosphate Minerals include compounds from the so called

Laueite Group, Lazulite Group, Montgomeryte Group, Crandallite Group,

Triplite Group and Torbernite Group, that are all isostructural groups of

phosphate with different brute formula. They are often found as mutual

solid solutions of variuos compositions [27]. Non-phosphorus anions such as
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O2−, OH−1, F−1, SiO4−
4 and AsO3−

4 are often found in these phosphates in

stoichiometric proportions, or as occluded materials, and there is also a great

variety of possible involved metal cations. Some of these phosphates are an

important source of rare earth elements such as Uranium.

Elemental phosphorus exists at ambient pressure as at least three different

allotropes, roughly identified by their colour: white, black and amorphous

red phosphorus. Several other phosphorus allotropes such as crystalline red,

grey, violet or brown phosphorus have been synthesized so far under non-

ambient conditions [164]. Among all these allotropes, White Phosphorus

(P-white, wP) is the most common one: it is a molecular solid made up

of tetrahedric shaped P4 units, that exist in the crystal structure α-P4 at

ambient conditions, a body-centered cubic α-manganese-like structure [165].

Several studies have found that α structure undergoes a phase transition to

a β phase at about -80◦C (193 K), and from β to another phase γ at lower

temperature [166–170]. β-wP has a triclinic structure, while γ-wP has a

monoclinic structure, quite close to an orthorhombic one [171]. P4 units have

been found to have librational disorder in α and β phases, whereas this is not

the case in the γ one [171]. P-white is largely available from several synthetic

protocols starting from phosphorus minerals, and it is widely used in the

phosphorus industry despite of its instability, high reactivity, flammability

and toxicity, that could make highly uncomfortable to have to deal with it.

Red Phosphorus (P-red or rP), on the other hand, is a polymeric amorph-

ous solid much more stable and less toxic than molecular P4. Figure 3.1

reports the structure of a single, polymeric P-red chain. P-red has been

characterized by means of Raman, XRD and neutron scattering techniques

[172, 173]. This allotrope exhibits an irreversible phase transition to black

phosphorus (P-black) at about 6.3 GPa at ambient temperature.
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3.1 Phosphorus and its allotropes

Figure 3.1: Structure of a single chains of polymeric P-red.

Being far more stable and less toxic than P-white, the phosphorous red

allotrope could be preferably used in industrial and research chemistry, but

few technological applications have been found over the decades (matches in-

dustry, production of flame retardants in plastics and aluminum phosphide).

High pressure reactivity of P-red has been studied in the presence of water

[174] and ethanol [175], with the twofold purpose of obtaining large amounts

of H2 from water molecules (a remarkable goal for environmentally friendly

synthetic methods based of renewable sources to produce appealing energy

vectors) and of elucidating the possibile formation of phosphorous-bearing

compounds in terrestrial and space environments (extreme conditions syn-

thesis). In both cases, reactivity has been triggered by means of two-photon

absorption of near-UV laser light (350 nm). In the case of P-red/H2O samples

[174], five hours irradiation with 500 mW of 350 nm wavelength laser emis-

sion was sufficient to obtain an almost complete consumption of P-red and

the contemporary appearance of Raman signature of H2 and PH3, together

with bands related to various phosphorus-based acids (H3PO2, H3PO3 and

H3PO4). On the other hand, mixtures of ethanol and P-red exhibited a

very different reactivity in quite similar conditions [175]. First of all, 11 hrs

was necessary to observe a first, partial consumption of the starting P-red;

only after 21 hrs the P-red consumption was completed. FTIR spectra of

the reacted mixtures showed signature that could be related to decomposi-

tion products of ethanol (ethane, methane, CO2 and methyl groups). It is

quite remarkable that no characteristic products of pure ethanol reactivity

were observed [176], thus suggesting a preferential reactivity of the activ-

ated fragments towards P-red. Raman spectra revealed also the presence of
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High pressure chemistry of Phosphorous allotropes

ethylene and diethyl ether, in addition to PH3 and molecular hydrogen. The

only organophosphorous compound identified in the products mixture was

triethylphosphate.

Black Phosphorus (P-black or bP) is a crystalline solid. The stable struc-

ture at ambient conditions is the orthorhombic A17 (space group Cmca, 8

atoms per unit cell) [177, 178]. Upon increasing pressure, orthorhombic P-

black undergoes to phase transitions to rhombohedral A7 phase (space group

R3̄m, two atoms per unit cell), at about 5.5 GPa: A7 is a common structure

for all the elements in the VA group of the periodic table. At 10.3 GPa,

another phase transition from rhombohedral A7 to simple cubic (sc) phase

(space group Pn3̄m, one atom per unit cell) has been detected [179]. These

three phases have been extensively studied both by means of XRD technique

and by Raman spectroscopy in the low-frequency phonon region [180]. At

higher pressure, simple cubic (sc) P-black transforms into simple hexagonal

structure (sh) (137 GPa), after the transition to an intermediate phase at 107

GPa: this last phase, named P-IV, could present some affinity with a distor-

ted bcc structure (tetragonal, space group P4/n, with 10 atoms per unit cell)

[181]. This assignment is made taking into account the typical structural se-

quences of other elements in the VB group, i.e. A7 - (sc) - distorted bcc

- bcc [182]. The simple hexagonal (sh) structure (spage group P6/mmmm,

with only one atom per unit cell) appears at 137 GPa [181]. The relatively

small pressure range where P-IV phase exists suggests this last to be an in-

termediate step in the (sc)-(sh) transition. In this process, the coordination

number of phosphorus increases from 6 (sc) to 8 (sh), with a relatively large

volume reduction [181]. The (sh) structure does not typically occur in the

VB group elements, thus suggesting phosphorus does not exactly follow the

typical structural sequence [182]. Furthermore, (sh) structure is relatively

rare in the periodic table, and it is reported only for high pressure phases

of Si [183, 184] and Ge [183]. At even higher pressure, (sh) structure has

been found to transform into bcc structure (between 253 and 262 GPa, space

group Im3̄m) [185,186]. Figure 3.2 reports a phase diagram of P-black until
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3.1 Phosphorus and its allotropes

15 GPa, together with literature data from Kikegawa et al. [187].
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Figure 3.2: Phase diagram of black phosphorus between 0 and 15 GPa and 273 and

1473 K. Solid lines account for the phase boundaries between orthorhombic A17

and rhombohedral A7 phases, and between rhombohedral A7 and simple cubic (sc)

phases. Dotted lines refer to melting of black phosphorus into liquid phase at high

temperature. Red circles represent the points where the orthorhombic structure is

observed; yellow circles, the points where rhombohedral structure is observed; blue

circles, the points where simple cubic structure is observed. Red, yellow and blue

circles are taken from experimental data of Kikegawa and coauthors, see ref. [187].

Both orthorhombic A17 and rhombohedral A7 are layered structure. More

in detail, orthorhombic P-black crystals consist of corrugated layers of six-

membered rings in chair conformation share edges like in cis-deacalin, whereas

rhombohedral P-black structure is made of layers of six-membered rings

linked in a trans-decalin fashion [188]. Figure 3.3 reports the ball-and-stick

structures for orthorhombic and rhombohedral P-black. Structural data are
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obtained from the works by Cartz and coauthors [189] and Ahuja [190].

(a) (b)

Figure 3.3: Structures of orthorhombic (a) and rhombohedral (b) P-black. CIF

compiled by Cartz (see ref. [189]) and Ahuja (see ref. [190]). The images have

been created on Mercury software.

Boulfelfel and coauthors [188] suggest a possible mechanism of the phase

transition between A17 and A7 structures, considering a structural recon-

struction starting from compression and layer shuffling that allows the oc-

currence of interlayer contacts and intralayer bonds until complete transform-

ation to A7 structure. On the other hand, the transition from rhombohedral

to simple cubic structure, that are subgroup-group related, involves small

antiparallel displacements along the (111) cubic direction, with an increase

of rhombohedral angle up to 60◦. The ratio between c and a parameter is

exactly
√
6 in perfect cubic geometry in absence of any distortion, and so

rhombohedral structure could be somewhat considered as a distorted simple

cubic structure.

The single layer of P-black, named Phosphorene in analogy with the sys-

tem Graphite-Graphene, has raised a huge interest in the scientific com-

munity in the last couple of years, due to its appealing properties. Phos-

phorene has in fact an inherent bandgap, that made it suitable for several

possible applications in diverse field [29–31]. The synthesis of Phosphorene is

extremely challenging, and it is substantially performed in two ways: scotch-
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3.2 High pressure photoinduced reactivity of P-red and P-black with NH3

tape-based microcleavage [31] and liquid exfoliation [191, 192]. Phosphorene

forms in a honeycomb lattice structure with notable nonplanarity in the shape

of structural ridges. One major disadvantage of Phosphorene, and one of the

major challenges in its production and use for research purposes, also in view

of its high instability towards atmospheric moisture. Phosphorus is in fact

highly hygroscopic, and the material has an extremely high surface-to-volume

ratio: as a result, Phosphorene reacts very readily with water vapor and oxy-

gen assisted by visible light [193], and its degradation is complete within few

hours, making very difficult to deal with it for technical applications.

3.2 High pressure photoinduced reactivity of

P-red and P-black with NH3

The behaviour of P-red and P-black in the presence of a simple, reactive

N-bearing molecule has been studied with the purpose to explore the high

pressure reactivity of the two allotropes in order to compare the effect of

the different structural arrangement on the reaction mechanisms and paths.

As a reactant, NH3 has been selected because of its very well known high-

pressure behaviour and phase diagram [109,194], and, as it was for GO/NH3

mixtures (see section 2.3), for the possibility to foster a photodissociation

of the molecule using near-UV irradiations by a two-photon absorption pro-

cess. Within the suitable pressure range to establish a comparison between

P-red and P-black reactivity, that is from 0 to 6.3 GPa, where P-red spon-

taneously and irreversibly transforms into P-black, NH3 undergoes to the

transition between liquid phase [108, 109] and the orientationally disordered

plastic phase III [105,106] (face-centered cubic, Fm3̄m) at about 1.0 GPa, and

then to the transition between phase III and ordered phase IV (orthorhombic,

P212121) [109]. NH3 also presents two low temperature phases, named phase

I (cubic, P213 ) and II (hexagonal closed-packed structure, P63/mmc). Fig-

ure 3.4 reports a phase diagram for NH3 between 225 and 500 K, and 0-10

GPa.

124



High pressure chemistry of Phosphorous allotropes

 0

 2.5

 5

 7.5

 10

 250  300  350  400  450  500

P
re

ss
ur

e 
(G

P
a)

Temperature (K)

II- hcp

Phase IV- orthorhombic

Phase III- fcc

fluid

Figure 3.4: Phase diagram for NH3 (225-500 K, 0-10 GPa). Melting curve and

phase boundaries data are taken from Ninet et al., see ref. [109].

The first electronic excited state of NH3 is a quasi bound state with a

very weak dissociation barrier to the formation of H and ṄH2 excited frag-

ments [117, 118, 195, 196]. From the fundamental electronic state X̃(1A
′

1),

the system can reach the first excited state Ã(1A”
2) by a two-photon ab-

sorption (the required energy, 216.7 nm, is therefore largely exceeded via

two-photon absorption of near-UV 350 nm wavelength). The Ã(1A”
2) state is

a predissociative state with a weakly bonded planar trigonal structure that,

depending on the vibrational excitation, could evolve in a bond cleavage with

the production of H (2S) and ṄH2 fragments, the latter both in their excited,

Ã(2A1) or ground state X̃(2B1) [117,195,196]. Figure 3.5 reports a picture of

the ground and of the first excited state of NH3 with the relative dissociated

species.
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X(1A1) 
~

A(1A2'') 
~

2 h

350 nm
NH2 X(2B1) + H (2S)

~

NH2 A(2A1) + H (2S)
~

Figure 3.5: Representation of the ground and first excited state of NH3.

The generation of highly reactive fragments in the high density conditions

provided by high pressure, and the reduced molecular distances, can bring to

a comparable timescale the recombination process, leading to a deactivation

of photo-activated species, and the effective intermolecular collisions, leading

to an effective reactivity in the sample.

a
b

a
b

150 µm

Figure 3.6: Optical images of P-black/NH3 sample at the beginning (left) and at the

end (right) of the photoinduced reaction. The dimension of the sample are reported

in left panel. (a) and (b) on the sample refer to different point where micro-Raman

spectra have been acquired.

P-black sample has been studied in the presence of NH3, loaded in DAC

by Spray-loading technique (see section 4.2). Seven irradiations of the same

power (500 mW) for a total of 67 hrs, using 350 MLUV-wavelength, have

been performed on the sample at room temperature and 0.8 GPa, in the fluid
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phase of ammonia (see figure 3.4). Figure 3.6 shows the visual aspect of the

sample before any irradiation and at the end of the last irradiation, where the

presence of small bubbles can be appreciated, thus suggesting some kind of

reactivity in the regions where the initial P-black sample appears to be “con-

sumed” by the reaction. The evolution of the reaction has been monitored

by means of FTIR and micro-Raman spectroscopy. Figure 3.7 reports the

sequence of FTIR spectra acquired after each irradiation (coloured traces) in

comparison with the spectrum of the starting P-red/NH3 sample. The initial

spectrum is dominated by the saturating intensity of the fundamental modes

of NH3: ν2(A1) at about 1058 cm−1, ν4(E) at 1630 cm−1 and the unresolved

ν1(A1) and ν3(E) modes at ∼3307 cm−1. In the high frequency side of the

spectrum, we find the combination modes ν2+ν3 at 4470 cm−1 and ν3+ν4 at

5003 cm−1 [116]. No FTIR signal possibly related to P-black is visible in the

medium infrared spectral region. Immediately after the first near-UV irradi-

ation (500 mW, 1 h, blue trace in fig. 3.7), the appearance of a new band as

a shoulder on the high frequency side of ν2 mode of NH3 can be appreciated.

The band, centered at about 1200 cm−1, intensifies upon further irradiations

up to the last spectrum (red trace in fig. 3.7, after a total of 67 hrs of irradi-

ation). The frequency of this band is compatible with the stretching mode of

P=N double bonds. Other spectroscopic signatures suggesting newly formed

chemical bonds involving phosphorus from P-red and nitrogen from NH3 can

be appreciated, in the course of the irradiations, as a broad absorption in

the region 750-900 cm−1, on the low frequency side of ν2 band of ammonia,

ascribable to the stretching of P-N single bonds, and as two broad bands at

1500 and 1550 cm−1, possibly related to bending modes of P-NH2 groups.

The comparison of the FTIR spectra before the irradiations (black trace) and

after the last irradiation (red trace) allows to estimate, by the ratio of the

integrated absorption of combination modes of NH3, a consumption of this

specie during the reaction of about 21% with respect to the starting amount.

No other spectral feature related to the formation of other functionalities in

the irradiated P-black/NH3 sample are visible in the FTIR spectra.
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Figure 3.7: Sequence of the FTIR spectra acquired on P-black/NH3 sample upon

irradiation. Black trace refers to the sample of P-black/NH3 at the initial pressure

of 0.8 GPa before any irradiation; subsequent spectra refer to successive irradiation

of the sample with 500 mW of the near-UV 350 nm wavelength for increasing times

(1 h, 2 hrs, 7 hrs, 14 hrs, 14 hrs, 14 hrs and finally 15 hrs). The saturating absorp-

tion of NH3 are labelled with their name in greek letters. Spectra were vertically

shifted for the sake of clarity. The wavenumber axis break excludes the frequency

region where the saturating absorption of the diamond anvils occurs.

Figure 3.8 reports the Raman spectra acquired before and after irradi-

ations in the (a) and (b) points of the sample (see fig. 3.6) in two spectral

regions. In the left panel of figure 3.8, the low frequency phonon region is

shown. On P-black, (a) point in the sample, the five Raman active modes

of P-black are visible (see black trace): the weak B1g mode at 191.6 cm−1

and B1
3g mode at 226.6 cm−1, and the stronger A1

g (363.4 cm−1), B2g (431.6

cm−1) and A2
g (459.3 cm−1) modes [180]. Upon irradiation (red trace), minor

changes are visible in the region 190-400 cm−1.
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Figure 3.8: Raman spectra of P-black/NH3 sample before and after irradiation. Left

panel: Raman spectra in the low frequency phonon region on (a) P-black and on

(b) bulk NH3 before (black traces) and after (red and blue traces, respectively) irra-

diations. Blue arrow indicates the P-H Raman active bending mode. Right panel:

Raman spectra in the frequency region between 2000 and 2700 cm−1, acquired on

(a) P-black and on (b) former bulk NH3 and new product, before (black traces)

and after (red and blue traces, respectively) irradiations. Red arrow indicates the

P-H stretching band of phosphine, while blue arrows indicate P-H stretching from

phosphine and P-H stretching from other chemical species. Asterisks refer to Ra-

man peaks from the diamond anvils. Spectra are vertically translated for the sake

of clarity.

On bulk NH3, point (b), besides of the diffuse scattering due to the fluid

ammonia, upon irradiation a broad doublet with peak frequencies of 675

and 710 cm−1 appears, together with two broader and weaker bands at 575

and 824 cm−1. This is the region where the bands due to P-H bending

modes are expected. In the right panel of figure 3.8, the spectral region

between 2000 and 2700 cm−1 is shown. In this region, the characteristic

sharp Raman band related to P-H stretching of phosphine (PH3) molecule is
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3.2 High pressure photoinduced reactivity of P-red and P-black with NH3

found at 2325.1 cm−1 both on P-black (a) and on bulk NH3 (b), where grainy

products of P-black consumption can be seen after irradiation. In this region

of the sample, however, the phosphine P-H stretching band is superimposed

to a much broader and far more intense Raman band, centered at about

2366 cm−1, generally assigned to P-H stretching modes. No other significant

features can be appreciated in Raman spectra of P-black/NH3 mixtures.

P-red sample has been studied in the presence of NH3 and in the same

conditions than P-black one. 5 irradiations of the same power (500 mW) for

a total of 60 hrs, using 350 MLUV-wavelength, have been performed at room

temperature and 0.8 GPa, in the fluid phase of ammonia (see figure 3.4).

Figure 3.9 shows optical images of the P-red/NH3 sample at three different

stages of the reaction (beginning, after irradiations, after releasing pressure),

where the occurrence of chemical reactivity is well evident (as instance, op-

tical images reveal bubbles formation in the sample). In fact, three different

regions of the sample have been investigated with all the available techniques:

solid region, fluid transparent region and bubbles.

150 µm

Figure 3.9: Optical images of P-red/NH3 sample in three different stages of the

photoinduced reaction. Left: before any irradiation. Center: after the irradiation.

Right: after releasing pressure.

Figure 3.10 reports the FTIR spectra acquired after each irradiation on

the sample (coloured traces) with respect to the spectrum of the starting

P-red/NH3 mixture (black trace).
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Figure 3.10: Sequence of the FTIR spectra acquired on P-red/NH3 sample upon

irradiation. Black trace refers to the sample of P-red/NH3 at the initial pressure of

0.8 GPa before any irradiation; subsequent spectra refer to successive irradiation of

the sample with 500 mW of the near-UV 350 nm wavelength for increasing times

(5 hrs, 14 hrs, 14 hr, 14 hrs and finally 13 hrs). The saturating absorption of NH3

are labelled with their name in greek letters. Spectra were vertically shifted for the

sake of clarity. The wavenumber axis break excludes the frequency region where the

saturating absorption of the diamond anvils occurs.

The spectrum collected before starting irradiating the sample is domin-

ated by the saturating absorptions due to the vibrational bands of NH3. After

the first irradiation, a shoulder to the ν2(A1) appears at about 1200 cm−1,

as it was in the P-black/NH3 sample. Differently from what happened with

the other sample, in this case the other absorption bands in the spectrum

increase far more than in the case of P-black/NH3. During the irradiations,

a broad band between 700 and 950 cm−1 appears, together with two bands

centered at 1500 and 1550 cm−1 and another broad one centered at 2345

cm−1. The bands at 700-950, 1200, 1500 and 1550 cm−1 can be confidently

assigned to P-N stretching, P=N stretching and P-NH2 bending mode, re-
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3.2 High pressure photoinduced reactivity of P-red and P-black with NH3

spectively, while the absorption band appearing at 2345 cm−1 can be assigned

to stretching modes of P-H groups. Also in this case, from the comparison

of the FTIR spectra before the irradiations (black trace) and after the last

irradiation (red trace) it is possible to estimate, by the ratio of the integ-

rated absorption of combination modes of NH3, its consumption during the

reaction to a 72% of the starting amount, far more than in the P-black/NH3

molecule, thus accounting for a remarkably higher reactivity of the P-red

sample with respect to the P-black one.
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Figure 3.11: FTIR spectra acquired on P-red/NH3 sample after the last irradiation

at 0.8 GPa (red trace) and on the recovered solid product at ambient temperat-

ure (dark cyan trace). Spectra were vertically shifted for the sake of clarity. The

wavenumber axis break excludes the frequency region where the saturating absorp-

tion of the diamond anvils occurs.

Differently from P-black/NH3 sample, the acquisition of a FTIR spectrum

of the recovered sample after releasing pressure was here possible. Figure

3.11 reports the FTIR spectrum of the recovered solid product of the reac-

tion between P-red and NH3 together with the last spectrum acquired under
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pressure (0.8 GPa), as a comparison. On opening the cell, the saturating

absorption bands of unreacted NH3 obviously disappear, but the absorption

bands related to solid product of P-red/NH3 reaction remain visible: two

asymmetric broad peaks at 985 and 1200 cm−1, a doublet at 1453 and 1556

cm−1, the P-H stretching peak at 2345 cm−1 and a broad region from 2600

and 3500 cm−1 that could be related to N-H stretching modes.
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Figure 3.12: Raman spectra of the “bubbles” region in the P-red/NH3 sample after

irradiations. Left panel: low frequency region, showing the four, intense rota-

tional bands of molecular hydrogen, labelled S0(0), S0(1), S0(2), S0(3). Central

panel: region of P-H stretching, where the intense Raman band from PH3 is visible.

Right panel: high frequency region, showing the intense Raman band related to H-H

stretching mode in molecular hydrogen. Integration time: 500 seconds.

Exploiting the high spatial resolution of the micro-Raman equipment, it

was possible to investigate different regions of the sample. Raman spectra

were acquired using few mW of 647.1 nm wavelength on bubbles, solid P-

red, product region and fluid (bulk) NH3. Figure 3.12 reports the Raman

spectra acquired on the bubbles visible in the optical images of figure 3.9,

central panel. In the low frequency region, the four intense rotational bands
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of molecular hydrogen, H2, are visible: S0(0) at 357.5 cm−1, S0(1) at 590

cm−1, S0(2) at 818.1 cm−1 and S0(3) at 1038.6 cm−1 [197,198]. Furthermore,

at 4167 cm−1, also the H-H stretching band is visible. This confirms the

production of H2 during the photoinduced reaction of P-red and NH3. As

in the case of P-black/NH3 sample, but to a more extent, Raman spectra

confirm also the formation of phosphine, as indicated by the intense Raman

band at 2328 cm−1.

Even more interesting results are visible in the region of the sample where

P-red was, and where a solid product is formed. In fact, three different Ra-

man profiles, possibly related to three different solid products, are visible in

the spectra. Figure 3.13 reports the Raman spectra of the three different

products (labeled as P1, P2 and P3) together with the Raman spectra of

P-black and P-red to have a direct comparison. Raman spectra of P-black

[180] and P-red [173] have been acquired at the beginning of the P-black/NH3

and of the P-red/NH3 experiments, respectively. The red trace refer to the

spectra of P1 at ambient conditions. First of all, Raman spectrum of P1

shows a completely different profile in the phonon region between 200 and

500 cm−1, more defined under high pressure (0.8 GPa) than at ambient con-

ditions. More in detail, Raman signals are visible at 224 cm−1, followed by a

doublet at 281 and 297 cm−1, the most intense peak at 337 cm−1, other less

intense peaks at 380 cm−1, 409 cm−1 and a doublet at 453 and 471 cm−1.

P2 (blue trace in the figure) has a completely different spectrum: a broad,

weaker and structured profile between 200 and 400 cm−1, likely due to lattice

modes, and two strong and sharp bands at 545 and 725 cm6−1, ascribable to

internal modes. Also this product is retained at ambient conditions. Finally,

P3 (green traces) presents a broad doublet at 670-725 cm−1, but what is

noticeable is that, on releasing pressure and opening the cell, the spectrum

disappears and transforms into a profile closely reminding that of HxPOy

species and particularly H3PO3 [174], thus suggesting a metastability of P3

which decomposes in atmosphere.
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Figure 3.13: Raman spectra of the three different solid products of P-red/NH3 pho-

toinduced reaction. From bottom to top: Raman spectra of P-black and P-red (black

traces); Raman spectra of P1 at ambient conditions (red trace); Raman spectrum

of P2 (blue trace); Raman spectra of air sensitive P3 before and after opening the

cell (green traces). The spectra were vertically shifted for the sake of clarity and

were normalized to allow a direct comparison.

Besides of the air sensitive P3, probably amorphous and characterized by

P-H functionalities that, in contact with the atmospheric moisture, turns to

H3PO3 specie, a complete and detailed assignment of the Raman spectra of

P1 and P2 is not possible. In order to understand the extension and the

regions of formation of the three products, we performed a complete Raman

mapping of the sample both under pressure (0.6 GPa, after the last irradi-

ation) and at room pressure conditions, in the spectral regions where phonon

bands, P-H groups bands and N-H bands are visible. Figure 3.14 summar-

izes these results in a visual colormap. In the maps, P1 is highlighted in

red, P2 in blue and P3 in green. Unreacted P-red is indicated by yellow

squares. It is immediately evident how the P3 is distributed on the edge of
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3.2 High pressure photoinduced reactivity of P-red and P-black with NH3

the solid region, where a grainy solid is visible: the edges of the solid part

of the sample are the first to deteriorate in contact with the atmospheric

moisture, when P3 turns into H3PO3 (from green circles to green squares in

the colormap). The solid part of the sample seems equally divided in three

parts, one with a major presence of P1 (in the center), one mostly P2 and

the other one with the residual, unreacted P-red. Besides the phonon region,

the high frequency spectral regions gives very interesting hints about the ac-

tual structures of P1 and P2. At 0.6 GPa, the Raman spectra acquired on

P-H region (between 2000 and 2800 cm−1) showed the presence of phosphine

everywhere in the sample (not reported on the map) and some points where

P-H stretching of phosphine is present together with a broader P-H stretching

band centered at about 2360 cm−1, mainly located in the region of the sample

where P2 is found (blue dots). Once opened the DAC, the P-H stretching

band disappears almost everywhere on the sample, being likely related to the

amorphous P3 fraction that turns into oxyacid derivatives of phosphorous in

contact with the atmospheric moisture. The Raman map of the 2000-2800

cm−1 spectral region is therefore almost empty, thus stating that there is

almost no regions where P-H stretching signal can be found on the recovered

sample. More interestingly, the Raman map of the recovered product in the

N-H stretching spectral region (2800-3600 cm−1) reveals a clear correspond-

ence in the spatial distribution of the N-H band with the spatial distribution

of P2 (blue dots in the top and bottom maps of the right column, figure

3.14). This means that the recovered P2 should feature N-H functionalit-

ies in its chemical structure. Summarizing the results, P3 is an amorphous,

air-sensitive product characterized by the presence, in its structure, of P-H

functionalities, and cannot be recovered at ambient conditions, decomposing

with the formation of oxyacids, mainly H3PO3. P2 presents narrow bands

at 545 and 725 cm−1, and weaker bands centered at 355 cm−1; in addition,

the regions where this product is found are also rich in N-H functionalities,

thus suggesting the presence of this group in its chemical structure. P1 has

a completely different lattice phonon spectrum of both pristine P-black and
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P-red, with narrow bands and a complex and detailed structure, and on its

spatial region on the sample neither P-H nor N-H Raman signals have been

found. Both products 1 and 2 are recoverable at ambient conditions.

According to the crystalline nature of the products of P-red/NH3 reactiv-

ity, additional information for their identification can be provided by XRD.

A synchrotron XRD mapping have been executed on the solid portion of the

sample both at 0.6 GPa and at ambient conditions. In figure 3.15, a compar-

ison has been established between the Raman spectra in the phonon region of

the P-red/NH3 sample, with the identification of the three different products

described above, and the XRD patterns acquired on a mesh at ID27 (ESRF).

The mesh was 100x80 with a spacing of 10 µm, for a total of 80 patterns of 20

seconds duration each one, on the solid part of the sample and therefore, dif-

ferently from the Raman maps, not considering the whole sample area, that

would have required much longer acquisition times. XRD patterns reveal no

significant differences in the region where P1 and P2 were identified from the

Raman spectrum, so there are no features able to distinguish between the two

spectroscopically labelled product, thus suggesting the idea that one of these

sample is probably amorphous and, therefore, gives no XRD peaks. How-

ever, the XRD patterns corresponding to a crystalline product are found in a

region with a good superimposition with the points where only P2 was found

at Raman, even if a 100% reliability of the assignment cannot be ensured due

to likely errors in the motor movements while performing the acquisitions,

and to difficulties in establish an exact correspondence between the two dif-

ferent maps (Raman and XRD). The single XRD 2D images reveal single

spots signals and no rings all over the sample, thus suggesting the presence

of a highly oriented polycrystalline reaction product: furthermore, the peak

intensities are not always the same, and this is clearly an effect related to the

orientation of the crystal domains. Figure 3.16 reports an example of a typ-

ical integrated XRD pattern acquired on the recovered P-red/NH3, together

with the related 2D diffraction image.

Summarizing the results obtained in these two experiments concerning
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3.2 High pressure photoinduced reactivity of P-red and P-black with NH3

Figure 3.14: Visual representation of micro-Raman mapping on the P-red/NH3

sample in three different spectral regions under pressure (0.6 GPa, left column)

and at ambient conditions (right column). Bottom row shows the results for the

low frequency region of the spectra (phonon region); central row, the results for

the frequency region between 2000 and 2800 cm−1, where P-H stretching bands are

found; top row, the results for the frequency region between 2800 and 3600, where

N-H stretching bands are found. The color legend is reported in the figure.
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Figure 3.15: Comparison between the visual representation of micro-Raman map-

ping on the P-red/NH3 sample in the low frequency region under pressure (0.6 GPa)

and at ambient conditions, and the XRD mapping on the same sample at the same

conditions. Left column: maps acquired under pressure (0.6 GPa); right column:

maps acquired at ambient conditions. Bottom row: representation of Raman map-

ping; top row: representation of XRD mapping. The color legend is reported in the

figure.
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3.2 High pressure photoinduced reactivity of P-red and P-black with NH3

Figure 3.16: Example of one of the integrated XRD patterns acquired on the re-

covered sample of P-red/NH3 together with its related 2D image. Data acquired at

ID27, ESRF (λ = 0.3738 Å).

the reactivity of NH3 with P-black and P-red, several interesting features

have to be discussed. First of all, our experiments show how P-black is far

less reactive than P-red, as expected (due to its well known higher stability):

the FTIR spectra acquired on P-black/NH3 attest for a consumption of about

21% of the starting, loaded NH3. Reactivity is attested by the appearance of

absorption bands related to mostly P=N, but also P-N and P-NH2 functional

groups (see figure 3.7). Raman spectra on the P-black/NH3 sample suggest

the formation of a small amount of phosphine and the appearance of some

products involving P-H bonds in its chemical structure. More generally, our

results highlight for a substantial conservation of the P-black layered struc-

ture upon the explored reaction conditions, thus suggesting that the high

pressure functionalization occurs on the surface while preserving the single

phosphorene layers. XRD patterns, acquired on the recovered P-black/NH3

mixture and here not reported, confirm the stability of the layered struc-

ture, showing the characteristic Bragg peaks from orthorhombic P-black at

ambient conditions.

P-red shows instead a much higher and complex high pressure, photoin-

duced reactivity with NH3. FTIR spectra attest for a huge consumption
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of the starting ammonia (about 72%, see figure 3.10) and for the forma-

tion of several new absoprtion bands in a shorter time (a total of 60 hrs

of irradiation) than in the case of P-black/NH3 mixtures. P-red, being an

amorphous, polymeric material made up of P-chains, provides much more

surface to the attack from NH3 with respect to P-black, and this could help

to explain the differencies in the extent of the photoinduced reactions of

the two allotropes in the same P,T,hν conditions. In any case, the reac-

tion ends up in a mixture of heterogeneous products: fluid PH3 and H2 (the

latter found only in the P-red/NH3 sample, see figure 3.12), and three dif-

ferent solid products, labeled P1, P2 and P3, found in the Raman spectra

(see figure 3.13) acquiring in different region of the sample by exploiting the

high spatial resolution provided by the micro-Raman setup (see section 4.4).

P3, characterized by the presence of P-H functional groups in its chemical

structure, was found to be air-sensitive, completely transforming into mainly

H3PO3 upon cell opening and exposure to atmospheric moisture. P1 and

P2 are, instead, solid products recoverable at ambient conditions, but their

assignment and correct identification is not possible at the moment. P1 is

characterized by a complex low frequency phonon region, completely differ-

ent from that of the starting P-red, and no P-H or N-H groups have been

detected by Raman spectroscopy in the region where it was found. On the

other hand, P2 is characterized by the presence of two very strong and sharp

Raman bands at 545 and 725 cm−1, together with a far less intense lattice

phonon region. Raman mapping in the regions where P2 was found attests

for the presence of N-H groups on this solid product. The assignment of

these two extended solid products, involving P-N and P=N functionalities

in their structures, has been tried through a comparison with the literature

data about various phosphorous nitride imides (of general formulation given

by HPxNy) and phosphorous nitrides (general formula PxNy). FTIR spectra

of P-red/NH3 mixtures showed similarities with the FTIR spectra of phos-

phorous nitride imides of general formula HPxNy, and particularly HPN2

[199]. Raman spectra, thanks to the high spatial resolution of our equip-
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Figure 3.17: Comparison between the Raman spectra of recovered solid products

of P-red/NH3 photoinduced reaction with the Raman spectra of model PxNy and

HPxNy compounds. Red: P1; cyan; P2; black: P3N5; magenta: β-HP4N7; orange:

α-HPN2; blu: β-HPN2; green: a-HPN2. Spectra were vertically shifted for the sake

of clarity.

ment, allowed to identify at least three different products. To complete the

assignment, we have therefore compared the Raman spectra of our products

with those of some of this PN compounds. Figure 3.17 reports the Raman

spectra of P1 and P2 together with those of P3N5 [200–204], β-HP4N7 [205]

and of three different allotropes of HPN2, and in particular the crsytalline α-

HPN2 [199] and β-HPN2 [206] and the amorphous a-HPN2 [199]. P1 shows

a lattice phonon region closely reminding that of P3N5 [200], consistently

with the absence of Raman signals that could be referred to P-H and N-H

functionalities (see Raman maps of figure 3.14). For what is about P2, its

two sharp bands at 545 and 725 cm−1 closely remind the Raman spectrum

of β-HP4N7 [205], even if with different intensities and a less defined lattice

phonon region.
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XRD mapping of the solid region in the P-red/NH3 sample was per-

formed to find structural signatures that could be helpful for a reasonable

product assignment. The results of the mesh mapping of the sample (sse

figure 3.15) suggest the presence of a crystalline phase inside the cell, that

can be recovered at ambient conditions, and give no hints about the pres-

ence of two different solid besides of the fact that one of these two could

be amorphous. In fact, the XRD powder data are essentially the same in

every point of the grid, and a significant superimposition between crystal

patterns found in XRD mapping and the Raman signature for the so called

P2 were found. These could mean that, to some extent, both products can

be crystalline and contribute to the XRD spectrum, but diffraction data are

not sufficient to distinguish between them as Raman data were. To find a

correct assignment for the reaction product, a comparison between the XRD

data acquired on P-red/NH3 sample and literature data for PxNy and HPxNy

structures is mandatory. The XRD pattern from the recovered product of the

photoinduced reaction between P-red and NH3 is due to spot signals in the

2D image, thus suggesting the presence of a highly oriented crystalline solid

in the form of a multi-grains mixture of not sufficiently broad orientational

distribution. For the sake of comparison, a summation over all the integrated

powder XRD patterns collected in the grid points have been performed both

for the data acquired under pressure (0.6 GPa) and for the data acquired

after opnening the cell (at ambient conditions) to roughly average between

grain orientations. In figure 3.18, the comparison between the summation

of XRD patterns of the recovered product at 0.6 GPa and at Pamb and the

XRD patterns from P-black [179], β-HP4N7 [205], α- and γ-P3N5 [200–204]

and α- and β-HPN2 [199,206] is reported. The XRD data for the HPxNy and

the PxNy compounds have been found in the COD database or reconstructed

from the CIF data reported in literature. Looking at the XRD pattern of the

recovered P-red/NH3 sample, both at 0.6 GPa and at ambient conditions,

the strong reflection at 2θ values of 10.58 is due to the gasket and is the

only observed rings in the 2D diffraction image. The most interesting part
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3.2 High pressure photoinduced reactivity of P-red and P-black with NH3

of the XRD patterns in the recovered sample of P-red/NH3 lies in the low

angle region, between 3.0◦ and 4.0◦, where the solid product has three sharp

diffraction peaks that are not found in any other of the compared systems. In

fact, two of these peaks, at 2θ values of about 3.0◦ and 3.8◦ Å, do not match

with any of the other considered products. The only two products having re-

flections below 5.0◦ are γ-P3N5 and β-HP4N7: in both cases, there is a single

peak at an angle of 3.40◦, in a pretty good agreement with the central peak

in the three-peaks structure of the recovered product (that lies at 2θ about

3.35◦). Furthermore, γ-P3N5 and β-HP4N7 present also very intense Bragg

reflections between 2θ 5.0 and 5.5◦ and in between 2θ 6.5 and 7.0◦, where

the recovered sample has a very intense peak (slightly asymmetric, at 2θ of

about 5.20◦) and a doublet (at 2θ values of 6.71 and 6.83◦). At the moment,

no other assignment has been made on the recovered product, but it would

be really interesting to find a connection between the low angle peaks exhib-

ited by the recovered product of the high pressure, photoinduced reaction of

P-red and NH3 and some other PN product synthesized at high pressure, so

to establish a correlation between the high density conditions and the par-

ticular structure of the resulting products. Single crystal XRD (SC-XRD)

measurements have been performed on the recovered P-red/NH3 product at

ID27 beamline, ESRF, but the results are currently under elaboration and

no more details can be added to this discussion.
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Figure 3.18: Comparison between XRD data on the recovered P-red/NH3 sample

and XRD patterns of P-black and other PN products. The XRD patterns from

the recovered sample at two different pressure (0.6 GPa, red trace, and ambient

pressure, blue trace) have been obtained as a summation over all the integrated

powder XRD patterns collected in the grid points to roughly average between grain

orientations. P-black XRD pattern at ambient conditions (black trace), measured

at ESRF, and β-HP4N7, α- and γ-P3N5 and α- and β-HPN2 XRD patterns are

also reported as a comparison. XRD patterns were vertically shifted for the sake of

clarity.
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3.3 High pressure behaviour of P-black in the presence of small molecules

3.3 High pressure behaviour of P-black in the

presence of small molecules

The high pressure behaviour of P-black in the presence of small atoms

and molecules (He, H2) has been studied by means of synchrotron XRD tech-

nique. These studies have the twofold purpose to highlight the high pressure

stability of P-black upon compression and to find evidencies of simple mo-

lecules insertion between the layers. This could be indeed relevant in view of

high pressure functionalization of the layers or the synthesis of new nanocom-

posite materials. He and H2 were loaded in DAC by means of Gas-loading, in

the presence of a small P-black crystal and of a ruby chip as a pressure gauge.

The experiments were designed in the perspective of favouring the insertion

of He atoms and H2 molecules between the layers of P-black by exploiting

high density conditions in combination with excellent performances as com-

pression medium. Figure 3.19 reports the experimental melting curves of He

and H2 together with a simplified phase diagram for P-black. The curves

elucidate the better P,T conditions to have the conjunction of high density

and good mobility (fluid phase) for the two systems to profitably occupy the

space between the layers. The melting curve indicates how both He and H2

should be in the fluid phase before the first phase transition in P-black, thus

allowing to profitably modify density conditions before their crystallization

in order to favour the insertion process. Experimental data for the melting

curves reported in figure 3.19 are taken by the work of Datchi and coauthors,

see reference [100].

P-black/He and P-black/H2 samples were studied during room temperat-

ure compression/decompression up to 28 GPa and 17 GPa, respectively. In

these pressure ranges, P-black shows two phase transitions, from the starting

orthorhombic phase (A17, space group Cmca, 8 atoms per unit cell) to the

rhombohedral one (A7, space group R3̄m, two atoms per unit cell), at 5.5

GPa, and then from the rhombohedral to the simple cubic phase (sc, space

group Pn3̄m, one atom per unit cell), at about 10.3 GPa. In figure 3.20 the
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Figure 3.20: Integrated XRD patterns for P-black in A17, A7 and sc crystal phases,

together with the peak assignment. From bottom to top: red trace, experimental

integrated XRD pattern for P-black in the orthorhombic phase (0.22 GPa); orange

trace, experimental integrated XRD pattern for P-black in the rhombohedral phase

(6.53 GPa); blu trace, experimental integrated XRD pattern for P-black in the

simple cubic phase (11.23 GPa); Peak assignment is reported in the same colour of

the referring phase. In the rhombohedral A7 phase, indices are assigned in terms of

a hexagonal lattice. The integrated patterns were vertically translated for the sake

of clarity.

characteristic experimental integrated XRD patterns of P-black in this three

phases, together with the Bragg reflections assignment, are reported.

The experimental patterns acquired in the three phases and showed in

figure 3.20 are in agreement with available literature data [189, 190]. More

in detail, in the orthorhombic phase the Bragg peaks shift towards higher

2θ values, thus suggesting a decrease in the interlayer spacing with pres-
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sure. (040)o and (111)o reflections get nearer to each other and convolute

in an unique Bragg peak at about 2 GPa, while (042)o reflection moves,

with respect to (200)o, from lower to higher 2θ values between 0.22 and 1.50

GPa. (200)o reflection is the only one that doesn’t shift and maintain its

position upon increasing pressure. A common feature for the XRD pattern

acquired on P-black/He and P-black/H2 samples regards the intensity ratios

between the peaks, that abruptly change during the experiment due to ran-

dom orientation of the P-black crystallites. At the phase transition between

orthorhombic and rhombohedral phases, two new reflections appear, indexed

as (104)r and (110)r in terms of a hexagonal lattice, whereas the (020)o and

(021)o reflections from orthorhombic phase disappear. The integrated XRD

pattern for the simple cubic phase is much simpler than the previous two.

The phase transition to (sc) phase is attested by the appearance of the (200)c
Bragg peak. During the transition, the (104)r and (110)r reflections shift to-

wards each other and the (110)c peak appears, superimposed to the two

reflections from the rhombohedral phase. The reflections indexed as (101)r,

(015)r and (024)r from the rhombohedral phase disappear, while reflections

indexed as (012)r, (110)r and (202)r continuously turn into (100)c, (110)c
and (111)c, respectively. This is the expected behaviour for the A7 to (sc)

transition, due to the fact that rhombohedral space group is a subgroup of

the simple cubic one.

The room temperature compression/decompression of P-black/He sample

has been studied up to a maximum pressure of 27.5 GPa. The XRD patterns

acquired during the compression steps are the same reported in figure 3.20

above. The first phase transition of P-black from the orthorhombic A17 to

the rhombohedral A7 phase occurs at about 4.6 GPa. Due to some hysteresis

in the sample despite of the hydrostatic pressure compression medium, the

Bragg reflections from the A17 phase are still visible for about 2 GPa into

the rhombohedral one. The second phase transition from rhombohedral A7

to simple cubic (sc) phase presents at 10.2 GPa. By the equations connecting

the d-spacing of the Bragg peaks to the Miller indices, the values of the cell
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3.3 High pressure behaviour of P-black in the presence of small molecules

parameters and of the volume of the three phases can be computed. In figure

3.21, the evolution of cell parameters for the orthorhombic phase of P-black

during room temperature compression/decompression in the presence of He

are reported. Figure 3.22 reports, instead, the evolution with pressure of

the volume per atom for the same phase, and the comparison with literature

data.
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Figure 3.21: Evolution with pressure of cell parameters for the orthorhombic phase

of P-black during room T compression in the presence of He. Red: “a” parameter

in compression (full squares) and decompression (open squares). Orange: “b” para-

meter in compression (full squares) and decompression (open squares). Blue: “c”

parameter in compression (full squares) and decompression (open squares). The

error in the fit procedure is negligible, while the error in the pressure measurements

by ruby fluorescence method is considered to be ±5%.

The computed volume per atom evolution with pressure for P-black/He

sample in the orthorhombic phase is in very good agreement with previous
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Figure 3.22: Evolution with pressure of volume per atom for the orthorhombic phase

of P-black during room T compression in the presence of He. Red: experimental

data for P-black/He sample during compression (full squares) and decompression

(open squares). Blu hexagons: experimental data from Kikegawa and Iwasaki, see

reference [179]. Green diamonds: experimental data from Cartz and coauthors, see

reference [189].

literature data by Kikegawa et al. [179] and Cartz et al. [189]. In figure

3.23, the evolution of cell parameters for the rhombohedral phase of P-black

during room temperature compression/decompression in the presence of He

are reported. Figure 3.24 reports, instead, the volume per atom evolution

with pressure for the same phase, and the comparison with literature data.

Figure 3.24 shows a comparison between experimental data in P-black/He

sample and the available literature data from Kikegawa et al. [179] and Clark

et al. [207]. Data quality for experimental P-black/He points is far better

than the literature ones, characterized by a greater uncertainty. Finally,
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Figure 3.23: Evolution with pressure of cell parameters for the rhombohedral phase

of P-black during room T compression in the presence of He. Red: “a” parameter

in compression (full triangles) and decompression (open triangles). Blue: “c” para-

meter in compression (full triangles) and decompression (open triangles).

in figure 3.25, the evolution of the cell parameter a for the simple cubic

phase of P-black during room temperature compression/decompression in

the presence of He are reported. Figure 3.26 reports, instead, the volume per

atom evolution with pressure for the same phase, and the comparison with

literature data.

In the case of simple cubic phase for P-black, as it was evident also for

the rhombohedral cell volume, the experimental data obtained during room

temperature compression in the presence of He show a very high quality with

respect to literature data. More in detail, the pressure evolution of volume

per atom is particularly smooth if compared to the data from Clark et al.

[207] but, mainly, from Kikegawa et al. [179]. In the latter case, the far less
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Figure 3.24: Evolution with pressure of volume per atom for the rhombohedral phase

of P-black during room T compression in the presence of He. Red: experimental

data for P-black/He sample during compression (full triangles) and decompression

(open triangles). Blu right-rotated triangles: experimental data from Kikegawa and

Iwasaki, see reference [179]. Cyan left-rotated triangles: experimental data from

Clark and Zaug during compression (full) and decompression (open), see reference

[207].
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Figure 3.25: Evolution with pressure of cell parameter “a” (red) for the simple

cubic phase of P-black during room T compression in the presence of He. Full

circles: values computed during compression. Open circles: values computed during

decompression.
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Figure 3.26: Evolution with pressure of volume per atom for the simple cubic phase

of P-black during room T compression in the presence of He. Red: experimental

data for P-black/He sample during compression (full circles) and decompression

(open circles). Blu circles: experimental data from Kikegawa and Iwasaki, see

reference [179]. Cyan circles: experimental data from Clark and Zaug, see reference

[207].
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3.3 High pressure behaviour of P-black in the presence of small molecules

spread of the calculated volume per atom values can be related to the good

hydrostaticity of He as a pressure transmitting medium in the investigated

pressure range with respect to sodium chloride (NaCl), used by Kikegawa et

al. [179].

The volume per atom of orthorhombic, rhombohedral and simple cu-

bic phases of P-black, calculated from the measured lattice parameters as

a function of pressure, has been reproduced by the Vinet equation of state

[208, 209]:

P = 3k0
1− fv
f 2
v

exp

[

3

2
(k′ − 1)(1− fv)

]

(3.1)

The strain fv is expressed as

fv =

(

V

V0

)
1

3

(3.2)

whereas K0 and K’ are the bulk modulus and its firts derivative, respect-

ively. Treating V0 as an adjustable parameter for the three phases, where it

was possible, K0 and K’ have been computed, yielding V0= 18.91±0.02 Å3,

k0= 33.3±1.3 GPa and k’= 3.1±0.6 for the orthorhombic A17 phase; V0=

15.88±0.02 Å3, k0= 69.1±2.4 GPa and k’= 1.8±0.4 for the rhombohedral

A7 phase; V0= 14.92 Å3, k0= 89.7±0.8 GPa and k’= 4.7±0.1 for the simple

cubic sc phase. In figure 3.27, the pressure dependence of the atomic volume

of P-black at 300 K across the three mentioned phases in the P-black/He ex-

periment is reported, together with the Vinet equation of state fit. The main

error on experimental data was found to be a 5% uncertainty in the pressure

measurement, whereas the error due to the fitting procedure was found to

be negligible. The experimental data for the P-black/He room temperature

compression/decompression experiment were of a very good quality, allowing

to measure a reliable equation of state with respect to the literature data.

In the comparison with the main literature sources, we found a very good

agreement for what is concerned with the orthorhombic A17 and the rhom-

bohedral A7 phases, for which our calculated V0 and k0 values nicely agree
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with data from Kikegawa et al. [179] and Clark et al. [207]. As the simple

cubic sc phase is concerned, our experimental data attest for a bulk modulus

of 89.7±0.8, that is in better agreement with the values from Kikegawa and

coauthors (k0=95±5 GPa, see ref. [179]) than with the data from Clark et

al. [207] and Akahama et al. [181].
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Figure 3.27: Pressure dependence of the atomic volume of Phosphorus at 300 K in

the P-black/He experiment and least-squares fit of the Vinet equation of state to

the experimental data. Red squares refer to data in the orthorhombic A17 phase;

orange square, to data in the rhombohedral A7 phase; blue square, to data in the

simple cubic sc phase. Solid lines represent the results of the least-squares fit of the

equation 3.1 to the experimental data (see table 3.1).
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3.3 High pressure behaviour of P-black in the presence of small molecules

Besides the high quality of the V vs P data and the substantial agreement

with the available literature data, another interesting feature emerges from

compression of P-black with He. Although no evident signature of He inclu-

sion between the layers could be derived from these data, the XRD patterns

across the phase transition between rhombohedral and simple cubic phase

of P-black show some anomalies. As shown in figure 3.28, two Bragg reflec-

tions from rhombohedral phase, indexed as (003)r and (113)r in terms of a

hexagonal lattice and labeled with asterisks, survive through the transition.

The two Bragg peaks remain visible in the integrated patterns up to the max-

imum investigated pressure of 28 GPa (in figure, the magenta curve represent

an XRD pattern acquired at 21.5 GPa, magnificated by a factor 30, where

the two reflections are still visible), well beyond the transition threshold. No

hysteresis is reported in literature for A7 −→ sc transition [187], thus sug-

gesting the retention of some fraction of the hexagonal structure into the

cubic one. The two Bragg peaks allow to obtain the volume per atom for the

residual rhombohedral phase in the simple cubic one at least up to 22 GPa.

The other structural features attest for a normal transition between the two

phases: the appearance of the (200)c reflection at 10.2 GPa, at 2θ value of

about 18◦ as a low angle shoulder of the rhombohedral (024)r reflection and,

between 10.2 and 11.2 GPa, the complete disappearance of the (104)r Bragg

peak from rhombohedral phase at 2θ value of about 12.5◦.

The room temperature compression/decompression of P-black/H2 sample

has been studied up to a maximum pressure of 17 GPa. A severe deforma-

tion of the gasket prevented the achievement of higher pressures. The XRD

patterns acquired during the compression steps are the same reported in fig-

ure 3.20. In this case, differently from P-black/He sample, the first phase

transition of P-black from the orthorhombic A17 to the rhombohedral A7

phase occurs at about 5.0 GPa, whereas the second phase transition from

rhombohedral A7 to simple cubic (sc) phase takes place at 11.0 GPa. Both

this values are slightly larger than in the P-black/He sample. The integrated

XRD patterns from P-black/H2 show exactly the same behaviour than those
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acquired on P-black/He, even if they have a lower S/N ratio, making diffi-

cult to correctly assign all the Bragg peaks. This fact diminish the number

of reflections that can be used to compute lattice parameters and unit cell

volume for P-black in the course of this experiment. In figure 3.29, the whole

volume per atom evolution with pressure for the P-black/H2 sample is re-

ported, together with the same curve measured for P-black/He. From their

comparison, it can be seen that the pressure evolution of the two volumes is

perfectly indistinguishable, and also that minor hysteresis can be appreciated

for P-black/H2 around the orthorhombic to rhombohedral phase transition,

differently from what observed on P-black/He. The reflections from the or-

thorhombic phase survive into the rhombohedral one for no more than 0.5

GPa, and only one of the reflections, the (111)o, can be correctly assigned, but

it’s not sufficient to calculate the unit cell volume. Figure 3.30 briefly sum-

marizes the lattice parameters evolution through the three phases of P-black

in the presence of H2. No major differences with respect to the P-black/He

sample were found.
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Figure 3.28: Detail of the integrated XRD pattern of P-black/He across the

rhombohedral-simple cubic phase transition (10.2 GPa- 12.32 GPa) and at the P =

21.5 GPa. Asterisks mark the surviving (003)r and (113)r reflections (indexed in

terms of a hexagonal lattice) of the rhombohedral phase in the simple cubic phase

across the transition. The reflections are retained up to the maximum investigated

pressure. Magenta curve, referring to 21.5 GPa, have been magnified by a factor

30. Reflection (113)r and (003)r are still visible. Integrated XRD patterns were

vertically translated for the sake of clarity.
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Figure 3.29: Evolution of the volume per atom with increasing pressure for the three

phases of P-black in the room temperature compression experiments of P-black/He

and P-black/H2. The orthorhombic, rhombohedral and simple cubic volume points

are indicated by squares, triangles and dots, respectively. Red symbols: volume

per atom of P-black during room temperature compression (full symbols) and de-

compression (open symbols) in the P-black/He experiment. Green symbol: volume

per atom of P-black during room temperature compression (full symbols) in the

P-black/H2 experiment. No data were acquired on decompression to ambient con-

ditions for P-black/H2.
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Figure 3.30: Evolution with pressure of the P-black cell parameters across the three

phases of P-black during room T compression in the presence of H2 (0.2-17 GPa).

Squares, triangles and dots refer to orthorhombic, rhombohedral and simple cubic

phases, respectively. Red symbols: “a” parameter; blue symbols: “b” parameter;

orange symbols: “c” parameter. The two vertical solid lines approximately indicate

the transition boundaries of P-black.

From the volume per atom of orthorhombic, rhombohedral and simple

cubic phases of P-black, calculated from the measured lattice parameters,

and as a function of pressure, a least-squares fit of the volumetric data to the

equation 3.1 has been performed. Treating V0 as an adjustable parameter for

the three phases, where it was possible, the values of bulk modulus have been

computed, yielding V0= 18.91±0.02 Å3, k0= 32.4±1.4 GPa and k’= 3.3±0.7

for the orthorhombic A17 phase; V0= 15.81 Å3, k0= 70.3±1.1 GPa and

k’= 2.5±0.3 for the rhombohedral A7 phase; V0= 15.06 Å3, k0= 90.3±2.3
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GPa and k’= 3.1±0.4 for the simple cubic sc phase. In figure 3.31, the

pressure dependence of the atomic volume of P-black at 300 K across the

three mentioned phases in the P-black/H2 experiment is reported, together

with the fit based on the Vinet equation of state. The results of the fit

have been summarized in table 3.1 and compared with those relative to the

P-black/He sample and literature data.
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Figure 3.31: Pressure dependence of the atomic volume of Phosphorus at 300 K in

the P-black/H2 experiment and least-squares fit of the Vinet equation of state to

the experimental data. Red squares refer to data in the orthorhombic A17 phase;

orange square, to data in the rhombohedral A7 phase; blue square, to data in the

simple cubic sc phase. Solid lines represent the results of the least-squares fit of the

equation 3.1 to the experimental data (see table 3.1).
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3.3 High pressure behaviour of P-black in the presence of small molecules

Exp PTM Phase V0 (Å3) k0 (GPa) k’

P-black/He He A17 18.91±0.02 33.3±1.3 3.1±0.6

P-black/H2 H2 A17 18.91±0.02 32.4±1.4 3.3±0.7

Kikegawa et al. [179] NaCl A17 19.03 36±2 4.5±0.5

Clark et al. [207] methanol:ethanol:water A17 18.98±0.08 34.7±0.5 -

P-black/He He A7 15.88±0.02 69.1±2.4 1.8±0.4

P-black/H2 H2 A7 15.81 70.3±1.1 2.5±0.3

Kikegawa et al. [179] NaCl A7 16.6±0.2 46±4 3.0±0.6

Clark et al. [207] methanol:ethanol:water A7 15.97±0.02 65.0±0.6 -

P-black/He He sc 14.92 89.7±0.8 4.7±0.1

P-black/H2 H2 sc 15.06 90.3±2.3 3.1±0.4

Kikegawa et al. [179] NaCl sc 15.2±0.2 95±5 2.1±0.8

Clark et al. [207] methanol:ethanol:water sc 15.33±0.02 72.5±0.3 -

Akahama et al. [181] no sc 15.5 70.7±0.9 4.69±0.1

Table 3.1: Initial volume (V0), bulk modulus (K0) and its pressure derivative (K’)

at ambient conditions for the A17, A7 and sc phases of P-black from P-black/He

and P-black/H2 experiments, ant their comparison with literature data from the

work of Kikegawa, Akahama and Clark.

From this comparison results that our V0 and k0 values are in very good

agreement with literature data [179, 181, 207] for all the three phases of P-

black. The computed values seem to be highly reliable due to the very good

quality of the experimental data even if, for both P-black/He and P-black/H2

equation of states, a comparison with an equation of state for P-black in the

presence of a non-penetrating pressure transmitting medium with the same

data quality and in a comparable pressure range is mandatory to better

understand if insertion of He or H2 occurs.

As it was in the case of P-black/He, even in the P-black/H2 experiment

there are signatures of a retention of some rhombohedral reflections into the

simple cubic phase after the transition threshold (about 11 GPa). Figure

3.32 show some of the integrated XRD patterns of P-black/H2 sample across

the phase transition and up to the maximum pressure of 17 GPa. Once the

transition is completed, two reflections from the rhombohedral phase, indexed

as (113)r and (024)r in terms of a hexagonal lattice, are visible within the
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Figure 3.32: Detail of the integrated XRD pattern of P-black/H2 across the

rhombohedral-simple cubic phase transition and up to the maximum investigated

pressure (10.3 GPa- 17 GPa). In parenthesis, the reflections from simple cubic

phase and their indices are reported. Open dots mark reflection due to Au from the

protecting golden ring of the Rhenium gasket. Asterisks mark the (113)r reflection

(indexed referring to hexagonal lattice) surviving in the simple cubic phase. The

other rhombohedral reflections that is retained through the transition to simple cubic

phase, (024)r in terms of hexagonal lattice, is overwhelmed by one of the reflections

from Au.

pattern of the new, simple cubic phase. The reflection (113)r is highlighted in

fig. 3.32 by an asterisk. Unfortunately, the reflection (024)r is overwhelmed

by a reflection of Au from the golden ring protecting the Rhenium gasket

from the penetration of dense H2 at high pressure. The superimposition

between these last two reflections prevents the calculation of the volume for

the residual rhombohedral phase in the simple cubic one.
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3.3 High pressure behaviour of P-black in the presence of small molecules

In summary, the results obtained in the two room temperature compres-

sion/decompression experiments of P-black/He and P-black/H2 are in good

agreement with the previous literature data, but generally exhibit a ma-

jor quality. In particular, the data acquired on P-black/He sample show a

remarkably high quality, that allows to correctly compute the volume and

cell parameter for P-black exploiting a great number of assigned reflections.

The major quality of our experimental data reflects in a very accurate fit

of the pressure dependence of atomic volume using the Vinet equation of

state (eq. 3.1), yielding highly reliable values for the volumes, extrapolated

at ambient conditions, and for the bulk moduli of each phase. The evolu-

tion of volume per atom with pressure both in the case of P-black/He and

P-black/H2 samples don’t show any peculiar characteristic possibly related

to He or H2 inclusion between the layers of P-black, that could have de-

termined some variation in the equation of state of the resulting material.

Nevertheless, the data allow to gain some insights about the presence of con-

fined He and H2 between the layers of P-black. Interesting informations are

provided by the persistence of some reflections of the rhombohedral phase

into the simple cubic one, well beyond any possible hysteresis-related mech-

anism, in addiction to the fact that hysteresis phenomena are not reported for

the rhombohedral −→ simple cubic transition [187]. This peculiar feature,

evident both in P-black/He and P-black/H2 samples, suggests some kind of

retention of the hexagonal structure from the rhombohedral phase into the

simple cubic structure well above the transition pressure of 10-11 GPa (up to

28 GPa in P-black/He and 17 GPa in P-black/H2). In the case of P-black/He,

the two reflections from the rhombohedral structure are very well visible in

all the pressure range up to 28 GPa, and allow to compute the volume of the

residual rhombohedral phase into the cubic one. Figure 3.33 reports a detail

of the volume per atom evolution with pressure of P-black/He sample where

the behaviour of the residual rhombohedral phase in the simple cubic one is

highlighted. The pressure evolution of the volume for the residual A7 phase

shows a smooth decrease instead of a sharp discontinuity (as in the case of
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Figure 3.33: Evolution of the atomic volume in P-black/He sample across the

rhombohedral-simple cubic phase transition. Triangles and dots refer to rhombohed-

ral and simple cubic phase, respectively. Red symbols: P-black/He atomic volume

evolution with pressure across the phase transition. Violet symbols: pressure evol-

ution of atomic volume of the residual rhombohedral phase into the simple cubic

one.

Vrhombo-Vsc comparison for the massive phase) along the phase transition,

but the values tend to match those for the volume per atom of simple cubic

phase at higher pressure.

The couple of rhombohedral residual reflections in the simple cubic phase

of P-black compressed in the presence of He allow to evalute a and c paramet-

ers and to compute the c/a ratio. This ratio has a well known pressure trend,

that is perfectly followed by our data up to the phase transition. The c/a

ratio decreases from an initial value of 2.60 and tends to the minimum value

of
√
6 = 2.45, but it is well known that the structure undergoes the phase

transition before reaching that limit [179,187]. Beyond the phase transition,

and considering the values of a and c parameters for the residual rhombo-

hedral phase, we found that c/a ratio assumes exactly the 2.45 limit value,

remaining constant. This means that the residual rhombohedral phase is
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Figure 3.34: Pressure evolution of the ratio between “c” and “a” cell parameters for

the residual rhombohedral phase into the simple cubic phase of P-black/He sample.

Black dots: c/a ratio for the rhombohedral phase during compression (full sym-

bols) and decompression (empty symbols). Orange dots: c/a ratio for the residual

rhombohedral phase after the transition to simple cubic during compression (full

symbols) and decompression (empty symbols).

subject to a huge strain so to maintain the typical c/a ratio value expected

for the simple cubic phase without transforming into this last one at least

throughout the whole investigated pressure range (from 10 to 28 GPa into

the simple cubic phase). In figure 3.34, the c/a ratio evolution with pressure

for the residual rhombohedral phase is reported.

A similar behaviour is reasonably expected in the P-black/H2 sample,

where two rhombohedral reflections remain visible well beyond the A7 →
sc phase transition. Unfortunately, one of these two Bragg peaks, the one

indexed as (024)r with respect to the hexagonal lattice, is overwhelmed by
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Figure 3.35: Atomic arrangements in rhombohedral (A7) and simple cubic (sc)

P-black. Left: rhombohedral (A7) P-black. Right: simple cubic (sc) P-black. To

better elucidate the structural relation of the sc phase with the A7 phase, most of

the atoms are shown not exactly positioned on the cubic lattice. Figure taken from

the work of Kikegawa and coauthors, see ref. [179].

a reflection due to the Au of the protecting golden ring of the gasket, thus

avoiding to use both reflections to correctly compute unit cell volume and,

even more important, the c/a ratio for the residual rhombohedral phase

into the simple cubic one. No other significant data can be obtained by the

integrated XRD patterns of P-black/H2, but, as in the case of P-black/He,

the retention of the rhombohedral reflections into the simple cubic phase is

a strong evidence of the persistence of the A7 phase, likely related to some

kind of deactivation of the transition rearrangement mechanism due to the

insertion of guest molecules between the P-black layers at lower pressure.

This mechanism is indeed based on the formation of new interlayer bonds

(see figure 3.35) that is at least partially deactivated by the presence of

confined He and H2.

However, it is not possible to estimate the actual amount of confined

He and H2 and, for extension, to compute the amount of P-black that is

not converted to simple cubic phase after the transition threshold. These

speculations are directly related to the question about the amount of confined
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He and H2, and the P,T conditions of their inclusion between the layers. The

total amount of rhombohedral phase could likely be small, thus suggesting

that He and H2 could be intercalated between the layers due to random

defects on the P-black structure and surfaces whereas, in case the amount of

rhombohedral would be higher, a massive inclusion of He and H2 due to the

high density conditions would be revealed. In this latter case, however, some

more evident modifications in the unit cell volume (and in the equation of

state) could reasonably be expected, that has not been detected during our

experiments.

3.4 Summary

The high pressure behaviour of two Phosphorous allotropes, polymeric

P-red and crystalline P-black, in the presence of small atoms and molecules

(He, H2, NH3) has been studied. More in detail, a comparison between the

high pressure, photoinduced reactivity of P-red and P-black in the presence of

NH3 has been established, so to evaluate their stability and their tendency to

react, and the products have been characterized by means of FTIR and micro-

Raman spectroscopy and XRD techniques. Furthermore, the possibility of

pressure-driven insertion of small atoms or molecules between the layers in

the crystal structure of P-black has been investigated by XRD techniques.

The high pressure reactivity of P-red towards simple molecules, triggered

by two-photon absorption of near-UV wavelengths, is very well known [174,

175]. NH3 has a a low-lying predissociative electronic excited state that

can be reached by two-photon absorption of a 350 nm wavelength, yield-

ing two excited NH2 and H fragments that are able to trigger a chemical

reaction with P-red and P-black. Reaction has proceeded to a different ex-

tent in the case of P-black and P-red, reflecting the different stability of the

two allotropes: in the case of the red one, we found a high cosumption of

the starting ammonia (evaluated by the decreasing integrated absorption of

combination bands of NH3 in the infrared spectra) and clear spectroscopic
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signatures of the formation of new products bearing P-N, P=N and P-NH2

functionalities. In the case of P-black, in the same experimental conditions,

we found instead an overall good stability of the layered structure to high

pressure, photoinduced reactivity, with only minor evidences of the forma-

tion of reaction products and a calculated lower consumption of the starting

ammonia (see figures 3.7 and 3.10 for a comparison). The different reactiv-

ity can be confidently ascribed to the much larger P/NH3 interface in the

case of P-red, being unlikely the NH3 penetration between the layers of P-

black. The more interesting results have been obtained on the P-red/NH3

mixture, where an heterogeneous product has been found, made up of fluid

bubbles, an amorphous part and a solid, crystalline fraction. Micro-Raman

spectroscopy revealed that the fluid bubbles, well visible in the optical im-

ages of the sample (see figure 3.9), were mainly constituted by molecular

hydrogen and phosphine (see figure 3.12), that are by-products of the main

reactive process as it was for P-red/water and, to a less extent, P-red/ethanol

samples [174, 175]. The amorphous fraction of the product, mainly identi-

fied by micro-Raman measurements and labelled as P3 in the text, showed

P-H functionalities and has been found to be totally unstable if exposed to

atmospheric conditions, readily transforming into mainly H3PO3 (see figure

3.13). A correct assignment of the solid, crystalline products labelled as P1

and P2 has not been possible even if some hints have been provided by the

comparison of micro-Raman (figure 3.14) and synchrotron XRD mapping

(figure 3.15) of the reaction products at 0.6 GPa and at ambient conditions.

The micro-Raman maps, measured in different spectral regions, allowed to

spatially distinguish the different products permitting useful correlations for

their assignment. P1 presents Raman bands only in the lattice phonon re-

gion, whereas in the points of the sample where characteristic Raman signals

related to P2 were found, also N-H stretching bands were observed, thus sug-

gesting that P2 could feature N-H functionalities in its chemical structure.

By comparing the FTIR and Raman spectra acquired on P-red/NH3 sample

with some FTIR and Raman spectra of two classes of P,N products of gen-
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eral formula PxNy and HPxNy, we did not find any full correspondence with

the known products (HPN2, HP4N7, P3N5), however some minor similarities

between P2 and HP4N7 have been evidenced(figure 3.17. XRD mapping of

the solid product region of the P-red/NH3 revealed only one kind of XRD

pattern, related to some highly oriented polycrystalline sample, but did not

allowed to distinguish P1 and P2. Furthermore, some low angle reflections,

visible in the reaction product of P-red/NH3 mixtures, are not found in any

of the compared PxNy and HPxNy products, despite of some other minor sim-

ilarities with some of those species, as showed in figure 3.18. Unfortunately,

no further informations could be gained by structural and spectroscopical

techniques. At the moment, the refinement of synchrotron SC-XRD data

acquired on P-red/NH3 reaction product is in course, in the perspective of

enlightening the actual structure of the crystalline product.

The high stability of P-black, attested once again by its very low reactivity

towards NH3, opens the way to possible simple atoms and molecules inclusion

between the layers also in perspective of achieving single Phosphorene layers

and, possibilty, their functionalization. To better understand the possibil-

ity of intercalation between the layers, the high pressure, room temperature

compression/decompression of P-black in the presence of He and H2 has been

studied by means of synchrotron XRD technique. The very high quality of

experimental data with respect to available literature data, allowed to meas-

ure the pressure evolution of unit-cell-volume and atomic volume, besides of

that of lattice parameters, for all the three investigated phases of P-black,

the orthorhombic A17, the rhombohedral A7 and the simple cubic sc. The

fit of the equation of state of P-black in its three different phases, performed

using Vinet equation of state, constituted a remarkable refinement of the

available literature data [179, 181, 207]. From the integrated XRD patterns

of P-black/He and, to a less extent, of P-black/H2 samples, a major evidence

of the inclusion of the two pressure transmitting media between the layers

could be gained. This evidence were related to the retention of some Bragg

peaks from the rhombohedral phase into the simple cubic one up to very
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high pressures, ruling out, also due to the high hydrostaticity of the pressure

transmitting media employed, any possible metastability of the low pressure

phase. This phenomenon were not due to hysteresis, that is not known in the

A7→ sc transition, and it lasted for all the investigated pressure range, well

beyond the transition threshold boundaries. In fact, in P-black/He samples

the Bragg peaks from rhombohedral phase persisted into the simple cubic one

up to the maximum investigated pressure of 28 GPa, and in the P-black/H2

sample they were visible up to 17 GPa, where a severe deformation of the

gasket prevented the achievement of higher pressures (see figure 3.28 and

3.32). In the case of P-black/He, the experimental data were of very high

quality, thus allowing to calculate the volume of the residual rhombohedral

phase into the simple cubic (fig. 3.33) up to 22 GPa and, even more import-

ant, to estimate the c/a ratio for the rhombohedral phase in the simple cubic

one (fig. 3.34). From this last plot, it is possible to detect is how, in the

case of P-black/He and differently from what is observed in previous P-black

literature, the c/a ratio assumes exactly the value of
√
6 = 2.45. Generally,

the c/a ratio tends to this value in the rhombohedral phase, towards the

transition to simple cubic, but the transition occurs before it can be reached.

Our experimental results thus suggests the A7 → sc phase transition wa in-

hibited unless in some portions or domains of the sample, and that some

rhombohedral domains stay undefinitely stable, even if very highly strained,

embedded in the surrounding, simple cubic structured crystal. It is likely

that the inclusion of He atoms between the layers of P-black at some point

of the room temperature compression would have triggered this mechanism,

thus resulting in the unusual persistence of rhombohedral phase domains

at pressures where, typically, P-black is well inside its simple cubic phase.

A similar phenomenon also happens in the case of P-black/H2, where two

other Bragg reflections due to the rhombohedral phase are visible at very

high pressure (until the maximum pressure of 17 GPa), but unfortunately,

due to some superimposition of Au-reflections from protecting ring on the

Rhenium gasket, it was not possible to calculate the volume of the residual
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A7 phase or the c/a ratio. It was also not possible to evaluate how much

of the rhombohedral phase remained in the simple cubic one, a mandatory

information to elucidate if the deactivation of the transition mechanism was

related to a massive inclusion of He and H2 or just to a partial inclusion due

to the presence of defects on the structure and surfaces of P-black. Taking

into account the van der Waals radii of He and H2 and roughly comparing

them with the available space to enter the layered structure of P-black in its

orthorhombic and rhombohedral phases, a massive inclusion of the two pres-

sure transmitting media is unlikely, even if both He and H2 are well known

for their high capability to diffuse into crystal lattice of several materials at

high pressure (as instance, diamond). However, the intensity of the XRD

peaks seems to support the inclusion of small amounts of He and H2 through

the lattice defects. As a future perspective, literature data reports that the

interplanar spacing in P-black increase with increasing temperature [187]:

another way to foster the atomic and molecular inclusion between the layers

would be to perform the same experiments at higher temperature, exploiting

the larger interlayer spacing.

174



Chapter 4

Experimental Setup and

Techniques

Here the instrumental setup and experimental techniques used for the

studies presented in this thesis will be discussed in detail.

4.1 Diamond Anvil Cell

Diamond Anvil Cell (DAC) (see figure 4.1) is a specifically designed device

that allows to apply pressure in the range from 0.1 to 100 GPa on small

volume samples. DAC allows to work in a temperature range from 10 to

1300 K (resistive heating). The sample chamber is drilled on a metallic

gasket, preindented between the anvils, that allows to confine the samples

laterally. Gasket are drilled by spark erosion or even laser drilling. Sample

dimensions typically range from 100 to 200 µm (diameter) per 50 µm (thick-

ness). Diamond anvils guarantee the optical access through the sample at the

same time allowing optical spectroscopy (FTIR, Raman) and X-ray diffrac-

tion experiments to be performed. Depending on sample and experiments,

several materials are suitable to be used as anvils (sapphire, tungsten carbide,

synthetic diamonds etc.). Pressure can be monitored by Ruby fluorescence

method, adding a small ruby chip as a sensor; alternative methods consist
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in the use of Samarium salts (that perform better at high temperatures), in-

ternal standards or even of the pressure shift of the D band of diamond in the

Raman spectrum. DACs used during the experiment presented in this thesis

are membrane Diamond Anvil Cells (mDACs): the membrane allows to re-

motely control pressure by inflating it with He, making possible to perform

compression/decompression experiment in the evacuated sample chamber of

the FTIR spectrometer, for instance.

Figure 4.1: Picture and schematization of a membrane Diamond Anvil Cell

(mDAC). On the left, a picture of an opened mDAC; on the right, a schematization

of the cell.

4.2 Loading techniques

The loading of heterogeneous sample is a complex part of the sample

preparation in diamond anvil cell (DAC). Typically, solid and liquid sample

can be directly loaded between the anvils, inside the gasket sample chamber,

and then the cell is closed and pressure is externally applied by a Pressure

Driving System (PDS). The loading of gas compounds could be instead a

little bit tricky, and the good method to achieve it strictly depends on the

nature of the gas itself (and, particularly, on its freezing point). There are

two main techniques for the loading of gas sample, named cryo-loading and

gas-loading, respectively.

Cryo-loading is a suitable technique for gases with a freezing point above

the temperature of liquid nitrogen (77 K). The DAC, with slightly spaced dia-

176



Experimental Setup and Techniques

monds (about 100 µm) is placed in a vessel and directly connected with the

external pressure driving system. The vessel is evacuated from atmospheric

moisture, and immersed in a cryogenic bath. Depending on the thermody-

namic conditions needed for the gas condensation, the cryogenic bath could

be liquid nitrogen (77 K) or some other refrigerated cooling bath (for tem-

perature between 300 and 240 K). Inside the vessel, the gas to be loaded is

letting flow and, when the temperature reached the freezing point, it starts

to condensate. When the level of the liquefied gas covers the DAC, pressure

is applied on the membrane and the sample is sealed between the diamonds.

All samples of Ar (190 K, 1 bar), N2 (77 K, 2-3 bar) and Ethylene (in a cryo-

genic bath with 243 K and 30 bar) in these experiments have been loaded by

this method.

Gas-loading is used for gases with a lower boiling point than that of

molecular nitrogen. Gas-loading is a room temperature technique: it just

consists in loading the gas at a huge pressure (1000-3000 bar), usually ex-

ploiting double cycle compressor. The DAC is inside a Copper-Beryllium

vessel, and both membrane and the vessel itself are filled with the gas to be

loaded. At the loading pressure, the vessel circuit begins to be emptied in

respect to the membrane circuit, so to maintain a difference in pressure that

is going to be, at room conditions, the sealing pressure of the DAC. Gas-

loading has been used for the loading of methane clathrate hydrates sample,

by obtaining a small bubble of methane inside a drop of bidistillated water;

other gas typically loaded by means of gas-loading are H2, He and Ne. H2

and He samples for this thesis have been gas-loaded in ESRF.

In the most part of our experiments we have used a different technique,

named Spray-loading. Spray-loading (see figure 4.2) consists in condensating

really small quantities of the gas directly on the diamond, and then closing

the cell. It’s a useful technique when the condensed gas could be dangerous

in large amounts. The DAC is cooled down in a cryogenic bath (typically

using liquid nitrogen), with the diamond spaced so to allow a small capillary

to reach the center of the sample chamber. The gas will flow through a
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dedicated line from the bottle to the capillary, and from there directly on

the bottom diamond. Once the desired quantity of gas has been condensed

on the sample chamber, the capillary is removed, the cell is manually closed

and a pressure on membrane is applied. We have used this technique for the

loading of Acetylene, Ammonia and some of the Ethylene samples loaded

with Silicalite, GO and P-red.

Figure 4.2: Detail of the Spray-loading procedure.

In all the cases, small ruby chips have been added as pressure gauges

[210].

4.3 FT-IR

Samples confined in DAC can be accessed by spectroscopic and structural

techniques. The Fourier Transform Infrared Spectroscopy (FTIR) is the elec-

tion technique to follow modifications and chemical reactivity by measuring

absorption and reflection spectra. For a brief overview of the basic principles

of this technique, see ref. [211]. All the infrared measurements presented in

this work were performed on a Bruker IFS-120HR spectrometer (see figure

4.3), specifically modified for high pressure experiments [212].
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Figure 4.3: Schematic representation of the modified Bruker IFS-120HR.

In principle, the FTIR apparatus perform very well in a broad spectral

range from far IR to the near UV, e.g. from 5 to 25000 cm−1. The instrument

is equipped with three source lamps, tungsten (visible/near infrared), Globar

(medium infrared) and an Hg lamp (far infrared); three different interchange-

able kind of beam splitters, Mylar (of different thickness), KBr and CaF2;

and four detectors, a bolometer (10-600 cm−1), a mercury-cadmium-tellurium

semiconductor (MCT, 500-6000 cm−1), an indium antimonide semiconductor

(InSb, 1850-9000 cm−1) and a silicon diode (9000-32000 cm−1). Optimal

combinations of sources, beam splitters and detectors allow to investigate

the different spectral regions. Anyway, for samples confined in a DAC, the

lowest accessible frequency is limited by the diffraction losses due to the

small sample chamber (gasket hole), that actually behaves like a diaphragm

for the incident light. In the best condition, the low frequency limit is equal

to 30-50 cm−1. The whole spectrometer operates under vacuum or in an

inert, N2 atmosphere, so to remove the strong absorption due to atmospheric

CO2 and moisture. The Bruker IFS-120 HR has a moving mirror with an
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arm of 3.0 m. This setup is necessary if you have to measure fine rotational

structure of vibrational transitions in gaseous systems, but it gives a much

higher resolution than needed for high pressure measurements, where bands

are typically much broader than at room conditions. The spectrometer has

been specifically modified to overcome the technical limitations due to the

small sample dimensions (samples in DAC have dimensions ranging in the

hundreds µm). Typically, with the DAC, an IR microscope has to be used

in order to fit the IR beam dimensions to the small gasket hole. The size

of the beam spot that can be achieved is strictly related to the properties

of the light source: using synchrotron radiation, it’s possible to obtain an

almost diffraction-limited small spot (see section 4.3.1), while using a lamp

the size of the spot is determined by the size of the source image through

the microscope. In the case of our Bruker, it has been modified with a beam

condenser optical bench (see figure 4.4) equipped with ellipsoid mirrors for

focusing the IR spot on the DAC. The demagnification ratio of the ellipsoid

mirrors is of about a factor of 4 resulting in a waist on the focus of the same

dimensions of the sample determining an effective enhancement of the trans-

mission through the diamond anvil cell larger than one order of magnitude

[213].
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Figure 4.4: The beam condenser optical bench in the modified sample chamber of

Bruker IFS-120HR. The red line is a guide for the eye, indicating the IR-beam path

through the DAC.

Our setup allows to measure FTIR spectra in a wide temperature range.
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Temperature as low as 20 K are achieved through a closed cycle double step

helium compression cryostat (DE204SL by APD Cryogenics) that is coupled

with the spectrometer. High temperatures (600-700 K) can be reached using

a resistive heater that envelops the cell and that can be remotely controlled

from outside, using as a feed-back of the temperature a thermocouple inserted

either inside the heater itself or inside the cell, fixed near the gasket. The

pressure can be regulated remotely by a capillary connecting the pressure

regulator outside the instruments to the membrane of the MDAC inside the

sample chamber, via a vacuum feed-through. The pressure can be measured

in situ by the ruby fluorescence method, using a microscope that focuses few

mW of the second harmonic of a CW Nd/Yag laser onto the ruby chip and

collects the fluorescence in a back scattering geometry, exploiting the same

modified optical bench.

4.3.1 Synchrotron FT-IR

Some of the FTIR measurements in this thesis have been performed using

synchrotron radiation in ELETTRA (Trieste). The advantage of synchrotron

radiation could be summarized in the higher brilliance of the source, that

allows to work with IR spots of dimensions near to the diffraction limit. In

the case of SISSI beamline in ELETTRA, the beam from the accumulation

ring is splitted in two halves. The one suitable for solid state physics studies

goes through a commercial BRUKER Vertex-70v Spectrometer, coupled with

an IR microscope Hyperion-2000. The Vertex-70v is equipped to cover the

whole spectral range between 5 and 20000 cm−1 with the combination of

Quartz lamp, Hg lamp and Globar as sources, MCT, Si bolometer, DTGS and

Si-diode as detectors and Si, KBr or CaF2 as beam splitters. Hyperion-2000

has an accessible frequency range from 100 to 13000 cm−1, with 15x and 36x

available objective, and a spatial resolution depending from the wavelength.

Samples in DAC are held on a specific support under the microscope, and

the IR spot can be reduced down to a minimum of 10 µm using a spatial

filter. In the case of our experiments, we used 20 µm and 30 µm spots on
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the sample, with spectral resolution of 1 cm−1 and a sampling rate of 20

KHz. A detailed description of the instrumental setup and performances of

the beamline SISSI can be found in ref. [214].

4.4 Micro-Raman setup

Raman measurements on this thesis were performed using a custom setup

specifically designed to have a high spatial resolution in diamond anvil cell

[213, 215] (figure 4.5). High spatial resolution is a fundamental prerequisite

to work with heterogeneous materials.
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Figure 4.5: Schematic representation of the micro-Raman setup at LENS.

The 647.1 nm line of a continuous wave Kr ion laser (INNOVA 300,

Coherent) is typically used as laser source: this wavelength has been used

for all the experiments presented in this thesis. Anyway, the Kr ion laser

provides several different lines and, furthermore, a second laser, a continuous

wave Ar Ion laser (Innova Sabre, Coherent) is suitable to provide other laser

wavelength for Raman spectroscopy (in particular 514.5 nm and 488 nm). A

beam expander allows to expand the beam from the laser output and to send

182



Experimental Setup and Techniques

it to a 50% beam splitter. The reflected part of the beam is focused onto

the sample in DAC through a 20x microscope objective (Mitutoyo, F = 20

mm). The same objective recollect the scattered radiation in a back scattering

configuration and send it to the same beam splitter, where the transmitted

part goes to the detector. The combination of the beam expander with the

short working distance of the microscope objective allows to obtain the best

transverse resolution, with a focal spot ranging, depending on the alignment,

between 2 and 5 µm. Optical access to the sample is provided on this same

line just by switching to the camera using a dedicated mirror on the path of

scattered beam. There are two available cameras, the first one digital (al-

lowing to acquire photos and videos of samples during the experiments) and

the other one analogical (allowing to see the sample). Another possibility

for the collection consists in using an angled quasi-backscattering geometry,

where the the incident beam is focused by another lens and there is no need

to use a beam splitter. In this case, the Raman and the fluorescent back-

ground signal coming from the anvils are greatly reduced, but the limited

aperture of the DAC and the size of the collecting micro-objective strongly

reduce the numerical aperture of the focusing lens, decreasing the transverse

resolution and the Raman signal coming from the sample. Whatever scat-

tering configuration is adopted, a spatial filter of the collected optical path is

mandatory. This filter consists of two confocal lens that produce and collim-

ate, respectively, an image of the sample magnified by a factor 10. Between

these two lenses, in the image plane, there is a 25 µm pinhole. This pinhole

selects the part of the image that is illuminated by the laser spot, allowing

to reduce the background signal of the diamond anvils by achieving a spa-

tial resolution of about 1 µm on the focal plane with an effective depth of

field of about 20 µm. The clean, collimated beam is sent to two super plus

notch filters, which avoid every residue of the excitation wavelength, and

then focused onto the slit of the last stage of a Triple Stage Monochromator

(Acton SpectraPro 2500i). This last stage is equipped with three different,

interchangeable gratings (300, 900 and 1800 grooves/mm), with a maximum
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spectral resolution of about 0.7 cm−1. This single grating monochromator

needs to be used in combination with the two super plus notch filters, and in

this configuration we have a high throughput because of the very few optical

elements included in the monochromator (two lenses and a grating). The

notch filters remove the quasi-elastic Rayleigh component of the scattered

signal which, otherwise, would overwhelm the inelastic one. Unfortunately,

this two notch filters has a large rejection band, completely removing the sig-

nal within a spectral region up to 200 cm−1 around the zero Raman frequency.

This drawback prevents the analysis of the low-energy Raman modes, such

as low-energy phonons or the continuous, collision-induced spectrum of fluid

materials. In order to access this low frequency part of the spectrum, after

the spatial filter the collected signal can be sent to the entrance slit of the

first stage of the Triple Stage Monochromator that, operating in a subtract-

ive mode, could allow to go down in frequency to a minimum of 5 cm−1. In

this operating mode, the scattered signal enters stage 1, which is a single

monochromator, and is dispersed by the diffraction grating; the dispersed

light enters stage 2, through a slit which cut out the Rayleigh component.

Stage 2 is completely identical to stage 1, but the grating is rotated in the

opposite phase and its job is to counter-disperse the signal, recomposing it

into a white beam. This cleaned beam enters stage 3 where it is dispersed

on the last diffraction grating, and the dispersed signal goes to the detector.

The total throughput of this configuration is about one order of magnitude

lower than in the single stage operating mode, and this make this last op-

tion largely preferable unless one doesn’t have to look at the low frequency

region of the spectrum. The frequency resolution of the spectrometer de-

pends only on the third stage. It is related to a) the focusing length of the

mirrors (500-750 mm), b) the grooves/mm of the grating (between 300 and

2500), c) the wavelength and d) the pixel size of the CCD (usually about 20

µm). Whatever configuration is adopted, the Raman signal is collected and

analysed by means of a 1024x1024 pixel liquid nitrogen cooled CCD detector

(Princeton Instrument), placed on the exit of the stage 3. Operating tem-
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perature of this CCD is about -120◦, and the CCD covers a spectral region

between 200 and 1000 nm, with a very high efficiency (over 90%). Detector

noise is determined by the read-out device, and typically amounts to only few

electrons per pixel. A recent development of the Raman instrumentation was

about the automatization of some elements. First of all, the sample holder is

completely remote-controlled by a custom, home made software, allowing to

translate the DAC on the three directions with an accuracy within 1 µm and

to perform high spatial resolution Raman mapping of the samples. Then,

other elements are remotely controlled to simplify the optical alignment pro-

cedure and the switching between the different configurations: the pinhole

can be moved in and out of the beam path, and a mirror can be switched

in three positions that send the signal either to the cameras (for visual in-

spection of the sample), to stage 3 in a single monochromator configuration,

and to stage 1 in the triple monochromator configuration. It is also possible

to automatically move a filter array that allows to reduce laser power on

the sample, and to look at the laser spot during the alignment procedure.

The Raman setup can be profitably used also for low temperature and high

temperature measurements. In the first case, a dedicated closed cycle cryo-

stat with a Cu cold-tip in which the DAC can be placed is coupled to the

instrument, allowing to fastly switch from the regular sample holder to the

cryostat cold-tip. High temperature measurements can be performed using

resistive heaters, and a specifically designed, water cooled vacuum chamber

that allows to reach temperature up to 1000 K.

The Ar ion laser can be profitably used to perform irradiation cycles on

samples in DAC. The samples can be irradiated both on the same support

used for the Raman measurements and on a specific support placed in front

of the laser output. Lenses of various focal lengths (f= 50, 100, 200 mm)

have been used to focus the laser spot, depending on the sample dimensions

in DAC and in order to minimize light losses. Available wavelengths ranges

from multiline UV emission (centered at about 350 nm) to green (514.5 nm).

Powers between 50 and 500 mW on the sample have been used.
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4.5 Vibrational Data Analysis

Vibrational data obtained from FTIR and micro-Raman spectroscopy

have been analyzed to gain information, for instance, about integrated areas

or pressure dependence of peak positions. Areas and band positions have

been estimated through analytical fitting procedures. The fits have been per-

formed using Fityk and Origin softwares, by means of Levenberg-Marquardt

algorithms. Typical band shapes were Voigt and Pseudo-Voigt. The soft-

wares used to analyze data allowed to compute and compare all the fitting

parameters (band center, area, height and FWHM). Where band areas were

fitted to compute ID/IG ratios (see section 2.3) or for kinetic studies (see sec-

tion 2.4.1), care was devoted to a proper consideration of lineshape FWHM

in the comparing of peaks intensities and integrated areas all along the fitting

procedure.

4.6 X-Ray Diffraction techniques

The LENS diffractometer is a custom setup dedicated to X-ray diffraction

(XRD) measurements in diamond anvil cell (see figure 4.6).

The X-ray beam is produced by a Molybdenum micro source (Xenox-

GeniX Mo Small Spot), with characteristic wavelength of 0.719317 Å. The

beam goes through a focusing optics, where multilayered elliptical reflectors

focus the 60 µm beam coming from the source to a 160 µm spot with a

divergence of about 0.2◦. A portion of the magnified beam spot is selected by

a spatial pin hole, this way empowering the quality of the light that will probe

the sample. Three pin holes are available with 50, 100 and 200 µm diameters,

depending on the intensity/resolution ratio needed for the experiments. The

pin hole position is motorized, and this allows to better align it on the beam.

All the allignment procedures on the instrument are automatically driven by

an homemade software (compiled in MatLab), and the most important part

of the entire procedure is the X-ray pin diode detector. This is an Indium and

Germanium film-covered diode that collects the X-ray photon transmitted by
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Figure 4.6: Schematic representation of the XRD custom setup at LENS.

the sample and allows to center it on the three axis and on the beam. The

sample in DAC (or the calibrant) is held on a specific support that can be

moved on the x, y and z axis and that can be rotated and oscillated to

perform averaged powder diffraction acquisitions. The alignment procedure

is an iterative process that allows to center the DAC on the y and z axis, and

then to obtain the better x (focus) by comparing three different acquisition

at three different angle (0, +θ and −θ). Increasing θ values allows to increase

the precision of the good focus evaluation. The DAC rotation axis should be

also placed on the beam-path. During all this procedures, the X-ray pin diode

detector collects the transmitted radiation, and the converted electrical signal

is sent to the software that drives the alignment process. Once the sample is

aligned, the pin diode detector can be moved off ot the beam path, and the

scattered X-ray diffraction can be collected on the image detector. The image

detector consists of a phosphorus screen coupled with a Peltier cooled CCD
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detector (PI-SCX4300). The operating temperature of the CCD is about

-50◦. Acquisition times ranging from 15 to 60 minutes are mandatory to

perform good XRD acquisitions. The 2D diffraction patterns acquired this

way can be analyzed and integrated using FIT2D [216] and Dioptas [217]

softwares. The calibration standards used for our experiments are CeO2 or

LaB6.

Furthermore, the DAC support is mounted on a rail that allows to switch

from the X-ray Diffraction configuration to another position where an integ-

rated Pressure by Ruby Luminescence (PRL) system is present. This system

allows to measure pressure in diamond anvil cell using the ruby fluorescence

method. The PRL is equipped with a green, small diode laser (514.5 nm)

and an analogic camera that allows visual inspections of the sample.

4.6.1 Synchrotron XRD at ESRF

In order to investigate different regions in nanocomposites sample, it’s

useful to exploit high spatial resolution techniques that can be provided by

synchrotron radiation facilities. We have performed several Angle Dispersive

X-ray Diffraction (AD-XRD) experiments at the ID27 and ID09 high pressure

beamlines in ESRF, Grenoble.

For ID27, the operating wavelength used for our experiment was λ =

0.3738 Å. The signal can be collected on a Mar345 Flat Panel detector, on

a CCD detector (MAR CCD165) or on a PerkinElmer image plate. The

nominal spot size on the sample was between 2 and 5 µm, allowing mesh

acquisitions and an accurate mapping of different regions in nanocomposite

samples. The beamline equipment allows to perform high temperature meas-

urements using resistive heaters in a water-cooled vacuum chamber. Pressure

can be monitored in situ by a dedicated PRL, and the pressure driving sys-

tem can be remotely controlled via software. An accurate description of the

experimental setup in the ID27 beamline can be found in reference [218].

Regarding the ID09 beamline, presently renamed as ID15B, the used

wavelength was λ = 0.415352 Å, while the detector was a MAR555 flat
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panel. The local spot size of the beam is about 10 µm. Pressure can be

monitored in situ by a dedicated PRL, and the pressure driving system can

be remotely controlled via software.
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The application of an external high pressure is shown to be a power-

ful method to finely tune the structural and reactive properties of simple

molecular system due to their “softness” or, in other words, to their high

compressibility. By reducing their molar volume while increasing their dens-

ity, high pressure allows molecular systems to explore different regions of

their potential energy surfaces and, significantly, previously inaccessible new

local or global energy minima. This effect produces phase transition to new

dense states, amorphization, ionization processes or, more drastically, to a

complete reorganization of the chemical bonds leading to the formation of

new products. High pressure is an appealing tool to achieve these interest-

ing transformations also because, together with temperature effect and laser

irradiation, allows to overcome energy barriers for the formation of products

such as polymers without the use of catalysts, radical initiators or other re-

actants, thus suggesting its importance in the context of the so called green

chemistry methods.

In the framework of high pressure chemical reactivity, the behaviour of

ordinary matter under extreme confinement is an almost unexplored topic, al-

though confined conditions are certainly frequent in nature and could find ap-

plications in geophysics, gas storage and, more interestingly, in the synthesis

of new materials with specific and tunable characteristics. The combined

effect of high density and extreme confinement conditions is known to have

the capability of driving chemical reactivity through preferential reaction co-

ordinates, where a limited number of nearest neighbours and the interaction
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with the walls allow to obtain specific reaction products with high selectivity.

Low dimensionality drastically affects the geometrical constraints of chemical

reactions, thus completely modifying the reaction mechanisms and, signific-

antly, their final products. From a theoretical point of view, the study of

the behaviour of ordinary matter under extreme confinement provides in-

sight about the modification of reaction mechanisms, i.e. how the effect of

reduced space and reduced dimensionality affects the various, different steps

of chemical reactions, enlightening the specific role of the confining matrix

and of the reaction conditions (high pressure, high temperature, laser irra-

diation related effects). From an applicative point of view, the capability to

drive a totally selective chemical reactivity exploiting the low dimensionality

provided by specific matrices would be an important starting point towards

the synthesis of appealing nanocomposite materials for applications in the

fields of nanosensors, nano-optics, nano-electronics and nano-photonics. A

slight change in the reaction conditions could favour the fine tuning of the

interesting properties of these new materials, and a deeper knowledge of the

mechanisms that regulates this peculiar reactivity would allow to design and

synthesize new products characterized by the desired features. Among the

different possible model systems for the study and understanding of these

mechanisms, we investigated nanocomposite inclusion materials based on

C/Si constituents, nanostructured carbon-based materials and two different

allotropes of elemental Phosphorus, P-red and P-black.

Among the nanocomposite inclusion materials, C/Si based systems, where

a Si-based structure provides a space for small hydrocarbon molecules to un-

dergoes polymerization in highly confined conditions, are of prominent in-

terest. The experiments conducted on the high pressure polymerization of

model hydrocarbons (acetylene, C2H2) and simple molecules (carbon monox-

ide, CO) inside the nanocavities of two different synthetic, non catalytic and

electrically neutral, pure SiO2 zeolites, Silicalite (MFI) and ZSM-22 (TON),

characterized by a 3D and a 1D internal network respectively, allowed to draw

important conclusions about the reduced dimensionality effect on chemical
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reactivity. First of all, confined molecules showed exactly the same behaviour

of their bulk counterpart, undergoing chemical transformations upon the

same experimental P,T conditions (pressure threshold were substantially un-

altered) and in absence of any catalyst or initiator. Nevertheless, the confine-

ment due to the zeolite internal walls selected preferential reaction paths thus

allowing the obtainment of more ordered polymers with specific geometrical

features in respect to their bulk counterparts. Another important feature

regarded the zeolite hosts themselves, and particularly the tuning of some of

their properties (as, for instance, thermal expansion coefficients), that can

be related to the fine tuning of the amount of polymerized materials inside

the nanocavities. The most remarkable point in this study has to be found

in the fact that Silicalite and ZSM-22 are non-catalytic matrices. Therefore,

their influences on the reactive behaviour of the confined molecules has to be

searched only in the reduced dimensionality provided by their nanocavities.

In fact, different internal nanocavities, related to the different structures of

the two zeolite crystals, selected different isomers for the confined polymers,

and accounted for increased ordering in the polymeric chains and, from the

“inorganic framework point of view”, for the different filling degree of the

pores. The high quality of the polymeric chains obtained under nanocavities

confinement should allow to preserve their specific properties (as instance,

monodimensional conductivity for ideal polyacetylene chains), and the pro-

tecting scaffold provided by the zeolites was fundamental to recover products

like polyacetylene and polyCO at ambient conditions without altering their

structural and chemical conformations due to the contact with atmospheric

moisture. In fact, the products of acetylene and carbon monoxide polymer-

ization were impossible to recover in the bulk processes due to their great

instability to air-exposure.

Nanostructured carbon-based materials are another interesting class of

systems that allowed to deepen the understanding of confinement effects on

simple molecules structure and reactive properties. The experiments con-

ducted on Graphite Oxide (GO) had the twofold purpose to determine the
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better conditions for obtaining the inclusion of simple atomic and molecu-

lar systems in its layered structure, and to foster the functionalization of

the single sheets of Graphene Oxide. Differently from the aforementioned

zeolites, GO is an active substrate in all the investigated processes: the great

number of oxygen-bearing functions, randomly decorating the basal planes

of GO and their edges, played a fundamental role in the interaction with

Ar, N2 and NH3 both from structural and from reactive point of view. The

inclusion of these three simple systems between the GO layers determined

a retention of the structural features of GO up to high pressure and, in the

case of NH3, a giant auxetic behaviour was revealed. In fact, chemical affinity

between GO layers and ammonia molecules determined a continuous inser-

tion of NH3 molecules with pressure up to their solidification, thus attesting

for a tendency of GO to increase its d-spacing in order to accommodate

molecules that could establish strong interactions with its oxygenated func-

tional groups. At ambient conditions, the recovering of the initial structural

features upon compression/decompression was an important signature of the

structural stabilization of the GO layered structure by the intercalated atoms

and molecules. From the reactive point of view, the fostering of an N-doping

of the GO layers, in the perspective of technological applications, was an

extremely appealing goal of these experiments. The high pressure behaviour

of differently reactive N-bearing molecules, N2 and NH3, towards the GO

layers was investigated in conjunction with thermal excitation and laser irra-

diation. Besides the high stability of the layered structure, GO/NH3 samples

exhibited a remarkably pronounced reactivity leading to the incorporation of

N atoms on the GO basal plane. This was possible because of the complex

network of GO functional groups, that allowed a great number of possible

reactions to be triggered and, consequently, a huge variety of possible N-

functions to be incorporated on the layers. No assignment of the reaction

products was possible in terms of localized vibrational modes. Different

spectral features accounted for the inclusion of the same reaction products

between the GO layers, as for instance in the case of CO2, thus suggesting
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how the reactivity could be profitably triggered both on the surface than

in the confined space but, in any case, revealing how the GO functionalized

layers played a crucial role in every step of this processes.

As a last class of materials, the high pressure stability of Phosphorous

allotropes has been considered. More in detail, a comparison has been es-

tablished between the high pressure photoinduced reactivity of amorphous,

polymeric P-red and crystalline, layered P-black. This study has allowed

to underline the high stability of P-black towards NH3 upon several irradi-

ation with near-UV wavelengths and, on the other hand, the peculiar and

pronounced reactivity of P-red, yielding a complex mixture of heterogeneous

products (solid and fluid ones) that could in part be recovered at ambient

conditions and whose correct assignment is under elaboration. The remark-

able difference in the reactivity of these two phosphorous allotropes could

be explained taking into account the reaction mechanism and the extension

of the P/NH3 interface. In fact, the reactivity is triggered by two-photon

dissociation of NH3 and since this molecule cannot enter between the layers

of P-black, the reactivity with P-black only occurs at the surfaces. On the

other hand, the stability of P-black is an important feature in view of suc-

ceeding with the insertion of small atoms and molecules between its layers

and, in perspective, to promote the single Phosphorene layer functionaliza-

tion. Recent, theoretical studies about phosphorous hydrides are the proof of

a renewed interest of the scientific community towards non-metal hydrides in

general and, more specifically, towards the Phosphorene sheets functionaliza-

tion for tailored, practical applications. The experiment conducted on room

temperature compression/decompression of P-black in the presence of He and

H2 allowed to better describe and understand the high pressure behaviour

of P-black and its equation of state and, furthermore, provided evidences for

He and H2 inclusion between the layers in the orthorhombic and rhombo-

hedral phases. In fact, the high density induced inclusion of He and H2 were

able to partially deactivate the transition mechanism from the rhombohed-

ral A17 to the simple cubic sc phase. The presence of the guest atoms and
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molecules were responsible for a partial retention of Bragg reflections related

to the rhombohedral phase of P-black well beyond the transition threshold

to simple cubic phase, in conditions where no transition hysteresis were re-

ported in available literature data and no metastability of the low pressure

phase can be expected also because of the high hydrostaticity of the pres-

sure transmitting media. Another remarkable feature we found is related to

the high strain of the residual rhombohedral domains of the P-black crystal

into the simple cubic phase. It is not clear if the He and H2 inclusion could

possibly be related to the presence of few defects on the surface and edges

of the P-black crystal, or if a massive penetration of the two fluids between

the layers structure occurred, resulting in some kind of steric hindrance for

the complete transition to the sc phase. In fact, an estimate of the amount

of the residual rhombohedral phase with respect to the simple cubic one was

not possible. However, the inclusion of He and H2 and the partial deactiv-

ation of the transition mechanism through high pressure phases of P-black

remarked the capability of confined systems to strongly affect the behaviour

of the confining matrix.

Subnanometric confinement is a common circumstance experienced by

a great variety of molecular systems throughout the whole universe, under

largely varying P,T, hν conditions. The experiments conducted on three dif-

ferent classes of materials and presented in this work, together with other

studies on clathrate hydrates not discussed here, helped to unveil several as-

pects of the reduced dimensionality interactions in guest-host systems. The

main achievements were related to the successful attempt to highlight the

importance of the structural features of subnanometric spaces provided by

the host matrices, reflecting in a largely different behaviour of the guest mo-

lecules. Confined polyacetylene in 3D and 1D zeolites, as instance, exhibited

remarkably different structural properties. On the other hand, the nature

and chemical conformation of the host systems account for the different role

played by the matrices in presence of intercalated atoms and molecules. Syn-

thetic, pure-SiO2 zeolites were in fact inert, non catalytic inorganic scaffold
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that simply provided reduced space for polymerization reaction to occur with

a pronounced selectivity. In contrast GO, characterized by its several oxygen-

ated functions, established favourable interactions with some inclusion can-

didates yielding peculiar behaviours under high pressure that leaded to inter-

esting structural (auxetic behaviour) and reactive (incorporation of N-atoms

in the basal plane) results. The effects of confinement have been exploited

for the synthesis of nanocomposite compounds with specific and tunable

characteristics. PASIL, pCOSIL and, mostly, their 1D analogous PA/TON

and pCO/TON are good examples of nanocomposite products with strong

directional properties (as 1D-nanoconductivity) and of high energy density

materials. N-doped GO, as obtained from photoinduced reactivity of GO and

NH3, can be useful materials for catalysis. Finally, the possibility to obtain

single Phosphorene layers in view of their functionalization opens countless

possibilities in technological applications. Other interesting products could

be obtained by these high pressure routes, i.e. by embedding and separating

conducting or semi-conducting layers within electrically insulating matrices

(the idea lying behind the GO/polyEthylene experiment), and there is a wide

range of diverse possibility for developing new synthesis and exploring entire

new classes of useful materials for several technological applications.

The mutual interactions between guest molecules and the host systems

are a key parameter for the complete understanding of the behaviour of con-

fined systems, and the three classes of materials taken into account in this

work allowed to investigate purely reduced dimensionality-oriented mechan-

ism and, also, functional groups-mediated interactions. The knowledge of this

peculiar aspects of high pressure reactivity under extreme confinement con-

ditions could help to elucidate several, intriguing phenomena on our planet

and universe and could possibly be exploited for driving the synthesis of new

materials for tailored applications.
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