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In this work we wanted to underline the importance of Thermal Desorption Spectroscopy and
its applications to several branches of Physics.

Temperaturggrogrammed desorption techniques (TPD) are important to determinate Kinetic
and thermodynamiparameters of desorption processes and decomposition reactions.
Knowledge of the nature of the desorption process is fundamental to understand the nature of
the elementarychemical processe®f adsorbates,as the energetics of bonding, the
specification ofthe chemical nature of the bound species and the nature and magnitude of
interactional effect between adsorbed species.

We focused our attention on the applications of Thermal Desorption Spectroscopy (TDS) to
High-Energies Physi¢sAstrophysicsand Geophsics; in fact this technique was used,
respectively, to investigate the molecular hydrogen adsorption on carbon nanotubes, the
effects of electron bombardment on ammonia and methane ices and changes of zoisite mineral
after heating.

The molecular hydrogemadsorption on carbon nanotubes was studied to find a possible
solution to vacuum system problems of Large Hadron Collider (LHC); in fact, the circular
path of photon beams producessynchrotronradiation whid deteriorates LHC vacuum
desorbing gas molecide from the ring walls. Amonghe desorbed species the most
problematicto pump outis H,. Since LHC elements operate at losmperatures, a possible
solution to vacuum problem is the installation of cryosorbent materialseobhHC walls In

this work we study the possibility to use carbon nanotubes as criosorbers in future
accelerators. Our sample, furnishdny Prof. Nagy group of Chemical Engineering
Department of Calabria Universitig constituted byMWNTs synthesized by chemical vapor
deposition usingC;H4 and subsequently purifie@ur investigations confirnthat the carbon
nanotubes have a great adsorption capacity also at low temperatures bothafar hbble

gases as Kr; then we observed thagHssorption on CNT is described by a first kinetider,

while Kr adsorption is characterized by a zero kinetider. By means of TDS we calculate

the activation energy for Hadsorption on carbon nanotubes and we found a value of about
3KJ/mol perfectly coherent with theoretic one. Moreover, from a coispa between
nanotubes and other carbbased material (as charcoal), we noted that adsorption efficiency
for CNT is almost an order of magnitude higher then charcoal. So carbon nanotubes are good

candidates taryosorbersn future accelerators.



As Thernal Desorption Spectroscopy application to Astrophysics we studied the effect of
electron bombardment on ammonia and methane ices. The interstellar medium is composed
for 99% by gasmolecules, atoms and radicals at gas state condense on dust grainsadurface
molecularadb uds (at 10 K) <creating an icy mantl e
of ices is confirmed by IR spectroscopy of obscured stellar sources and in interstellar grains
are localized solid mixture containing®, CO, CH and NH. In these environmestices are
subjeced to chemical and physical processes, specifically to bombardment of photons and
cosmic rayswith the consequent synthesis of new organic species

In this work we conducted an investigation of the chemical processing of ammonia and
methane ices subjected to energetic electr@ysThermal Desorption Spectroscopsg werify

the production of new organic speciedter energetic irradiation in interstellar icess
diazene (NH,), ethane (gHg) and acetylene (Ei,).

Finally, in Geophysicsand Petrology Thermal Desorption Spectroscopy can be used to study
minerals chemical composition. Our interest was focused on zoisitetrendample
investigated was furnishday prof.Ajo fromfil nst i t ut e of l norganic
of CNR, in Radova.ln this work we used TDS to investigate zoisite behaviour during heating
form room temperature to 680 and to understand if its modification into tanzanite variety

after heating is due to structural changes or to a dehydration mechanism.



Chapter 1

Thermal desorption spectroscopy

1.1 Adsorption and Desorptionfundamental principles

Temperaturggrogrammed desorption techniques (TPD) are important to deterrkinate

and thermodynamic parameters of desorption processes and decompositiong.eact

Knowledge of the distinctive features is fundamental to understand the nature of the
elementary chemical processefsadsorbatesas the energetics of bonding, the specification

of the chemical nature of the bound species and the nature and magiituteEractional

effect between adsorbed speflés

Adsorption takes place when attractive interaction between a particle and a surface is strong

enough to overcome thermal disorder effects.

I
T N2X
i i |
i E,0%,)
= tea.
Fges VX,
2F (%M
—+ Physisomtion M

Fig. 11. Adsorptionpotential diagram foa diatomic molecule Xinteracting with a substrate surface along the
direction z. Physisorption potential has been described through the Ldonaslpotential, while

chemisorption has been represented by a Morse potential



The weakest formof adsorptn t o a solid surface is calle
the interaction is mainly due to the ubiquitous van der Waals interaction and typical binding
energies are lower than 50kJ/mol. On the contrary, if gas particles that strike the sudace bin
to it through the formation of a surface ¢
binding energies are higher than 50 kJ/mol and comparable to a fraction of the substrate
sublimation energyMoreoverwe should remarkhat chemisorption is an actated process,

i.e. the formation of a chemisorptive bond requires the overcoming of an activation barrier.

1.2  Adsorption and desorption kinetics
1.2.1 Adsorption isotherms

Theories from which arise studies about adsorption and desorption phenomerseatials
based on the following principles:

1 Adsorption is a localized phenomenon, i.e. absorbed particles are motionless
1 The substrate surface is saturated when all its adsorption sites are occupied, so a
monolayer is formedU = 1ML,
with
Q= N.g¢/ Neurr » (1.1)
where Nags iS the adsorption particles numberwhile Ng,s representgshe number of
adsorptiorsiteson surface.

1 There is not interaction between adsorbed particles.

Adsorption is usually described through isotherms, that is, the amount of adsorbate on the
adsorbent as a function of its pressure at constant temperEtemraost important adsorption
isotherm in the analysis of adsorption/desorption phenomere id.angmuir isotherm,

described through the following set of equations:
r.6(Q) = Ap{l- Q)
, (1.2)
rdes(Q) = BnQn

with A, and B, constantsn=1,2 andaqqes the adsorption/desorption rate.

From the dynamic equilibrium conditioft,,| =|r.J, it follows that



n :M_ (13)
1+ (b, p)"

For n=1 it is possible to observe an adsorption/desorption first order which corresponds to a
sort of condensation process of adsorbed molecules on the surface, while for n=2 there is a
seond order process, which corresponds to a dissociative adsorption and to a recombining
desorption for diatomic molecules. Moreover molecules dissociation can be reduced
decreasing surface temperature.

Other common desorption isotherms are FEneundlich (4 and Brunauer, Emmett e Teller
isothermgBET)

Q,=ap”, with0.2<6<1.0 (1.4)

P 1 ,C 1P (1.5)

(p- pO)g B Cgmax C.gmax pO ’

where

po = vapourpressuref purely liquid phase at fixeemperature
C = system specificonstant
2 = adsoption molality, g=N,,/(m, N,) (1.6)

Imax = the maximum molality that can be achiewelit a monoatomidayer
ma = mass of the adsoath particle

The Bet imtherm extends the assumptions of Langmuir isotherm to multiple layers. It is
hypothesized that only the first monoatomic layer is bonded to substrate surface and that,
consequently, all the adsorbed layers are characterized by the same bonds thatndotwespo
adsorbed molecules in liquid phase. This model describes chains of not interacting adsorbed
molecules that grow perpendicularly to surface, so it is assumed that each molecule of the
chain has coordination number of 2. For multiple coverages reaciieved from BET

isotherm are very different from experimental isothef2js



1.3  Polanyi-Wigner equation

Adsorption of gaseous molecules on a solid surface, with pressure and temperature fixed, is
governed by the equality of the chemical potential ofitieorbed layers and of the gas

€adN) = €gadP,T),
where N is the number of molecules adsorbed on surface, characteriaddthi/number of
adsorption sitesf No.
The chemical potentiabf the adsorbed species is usually calculated through different
techniques(ex. density functionaimethod), whileeg{P,T) can be obtained by thermal
dynamics consideration.

For a gas th&ibbs free Energy is defined as
G=H TS =U + PVTS, (1.7)

where H,S and Uare respectivelyhe enthalpy the entropy and the energy of the system.

For isothermal adsorption at a temperatuge dG= VdP, so

G P
PG = fydP, (1.8)
GO PO

from which

P
G =G, + fydP. (1.9)

PO

The chemical potential is defined as the molar Giblesdrergye=dG/dn so

P
m= g7+ﬁ\idP. (110
PO n
Foran ideal gas
P
m=m +RT,, In;, (1.11)

0

whereg is the chemical potential at the reference pressgire P
If the gas isnot ideal is necessary to calaie the integral in equation (1.)0using the
equaton of the state. For exampléor the van der Waals interaction, V canebpressd as a

series of P:



v :nRT(%+b+cP), (1.12)

where thevirial coefficientsb and c are teperature dependent and the values caioinedin
literature

The desorption rate is usually expressedugh a law of i (with n = 0,1,2):

dQ

M es™ - E = kn @n (113)

If the rate constant,ks descriled by Arrhenius equation

. & DE™p
ky =1, Céxpéﬁ =T 9 : (1.14)

with 3, = desorption frequency, equation (1) i&®mes

dQ . & DEg. 0.
o= - — =1, @ —ce ", 1.1
des dt n Xpéﬁ RT 8@ ( 5)

PW
des

that define the activation Energy of desorptidbB,,. and it isimportant inthe interpretation

of the experimental spectra.

It is useful to observe the differences between the three kinetic orders:

i)Zero kinetic order 0 (n=0)

1 Desorption rate is notegendenbn coverage.
1 Desorption exponentially increases with T
1 Whendose increases the desorption peak moves to higher tempegi@itude2)

1
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Fig. 1.2. Representation okzargorder kinetic



ii) First kinetic order (n=1)
Desorption rate is directly proportional to coverage.

When coverage increase¢he tenperatureat which the maximum of the peak
occurs does not vary (fig.1.3).

The peak is asymmetrical.
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Fig. 13. Firstorder kinetic

iil) Second kinetic order (n=2)
Desorption rate varies with the square of the coverage.

The temperaturat which naximum of the peak occurs increases with decreasing
of thecoveragdfig.1.4).

The peak is symmetrical.
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Fig. 14. Secondorder kinetic



Zero-order kinetics are often indicative of desorption from a multilayer where the rate of
desorption is independenn surface coverage; firstder kinetics may be indicative of the
presence of a single surface species; seooder kinetics are an indication of adsorbate atom
recombination process leading to the productioadiatomic molecules.

A fundamental conition to determinate a thorough set of data is that tisemied desorption
signal is proprtional to desorption rateach step othe desorption process has to take place
more slowy than any secondary reaction involveatelimiting).

In equation (1.1pit is possible to note that the activation paramsetiepend generally from

the coverage, but often it is possible a dependence from temperature, in particular a
dependence from the heating rabean experimental parameter. So it is reasonable to think
that thermal desorptiotechnique gives infomation about nature of adsocbeloleculesin
conditions very distant from equiliobm and at temperatures lower than desorption
temperature; aa consequence the Polakyigner equation can result insufientfor analysis
andit is possible to couple with it equations based on simulation of desorption spettra

complex statistic models to describe the interactioraebrbatef2].

1.3.1 Material balance equation for Thermal Desorption in a vacuum systa

The basic equations for the measurement of thermal desorption spectra are givda]below
The desorption rateR{) of a speciefrom a surface should be a function of the surface
concentratioN and of the temperatuiieof thespecies. The Arrheniderm is

_dN

5 =R =n"N"e Ba/T), (1.16)

wheren{” is the preexponential factorn the deseption order (usually n=0,1,2) arg the

activationenergy for desorption. It is often assumed as a first approximatiomwfhaind Eg

are constant, but it has been shown that in many cases these kinetic parameters vary with
coverage N.

If the pumping speed dhe system¢) is constat, if the pressure risBP above the base
pressure §is used andf no adsorption/desorption processes occur on extraneous surface, the

Redhead equation [6]

2 A0 > (1.17)
3 .



= (rate of the gas evolutioifincremental pumping rate above steady state background rate).

Thus,
V d(DP) sDP
= +
R AKT dt  AKT’ )
which may be rewritten as
AKT _d(DP) DP
- = ‘4 , 119
R \ dt t ( )
whereU = is thé characteristic pumping time of the system.
Defining a characteristic timg tfor the desorption of a binding state, two limits exist:
g7 forU > %he EHqt1.19 becomes
AKT dt
g forU<< Ut
vV DP
= 1.21
R AKT ¢ ( )

For most situations invoivn g vacuum system wAQ2Bs)dndi ©2s, p u mp
Eq. (1.21) is applied conveniently and the pressure £Beis a direct measure of the
desorption rat®g.

For intermediate cases it is convenient to use both terms in Eq. (1.19).

In a glass pmetal ultrahighvacuum system it is possible to measiby rapidly opening or
closing the leak valve for the gas admission or by producing a pulse of gas by rapid
desorption from a filament and, subsequently, following the decay of pressure witlht tisne.
often found thatlis not constant. This problem may be due to wall effect or-tamission of

gas from ion pumps or other element within the system.

Redhead [7] proposed a method to determinate that wall effects are absent in
adsorption/desorptioaxperiments under flow conditions. The pumping speed of a gas under
molecular flow conditions (with no wall effects) is directly proportional to the molecular
mean velocity and, for a Boltzmann distribution, it is therefore proportionah™*(, where

mis the molecular mass.

1C



1.4  Theories of Thermal desorption
1.4.1 The Mobile Precursor Model in Adsorption and Desorption

Several studies about chemisorption sanfaceshave shown that the sticking coefficient
remains nearly constant (and often nearyyrover a wide coverage range. This observation

has led to the postulate that in chemisorption is present a precursor state , that may sample
both filled and empty adsorption sites as it migrate, until finally becoming chemidaibed

King [3] was the fist to propose the passage through a mobile precursor state also in thermal
desorption and he computed the influence that this process might have on the shape of thermal
desorption spectra.

Gorte and Schmidf4] have formulated a desorption kinetic modeVdlving transition

through a precursor state, illustrated below for-mster desorption kinetics.

For an adsorbed molecule A(s), the elementary reaction describing desorption process is

kg )
Ais) A'+ site —— A(9)

. (1.22)

wher e t he Kk 6osderrate pgonsaste forthe dlemensaty steps.
If the precursostateA is in equilibrium with A(s) at ce e r a and it isfat a low steady

state concentration during desorption, is it possible to write

dg, /dt=k,q. - kg, (1- g5)- K'g, =0 (1.23)
and

dg/dt=-K'g, =- K'kegs/[K +k,0- g5) . (124

For k>>k, the firstorder desorption kinetics is obtained

dgs/dt =k,q. (1.25)

while for K<<k, we have

dgs/dt = - K'kyqs /[k, (- g5)] (1.26)
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Using the rate expression, the equation (1.20) becomes

dgs/dt =- L7*/7d /na][qs/(l' 575)] e [ +e- £ e) (1.27)

The activatim energy term in the exponential factor is just the total barrier height for the
process going from A(s) to A(Q), i.e. the heat of adsorption.

Fig. 1.5 show a comparison between the theoretically calculateebifitst temperature
programmed desorption haviour for a mobile precursor model and the normal first order

desorption.
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Fig. 15. (@)A normal first order desorption spectra, calculated assubgi$ kcal molé, 3,V=10"s* and

H=100 K/s; (b)limiting case for single precursor.

Is it possible to notethat h e -dd)/ (flact or i n equation (1.27)
of the desorption peak and a shift to lower temperature.

Thus if a mobile precursor iavolved in desorption, estimates of grponential factors and
desorption energielsom the peak shapes will be inexact, because of the dependence of these
parameters on peak shape.

Dissociative adsorption, followed by secemdier desorption via a mié precursorwill

i nt r o d’(lef® term into Hq. (1.27), with a consequent desorption peak broadening and
shifting to lower temperature.

So the mobility of the activated complex is an important factor to consider in some kinetic
measurements of thermal desorptio

The absence of a precursor in condensation at low temperature implies the absence of a
precursor expression for desorption and the presence of a precursor in condensation suggests

that these expressions might be anticipatetesorptior{4].
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1.4.2 Satistical Thermodynamics of Adsorption and Despption

The Eyring theory ofreaction rate$5] postulateghat the reaction (adsorption or desorption)
proceeds via an energetically activated state (or complex) that is intermediate in structure
between theeactants and the products in the process under consideration. It exist at the top of
a potential energy barrier whose height is the activation energy for the reaction process.
Passage over the energy barrier occurs by motion along a path called tio iBardinate,

that describe the molecular configuration of the reactants and the products. The activated
complex at the top of the barrier exists in low concentration in equilibrium with the reactants.
For adsorption on a uniform surface, let be theequilibrium concentration of activated
complexes (molecules ¢ty Ns the number of adsption sites per square centiraeand N

the number of gaphase molecules per cubic centiraet

In an adsorption process in which a molecule is adsorbed withoutidisso onthe sirface,

the equilibrium constant is:

K*(eq):N*/NgNS = f*'/fg fo (1.28)

where the three terfrabove are the complete partition functions for the species or for the site

( f=age a/lkr) andg; is the degeneracy of the quantum state of engygy
i

From Eq.(1.28) the activated complexes concentration is
N™ = f"N,N,/f,f,. (1.29)

The rate of the reaction is equal to the product of the concentration of activatptexes\’

and the frequency of crossing the barrier. Let us assume that the activated complex exists in

a region of 1l ength U tthétoprohthetbdirer. Usiagahe Maxeall ¢ o
Boltzmann statistics is it possible to determinate the average velocity for translation over the

barrier (v):

V= (kT/ 2o m’ )y2 (1.30)

wherem?* is the effective mass of the complex. Thus the average time of crossing the barrier

is

13



t =dv=dkT/20m ) 2. (1.31)

Moreover it follows that the rate of transmission over the barrig¢ N JwhereK dis a
transmission coefficient reflecting the probability of the activate complex of passing over the

potential barrier. Thus,

dN

L =K'N/t =K'/t (F"N_N,/f f). (1.32)

It is convenient to r@xpress the complete partition functibrfas f f—lf*f*trans,(}dim), where

f*trans,(l_dim) is the onedimensional translation partition function corresponding to omoti
along the reaction coordinate, over the barrier. So, from mechanicatlecation of a particle

in a box of length G4, it follow that

fransiamy = (20 M KT) 2at/h. (133
So the Eq. (1.32) becomes

o Jt =K'KT/h(f'NGN,/ff,). (1.34)

It is convenient to make the zepoint energy of the initial state of the system the arbitrary

zero reference energy atwredefing . Thus,

dN KT f°
g e /(kT)
dt_KTffNN : (1.35)

wherel] is the activation energy for the process.
This theory has been treated for the cases of immobile and mobile adsorption by Glasstone

[5].

Sothe rate of the firsbrder desorption via an activated complex is given by

Ny _ KT el
dt h f, '

(1.36)
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whereN, andf, refer to the adsoed species antl}is the activation energy for desorption of a
single molecule, refeed to the zeregpoint energy of the adsorbed species
Forthe firstorder kinetics of desorption in which both the adsorbate species and the activated

complex are considered to be immobife /f, @L. Many experiments have shown that first
. . . KT .

order desorption process exhibits{gpgponential factor oK ™ magnitude.

For thermodynamics consideration is important to remember that

* 1 A DGo/(RT)
K<eOI> € : (1.37)

where DG, * DH, - TDS, and DH, and DS, are respectively the activatiominalpyand

entropy for formation of the activated complex from the reactants.
For the firstorder desorption, with

*

—h

. N’
K, =— =—@g /) 1.38
e TN T : (1.38)
the desorption rate is given by
dN KT .
g — ' DS;/R o~ DHo /(RT)
=K —e™"e N, . 1.39
For an-order desorption the equilibrium constant becomes
* — *Np1(n-1) n
K(eq) =N Ns /Na , (1.40)
whereNsis the number of sites per square centimete
So the generadquation for theith order desorption rate is:
dN K KT oo .
: ——"Re M/FINT (1.41)

dt N h

N is about 1&°cm? for most adsorbents. For little or no activation entrop$;,(° 0) and for

K@, thepree x ponent sl factor 3
p p

15



n$” =kT/hN™D (1.42)

In the temperature range (RO00)K, for first order kinetics10' ¢ 7" (=kT/h) ¢ 4Q0°s™,
while for the second order kinet8® ¢ 7$? (=kT/(hN,)) ¢ 4Q0 % cn’s™.

When the activated complex is characterized by two degrees of translational freedom, the

two-dimensional translational partition function for a single particle is

2pka

f(*2D tr) — h2 , (1.43)

whereA is the total surface area available to the translating complex.
For N indistinguishable and independent particles , the carla@msamble partition function

is
* 1 * N
I:(2D tr) (f(ZD,tr)) . (1.44)

N!

The Helmholtz free energy is given by

A1E -TS1-KTINF' =- NlenS‘eZp;]“—ZHAWe% (1.45)
(; -
So fora two-dimensional gas ENKT,
Shou * % = 2Nk + r\|k|n‘3é;‘ez'“hLkT I/\TO, (1.46)

g =
with an increasing of the pmxponential factor. Additional enhancement of e

exporential factor can occur if other degrees of freedom are permitted for the activated

complex in desorption.
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1.5 Treatment of experimental Desorption data

Experimental data can be treated with several methndiis work we used the Heating Rate
Variation Method, through which we obtain a value of activation energy faddorption on
carbon nanotubes absolutely coherent widgtheoretic value.

1.5.1Heating Rate Variation Method

Desorption spectra cdre treated with several models. In this wark usedhe Heating Rate
Variation Method, that is based on the collection of a series of spectra characterized by the
same adsorbate coverage but different heating batedT/dt= const.

From each spectra it is possible dbtain thetemperature corresnding to the maximum
desorption rate (Tmax) and then the expressions related to first and second kinetic order.
Fromdt=d T Aarfol substituting it in Polany Wigner equation (1.15):

dQ 1 . a DE.0Q._,
M =—=-—n_ @ = QW) , 1.4
des dT b n Xpé% RT 8 ( D

wherer is the desorption rate.

Imposing at T=Tax the maximum condition

dees| — _ (1.48)
dT T max
in equation (1.14) we obtain that
d2Q o fQ .DE
0= =nd" +Q" Q- des 1.49
dT? T e ® dT Q RTZ, (1.49)
So, from the expression for U / id (L.13)
DE,.. 1 s & DE,.Q
E=n O @ <Q. 1.5
RT2, b " ® xpég RT 8 (150

The first kinetic order (n=1 independent othe coverage, but dependenttba heating rate
b:
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1 .. a 0
des — es
RT2 b Qexpéﬁ RT O (1.5

Taking the logaritm of both parts of equation (1.51)earrangement yields:

In Tian - D In DE.- (1.52)
b RT n, R

max

Plotting ,In(T2, /b) as a function ol/Tmaxfor a series of heating rate values, it is possible to

0 bt aida ngiespectively from the slope and the intercept with the ordinate of the line.
For the first kinetic order desorption depe
instead the last dependence is present in equation for the second kinetic order.

For the second kinetic order (n=2) instead, from (1.51) we obtain

I:]Edes_ des
RIE =™ aa(rmax)ceng RT8 (1.53

The second order cursare asymmetra withrespect to Fax 9® Dkh),Wheros U

the coverage value before desorption. So

2
inmx = Des , jy_ Does (1.54)
b RTmax n, R,
Plotting In(T,ﬁaX/b) vS UTmaxandi f o isnown it i s po sgsfiohthesslogeo o b

a n g@ froen the intercept. Through this method we calculated an experimental vaibe of
activation energy coherent with the theoretic value.
In figure 1.6is showedhe PolanyWigner equation plot at thér$t kinetic order, for a tipical

value of desorption activation energy. As previously written, the peak is clearly asymmetrical.
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45 E_..=300 J/mole

Fig. 1.6 PolanyiWigner plot: emission intensity as function of temperature for different activation

energies, withh andEg.sfixed.

1.5.2 Gas Evolution Method (constant Heatingrate)

Let consider a surface desorbing gas into a pumped ultrabighum system, in which the
average residence time for a gas moleculd)i€quation (1.18) may be written, in a

dimensionles, for as:

—+—=-——1g(T (1.55)

where P" is a dimensionless quantity equal PéPrax and Pmax is the maximum pressure
observed for desorption df, molecues cn? into the samevacuum system with zero
pumpi ng 981 Koésthe ifitl ceverage on the surface.

Forb = dT/dtit is possible to obtain

aTond e, eT E, n¥PR 4 E, 0,9
P(T)=e B PPE—- —% - 2 TZexpee —qdTy, 1.56
(") P8 B SV v, P RTATy (99
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where n{’ is the preexponential factor athe firstorder (§'), E4 is the activation energy for
desorption and R is the gas constant. P(T) describes the normalized profile of a desorption
spectrum characterized by nfJ ,andE;.

To determinate the kinetic parameterS and Eq it is convenient to utilize the following

relationshipderivedby Redhead:

neT,
n - In , (1.57)
RT b RT

where T, is the temperature ahich the rate of desorption is maximum.
Since the experimental desorption peak maximum temperatyr&Th it is useful to

determinate pairs of the parametgf8 andE4 which satisfy Eq.(1.57). So the desorption peak
shape may bgeneatedfrom Eq.(1.56), using each pair of values which satisfy Eq.(1.57). By
matching the theoretical peak to the experimental peak shape, it is possible to deduce the best

values ofn{” andEy that fit data

1.5.3 Coverage measement made during Programmed Desorption

Pfnur et al. [8] have used the vibrating capacitor method for measuring the instantaneous
surface coverage of CO on Ru(001) during TPD. This method is based on the observation that
the work function changef was diretly proportional to coverage of CO and independent on
temperature.

Therefore,

F=d0) _ AN (1.58)
dt dt

and it is possible to use Eq. (1.4t)determinen$’ andE4 asa function of coverage for the

system plotting Irf()/f versus 1/T for various constant coverages.
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1.5.4 Leading Edge Analysis

This method[1] was introduced by Habenschadsamd Kuppers and allows the detgmation
of the activation parameters dependent on coverage and temperature. To keep teniperature
and coverage) a small section of the spectrum on its leading edge is selected. This part of the
spectrum is then plotted as Mes vs 1/, according to thdogarithmic Polamwigner

equation (1.15):
DE
Inr, . =- —+Inn_+nn0Q. 1.59
des RT n Q ( )

From the slope of this Arrhenius pl@E, can be determined, whikeom the intercept the

frequency factos, canbe determined if the reaction order and coverage are known.
Closer examination of the method reveals that an exact determinatpmsgiossible under
certain condition. The first step i® differentiateEq.(1.15) with respect to T far=1 and

T=Tmax, then taking account of the fact that the activation parameters are coverage dependent:

2
49 -, (1.60)
dr |
SO
den _ & DE.§ @ & dmdQ . Dy MQM(DE.) 40,  dQo
den e002-¢ dm dQ ey ;) Dlaes iy MQ DB SR, ) dQ0 4 o9
dgbxpSeRTi'Qﬂsdet R R R w0 Ca gy (46D

Assuming n=1, using Eq.(1.4@nd imposing condition described by Eq.(1.60) yields:

Qi 1 @ 1Q O’d( des) C%@Xpa DEdes %_ DEdesg =0. (162)
& dQ RT ~ dQ =3¢ ¢ RT 2 RT?q
Then itis possible to separatdl terms containings :
b(DE,, .. &DE,.0 Q SH(PEqe)
es:ca3 desoz 1 1 des. . 1.63
RT2 VORT 2 Q ®- dQ (1.63)
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The frequency factos; can be determined directly in two cases:

1 whenDE, and3;are independent of U so, from

/71 - b CDEdes C"@] (pa;EDEdesg.

; 1.64
RT? ¢ RT + ( )

1 when the last two terms on the right of Eq.(1.63) compensate eachiathehen

dnl GD _ le c")d([Edes) o 0 (165)
dQ RT dQ
In both cases; may be easily determined.
It is useful to note that Eq.(1.65) can be rearranged to
d(DEqed)
d(inn,)= des’ | 1.66
(nn,)= =22 (1.66)

which states that the loganittic frequency factor scales lidy with the desorption energy.

This result is an expression of the&aled compensation effecthat consists in the frequent
observation that an increase in the exponential term in the Arrhenius equation is linked to a
decrease of the frequency factor.
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Chapter 2

Thermal Desorption Spectroscopy applications

Thermal desorption spectroscopy is useful to determinate kinetic and thermodynamic
parameters of desorption processes and decomposition reactions. In thisr ctiee
application of TDS to astrophysical processes is explained. We used this technique to
investigate recombination and decomposition mechanisms occurred in ammonia and methane
ices subjected to electron bombardmékie obtained that new species arequced when

solid methane or solid ammonia are irradiated with electrons. In the first case we observed the
production of acetylene ¢B,) and ethane (£1s) while in the second case we detected
diazene (NH,).

2.1 Thermal desorption spectroscopy apiration to Astrophysics

2.1.1 The interstellar medium

The term Alnterstellar M e difiusedamong theSstéys, thdite s ¢ r

mostly thickens in wide regions namatderstellar clouds(fig.2.1). In ourgalaxy, theVia

Lattea the intestellar clouds concentrate mainly along the spiral arms, but also in the regions

between the spiral arms and the galactic halo, on and under the galactic plan.

The star light thatrosses the interstellar medium is partially attenuated. This fact refgése

an important problem to the astronomers interested in the observation of stars and galaxies,

until they understood the importance of studying the interstellar medium. ifEb#

interstellar clouds, in fact, play an important role in the stars cydiéeothe explosions of

supernovae enrich of heavier elements (synthesized into nes) gta interstellar clouds,

which contribute to the rising of new stars because of gravitational collapse.

The interstellamedium represents the -16% ofour galay mass and it is made largely of

gas (99%) and for a small part (1%) of dust grains with dimensions in the order of micron.

The dust grains are mainly the cause of the stellar extinction phenomenon, consisting in the

partial stellar light attenuation due the scattering and the adsorption physical processes. The
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interstellar clouds are composed by gases and dusts and their interaction produces a rich
interstellar chemistry.

Fig.2z. 1. The Horseds head nebné@s bel omdgs Thetmebumlod eic

block the light of the incandescent gas on background.

2.1.2 The interstellar gas

The interstellar matter chemical composition is similar to the cosmic composition, describing
the abundance of several elarteof our Sun. Thus the interstellar gas is made mainly of
hydrogen (90%) and helium (10%), while oxygen, carbon and nitrogen represent only the
0.1% of the entire mass; other heavier elemanée present in very small amounts. The
physical and chemicalrpperties of interstellar clouds are mainly determined by interstellar
gas because of its great abundance contrarily to dusthermore the interstellar clouds are
classified according to hydrogestate Many chemical species halwezen identified by the
adsaption spectra of the stellar light that arrives on hearth passing through an interstellar
cloud(Fig.22).
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Fig. 2.2. The interaction between the interstellar light and the interstellar medium, placed along the observation

direction, give information about the chemical elemsranstituting the interstellar clouds.

The information about interstellar gas mosttyme from radimbservationsAt the beginning

of 1950 Purcell and his collaboratopsinted out theline of 21cmof interstellaratomic
hydrogen Consequently to this observation the analysis of the 21cm line became a powerful
instrument for the interstellar gas investigation; this technique gives information only about
atomic hydrogen. Although the molecular hydrogen is the nimstdant molecule in nature,

its individuation is very difficult; in fact BHis a diatomic homewuclearmoleculewith no
permanent electric dipole, so it can emit radiation only thragyuggdrupoletransitions. For

this cause the abundance of i the intestellar medium is indirectly estimated by the
observation of other molecules as CO, that is the second more abapdeies(about 1¢-

10° of hydrogen concentration).

When a CO molecule collides with & holecule (which is the most probable partner in
collisions because of its abundance) the former may be excited in a higheibratonal

state; the consequent CO-ebecitation through a photon emission gives information about
the presence of HThe ratio of H molecular abundance with,Fatomic abadance varies

with the position of our Galaxy. Near the Sun the gas density is about 0.04 solar mass per
(parsec), where a solar mass is equal to $3¥°kg and 1 parsec=3.0.860'° m; the entire

mass is made of hydrogen for 77%, molecules for 17%aasdfor 6%.

The interstellar medium regionghich are better screened from the stellar radiations are
characterized by a great presence of thile regions with high radiation fieldsare

dominated by the H presence.
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Although H: is the simpler moleculats formation in the interstellar medium has generated
many discussions. In fact the radioactive association of two hydrogen atoms is a less efficient
process of formation because it involves prohibited-uiboational transitions; moreover the
reactionof three bodies in gaseous phase in the interstalaium israre.

Hollenbach and Salpeter suggested thatfddimation may occur efficaciously on the dust
grains surface, which may operate as catalj8fs Many other studies botkheoretical

[10,11] and experimentdl12, 13, 14 have been analyzed this topic.

2.1.3 The interstellar dust

Although the dust grains represent only the 1% of the interstellar medium mass, they play a
fundamental role in the chemistry and evolution of the interstelladsloin fact they operate

as catalysts permitting to the chemical species adsorbed on their surface to interact and to
form new species. The formation of new species on the grain surface ocdesdrébed
according to the following steps: 1) arrival of sigedn gaseous phase which are adedron

the grain surface; Xcansiorof the grain surface by species with more mobility; 3) meeting
and chemical reaction between two chemical species on grain surfaekeage of exceeding
energy by the new specieseated and consequemblecularstabilization (as in the case of

H>); 5) probable desorptiorf the new species formed (fig.3).

Adsorption Irradiiation
O—
° T
Migration
Chemical J Desorption
reaction N

N

Fig.2.3. Schematic illustration of interactions on grains surface.
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The presence of dust grains into interatethedium is confirmed by some evidences, among
which the stellar light extinction curve at wavelengthsisible and ultraviolet (fig. 21). The

stellar light extinction is due to scattering and adsorption processes involving the dust grains.
The extintion is a function of wavelength; a wavelength decrease corresponds to an
extinction increaseAs a consequence of this observation the stellar light is more red than it is
in reality. Another evidence of the interstellar dust grains existence is the lvesd
polarization of stellar light; this implies also that the grains cannot have a spherical shape. The
dust grains in fact are elongated particles made of paramagnetic materials and so aligned to
interstellar magnetic fields.

Although the evidence ohese observatiegnthe dust grains models (for example utilized for
understanding the interstellar extinction curve) often consider a spherical shape for the grains.

The typical dimensions of the dust grains are in the range of3lanm.
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Fig.2 4. Stellar extinction curve for several

The analysis of adsorption spectrathe infrared (for example spectra acquired by the
satellite 1SO) shows that the dust grains are mainly made of silicates and carbadalsnate

The spectral characteristics at i@ and 12mm are due to vibrational transitions of silicates
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(SIiO e SiQ) and water ice, while the interstellar extinction in ultraviolet magX@ainedby

the presence of small graphitic grains. Another observahbout the grains chemical
composition is that some elememts N and S in gaseous phase have abundances similar to
solar ones, whilseveral elements (as Mg, Al, Si, Ti, Ca, Fe, Ni, Cr) are less abundant (figure
2.5). It is note that the interstellab@ndances are similar to solar ofi2§], so the elements

which are absent in gaseous phase are probably located in tigeadositl 6].
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Fig. 25. Reduction of elements (respect to cosmic abundances) in the interstellar Cplicdisa function of
the condensation temperature of the elemdrite ordinate is represented by the difference between the
logarithm of measured abundances and the logarithm of cosmic abundanceg. E200K the elements are

able to form refractory solids oF example Chasan abundance fwer then solar one.

It is thought that the dust grains are ejected by hot stars; in fact the dust grains cannot form in
situ in interstellar cloud because of its very low density. So the dust grains formation
mechanis is very probably the following. At the end of their life, thecatled Asymptotic

Giant Branch stars (AGB) emit a large part tbeir envelopeinto space, so they are
surrounded by very large atmospheres which are sufficiently cold and dense to fmmmsit a

and moleculeswucleation leadingo the formation of small solid particleBhe flow of stellar
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materials maycontain mainly carbon or oxygenharacterizing the composition of the dust
produced: if carbon is more abundant then oxygen, the lattes fioramly CO and the former
produces several carbon molecules, so dust grains coocsabon; if oxygen is more
abundant,the oxygen excesproduces metallic oxides which farucleation permit the

formation of solid oxides and silicatgs/].

2.1.4 Icesin interstellar medium

In the very dense and cold interstellar clouds (the minimum density is abbatohis for

cubic centimetrejhe observations have revealed the existence of frozen mantles on the dust
grains surfac¢l8]. These ices are mainly madéwater, identified by théeatures 86.0nm

and 3.1nm, respectivelyassigned to the bending mode of the amorphous water ice and to the
stretching mode of @ in thewater ice. Other molecules which contribute to formation of the
grains ice mantel are@, CQ,, CH;OH, CH,;, NH3, OCS (see tablel and figures®

Molecule Abundance(%) Molecule Abundance(%)

H>0 100 co 3-50
COs 7-25 NHj < 10
CH3OH 2-25 CHy 0.9-1.9
HyCO 37 0C's 0.1
Cy Hyg <04 OCN~— < 1.9
NH}F 317 HCOOH < 1.7

Table2.1. Molecules observed in the interstellar ices, with abundances relative to water ice.

In general these molecules condense on grains in gaseous phase, but the grains mantle
compsition does not exactly reflect the composition and the abundances ohgsbeug
phase. For example 6 knownthat CQ is preset in the grains, but it is naibserved in

gaseouphase yef19].
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Fig. 26. Inventory of interstellar icesomted out in the protostar W33A (Gibb et al., 2000). The spectra shows

the adsorption characteristics due both to the dust grains (silicates)thedlidyice mantles.

So it is reasonable to think that when reactive chemical specieense on thdust grains

may form new molecules through chemical reaction. New molecules form also after
irradiation by UV photons and cosmic rays at which the interstellar ices are subjected, as
noticed through experiments conducted in laboratories 2&dor theion bombardment and

[21] for the photons irradiation. Also the water ice forms by chemical reaction on the dust
grains surface. Instead the direct increase of complex molecules from gaseous phase
influences little the chemical composition of the mantldewever mantles composition
mainly reflects the locatonditions (figure 2.7). Because hydrogen is the more abundant
species in the Universe the chemistry on the grains surface is determined by the ratio H/H
When this ratio is high the chemistry is doated by hydrogenation reactions ahd more
abundant chemical species argOkHHNH; and CH. Instead if the ratio H/Kis lower then 1,

some very reactive species as O and N may teateen them andhey may form CO, CQ

O, and N. Consequently it isexpected that two differentmantle types are produced by
reactions on the grains surfaces: the first type is dominated by polar molecules linked by
hydrogen bond, while the second one is dominatedrsaturated nepolar molecules (or
weakly polar)[22]. In fact, from the analysis of carbon monoxipeofiles in solid phase,

generated by young stellar objects, it is possible to observe two types of ice migtlaes
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and nonpolar) and a third type whose nature is uncertdihe profile attributed to CO
stretching (2140 cit) is formed by the superimposition of three comgus, describing
three different ice mixtures. In general, a component prevails over the two others according to

the physical condition of each interstellar cldag).
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Fig. 27. Schematic representation of the different mantle types. The interstellar ice composition in interstellar

clouds depends on local conditions as the ratio, Hthke intensity of cosmic rays attieradiation field.

The main constituent of icenantles is water, whose chemical origin is not jet understood.
Sometheoreticalworks [24, 25] suggest three possible reactions for the formation sf: H
hydrogenation of O, ©and Q. Actually, because of the few experiments simulating these
reactionsjt is not possible to determinate all their contributes. However the water formation
in gaseous phase and its consequent increase on grains does not expla aberdances
observed 26]. Both experimentdl27] and theoretical28] evidences confirm thahe water

ice in the interstellar medium is mainly amorphous, but there are few indications about its
morphology. Some experiments have showed that the ice porosity considerably influences the
H, formation efficiency[29] and the H energetic content wine after its formation, it is
released by grain in gaseous phgg#. Moreover it is observed that a porous ice filas @&

adsorptiorefficiency 2050 times largethen a compact ice filf81].
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The ice porosity may be identified by the weak adsorgBatures in thénfrared ¢ 2.7 nm)

due to vibration of the @ dangling bondon the pore surfacg82]. This featureis not jet
observedyet for the interstellar ices, so it is reasonable to think that they have a compact
nature[33].

2.1.5 Ices and engagetic agents

When inside an interstellar cloubright starsform, they may induce both physical and
chemical changes into surrounding material irradiating energy into their local environment. In
particular the frozen mantles of the dust grains may beetigabducing (partially or totally)

the ices sublimation or crystallization. Moreover the mantles composition may be modified
through chemical reactions inducted by the radiation field. The ices spectroscopy gives three
methods to analyze these changesth#)abundance variatiommd the more volatile species,
attributable to sublimation; 2)he profile evolutionas function of temperature; 3jhe
individuation of featuresconnected to photprocesses products. Figure 3.8 shows
schematically the sublimatiomones around a young stellar object (YSO). Among the
molecules commonly observed in the ice mantles, CO is the most volafdeisHhe least

volatile and CQrepresents an intermediate case.
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Fig. 28. Schematic representation of chemical mmrent of a massive young star inside a dense molecular
cloud. The presenad several molecules intmantless indicated, respect to the grains temperatugegiid as

afunction of the star radial distance.

Sothe heating may remove tinenpolarlayer (dominated by CO) faster then the polar layer

(dominated by HO); particularly thenonpolar ice may vaporize at about 20 K, while the
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polar one may survive at least until 100 K. This assumption is confirmed by observations.
Analyzing the differences imantles sublimations observed along several observation lines,
Chiar et al. proposed the existence of three general classes of objects, subdivided in
accordance with an evolutionary sequencealf¢cts with few or with ngublimation ofnon

polar mantleswith a ratio of the two ice type CO48 about (2560)%; 2) objects subped

to a moderate or high sublimatiof nonpolar mantles, with a ratio COA® about (120)%;

3) objects characterized by a total CO sublimation.

As already written, at the begimg of their formation the ices are amorphous, because
accretion ppens at temperature very lower then fusion or sublimati@s of remarkable
molecules.

The spectral profiles of amorphous solids are very large Gaussians. If material is heated the
spectal lines become narrower and more similar to ¢hestalline solids spectral profiles,
because of molecules rearrangement in energetically more favourable configurations.
Through these differences it has been possible to verify that in tballed quiesent dark

clouds the ices are at a temperature between 10 K and 20 K, while in many YSO the ices are
at a temperature in the range of {@O)K [27]. It is important to note that although is
favourable to characterize ices in accordance with distinct poldrnorpolar components
(deposited sequentially), it is possible to observe an intermediate stadium of mantle growth in
which H,O andCO accumulatén comparable rates.

Oxidation and hydrogenation reactions, involving CO, may lead to @@ CHOH
prodwction and so to formation of an amorphous mixture containing C8;0H e HO with

similar proportions.

If this mixture is heated, the consequent structural changes lead to the formation of complexes
in which the oxygen atoms of GBH bond with the carboatoms of CQ creating strong
intermolecular bonds.

The ices thermal evolution is mainly determined by the adsorption of infrared radiation
emitted from stay inside gas and dustentanglementWhen the circumstellar material
gradually disperses, more enetig radiation and particles flow may permeate the
surrounding medium. Photons with energies in the order of eV may break the chemical bonds
and they may convert saturated molecules #3,HNH; e CH, in radicals. If irradiation is
followed by heating, theaadicals may migrate through the mantles and they may react with
other chemical species. Moreover when the grains come back from the molecular clouds to

the diffuse interstellar medium, they maintain theiantleswhich are consequently and
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remarkably modied by photochemical reactions; these reactions convert the volatile ices in
refractory organic material, as pointed out in laboratory simula{geef34], [ 35 and[36]).

Into dense molecular clouds the grains mantles are also subjected to ion buoertard
Comparing the adsorption spectra obtained by observations with the spectra of ices
bombarded in laboratory, it is possible to obtain information about the ion bombardment
effects to which are subjected the interstellar i¢es. example figure .2 ([20]) shows a
comparison between the band profile at 2165 ofserved in the direction of the protostellar
object W33A and the band formed after ion bombardment of an ices mixture contai@ing H
CH, e Nb. The good comparison confirms the hypothesis thatenergetic agents play an
important role in the grains mantels evolution and that their chemical composition may be

strongly influencedy interaction with cosmic ray20].
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Fig.29. Comparison between the band profile at a 2b650bserved in the direction of W33A and the spectra
obtained in laboratory from a mixture of®tCH,:N, bombarded at 12 K and heated up to 12020]).

The electronic bombardment effect on interstellar ices with laboratory experingsnieen

recently irvestigated37].
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Solid ammonia (NH) was irradiatedn the temperature range of (60) K with highenergy
electrons to simulate the processing of ammdearing ices in the interstellar medium and in

the solar system.

Ammonia and ammonia hydrate havebdound in the atmosphere of Jupiter, Saturn, Uranus
and on the surfaces of their icy satellites such as Miranda, Mimas, Enceladus, Tethys and
Rhea. Ammonia has been identified in the dust grains in cold molecular clouds with an
abundance of 1%0% with espect to water. The ammonia abundance in the ices of comets
and protostars is lower than water,(J, carbon monoxide (CO) and carbon dioxide §ZO

but higher than methane (GH The ices in these cold molecular clouds and on solar system
bodies are subgted to the irradiation by cosmrays, UV photons, the solar wind or by
energetic particles trapped in planetary magnetospheres.

Ammonia is hardly a pure ice, but mixed with species such as water, so it is essential to study
the mixture of ammonia witkeveral molecules under realistic conditions. The solid ammonia
properties are very interesting from both astrophysical and chemical viewpoint.

As a result of the experiments of Zheng etthké synthesis of hydrazine {N,), diazene

(N2H2 isomers), hydrogn azide (HN), the amino radical (NkJ, molecular hydrogen (},

and molecular nitrogen @\ has been confirmed. So ammonia may be the main source of
nitrogen in comets and the interaction of ammonia with ionizing radiation can produce a
greater amount aholecular nitrogen. As consequence it is expected , on various solar system
objects, an ammonia decreasing corresponding to an increasing of molecular nitrogen
fraction.

The results show that the production rates of hydrazine, diazene, hydrogen azeteilanol
hydrogen, and molecular nitrogen are higher in amorphous ammonia than those in crystalline
ammonia; this behaviour is similar to the production of molecular hydrogen, molecular
oxygen, and hydrogen peroxide found in electiroadiated water ices.

These studies have been analyzed also in this work and theyevdéderibed particularly in

chapterd.
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2.2 Thermal desorption spectroscopy application to Geophysics

In Geophysics and Petrology Thermal Desorption Spectroscopy can be used to stualg miner
chemical composition. Our interest was focused on zoisite. In fact, in this work we used TPD
to investigate zoisite behaviour and to understand if its modification into tanzanite variety

after heating is due to structural changes or to a dehydragchanism.

2.2.1 Zisite

Zoisite (CaAl;3[Si,O7][SiO4O(OH) ) is a sorosilicate, i.e. a silicate in which are present
isolate groups made of tetrahedral couples (SiO4) sharing an apical oXygerzoisite
empirical formula is Cahl3SkO12(OH).

The crystastructure consists of one type of endless octahethaihs parallel td with two
distinct octahedral sites M1,2 and M3. These chains are cross by isolated tetrahedral SiO
(T3) and SiO; groups (T1 and T2) in theandc directiongfig.3.10).

Fig.210. The elementary crystal structure of zoisite.

Zoisite is amallocromaticmineral, because its milling produces a white dust. So theircislo
not due to its chemicalenposition, but it can varlgecause of the presencécromophores
ions orstructural defects of crystal lattice

Zoisite chemical composition (in %) is mainly described in the following {&@de
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Calcium (Ca) 17.64% CaO 24.68
Aluminum (Al) 17.82% Al;O3 33.66
Silicon (Si) 18.2% SiO, 39.67
Hydrogen (H) 0.22% H,0 1.98
Oxygen (O) 45.78%

Table 2.2

Among the typical impurities of zoisite mostcommonis water.

The optical adsoprtion spectra of natural yellow zoisite shohvee spectral bands,
respectively ail3.400cm*, 22.500cm™* and27.000cm™.

Tanzanite is the blue variety of zoisite, which was discovered in the Merelani Hills of
Northern Tanzania in 1967. When yellow zoisite is heated betwee-&HBIC, it becomes

an intense violeblue colour (variety tanzanit¢39]; this behaviour was explained in terms of
change of the oxidation state of transition metal ions, such[d6,\4].

Rodeghero et aJ42] studied the dependence of the colour changes in yellow and blue zoisite
after heating not only on the conceation of metal ions and their oxidation states, but also on
possible changes in bond lengths and bond angles or on distortion of coordination polyhedron.
Yellow and blue crystal of zoisite were characterized by XRF analysis, that reveal that the
same minorelements (particularly V and Sr) are present in both samples but in different
amounts; this aspect can play a fundamental role in the change colour.

The samples werkeated n air flux from room temperature to 520°C (heating rate 5°C/min).
PXRD data werecollected on adiffractometer before and after heating; XRD diffraction
patterns were analysed by the Rietveld methBuhally, the samples were optically
characterized by UWIS technique, using a Xenon lamp and an integrating sphere.

UV-VIS spectra showthat yellow zoisite becomes blue during heating both in air and
nitrogen. The spectral changes induced by heating indicates that the colour change is
connected the disappearance of the 22508 lwamd (fig.3.11).
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Fig.211.UV-VIS spectra for (a) yellow zoisite, (b) blue zosite and (c) yellow zoisite after heating.

Differences in the spectrum between the originally ftlolured zoisite and the hetaeated

zoisite could be explained on the basis of the structural refimsme

The analysis of PXRD patterns shows, fatrustural refinement of natural yellow (a) and

blue (b) samples at room temperature, differences in the unit cell parameters and also in the
orientation and dimension of coordination polyhedronboth samms, M3 polyhedron is

larger than M1 onéfig. 2.12) After heating, structural refinement of yellow and blue samples
reveals that the orientation and dim@n of coordination polyhedrdrecomes similar. The
rotation of M3 parallel t@a is compensated by rotation of the $0; group, which is reflected

by the shortening of the&Dg distance and the narrowing of -T19-T2 angle.
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Fig. 212. Structural refinement of natural yellow (a) and blue (b) zoisite at room temperature

The essential elements pdisite (CaAl3[Si,07][SiO4O(OH)) are Al, Ca, H, O, Si, but water

is a common impurity. When zoisite is heated its structure is subject to a change and it is
important to verify if the structural change is due to the loss ofsential element as H or to

a HO release. In the following chapter, a TPD experiment on zoisite heating from room
temperature to 65C is analysed to evaluate a possiblOHelease and to explain changes in
structure.

In fact, the products of zoisite heay are H, O, OH and #D; by analysing thermal
desorption spectra for these species it is clear that intensity and shape are the same for all
elements. So it is reasonable to think that H, O, OH are due to cracking fraction of water
(released by zoisitduring heating) operated by quadoigfilament. So the main mechanism

of zoisite change in colour after heating is the dehydration.
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2.3 Thermal desorption spectroscopy application to higienergies Physics

In this work we use Thermal Desorption Spestapy to evaluate molecular hydrogen
adsorption properties of carbon nanotubes to find a possible solution for vacuum system
problems in future accelerators. In fact molecular hydrogen represents the critical species for
desorption in Large Hadron CollideWe verified that carbon nanotubes have a great H
adsorption capacity also at very low temperatures {2@K) so they may be good candidates

to criosorbers in the future accelerators.

2.3.1Large Hadron Collider: problems to vacuum system

The Large Hadron Collider (LHC) is made of a couple of two sewmnducting rings with a
circumference about 26.7 Km; inside these rings two protons beams with energy of 7 TeV
circulate[43]-[46].

protons

antiprotons

ions

neutrinas to Gran Sasso
neutrons

electrans

COMPASE

ALICE LHC-b

E nenirings

Enesl Aren

CTE3  Gran Sasso (1)
T30 km

P Ph s

2.13. Schematic representation of LHC
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There are also two magnetsardirect contact with liquid helium at 1.9 K. The inner walls of
semiconducting magnets (Acold boreo) work at
cryo-pumps. The core of these magnets is made of sup®tucting cables, wrapped in coils,
which generatea magnetic field at current passage. A couple of coils (stgtucting

dipole) provides the magnetic field necessary to bend the beams forcing them on a circular

trajectory. So is produced an intense centripetal acceleration.
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2.14.LHC section

As consequence, inside the magnetic rings every beam esytschrotron radiation with a

flow of about10’ photons ¥m™, a critical energy of 45.4 eV and a power of 0.22 Withe
radiation emitted by relativistic protons deteriorates the vacuum systefiact, because of
photons scattering with residual gas, the desorption of gas and electrons from the ring walls is
produced47].

It is important to take into account the possibility that desorbed particles settle on super
conducting magnetic coilstapping the machine operations. To avoid a decrease of cryogenic
power, the heat load (due sgnchrotrorradiation) and the dissipation of resistive power (due

to beam currents) must be adsorbed dream screeninserting inside the vacuum chamber

and operating at temperature between 5 K and 20 K (fig.2.15).
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2.15. Schematically representation of LHC section

The cryepumping on cold surfaces gives a good vacuum in chamber, but it is important to
guarantee that the vapour pressaf cryecadsorbed molecules (whose critical species are H

and He) remains in acceptable limits. This is a serious problem because it may compromise
the LHC functioning.

The possibility to use Carbon Nanotubes as -gymps to solve vacuum system problams

LHC and their adsorption power are analysed in detail in the following chapter. In fact using
CNTs to cover the vacuum chamber walls it may promote the adsorption of residual gases

(particularly for B [58]) at temperatures on the rangg®f20)K.
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2.3.2 The LHC vacuum system

The LHC vacuum system is made of two parts, according to the different vacuum conditions
at which the apparatus is subjected:

 the cryogenic insulation vacuum, which required pressures in the orti@f mbar;

1 the dynamt vacuum, necessary to guarantg@adbeamlifetime; pressures required

are aboutl0*° mbar.

The dynamic vacuum is a specific vacuum for the beam.

The fibeam piped i s | owmralciing magneticcoil ffigure 3.t5pand r e
it is indirect contact with heliumat1.9Kicol d bor e beam pipeo) .

At these temperatures the vacuum chamber walls become an efficieqpuengowith an

infinite adsorption power, with the exception of helium and hydrogen.

It is possible to individuate four distinbeat sources inside the system, whose temperature is
maintained at 1.9K (fig.2.16):
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2.16. Losses induced by beam in LHC

M Synchrotron radiation

As already written, because of the centripetal acceleration into magnetic rings, the protons
beam emits a shrotron radiationwith a flow of about10’ photons &m?, a critical
energy of 45.4 eV and a power of 0.22 Wirithe radiation flux depends on beam current
and energy and on the system bending radius. The flux of qlestarbed gas is
proportional to potons flux and to the molecular desorption yield, defined as the number

of emitted particles after collisions pecident particles.
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Among the adsorbed gas from walls, the more critical species for vacuuit £,
CO, H,O andCH,. The following tableshows the molecular desorption yield values of

several gases for temperature in the range of (432KK).

T(K) I, CIl, CO CO,
300 5o e’ [2swt ] 22m0f
77 250t 40w st 7o10f
42 3507 [ gow” e 7010°

Table 2.3. Molecular desorption yield

The previous results show a decrease of molecular desorption yield with the increase of

temperature, withignificant values also at very low temperatures. In the figure 2.17 it is
possible to observe the desorption yields trend as function of dose, after 3.6 h of LHC

functioning at 7 TeV.
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2.17. Molecular desorption yield as function of dose

The H molecuar yield from a cupper surface at 10 Ktigically in the order of 40°

molecules per photon; this value is considerably grater vhkres of other species. So

molecular hydrogen represents the critical species for desorption.
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! Beam current

The inteior of beam pipedissipates power in the order of 0.05Wndirectly depending

on r esiadf the vacuuny chgmber material. For limiting this heat loss and for
avoiding the beam instability, it is necessary to maintain low the resistivity of chamber
wall. This effect can be obtained covering the beam pipe (made of stainless steel) with a
thin cupperlayer. In fact, at lontemperature the resistivity for pure cupper is strongly
reduced and it is possible to observe a gain factd® timesgreater tharthe factor of

only stainless steel.

i Photoelectrons

The synchrotron radiation determinates the electrons production through the
photoemission and the Auger effect. The produekttrons may create an electronic
cloud which may led to the system instéil

The electronic cloud can be caused by the following mechanisms and by their
combination:

1) residual gas ionization;

2) photoemission due to synchrotron radiation;

3) secondary emission or multipacting induced by the beam.

When LHC operates at 7 TeV, the maource of primary electrons is photoemission, due

to synchrotron radiation. Primary electrons hit the chamber producing secondary electrons
and a consequent increase of electrateosity during successive crossing of protons
beam(fig.2.18).

Hims Sni

Fig.218. Schematically representation of creation mechanism of electronic cloud
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The secondary electrons are defined, conventionally, through three contributes: the real
secondary electrons (produced from primary electrons), the elastically reflected electrons
andre-diffuse electrons.

The electron beam is characterized by a strong electric field, so these electrons may be
accelerated and they may transfer their energy to cold walls, creating an intense heat load

[47].

1 Nuclear scattering

The nuclear scattering dfigh-energy protons on residual gas generates a secondary
particles fall; particles with a sufficient energgcae from the vacuum chamber and
deposit their energy on crymagnets then they are adsorbed into the systeln®kt The

loss due to nuclearcattering on residual gas generates a heat load not negligible. So the
heat provided to cryogenic system is directly proportional to gas density.

Two limits for residual gas density exist; the first is due to a local heat load which can
deteriorates the ngmet, while the second is connected to the total heat load in the
cryogenic system.

The first limit regards the high pressure regions of system, while the second one can be
expressed through the beam lifetime in nuclear scattéing

Considering for prons with an energy of 7 TeV , on hydrogen atoms, a c@sson of

~ 5 10°° m?, the beam lifetime is given by
% =csn, (2.1)

where c is the lighing speed

The linear power P(W/m) is proportional to the beam current | and to the beam energy E

and it can be expressedas unct i on of | ifetime U:
p=E_ggzETEVI(A) 2.2)
ct t (h)

So for H a lifetime in the order of 100h implies a relative presstil€)0® torr; heavier

gasedbviously require lower densities, as showed in table 2.4.
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Gas S/s,, N(m”) for 7= 100 h
H, | 110"
He 1.26 7.8 10"
CH, 5.4 1.8 10"
H,0 5.4 1.8 10"
CO 7.8 1.2 10"
Co, 12.2 8.0 10"

Table2.4.Crosssections and maxinmu density for several gas species

The heat loads due to synchrotron radiation and photoelectrons can be limited at about 20

K, inserting a thermally isolated screen (beam screen), cooled by gaseous helium, into the
cold bore of vacuum chamber (fig. 2)19

Fig. 219. Beam screen section with actogoling into magnet cold bore

The beam screen is equipped for all its length of a series of smalllhdlgsu mpi ng s |

which permit to gas molecules to leave the beam pipe for being adsorbed by cold bore
walls.

The pumping holes represent about 4% of the entire beam screen surface.
The beam screen is partially transparent to permit tontdlecules desorbed by

synchrotron radiation to be permanently pumped by cold bore surface at 1.9K.
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Among the desorbenholecules hydrogen has the bigger molecular desorption yield and it
represents a very critical species because of high value of its vapour pressure, contrary to

beam screen pumping power.
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Fig. 220. Cold bore and beam screen section

Without pumping hols the beam screen crymumping could be little efficient, since the
vapour density at equilibrium for a;Hinonolayer T~5K) overcomes with several orders

of magnitude the acceptable limits; instead the presence of holes on surface induces into
beam screemn approximately infinite pumping power. So hydrogen and other species
may be pumped on a surface at 1.9K with a saturated vapour density negligible. Moreover
pumping holegive a constant pumping speed which is proportional to the beam screen

surface occpied from them.

2.3.3 Gas recycling and instability pressure induced by ions

Because of photons collision on the beam screen inner surface, th@uonped gas

molecules on screen may desorb again giving place to the secondary desorption phenomenon.

Studies about the secondary adsorption coefficient (recycling coefficient) Jfahélv an

increase proportional to the amount of covered surface, until the value of one molecule per

photon respect as a monolayer; fortHe effect of secondary desorptionvery bigger than

primary desorption for great screen coverages.

As a | consequence of Thermal Desorption and Recycling, only a limited amount of gas

stay on beam screen surface; beyond this limit the gas load due to primary

desorption migrates to vacuum chambeall (at 1.9K) through pumping holes, with a

pumping speed determined by the total area occupiédley.
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It has been observed that heavier gase€HgCO andCO, have very low recycling
coefficients for thin physisorbed layers {20 monolayers) anthese secondary desorption
coefficients are indistinguishable respecprimary desorption coefficients; instead fos tHe
coefficients remains constant as is it possible to note in figure 2.21.
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Fig. 221. Recycling coefficients as function of coverémgeseveral gas species

The behaviour of the vacuum system is showed in figure 2.22, which describesdiesity

evolution during the photons exposition.
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Fig.222. H density as function of LHC operation time
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The ionization of gas molecules in OHroducesons, accelerated towatde beam screen or

the vacuum chamber, with a final energy higher than 300 eV.

Also energetic ions (as photons) may desorb thin layers of gas molecules, so it is possible to
define a molecular yield for iong|}; the desorbed molecules may be ionized and they may
take part in the consequent desorption process.

So there is an instability pressure due to ions, dependent on the local purity of surface, on the
molecular desorption yield and on the effective purgmpeedSet ).

The condition which describes the stability limit is

hﬂ<§%w (2.3)

wherel is the beam currengis the electron charge afidhe crossing section of residual gas
molecues for high energy protons
In the cold regions of LHC, the pumping inferior limit is determined by cryosorption on

vacuum chamber surface at 1.9 K; the stable vacuum condition is expressed by

ni< |Rel €4 (2.4)
2pm s

where A; is the pumping holes argeer length unitKg the Boltzmann constardnd m the

molecule mass.

With LHC parameters, the aallated stability limit for hydrogen igjl=10° A. Since the
primary desorption yield for fis unitary and a great recycling coefficient does not allow the
formation of a H thin layer on screen, this limit is acceptable for the LHC cold sections. For

sections operating at room temperaturelithé is defined by the beam pipe conductance.

2.3.4 Cryosorbent materials

In recent yearseveral materials have been analysed to investigate their cryogenic properties
[48]. Charcoalis oneof the most famous cryosorbent materials and it presenifficiently

high adsorption power. However this material shows some disadvantages for the use in
vacuum chambers: in fact it has a little free surface ad it is difficult to create bonds in surface.
Recent studies about different cryosorbent materials 4.2ak) show that the adsorption
power of filters, anodized aluminium and other materials is lower than charcoal and only the

latter may be utilized in LHC.
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Other cryosorbers, as new forms of anodized aluminium, porous cupper and charcoal
materials, are aysed in collaboration with numerous research institutes cryd-pumping

at temperatures in the range of 1020 K.

Among the cryesorbent material which may be utilized in LCH there are also the carbon
fibres.

Figure 2.23 shows the pumping speed #edint temperatures as function of surface density

of adsorbed molecules (moleculesfymfor several materials subjected to a fast cooling:
anodized aluminium (AA3), porous cupper (Cu 1), charcoal with scpeaucting ceramics
(C+SCC) and carbon fibre®pvered by a thin layer of stainless steel.

< 1.E-401 —

e C+500C, T=10K
- 1 ek e * CF, T=1TK

&~ 1.E024 % nly_ AAZ, T=10K

c E . x Cul, T=12K

= 1 LA tnl- Top by | “#Hﬂ""

S _

Sﬁ E02 5 - !\.L

[e) : bl

> g

&) E-04

5 iy

|_n: -

Z 1E4E

o E b

S :

(?) 1.E408 ]

1.E+15 1.E+1& 1.E=17 1.E+16 1.E+19 1.E+20

D (molecole/crd)

Fig. 223. Pumping speed trend for several espobent materials as tunction of ebisorbed molecules density.

It is possible to note that the;tddsorption power overcomes the valuel8f molecues/cm

only for charcoal and carbon fibreamples, while for other materials the surface density of
adsorbed molecules does not have appreciable values. So only charcoal and carbon fibres
have the correct characteristics to be usethyassorbesin LHC.

The exyerimental results described in chapter 4 show that MWCNTs have an efficiency

clearlyhigher than charcoal and they may be a possible solution to vacuum problems of LHC.
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Chapter 3

Carbon nanotubes: properties and applications

In this chapterwe analysestructure and properties of carbon nanotubes. We foouse
attention on gas adsorption property, particularly on molecular hydrogen adsorption at low
temperatures. Problems of Large Hadron Collider vacuum system are due maindy to H
desorptionfrom chanber wall caused by synchrotron radiation; we studied gas adsorption
properties to candidate carbon nanotubes as good criosorbers in future accelerators.

3.1 SingleWall Carbon Nanotubes (SWCNT)

Carbon exists in nature in severdlotropic structuresdepending on the different regular

atomic arrangement (fig. 3.1); the main carbon structures are:

Graphite: describebly a planar geometry (hybridization3p
Diamond characterized by a threBmensionaltetrehedral geometry (hybridization
sp)
1 Fullerene formed by regular arrangement of hexagonal and pentagonal atomic

structures.

Diamond ! Fullerene G-60

Fig.3.1 Allotropic carbon structures.
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In 1991 the researcher Sumio lijimaal observed that product of an electric discharge
between two carbon electrodes contaisédictures made of concentric carbon tubes: the
nanotubeqd49, 5Q. It is possible to distinguish two general groups of nanotubes: single
walled (SWNT) and mukwalled (MWNT) nanotubes.

An ideal SWNTcan be described through a graphitic tube rolled op itself forming a
cylinder, closed at the end by two hemispherical caps (fig.3.2).
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Fig. 3.2. Carbon SWNT structure

The lateralwall of cylinder is made only diexagons, while the two caps arenstituted also

by pentagons as fullerene(fig. 3.3).

Fig. 3.3. Ideal SWNT closedtahe end by two fullerenes.

SWCNT diameteis in the range of 0,7 nm (correspondiiogtwice thegraphite interplanar
distance) and 10 nm, but for their big ratio between diameter and length SWCNT are

considered as virally monodimensional nanostructures.
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MWCNTSs consist oimany concentric SWCNT ; their diameter increases with walls number
and it is about 10 nm (fig..8. In MWCNT it is possible to observe ip interactions that
stabilize the growth.

Fig. 3.4. MWQONT example

The CNTs©o bonding mechanism is obviously
characterized by sphybridization, which occurs wherone sorbital and two porbitals

combine to form three hybrid sprbitals (fig.3.5).

a bond

Fig. 3.5. The bondig structure for one graphite planebonds connect carbon nuclei atoms (filled circles) in the

planea n d-bonds contribute to a delocalization.

The strong covalent bond t hband) pioduced the High e a
stiffness andhe high strength of CNts. Thegsbital, pe@pendicular to the plane, contributes
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to interlayer | Fbtoenrda c Wlowins fi et mir @-gpondain the t h
neighboringlayer ,but hi s i nt eractitand.i s weaker than a
So the remaining-electron of CNTcontributes to a delocalizeg-electron systerfbl].

Nanotubes often present structural defects as, for example, the presence of pentagonal and
octagonal structure in the lateral wall of cylinder (fig. 3.6).

Fig. 3.6. Examples of defects on SWNT nanostructure

Figure 3.7 shows generic graphitic plane rolled up; it is possible to observe the CNT axes

(green line) anda,, a, vectors of direct lattice.

(n,n) armchair

Fig. 3.7. Graphite layer and possible rolling up direcson

55

1



The main characteristics of SWCNT are duechiral vectorCy, describing the rolling up
direction of graphite with respect to its axes and to nanotube Igs@jthTrhis vecor links the
two carbon atoms that superimpdbemselvesn nanotube formation and it is due to linear

combination ofa, ed @, :

C, =na, + ma,, with m,nintegers 0gm Cn (2.1)

Based on simple geometry, the diametas given byL /, WhereL is the length of carbon

nanotube circumference:

_G _vC @, ;m A (3.2)

L
p P p

wherethe latticeconstant a=2.48=/a, G, = /a3, &,
The angle betweechiral vectorandthe straight line defined by, isthec hi r al andngl e

some nanotubeproperties depenan it. Becauseof the hemgonal symmetry and the

honeycomb | °andttis descrit@duy th8f6llowing equation:

C,& _ 2n+m (3.3)

N C, Hal| 2Vn? + nm+m?

According tom and n there are several SWI typologies, particularlyi zi gzago st r
correspondom=0, whi |l e #far me ih;dirallyd mo h(ecnofnoramd i n 01 0)
it i s pos s chirdl @structoreqfigh3Be r ve 0

chiral armchair zigzag

Chirality of Single-walled carbon nanotube

Fig. 2.8 Examples ofSWCNTstructuresii c hifraarldchai r 0. and fAzi gzago
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In particularzigzagandarmchair nanotubes correspond de0° andd=30", respectively.

Among @rbonnanotubest is also possible to distinguish betweshiral (Ssymmorphic) or
chiral (nonsymmorphic). The former is a carbon op&ubes whose mirror image has the
same structure of the original one, whithiral nanotube mirror image cannot be
superimposed on to the original one. The only two typeacbfral carbon nanotubes are
armchairandzigzagnanotubes.

Another important veadtr characterizing carbon nanotubes istta@slation vectoiT ,defined
as the unit vector of a 1D carbon nanotube. The véctsparallel to nanotube axis and it is
normal to the vectoC in the unrolled honeycomb lattice (fig. 3.7).

The expression ofectorT in terms of the basic vectors[B2]:
T =t,a, + t, a,, with t; and § integers. (3.4)

From the conditiorCy, - T =0, isit possible to determinate the exmies for § andt,:

2m+n — 2n+m

t = , =
1 dR 2 dR

(3.5)

wheredr is the geatest common divisor of (2m + n) and (2n + Bgfining d as thegreatest

common divisolof mandn, dris given by:

fg'd if n-mis notamultiple of 3d

|
f3dif misamultipleof 3d

The length of the translation vectbiis defined by

T =+/3L/d,, (3.6)

where L is the circumferential nanotube length.
The lengthof T is reduced whem andn have a common divisor or when-fn) is a multiple
of 3d.

Furthermore, dividing the area of nanotube unit @LP T‘ by the area of a hexagon

(|z§13 §2|) it is possibleto obtain the number of hexagons per unit cell (N) as a functiom of

andn:
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C,3 f} _ 2(m2 +n?+ nm) _ 2L’ | (3.7)

d a’d,

wheredr is given by equation (3.5). Each hexagon contains to carbon atoms, so there are N
carbon atoms in each unit cell of the carbon nanotube.

The coordinates of carbon atoms in a nanotubes unit cell are descrilibd VBctor R,
expressed inerms of its projections on the orthogonal vec@ysndT (fig. 3.9):

R=pa, + qa,, (3.8)
wherep andq are integers and thepnhhave any common divisor except for unity.

Cy

Fig. 3.9. The symmetryvectgtr denot es the angle of rotation around

in theT direction.

It is possible to note that

R [T3R
® [T o
L T
where
T2 R=(t9- t,p)a> a,) (3.10

and (th- t, p) isan integer
It is important to choosp andq of R to form the srallest site vectori & 1),such that

(t,g- t,p)=1,(0 < mpi ngON). (3.11)
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The vectoRconsi sts of a rotation around the nan
transl ati on UT, and reflett the whsicrspacetgioaprsymmétry operation of a
chiral nanotube.

The projetion ofRonCy,gi ves t he angl e Yy, RinWhaprlesentsttiee pr
translation U of the basic symmetry operat.
From definition ofT, N, d and from the equation (3.},1it is possibléo obtainthe expression

for the Il ength of U and the rotation angl e

[ = = = 3.12
L L N ( )
T3 R - 2
, <l . \%:d(tlt}tzp)fﬂa _» (3.13
3L 2 N

where N is the number of hexagons in the 1D unit cell of the nanutube (eq. (3.7)).

Fig. 3.10. e vectoNR= ( y Bdd Jhe cylindrical surface, in the case gE@,2) and M=6.

The symmet ry "Nbrngsrthe tatice painy ® 19 )an equivalent lattice point C

(fig.3.10); this mechanism is described by the equation below:

NR=C, +MT, (3.14)
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whereM = mp-nq is an integer that gives indicatiaf the number of vectoll that are
necessaryor reaching the distance from O R.

After a rotation of 2NRreachesa tatdice ponteC eguivdlent,to t h e
O, but separated from it by the vechdT .

The unit cell for a carbon nanotube in real space is represented by the rectangle generated by

the chiral vectoC,, andthe translation vector (fig. 3.11).

Fig. 3.11 The unrolled honeycomb lattice of a nanotubg.is the chiral vectorT the translational vector aritl

the symmetry vector of the nanotube. The recta@#B'B defines the unit cell for the nanotube.

In the unit cell therare2N carbon atoms, there are N pairsof bondi nlgo maiidn @ n't
electronic energy bands.

Defining K, as the reciprocal lattice vector akg as avecta that gives the discrete k values

in the direction of ¢, their expression is obtained from the relatEn-Rj =2p @, whereR,

andK; are, respectively, the lattice vectan real and in reciprocal space.

Using the definition of;, t, and N and the following relations

C, &K, =2p T, =0
: (3.15)
C,&,=0 T&,=2p
the expression foK; andK; are:
_ 1 _ 1/ -
K1=N(- t,b, +,b,) KZ:N(nbl- nb, ) | (a6)

where b; andb, are thereciprocal lattice vectors of twdimensiaal graphite (fig. 3.12).
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Seeos

Fig. 3.12. The Brillounane of a car bon nanotube, represente

The vectorK; andK; are reciprocal lattice veats corresponding t&C, and T, respectively

The first Brillouin zone of carbon nanotubes r epr esented by the
equation (3.16)NK; corresponds to a reciprocal lattice vector of two dimensional graphite,
sotwo wave vector Wwich differ by NK; are equivalent. The length of the edienensional

first Brillouin zone , correspomag to the length of all the parallel lines in figure 2.12,"isI2

Because of the translational symmetryTqfthere are continuous wave vectors in the K2
direction for a nanotube of infinite length. has been experimentally observed that for a

nanotube of finite |l ength L[52.the space bet w

3.2 Electronic structure of SingleWall Carbon Nanotubes

The electronic structure of a singhall carbon nanotube can be obtained simply from that of
two-dimensional graphite. Using the periodic boundary condition for the chiral vEgttre

wawe vector associated to th&, direction becomes quantized, while the wave vector
associated to the direction of the translational vettigrcontinuous for a nanotube of infinite
length. Thus the energy bands consist in a set eflonensional energy diersion relations.

If Eqop is the energy dispersion relations of two dimensional graphite, the 1D energy

dispersion relations for singleall carbon nanotubes are given by

a 0 .
E, (k)= Eqoock =+ MK, G, wi t h  O=Danki’/T<s K« /T (3.17)
g —-—
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The N pairs of energy dispersion curves, described in the previous equation, correspond to the

cross section of the twdimensional energy dispersion surface, shown in figure 3.13.

I—'I — 15.0 : TE*

Fig. 3.13 The energy dispersion relation for 2D drde in the whole region of the Brillouin zone

For a particular(n,m) nanotube,fithe cutting line passes through a K point of the 2D
Brillouin zone enemghbard ef 2D draphité areadegdnerated by symmetry,
the 1D energy band has a aeznergy gap (inset of figure 2.13). In this case the carbon
nanotube are metallic and the density of state at the Fermi level has a finite value, while if the
cutting line does not pass through a K point it is expected that these nanotubes have a
semicomlucting behaviour with a finite energy gap between the valence and the conductance
bands (fig. 3.14).

Fig. 3.14 Map of chiral vectors (n,m)hecarbon nanotube (n,m) metallic and sewnductivearedenoted

respectivelyby open and solid circles.
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In particular SWCN$¥ can be characterized by electric properties of a semiconductor with an
energetic gap in the range of (0,2 + 1.2) eV in the band structure or of a conductor: nanotubes
with armchair structure(n,n) have always metallic characteristiwhile zigzag nanotubes

(n,0) show a metallic behaviour if is multiple of 3 otherwise they haveemiconductive

properties.

3.2.1Energy dispersion relation of Armchair, Zigzag and Chiral nanotube

To obtain explicit expression for the dispersi@tations, it is useful to analyse the simplest
case of nanotube having the highest symmetry.

Starting from the energy dispersion relation from the-tivoensional graphite

P o ~ o ~ o ~ }/
_o.F a/3k.ad ak.ag ak,ad
QZD(kX,ky) tj1+ 4CO%T8CO%8+ 4co§§ g (3.18)
[ o - ¢4 ¢ 1'/
and usinghediscrete allowed values for the wave vectgy k
M3k a=2m (q=1,28)¢ (89)

is it possible to obtairthe energy dispersion reIationE;j‘(k)for the armchair nanotube

(Cr=(n,n):
é aqo g . akag akaouy2
E2(k)=°tj1° 4cosae—ocosae—o +4coSE—a) (3.20)
i (; n -+ (; 2 - (; 2 —y

inwhich -"<ka<” ,g=1, .2n, the superscrifindicates an armchair type akds a one
dimensional vector in theidr ect i on corresponding to -the

dimensional Brillouin zone of graphite (fig.3.15).
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(a) {t)

Elk)
Efkpt

Fig.3.15 Onedimensional energy dispersion relations for (a) armchair (5,52idbag (9,0)and (c) zigzag
(10,0) carbon nanotubeShea-bands are ndegenerate ,while thelmnds are doubly degenerate at a general k

point. x point for armchair and zigzag nanotubes correspokd=d’ p/a andk =° p/(\/_3a) respectively.

In figure a) it is possible to observe tlainchair structure has sewonductive characteristic, how confirmed by
the absence of a gap; figure b) represents the properties of-a@whuictive zigzag nanotube (9,0), how showed
by the small gap width(~ 0.2 eV); figure c) describes the-semiluctve behaviour of a zigzag nanotube (10,0)

with a big gap(~1.2 e\

For the (5,5) armchair nanotube (fig. 3.15) there are six dispersion relﬁgtﬂh); for both

the conduction and the valence band. In each case, the two bands labéleddy ar e n.
degener at e, while the four bands signed wi
levels consistent with the ten hexagons around the circumference of the (5,5) armchair
nanotube.

The two carbon atoms on the same sublattice of a grapbbeet are symmetrically
equivalent and it causes a degeneracy of the energy bands at the boundary of the Brillouin
zone. The valence and conduction bands for the armchair nanotubes craspoatt

k=2p/ (3a) the crossing takes place at frermi level and the energy bands are symmetric

for + k values (fig.3.15). Because of this degeneration point between valence and conduction
bands, the (5,5) armchair nanotube is a ZmEpP semiconductor, that will exhibit metallic
conduction at finite teperatures, because only infinitesimal excitation are needed to excite
carriers into the conduction band.

In general, 1§,n) armchair nanotubes have a band degeneracy between the highest valence

band and the lowest conduction bandkat ° 2p/(3a), with the band cross ateFmi level.
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All armchair nanotubes are expected to exhibit metallic conduction, similarly to 2D graphene
sheets.

For (n,0) zigzag nanotube, the energy baIEQI(k) can be obtained from equati¢®.18) by

writing the periodic boundary condition o k
nk,,a=2q (qg=1, ée, 2n) (3.21)

and the 1D dispersion relations foxq) zigzag nanotube is:

o o ~ "%
o ~ a O o
£2(=tf1° o Baco ¥ acosi®E . (@)
[ ¢ch =+ ¢ 2 2 ¢chn 87
LA p pa _
with &8 = <ka<-—=gand(g=1, .2n).
2558

How is it possible to note in figure 2.15, for the (9,0) nanotube there is no energykgap,at
while (10,0) nanotube shanit. Particularly, for the (10,0panotube there is a dispersion
energybandat n= 1, whi c h Q@tilivgereral Eof ar(0) aigzagsanotube, when

is a multiple of 3he energy gap &= 0 is zero, while when is not a multiple of 3 theresi

an energy gap &=0.

Nanotube electronic structure can be metallic or semductive according to its diameter
and its chirality[53, 54. The band gap of semmbnductive CNts is approximately inversely
proportional to the tube diameter.

It has been noted that the band degeneracies for metallic nanotube correspond to

k=° 2,0/(3T) for armchair nanotuband k = Ofor zigzagnanotube; in the latter case these k

values are alsthe locations othe band gaps for semiconductingnotubes. In general k
values denote the position of the energy gaps for the case of chiral nanotubes. It is important
to remember that afm) chiral nanotube is metallic i-m is amultiple of 3. More generally

the nanotubes can be classified intaeéhgeneral categorie$, m-mis or not a multiple of 3

and ifn-mis or not a multiple of 8 whenevem-m is a multiple of 3 ,wherd is the highest

common divisor oh andm (see table3.1).
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Properties ged(n — m,3)® di)) Degeneracy(®
Semiconductor 1 d 0 (Energy gap o 1/4d,).
Metal-1 3 d 4at k=0

Metal-2 3 3d 2at k=42%/3T.

Table 3.1: Classification of carbon nanotube proper@gs(n,m); gcddenotes the greatest common divisor

3.2.2 Density of States and Energy gap

Thedensity of states per unit length along the tube axis, for metallic nanotube, is given by

N(E;)

8
ol (3.23)

wherea is the lattice constant of graphene layer 4u|1ds the nearesheighbor CC tight

binding overlap energy
There is anmportantenergy dependencd oanotube density of states, as shown in figure
3.16, in which it is describetthe density of state for metallic (9,0) and semiconducting (10,0)

zigzag nanotube.
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Fig. 3.16. Electronic 1D density of states for unit cell of a 2D graphene sheet f§d(e))azigzag nanotube
which has semtonducting behavior and (b) a (9,0) zigzag nanotube which has metallic belasvibie
nearest neighhw C-C tight binding overlap enerdgr a graphite sheet

It is important to note that the density of states near the Fermi le\(at E=0) is zero for
semiconducting nanotube, but is +aatro for metallic nanotube. Moreover fsemiconducting
nanotubes, the gap energy depends on the reciprocal nanotube didmébeough the

following relation:

E =

, (3.24)

where a. . = a/\/I_S is the nearesteighbairr C-C distance on a graphene sheet. This result is

independent on the chiral angle of the semiconducting nanotube and it is important because
allows measurements on individual semiaactthg nanotube, which are characterized only

with regard to nanotube diameter without regard to their chiral angles.
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Since about one third of the cylinder of a mwall nanotube are conducting , certain
electronic properties, such as the electrical cotidity of nanotubes, will be dominated only
by the contribute from the conducting constituent.

3.3 Multi -Wall Carbon Nanotubes

Multi-wall carbon nanotubes physical properties have not been described in detail because of
the difficulty of making masurements on the individual shell of the nanotube, but they are
characterized by interesting properties.

For two coaxial nanotubeshrch share the same nanotube axis, the chiral vector of the inner
and the outer nanotubes can be determined separatedy. sfracture will not be

commensurate with each other in all concentric nanotube. For an (n,m) nanotubes, the length
of the chiral vectoCy is proportional to an irrational numbeﬁh‘ = avn® + nm+m?

The only commensurate case are the cases of achimehxial nanotubes for the two

armchairs nanotube {my), (n;,my) and for two zigzag nanotubes, @), (n,0), in which the

translational vector$ are the same and, respectivaly; a andT = J3a.

It is clear that an armchair nanotubed a zigzag nanotube cannot be commensurate in the
direction of the z axis, because the ratio of T/ig3. Instead for the general case of two
chiral nanotube, the ratio of tHE vector will be an irrational number becausdength isan
irrational number in units of al(= \/éL/dR , see Eq. (3.6)).

In the case of incommensurate-@xial nanotube no periodicityppears alonghe x axis, so

for the inner and the outer nanotubes will not be any atoms in a line parallel xaxie
When we slide the inner nanotube along zlzis relative to the outer nanotube, the elastic
potential is a periodic function, with a period that is the larger value of tector for the
constituent nanotube. For a great number of carbon atotne unit cell of the constituent
nanotube, the potential becomes flat, since the average of theatmteic potential at
different distances does not dependzon

The nanotubdias two degenerathare modes in theand they direction and a third shea
mode which corresponds to the rotation aroundztdeds. Since there are two chiral vectors in

a plane perpendicular to the nanotube axis, the rotation arouadiie hasa periodicity of
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2p/d., whered. is the common divisor of théur integers n n,, my and m for the

(n,my)and (n,mp) nanotubes. So the motion will be smoother, the smaller is the vatlye of

The direction of the normal mode displacement is determined by the two chiral véd®rs.
expecteda downward shift fo the shear stress between the adjacent walls of a-wallti
nanotube, relative to the shear mode in graphite. Many nanotubes present caps which prevent
the sliding motion; the result of the sliding motion will be a rotational mode.

The electronic struare for a commensurate double carbon nanotube has been calculated by a
tight-binding calculation. In this calculation, for the largest interlayer interaction in graphite
associated with the overlap of the weve fu
0.35eV, with a separation between the two A carbon atomg)OMoreover the interlayer
interaction between two carbon atoms on two different shells, with a separation egp¢ 2

Ar), where A=1/a is an empirical damp factor. In the calculagsdlts for the commensurate
(5,5)(10,10) and (9,0§18,0) nanotube is it possible to observe that the energy dispersion
curve repeals the other one at the crossing point-¢emgsing), with the same symmetry of

the wave functions belonging to the twdfelient nanotubes.

Although it is important to take account of the interlayer interaction, the results show that the
electronic property of a two shell coaxial nanotube may be the sum of the electronic structure
of the two independent nanotubes, exceptlieranticrossing phenomenon. The calculation
shows that the constituent nanotube remains either metallic or semiconducting, depending on
the chirality of the constituent nanotube. If the electronic structure of a-wallticarbon
nanotube is determindwy the electronic structure of the constituent sikwgédl nanotube, in a

STM experiment only the outermost nanotube contributes to the STM image or to the STM
conductance measurement.

In the limit of large diameters, the multiall carbon nanotubes havéet properties of
graphite. In the mulklayer structure, the cross section of the hollow core decreases when the
numbers of the carbon layers increases, so the-maltistructure would be useful to obtain

high strength per unit area in the direction afotube axis.
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3.4 Carbon nanotube bundles

In this work our samples were not constituted by isolated carbon nanotubes, but by disordered
systems as bundleklanotubes have a strong tendency to aggregate into bundles bound by
Van der Waals interdions.

Properties of these disordered systems are mediated on isolated nanotube properties;

particularly porosity and adsorption properties are enhanced by the disordered state.

Fig. 3.17. Transmission electron micrograph of multi walled carbon na@smple used in this study.

In fact gas molecules are not adsorbed into a single nanotube, but they more easily occupy
spaces between several nanotubes. Carbon nanotubes bundles and the other disordered
structures are more porous then isolated canamotubes, so also adsorption properties are

much better in disordered states.
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3.5 CNTs properties

Many studies have been effectuated determinephysical and chemicaproperties of
nanotubes bothtough drect experimentation on s@esand throu@ simulations.
Some of the main properties and their connection with nanotubes structures are analysed

below.

1 Gas Adsorption and capillarity

Pores of molecular dimensions can adsorb large quantities of gases owing to the enhanced
density of the adsorbethaterials inside the pores, as consequence of the attractive
potential of the pore alls. Carbon nanotubes, whichptyally have diameters of a few
nanometres, should be able to draw up liquids by capillarity and this effect has been seen
for low-surfacetension liquids in largeliameter, multwall carbon nanotube$§57].
Nanotubes are not "supstraws,” although thegan be wet and filled by substances
having low surface tensiosuch as sulplr, selenium and cesium, with an upper limit to

this tensionless than 200 millinewtons per meter. This liiniiplies that typical pure
metals will not be drawn into thaner cavity of nanotubes through capillarity, whereas
waterand organic solvents will. These results have important implicatoribe further

use of carbon nanotubes in experiments naremeter scale.

Dillon et al. [58] show that a gas can condense to high density inside narrow-wiakjle
carbon nanotubes. Temperatpmegrammed desorption spectroscopy shows that
hydrogen will condense insid@WCNTs under conditions that do not induce adsorption
within a standard mesoporous activated carbon. Didbral. ([58]) analyse the H
adsorption on both SWCNT soots and amorphous carbon (AC). The desorption must be
from nanoporous environments assodatéth the highsurfacearea amorphous carbon
fractions present in material. So the results show that the signal from SWCNT samples is
about 10 times greater then the signal from AC, consistent with the higher amorphous
carbon content in SWCNTSs.

The very ligh hydrogen uptake in these materials suggests that they may be effective as
hydrogenstorage materials, for example for fuedll electric vehicles.

The hydrogen adsorption on MWCNT will be analysed in detail in chapter 4.
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1 Mechanicsproperties

The mechnics resistance of a material depends on several faateosn the strength of

link between the atoms and on the presence of structural defects in crystal lattice. In
graphite and in carbon nanotubes the characteristic elastic properties are dee knts

of forces-bomkbé ngtrondoimdi ng and t he weak
To break a nanotube with non defects it is necessary to split all covaléntin®s
between the atoms, but these bonds are the strongest in nature so nanotuaershitgve
mechanics resistance.

These materials are also very flexible and they can be repeatedly bend at d&bout 90
without damns.

By rolling a graphite sheet to form a singilall carbon nanotube, the total energy of the
nanotube is increased by the stranergy associated with the curvature of the nanotube.
The strain energy increases with nanotube diameter decrease, so a nanotube with a small
diameter may be less stable than a nanotube with a large diameter.

Singlewall carbon nanotubes have many medtenproperties of carbon fibres, but in
addition hey are characterized by other important properties as flexibility, their ability to
withstand twisting distortion and compression without fracture. Moreover carbon
nanotubes show excellent strength chiamastic under extension; in fact some studies
indicate an increase of several percent in their length without fracture.

Althoughthe" el ectrons contribution to the el a:
one, it is however important to obtain the lattice distortion, well known as Peierls
distortion.

If a singlewall carbonnanotubes considered as an elastic sheet, the strangyEg as a

function of nanotube diametdris:

_ETd

, 3.25
° 6d, (3.25)

whereE; is the elastic modulus of the she€tis the rmnotube length per 1D unit cell in

the direction of the axis ardiis the thickness of the thin film. Since the number of carbon
atoms for unit cellN = 2LT/(\/_3a2) (see eq. (3.7)) is pportional tod; , because
L = 2ud,, the stain energy per cadm atoms results inversely papionalto the square

of the nanotube diameter:
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The energy dependee ond;? is confirmed by many studies about the strain energies for
nanotubes with different diameters and chiralities, as shown in fig 3.18.
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Fig. 3.18 Strain energy per carbon atdépas a function of nanotube radius(g;/ 2). Is evident theguare
dependence dE; on 1/d..

The small deviation of the strain energy as function of the nanotube radius suggests that
there is a small dependenceiaf N from chirality.

When a force acts perpendicularly to the nanotube axis, the nanotube Isedesc¢ribed

by the Youngds modul us Y.

The deflectiord of a cantilever of length, subjected to a forceat its free end, is given

by

d=——, (3.27)

where | is the moment of inertia of the cragstion of the nanotube about its axis:

I =,0(r04 - ri4)/4, in whichrg andr; are respectively the outer and the inner radii of an
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elastic cylinder. Is it possible to calcmt e t he Youngd6s modul us
using equation (3.27) and considering the wall thickness to bel3.44

When the diameter of singlgall nanotube increases, the nanotube is unstable in the
direction perpendicular to its surface, how is conéd by TEM observations.
Thereforemeasirements on vibrating CNTscane used t o esti mate Yo
The experimental observation of the Youncg
because of its small diameter so a new method, based onsthevatiion of the amplitude

of thermal vibration as a function of the temperature, has been employed.

Using the usual Boltzmann distribution of probabiliti®®©(-E/(ksT)), the average of the

vibrational energy for a vibrational mode becomesAN,E = ksT, where kg is the

Boltzmanndés const @Eon theTsquare af thep aenplitlddis gieen o f
by

AN\E=c, Au’E= kgT, (3.28)

NP
(@]

where g is a spring constant, which is related to the amplitude of the thermal vibration by
the standard deviatidib2] :

L1
s?=k, T4 ~ (3.29)

n

In simplified continuum model for CNT and in the approximation of simple beam theory

for small deformations, the equation which describes the motion for the beam is:
Al Y m BY 2 (), (3.30)

where u is the displacement, the density,A the crosssection areaEt he Youngaod

modulus,| the moment of inertia anglan applied load. So the natural frequency ofrthe

2
w, = /E; /rE—'A, (3.31)

wh e rpas the root of an equation obtained through the boundary conditidres.

vibration mode is described by:

equation for a beam clamped only at one end is
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cosp, coshp, +1=0. (3.32)

Form equation (3.29) the relationship betwega@m d t h e y o urnsgives bymo d u |

c =P éY(r: - ri4)

. TE : (3.33)

where the values, are solutiorto the equaton (3.32).

By fitting L to equation (3.33for various nanotubes, the estimated resultyfare found

to be in the range of 1000 GP451].

The extreme resistance and the high flexibility make nanotubes ideal as reinforcement
fibres in composite materials to substitute normal carbon fibresspite of their
complicate technological creation.

For these properties and for their small dimensions nanotubes could be employed as probe
for tunnelling effect microscopéScannering tunneling) an the construction of naro
machine. Moreover a group ofysicians of Berkley University has obtained a telescopic
nanotube taking out MWCNT wallsmany times and this type of structure could be
utilizedspas nigo ashk-a fisnarnlmer 6 i n a <car o f
(fig. 3.19.

Fi g. 3. dicnandiubze | e s
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1 Sensitivity to electric fields

A further characteristic of these innovative materislsthe extreme sensitivity in
proximity of intense electric fields.

Many scientists demonstrated that electric field can effectively change tictustr and

the electronic properties of nanotubes. For example an increase of a transverse electric
field can lead the band gap of pristine and defective semiconducting SWCNT to zero.
Recent studiesvestigate the deformation of armchair singlealled carbon nanotube

under transverse electric fieldsing the density functional theory. An effective change in
SWCNTSs structure happens when electric fields is high on strength. The results showed
that the circular crossection of SWCNt is changed in an glic one; the length of the
diameter along field direction increases, while the diameter perpendicular to field
direction is reduced. The ratio of the major diameter to the minor diameter of the elliptic
crosssection increases with increasing of fieldesggth and nanotube diameter; it gives
indication about the deformation degree of strucfa&.

Moreover nanotubes react to electric fields flexing themselves ®do9&turn in their

primal form when the fields is reset to zero. Moreover if the eteiids are oscillating

the nanotubes vibrate and monitoring ripple frequency it is possible to take nanotube in
resonance. In fact several experimentations have demonstrated that each nanotube is
characterized by a specific resonance frequency depenodirits length, diameter and

mor phology. This propert ybacloaunlcde sboee used f

M Field emission

The small dimensions of carbon nanotube diameter play an important role in the field
emission: according with this process, a device eealstrons following the application

of an electric field.

In the last yearseveral measurements of field emission were effectuatedifferent
nanotube types maintaining both close and open extremity. Closed nanotubes can be

Aopeno appl gcriofgld @ tresting tlrem with @xygen at high temperatures.
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Among the different techniques wutilized f
the application of MWNT on a gold point , fixing them on a support only by Van der
Waal forces.

It is possible to observe field emission applying a potential of about hundred of volts to
the gold point; particularly it has been observed that both opened and closed nanotubes
can be emit high currents in the order of tenth mA, which correspond to ideraie

current density for nanometric objects. Moreover it has been verified that closed
nanotubes are more efficient than opened.

Fig. 320. Field emission, respectively, in closed and operetbtubes.

M Fluorescence

When matter is electronicgll excited by thermal, optical and electrical source, it
commonly reacts emitting light. The wavelengths and the strengths of optical transitions
refl ect the samplebs electronic propertie
information about sampl6 s el ectronic structure throug
and it also permits the qualitative and quantitative analysis of specific substances in
complex mixtures.

A team of Rice University, leaded by Richard Smalley (Nobel for the discover of

fullerene molecule in 1985) and by the chemist R. Bruce Weisman, discovered that
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nanotubes absorb and emit light in near infrared; this property can be useful in biomedical
application and in nanelectronics.

This fluorescence was first discovered in aqesuspensions of SWCNT to investigate

the behaviour of an individual nanotube. Measures of intensity emission as function of
wavelength and excitation showed a pattern of several peaks representing a specific
semiconducting species,(n). The spectral disbution provided an important connection
between optical transition energies and tube diameter and chiarality. In fact the result
showed that optical transition energies are function of nanotube diameter for
semiconducting species and that optical ttasienergies could depend on nanotube
environmen{56|.

The optical spectrum of such a mixture does not present separated transitions for the
various species to specific wavelength; it is widely observed, in fact, that SWCNTs
spectra are relatively diffesand uninformative. It happens because of the nanotubes
strong tendency to aggregate into bundles bound by Van der Waals interactions.
Nanotube separation from bundles is effectuated by intense ultrasonic agitation and the
remaining denser bundled nano&s were separated by intense ultracentrifugation. These
samples show a sharpened absorption spectra and photoluminescence in-ittieanegr

The remaining concentration of nanotube bundles in the sample may undergo to two types

of electronic perturb@ns:

A the environment has a polarizability that increases and it varies with position
within the bundle; the effect will be a rathift and a widening of the observed

electronic transitions;

A electronic coupling within the bundles may permit the enémransfer from an
optically excited nanotube to a neighbour having a smaller band gap; if the
accepting species is a metallic nanotube, the fluorescence emission in
guenched, while if the acceptor is a semiconducting nanotube with a smaller
band gap, thduorescence emission will be shifted to a long wavelength, that

may overcome the limit of detector and may be undetected.
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Optical biosensor based on nanotube could be used to detect specific targets in the human
body as cancer cells or inflamed tissuNanotubes could be covered with a protein able

to bind itself only with target cells; since nanotubes are fluorescent only in
correspondence of a specific wavelength and nanotubes with different diameters emit
different wavelengths, it could be pddsi to define several typologies of nanotubes to
individuate specific targets and to diagnose several diseases in an unique test using a
nanotube cocktall.
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3.6 Synthesisof Carbon Nanotubes

The first experimental identification of carbon nanotubeaswon multiwall nanotubes in

1991, this discovery stimulated a large number of studies on the -smdlecarbon
nanotubes, subsequently discovered in 1993. These materials are generally characterized by a
very much larger concentration of amorphous carlsarbon nanoparticles and other carbon
based materials.

Two relatively efficient methods to synthesize singhall carbon nanotubes are: laser
vaporization and carbon arc synthesis an both methods depend on the use of catalitsts.

1 Laser Vaporization Syrthesis Method

The Laser Vaporizatioof a graphite target is largely used for bundles of simgl# carbon
nanotubes with a narrow diameter distribution.
Two sequenced laser pulses were used to evaporate a target containing carbon mixed with a

small amaint of transition metal from the target (Fig. 3.21).

fumace at 1,200" Calslus

water-cooled
coppear collactor

argon gas

nanotube “fall® growing
along fip of collactor
graphite target

naodymium-yttrum-
aluminum-gamet lasar

Fig.3.21 Singlewalled nanotubes produced in a quartz tubated to 1200°C by thader vaporization method,

usingagraphite target and a cooled collector for nanotubes
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Flowing argon gas sweepsetlentrained nanotubes from the high temperature zone to the
watercooledCu collector downstreanjust outside the furnace. The material thus et

can be analyzed by scanning electron microscopy (SEM) and transmission electron
microscopy(TEM) experiments and Xray diffraction. So a detailed Transmissidgiectron
Microscopy study[59] shows that the diameters of the singiall nanotubes have
distribution peaked at (1.88.02) nm, very close to the diameter of an ideal (10,10) nanotube
(see EQ. (3.2))Moreover the carbon nanotube chiral indices (n,m) are for 44% (10,10) and
for 20% (9,9).

The average nanotube diameter and the diameter distribution can be varied by varying the

growth temperature and the catalysis composition.

1 Carbon Arc Synthesis M ethod

With the carbon arc it is possible to generate the high temperatures needed for the
vaporization of carbon atoms into a plasma.

The tools required to use this technique are carbon rod electrodes2@fniih diameter,
separated by 1 mm with a volegf (2025) V and a dc electric current of B20) A
flowing through the electrodes; the He pressure is about 500 torr with a flow ratd®f (5

ml/s to cool the system (Fig. 3.22).
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Fig.3.22.Crosssectional view of a carbon arc generator thattumsed ¢ synthesize carbon nanotubes
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Once the arc is in operation, a carbon deposit forms on the negative electrode, while the
MWCNTs are found in bundles on the inner region of the cathode deposit, where the
temperature is maximum ((25@D00)°C).

In a vacuum condition, asa consequence of the electric discharge, the temperature
considerably increases producing the sublimation of carbon present on the anode, that settles
on the reactor walls.

During arc synthesis fullerenes are predominantly found instdw produced by the arc,
while the nanotubes are deposited on the cathode.

The length of a carbon nanotube is typically on the ordersoiandthe growth rate of a 1

em carbon nanotube istéwated to be less than 0.1 eed, sothe time for the growtlof a
singlecircumferential carbon ring sbout10°second.

To maximize the nanotube yield in the arc process is important to cool the growth chamber.
The principal catalysts used to prepare shvgddl carbon nanotubes are transition metals as
Co, Ni,and Fe. The iron or cobalt catalysts in the arc process form both-gialjlearbon
nanotube and nanometsize carbide particles surrounded by graphene layers, as well as
metal clusters encapsulated within graphene 1§§6fs

Thus purification is ne@sary to obtain pure singlgall nanotube sample.

1 Other synthesis method

Another method of nanotulsynthesis consists into carbon ion bombardment to make carbon
whisker, which is a graphite material with high crystallinity, a diameter in the range. bf

1) um and a length in the order of mm. In this synthesis method, carbon is vaporized in
vacuum through ions or electron irradiation; the deposit achieved containing carbon
nanotubes is collected on a cold surface.

Some studies reported the use olas energy for the synthesis of singlall carbon
nanotubes, using an experimental chamber to fosolse energy to achieve a temperature of
3000K [61]].

Further research isecessary to optimize the synthesis process, increasing the yield of ropes

of sngle-wall carbon nanotubes and minimizing the concentration of residual particles.
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3.7 Purification of Carbon Nanotubes

In many of synthesis methadsarbon nanotubes are obtained together with other materials
such as amorphous carbon and carbonigest The purification techniques consist in the
isolation of carbon nanotubes from other products of synthesis.

The three main methods used for the purification of nanotubes are: gas phase, liquid phase
and intercalation method. Heating may be usefuptmification, but it produces an increase

in nanotube diameter due to the accretion of epitaxial carbon layers from the carbon in vapour
phase, resulting from heating.

The gas phase method removes nanoparticles and amorphous carbon in the presence of
nandubes by an oxidation or oxygdmrn process. The oxidation reaction for carbon
nanotubes has an activation energy of 225kJ/mairif62], but this process tends to burn off

also many nanotubes.

In this process the cap of the nanotubes is burned dff§mshe gas phase technique can be a
method for tube opening.

The carbon nanotubes obtained through the gas phase purification have diameters in the range
of (20-200) A and a length in the range of 10 inum, since the smaller diameter tubes tend

to beoxidized with the nanoparticles.

In the liquid phase a potassium permanganate KMn€atment is used whichives yields

higher than the gas phase methods, but nanotubes of shorter length.
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Chapter 4

Results and discussion

4.1 Thermal Desorption experimental apparatus

The thermal desorption spectroscopy takes piacan utrahigh vacuumsystem, equipped
with a Quadruple Mass Spectrometer (QMS), a thermocouplepae cycled He cold finger
an heater and the gas cylinders.
The ultrahigh vacuunsystem consists of the pumping system and of the vacuum vessel.
Vacuum is maintained through a turbwlecular pump backed by a rotary dry pump and
pressure is about 5x 1btorr.
The sampl e, mount ed on t h%issubjestedb gak expositiorg f ¢ o
gases are introduced in the chamber through a leak valve. The final pressusz(gured
during the expositionis due tothe base pressurepfnd the partial pressurey(of the gas
flowing into the system, from which:

Pp = Pr - Po-
where the partial pressurgip proportional to the particle numbers (n).
The amount of gas introduced into thBHV systemis measured in Langmuir units (1
Langmuir correspond® a pressure of 10torr for 1 §; so different doses are obtained fixing
pressure and modifyintpetime of exposition.
The sample exposition to gas happens at very low temperature3@Kk monitored with a
Au/0.7%FeChromel thermo coupld.ow temperatures of the sample are atedithrougha
close cycled He cold fingeThemal desorptioris achieved by heating theead of the cold
finger with a |inear r amp, descr i bmedsurddy t h
with a quadruple mass analyzdihe heater is formed by a power generator connected to a
resistance capsulate in a steel cylinder. The latter svaprfor Joule Effect transferring heat
to the head of the cold fingand then tdhe sample previously deposited on its surf&eit
is possible to regulate with accuracy the temperature moving away or bringing the cylinder
near the sample. In some peximents described in this chapters natural hedasngsed,
obtained turning off the close cycled He cold finger. Using the natural heating temperature

increaseslowerthan in the case of heatiogtained with a linear ramp.
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Temperatureis automaticallymonitored by a computeprogram Through amultimeter
interfaced to a pc we acquire theltage atboth ends of a thermocouple positioned on the
head of the cold finger; the voltage is then converted in the appropriate temperature value by
(interpolatingthe characteristic curve-V of the thermocouple).

It is possible to choose between the acquisition of asingldl e ( iscannbfng on
many files( iscanni nJyin thé lattercaseoitdseecessary teelect he masses to
analyze and theotal acquisition time. It is important to control thad rappreciable
contamination gas signalare detected neither in the adsorption nor in the desorption
processes.

Each file acquired fronthe quadrupoleduring desorptiorgives the intensity of emission
(expressed in arbitrary units) as a function of the atomic nu(figet.1) (expressed in unit of
atomic mass) and the tinpassed from the begin of acquisition.

8.00E-010 [~

6.00E-010 -

4.00E-010 |-

Intensity (a.u)

2.00E-010 -

0.00E+000 [~

0 2 4 6
A (a.m.u.)

Figure 4.1 Plot of emitted intensity asfunction ofatomicnumberA, for the specifi case of Kl
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A Gaussian fit giveshe area of the curvehat isthe value of total emission. This process can
be repeated for each file acquired during desorption; then it is possible to create a graph
describing the total intensity of emission as fiorcbf time for a specific dose.

By a comparison with a temperature filas possible to obtaia graph of the total emission
versus temperatureCalculatingareas of these curves for each dose given to system it is
possible to build a graph of intensiby emission as function of dose and then to analyze the
saturation curve of the system.

For Thermal Desorption Spectroscopy on ammonia and methaeesolid samples are
subjected to electromombardment using an electrgan with current in the ordercf A and
thespot size on theample isabout 50mn?. The average incident electron energy was chosen
in the range 203000 eV and the bombardment time ranged between 15 min and 4 h
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4.2 Thermal Desorption Spectroscopy on Carbon Nanotubes

4.2.1 Molecular Hydrogen Desorption on MWCNT

1) Experimental

MWNTs were synthesized by chemical vapor deposition using,@Gnd subsequently
purified by Prof. Nagy group of Chemical Engineering Department of Calabria University.
As illustrated in Figd.15 Transmision Electron MicroscopfTEM) shows that our MWNT
sample was made of individual nanotubes with an outer (inner) diametél&f (36) nm

and that many of them were open ended. Micro porosity measurements yieldeBET N
specific surface of 174 7ty. 10 mg ofMWNTs were dispersed in orthdichorobenzene and
sonicated in a glass container. The sample then was deposited directly csteelihead(6

cnt) of a cold finger with closed He cycling and driedA quite uniform thin film was
obtained andt$ adhesion to the copper surface remained stable during all the measurements.
The experiments wereonducted in a UHV chamber (base pressure in the oW Tkr
range) evacuated with a dry turbo pump; dds (purity of 99.999%) was introduced in the
chamber through a precision leak valve while keeping the sample at a desired adsorption

temperaturel,, and a fixed pressure of 2x¥orr (corrected for the ion gauge sensitivity

factor ) for a chosen time interval, then the gas was pumped betsample temperature was
monitored with a Au/0.7%FEhromel thermo couple. Thermal desorption was achieved by
heating the head of the cold finger with a linear ramp and the desoslvealshneasured with

a quadruple mass analyzer. No appreciable contimimgas signals were detected neither

in the adsorption nor in the desorption processes. Complete reversibility of charging and
discharging cycles was routinely verified and a total reproducibility was observed.

The vacuum system pumping speed was catiinl by admitting a known quantity of
hydrogen into the chamber at desired quadruple reading pressures and monitoring the time
needed for evacuation. A linear dependence on the pressure was observed. The desorption
rate was obtained by multiplying thetécted hydrogen partial pressure (the integral intensity

of a quadruple mass spectrum centereat & 2 a.u. composed of some 50 data points) by

the system pumping speed and the total amount of desorbed hydrogen then could be evaluated
from the integréon of the desorption ratiéme curves with an estimated error of ab20%6.

It was devaluated the dependence of emission intensity on several experimental parameters:
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1) exposed mass sample:

The experiment was effectuated deposing every time a diffenass amount of the same
sampleon the cryostat head to show emission dependence on the mass subjected to
exposition. It was also determined for each mass the dose corresponding to saturation and the

consequent emitted intensity to choose the correct raage to analyze.

2) H; dose:
The sample was subjected to gaseous hydrogen in different doses. From the analysis of
intensity as function of dose it was possible to observe the saturation curve to choose H

distant from saturation levels.

3)Exposue temperature:
Exposure temperature was controlled using a power generator connected with a heating steel
small cylinder in contact with cryostat. Varying the heater power it was possible to vary the

system temperature.

4) amount of covered surface:
The exposure was made in two ways: the sample was deposed on the cryostat head (with an
occupied surface 06,28 mni) or on the lateral walls of cylinder. So it was possible to

evaluate the existence of the desorption dependence on the amount of covered surfac

5) heating rateb:
Different heating rates were obtained controlling the power generator. From determination of

the temperature corresponding to maximum peak it was possible to verifgésdrption is

T

m

: o : : aT2g 1
characterized by a first kinetarder, deschied by a linear dependenceln%bﬂgon —.
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2) Results and Discussion

Belowthe experimental results obtained from analysis of separaimeter are shown.
a) Study in function of sample mass
Increasing the mass gebted to exposure the number of available sites increases, so the

adsorption probability. To this phenomenon corresponds a greater amount of accumulated gas
and increasing remission values (fig. 4.2).
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Fig. 4.2. Saturatiomiensity as function of sample mass
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To great masses corresponds an increase of the gas storing capacity of sample, so greater
molecular hydrogen amounts are adsorbethbgample (fig.4.3).
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Fig. 4.3. Saturation doses aBinction of several masses of the same sample

b) Study in function ofhe covered surface
Figure 4.4 shows the trend of emissioradsnction of gas dosdata in blackcorrespond to

the MWCNT dusts deposition on the entire cryostat head (with a swf&:28 mnd), while

for red data the sample was deposited also on lateral walls of cylinder. The two trends are
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almost identical and it confirms that the emission intensity does not depend on the sample

deposition modality and that desorption is notidase phenomenon.

® covered surface: the entire cryostat head
* covered surface: 6,28 Mim
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Fig. 4.4. Emission intensity asfunction of H dose for two different deposition modalities a§sIL5 K.

c) Comparison with charcoal

The same experimental procedure was repeated for charcoal. Fi§sieodvs a comparison
between the emission intensity asunction of H dose for the two different samples, with
fixed heating rate, covered surface and deposition temperature. It was also analysed the
emission by experimental setup, before any samplesgitém.
In figure 4.5 it is presentethe total H adsorption amount of 10 mg activated charcoal
powders (N BET specific surface area 23°fy) under exactly the same experimental
conditions. It exhibits very similar characteristics as that of MWNTssaboutfive times
smaller.lt is possible to note thélhe experimental setup contribute is negligible.
So carbon nanotubes have an adsorption efficiency much greater than otherbesdzbn
materials so they may be good candidates as cryosorbersri &gttelerators.
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Fig.4.5. Trend of emission afunction of H exposed dose for two different samples: black, MWCNT;

red,charcoal; green, experimental setup with no sample (background)

d) Study in function of exposurentie

In Fig 4.6 we illustrate some representative HPD traces taken at a constant adsorption

temperature of,; = 15K and varying exposure time. The Hbose# was expresseith units
of Langmuir (1 L = 16 Torr sec) and the sample heatiage was fixed af = 5K /min.

These spectra are substantially narrower than those previously reported in literatuge for H
dosing at higher temperatures and presqib@&g63] .
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Fig.4.6 Temperature Programmed Desorption traces of molecular hydeatgerbed &f,; = 15 K and

P.=2x10° Torr. The dose is expressed in Langmuir (1L%T@rr sec).

It is possible to note that each curve is peaked around 20 K; increasing the coverage, so the
gas dose, the maximum peak temperature remains cofatanrves with the same exposure
temperature.

These TPD traces are quite similar to each other and the spectrum maxima remain unchanged
as the hydrogen adsorption increasksarly indicating a first order desorption mechanism

(see chapter 1)n fact afirst kinetic-order is described by the following characteristics:
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1 Desorption rate is directly proportional to coverage.
1 When coverage increasthe temperature of maximum peak does not vary

1 The peak is asymmetrical.

Our result reflect all these algateristics, so FHadsorption on MWCNT is described by a first
kinetic -order.

Through a comparison between curves obtained for several doses (fig. 4.7), it is clear that the
curves area increases with the increase of hydrogenb#eseise of adsorbed gasd so re

emitted gas increase.
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Fig. 4.7. Detail of emission trend agunction of temperature for different gas dose
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Beyond a dose specific value the system cannot be able to adsorb further gas amount, because
the adsorptiorsites are totally occupied; the system cannot adsorb any more molecular
hydrogen and it saturates, as it is possible to note from constant emission trepdidsesi

higher than 1000 L (Fig. 4.8).
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Fig. 4.8. Trend of emitteH, asafunction of exposure dose for different masses
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The total molecular hydrogen content, as determined frominbegral of thedesorbed K

TPD trace curvess plotted in Fig4.9as a function o# for T, = 15K . It is interestingo
note that it increases linearly with at low doses and saturates at about $xa0.% for
¢ = 10* L. The saturatiorat a very low value and the relatively narrow line shape would

suggesthat hydrogen adsorbs only on a limited numbesites.Beyond a specific value of
dose the system cannot be able to adsorb further gas amount, because the adsorption sites are

totally occupied.
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Fig.49. Molecular hydrogen adsorbed on MWCNTSs as a function,afdde for adsorption

temperature of ,; = 13 K. Also shown are the results for a charcoal sample. The active surfaces

are 174 Mg and 23 rfig for MWCNTSs and charcoal, respectively
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e) Study on function of heating rate

To analyze the desorption phenomenon in function of the heating pae/er generator was

used to modify the sample temperature. The temperature obtained was anabyhaucasn

of time to verify a temperature linear dependence on time, obtained through our experimental
instruments. So the heating rates representedy theslope of the straight line, as showed in
figure 4.1Q whereb have the speatf value of 0.08 K/sec.
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Fig. 4.10. Temperature agunction of time: the heating rate is the slope of straight line

We alsoverified if the PolanyiWigner equation for first kinetiorder (eq.(1.52)), obtained
rearrangingPolanyiWigner equation
2

|n Tmax - DEdes +|n DEfi.es

b RT n, R

max

is confirmed byour experimental results.

In fact plottingln(Tz.. /B) versusT,. .~ it is possible to note a linearend which reflects

the equation for first kinetiorder

To gain some information on the hydrogen binding energy the sample heatifichesteeen

varied for constantoverage# = 2100 L andT,; = 19 K.
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Plotting T2, /b asa function of 1M the binding energy may be determined frtme

slope of the straight linelE,../R).

In table4.1 the values of the heating rateed and the temperatures of maximum peak are

reported:

In Fig. 4.11 we plotted In(Tz2,. /B) versus T,...

b (K/min) Trnax
1.512 21.2
2.262 21.89
3 22.45
4.62 22.71
5.16 22.87
7.14 23.1
7.5 23.3
10.74 23.9
12.6 24.1
14.94 24.42

Table 4.1

corresponding to theedorption rate maximum

-1

where T,,.... IS the temperature
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Fig.4.11. Plot oln(T2_. /B) versusT,, .. ~* for a series of TPD spectra taken at fixed

T.: =19 K, ¥ = 2160 L and varying heating raj@. T,,,... is the temperature corresponding to

the desorptiomate maximum.

The slog of the linear fit yields a desorption energy @&, = 340+ 20K (or

E,.. = 2.82 1 0.16 KJ/maol). The theoretic desorption energy for nanotubes is in the range
1kJ/molU9 kJ/mol .

It is interesting to note thahough there is a large body ofpeximental studies on hydrogen
adsorption on carbon nanotubes because of its potential application as a storage material, very
few measurements were undertaken below 784.,[65]. To the best of our knowledge, no
experimental data are available in liteena for adsorption at very low pressures. The binding
energy value found in this study is lower than that feioH graphite (480 K)66] in accord

with the isothermal adsorption measurements reported by Wasah (3.3 kJ/mol)[64].

This suggestshat hydrogen molecules mostly adsorb on the outer surfakghe reduction

in binding energyalue is generally attributed to the surface curvaieirg [68].
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f) Study in function of exposure temperature

Figure 4.12 shows that ;Hntensity emitted bythe sample varies with temperature, for

several exposure temperatures.
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Fig.4.12. H emitted asa function of temperature for exposure temperatures in the range (12.5
KU25.5K)

Low intensity corresponds to exposure temperatures higher than 25 K. Thespexific

energetic distribution of sites and when exposure temperature increases the number of sites
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with low dissociation energies decreases. For low exposure temperatures there is a low
dissociation energy and a great number of sites characterized layssociation energies.

As showed by fig. 4.12 each curve has a temperature of maximum peak similar to its exposure
temperature.
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Fig.4.13. Emission intensity afunction of temperature; comparison between plots obtained by

PolanytWigner equatiorand experimental results for several desomptioe ner gi es, wi t h
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Figure 4.13 showsa comparison between plots obtained by PolaMjgner equation
calculated for severanergies (toeach energy corresponds a particular portion of sites and
the energetic distribution is continuouahd expernental results fora specific exposure
temperature and for all sites characterized by higher enemied, h  bin fact, to eath
exposure temperature corresponds an activation energy so a specific number of adsorption
sites. For low energies the numbef adsorption sites is bigger than for high energies,
therefore emission intensity is great for low temperature.

Plot in figure 4.13 (violet line) corresponds to the superimposition of curves with several
desorption energies calculated regarding portibsites characteristic of each energy. The
trend is asymmetric and the resulting curve shows a broadening of the shape at right of the
peak, contrary to the single curves. The plot peak is translated of some Kelvin respect to
exposure temperature. Front@amparison between plot and experimental data it is clear that
the two trends are completely coherent, with a net superimposition of tails. Also the
experimental curve presents an asymmetric trend and a peak shift respect to exposure
temperature.

Then thetheoretic method used in this work has a good experimental verify.

Finally, in Fig. 4.14 we illustrate the saturated total amount of adsorbed hydrogen as a

function of adsorption temperature;.

This figure confirmsthe inverse proportionalitipetween emission intensity and adsorption
temperature.As expected, theotal hydrogen adsorption capacitecreases with the

adsorptiontemperature. FdF,; = 27 K, no H adsorption is observed.
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Fig.4.14. Saturatesholecular hydrogen content adsed on MWCNTSs as a function of adsorption temperature

of T .

This site assignment is in accord with fAEM observation that our sample was essentially
made of individual nanotubébig. 4.15. On the other hand, adsorption on inner wallsiio
imply a much stronger bonding4], [69] and diffusion into those open ended nanotubes.
Quasielastic neutron scattering measurements performed by Narehabélsoindicate the

absence of Hmobility in SWNTs at temperatures below 3Q7#0].

10¢



Fig. 4.15.Transmissin electron micrograph of multvalled carbon nanotubsample used in this study.

3) Conclusions

Our results contrast sharply with those reported for hydrogen storage measurements at higher
temperatures and pressures and strongdlicate that under high vacuum conditions,
hydrogen do not adsorb on the nanotube surface beyond the sublimation temperature and the
diffusion is essentially inhibited, as already confirmed by previous works. More quantitative
works are currently beingndertaken to determine the realistic possibility of using nanotubes

as cryosorbers in UHV systems.

In conclusion we presented first experimental measurements of molecular hydrogen
adsorption on MWNTS in real cryopumping conditions of accelerators gpiessures (I

Torr) and low temperatures (3D K). We showed that the adsorption capacity decreases
sharply with temperature and is in the order of 8. % at 12 K. Thisbehaviouris about

an orderof magnitudehigher than that obtained for comro active carbon making
MWNTSs a potential candidate as cryosorbent materials for accelerators.
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4.2.2Krypton adsorption on SWCNT
1) Experimental

In this work we present sonm@imary results of a TPBtudy abouKr adsorption on single
walled carbonnanotubes (SWNTat very low pressure and temperatures as a function of
coverage. Different doses of i§as werantroduced into the vacuum chamber through a leak
valve keeping pressure value abouf Trr and varying exposure timéVe used the same
procedure of the TPD experiment on Hescribed in the previous paragrapRecently,
experimental studies of krypton adsorption on single walled carbon nanotubes ($aAeT)

appeared in literaturg1].

2) Results and Dscussion

Fig. 4.16shows a typial TPD spectra for Kr dose about 45 L at an adsorption temperature of
30 K.

Varying the heating rate (from 3K/min to 27 K/min) the peak temperaairenaximumis
about 47 K for each curybecause exposure temperature is constdnis.result confirmshat

this process is described by a zero order kinetic.
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Fig. 4.16. Atypical TPD spectra for Kr dose about 45 L at an adsorption temperature of 30 K.

In Fig. 4.17 we illustrate typical TPD spectra for Kr gasSMWCNT, obtained varying the

exposure time from 10 s to 3000s at an adsorption temperature of 34 K.
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Fig.4.17 A typical TPD spectra for Kr, obtained varying the exposure time from 10 s to 3000s at an adsorption
temperaturef 34 K.

Each data point in the figure actually is an integral QMS intensity at atomic mass units 85 and
is proportional to the desorption rate. The intensity of gas emitted is proportional to Krypton
uptake and the peak temperatatenaximummove tohigh temperature increasing gas dose.

It showsthat krypton adsorption is described by zero order kinéses chapter 1)



3)Conclusions

Our results confirm that carbon nanotubes are good gas absorber according with works in
literature, but the origindl/ is that our measures were effectuated under high vacuum
conditions and for Iy below the liquid nitrogen temperature (77K). & confirmedthe

realistic possibility of usingarbonnanotubes as cryosorbeatsofor noble gases.
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4.3Thermal Desorption Spectroscopy in Astrophysics

4.3.1 Thermal Desorption Spectroscopy of solid ammonia

Volatile species which can freeze out from the gas phase at temperatures belkvar273
usually referred in astrophysi cnss, oathecdmetse s 0.
and in the interstellar medium (here ISM for brevity), where they form, in regions where the
temperatures ar@€10K for both the gas phase and the solid component, thealt
Amant |l edo of [ROh é thdse environmentsiicese subject to chemical and
physical processes, specifically they are subject to bombardment of photons and cosmic rays.
As a consequence some species evaporate, bonds breaking and radical formation occurs, new
species can form; in a word a rich radiatiastrochemistry occurs. The effects of ice
bombardment were intensively studied experimentally, mainly ion irradig8#jrand photon
irradiation[35], but also electron bombardment is importgxit]. For this reason we started

an experimental researchogram at the Surface Physics Laboratory of the University of
Calabria with the aim to study the effects of electron bombardment on ices of astrophysical
interestsHerewe report specifically on the effects induced by electrons, with energy ranging
from afew hundreds eV up to 2000 eV, on a bulk of ammonia adsorbed on a cold substrate.
Interstellar ices are mainly composed afH CO, CQ, CH;OH, CH,, NH3[72.]. Ammonia

is present with an abundance of -I1%% with respect to watgi73]. It is also present ithe
atmosphere of the external planets of the Solar System and on the surface of their icy satellites
[51]. I n order to Aisolatedo the effects on a
our experiments, irradiation of ice mixtures is planned agure improvement of our study.
Letdébs now briefly discuss what should be ex
electrons. Letdéds start discussing of the el
on condensed ammonia will be dissaed later, preliminarily in this introduction and more in

depth in thefollowing pages Frost et al.[97] report ionization potentials 10.3%/ and
14.95eV. Then few tents eV electrons should at least ionize ammonia molecules. As a matter
of fact ammoniais dissociated by the electrons afquadrupolenass spectrometer (in our

case the energy of electrons is aboue®};, the AVS Reference Guide (on the wgi])

reports the following mass spectra due to the cracking fraction gf(MHparentheses the

relative abundance): mass 17, NEL00), mass 16, NH(80), mass 15, NH (8), mass 14, N

2.

One of the oldest experimental works on the ionization and dissociation of ammonia by

electron impat is reported by Mann et 4dP6]. Dissociation of ammonia by ekgon impact
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has been reported by Bubert and Froben (1978). Tokue and Iwai (1980)76] report
formation of NH(A ®P) and NH(c P) by electron impact dissociation of ammonia.
Fragmentation of Nkldimers and of size selected hElusters by electron impaionization
has been reported by Buck and coworKgrg],[78]). The electron impact dissociation of the
NHsz molecule has also been experimentally investigated by Muller and S¢ha]Z81]).
Sato et al[82] measured absolute emission cross sectiérisagments produced by impact
on NH; by electron with energy below 1@Y/. Absolute partial and total cross sections for
electron impact ionization of ammonia are reported by Rejoub §3].up to lkeV. The
translational energy distributions of h=3,4) produced in collisions between electrons and
ammonia were determined experimentally by Kurawaki and Od84ia Experiments on

solid ammonia are reported by Zheng e{3{].

1) Experimental

Our experiments were performed in a Ultra High VacyuidV) Chamber equipped with an
electron gun, @uadrupolemass spectrometer and a closed cycle liquid helium refrigeration
system. The base pressure in the chamber was in the I afr range and it was obtained
using a dry turbo pump. At theteel head of the cold finger we were able to reach
temperatures around 20 The sample émperature was monitored with a ChromelFe
(0.07%)thermocoupleHeating was obtained by simply turning off the refrigeration system.
NH3; gas(purity of 99.999%)was introdicedin the UHV chamber through a precision leak
valve and dosed through a 2 mm diameter Cu tube, the end of which was reproducibly
positioned 1 mm away from the steel surface. With this technique we were able to condense
most of ammonia on the surfacetbé cold finger. We checked accurately the reproducibility

of the deposition. Different doses of ammonia were obtained varying the time interval during
which we kept open the leak valve. No appreciable contamination gfAdbl detected. The

UHV chamber wasoutgassed and the tube, useddapositammonia, accurately purged
before each set of experiments. The beam current of our electron gun was of the order of
1 mA, the spot size on the sample was of abounf®. In our experiments we used different
incidert electron energies, ranging from 280 to 3keV, and irradiation times of several
minutes. We checked the content of thesNddttle by simply pumping in the chamber the gas

and analyzing the partial pressure by using the quadrupole; in this way webtdsed the

cracking fraction of ammonia. The results of the interaction of electrons with the condensed
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ice were investigated by using the Thermal Desorption Spectroscopy (TDS): the bulk
obtained by deposition is irradiated wiin electrorbeam, then th@rocessed ice is left to
desorb by increasing naturally the temperature of the cold finger and the gas content of the
chamber is monitored as a function of the temperature by means of mass spectrometry. As a
reference we acquired a TDS spectrum of an amanbulk not irradiated with electrons (we
called this a Ano irradiation experimento)
didnodt nei tzhoeirradidte witb alecttons idrid simply we raised the temperature

of the cold finger (wecalled hi s a fAbl ank experimento).

2)Results and Discussion

In figure 4.18 we show a typical mass spectrum obtained raising the temperature after
deposition of the sample with NHand irradiation for 1 hour with electrons ak&Vv. We

clearly observe that derption of mass 17 occurs at two different temperatures, around 100K
and around 140K. Several other masses are detected during the TPD, i.e. mass 2, 14, 15, 16,

18, 28, 30. Desorption of these masses produces different peaks in the spectrum.
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Fig.4.18.A typical TPD spectrunof NH; with dose irradiation time (1h) and ener@y keV) fixed.
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Intensity (a.u.)

In order to detect the effect of electron irradiation we detected TPD spectra in the following
experimental conditions:
a)y ivacuumo, TPD acqui rzaeposition ana blecteon iocaaiatiorf, b ot
b) Ailrradiation onlyo, TPD acquired by irra

c) iDeposition and irradiationo, TPD acqui
previously deposited NHice. Different times of gas eposition and electron
irradiation were taken into account in order to detect a dependence of TPD from them.

A TPD spectrum acquired in the experimental conditions a) is shown in figure 4.19. We
mainly detected mass 18, a residual signal rélademass 17 and 16 is also detected.

2.0x10™ 1
-10 ] - 18 Vacuum
1.8x10 " . 28
1.6x10™° ig
1.4x10™ - 16 &
1.2 10'10—- - 3
2X 32 :
l 15 A
1.0x10™ ;
| !
8.0x10™" :
6.0x10™" Do
4.0x10™ - 1A
l i .
-11 ] M 4l||
2.0x10 _ ‘_.-'E o S
0.0 Jo s s ’f"::f?{#w*’ww; — I' |
0 20 40 60 80 100 120 140 160 180

Temperature (K)

Fig. 4.19. A TPD spectrum in absence of bothsMeposition and electron irradiation
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Peaks arise around 140K, we attributed this desorption temperature to the release of water ice
from the sample. A typical TPD speaitn at conditions b) is shown in figure 4.20. Here we
observe mainly desorption of adsorbed mass 17, i.e. BEsorption occurs around 200

110K, we attributed this desorption temperature to the release ginmdtecules from the
adsorbed bulk.
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3.00E-010 . 16
2 80E-010 L
.80E-010
| 2
2.60E-010 = 14*10 .
1 15*10
2.40E-010 : - 58410 .
2.20E-010 30*100 .
- 2.00E-010 -
) 1 ;o=
o 1.80E-010 (i
) ]
=
) - - m N
@ 1.60E-010 .
) ] L
c 1.40E-010 .
- .l
1.20E-010 A .
1.00E-010 ] " .
] s .
8.00E-011 " .
6.00E-011 A
] e s
4.00E-011 L -
1 L} .l-... l-.-
2.00E-011 .k "
Taeeey :..,---"'ﬂ E_- oy e "'.--.. ? S h-—"_.--"—".
0.00E+000 At o e
85 90 95 100 105 110 115 120
T (K)

Fig.4.20. TPD spectra after electron bombardmentouitbxposure

A TPD spectrum for case c) is shown in figure 4.21. Desorption of species around 100K and
around 140K is still present. Desorption of some species produces peaks attiempe
different from the previous ones. In the experiments a), b) and c) we distinguished in total

four peaks, not all present for any species.
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Fig. 4.21. TPD spectra acquired after electron bombardment on solid ammonia

We summarized in table 4.2 desorption temperatures of each mass in the different

experimental conditions we performed. In the table assignment between mass and species is

also shown.
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Mass | Peak1(K) | Peak2(K) | Peak3(K) | Peak4(K)
1 hour 2 keV
14 (N) 10-50 80-110 120-140
15 (NH) 10-40 75110 120-140
16 (NH) 20-40 40-65 75110 120-140
17 (NHy) 75110 120-140
18 (HO) 120-140
28 (Np) 1040 50-70 80-100 120-140
30 (NxHy) 20-40 60-70 85-120 130-160
32 1040 120-140
Vacuum
14 (N) 20-40 90-110 120-140
15 (NH) 90-110 120-140
16 (NH,) 20-40 60-90 90-110 120-140
17 (NHy) 80-110 120-140
18 (H0) 120140
28 (\) 20-50 120-140
30 (\eH2)
32 10-60 120-140
No irradiation
14 (N) 1040 80-120 130140
15(NH) 20-60 70-120
16 (NH) 20-40 80-110 130150
17 (NHy) 80-120 130140
18 (H,0) 120140
28 (\) 10-50 120140
30 (NbH2)
32 20-50 120140
Table 4.2.
As we can see from tabk.2a | ot of species are mplgdent

experiment, case a). The most abundant species in this case is water, which desorbs at peak

position 4 (figure 4.19). As no deposition of piWas performed residual gases inside the
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vacuum chamber adsorb on the steel sample. We assume reasonatigttdesorption at

peak position 4 is due to water bonded to steel, during desorption other species trapped in
water come out. In the experiments without irradiation, case b), we mainly observe mass 17
(NHs3) desorbing at peak position 3. Other massesmgmut may be assigned to 1) cracking
fraction of NH; inside the mass spectrometer and 2) species trapped thsidelkof NHs.

At peak position 1 some species desorb. We attributed this desorption to moéddalés
escape from the N; bulk. Even if his desorption occurs in all the three kind of experiments,

i.e. case a, b and c, we will show here that irradiation of Mith electrons is able to produce

new molecules. Let us consider mass 16 {Niist. Differently from mass 17, which desorbs

only & temperatures corresponding to peak positions 3 and 4, mass 16 desorbs also at peak
position 1 and 2 (in these last case only in the experiments with irradiation of electrons). This
suggests that mass 16, which we attribute t@,dBinnot be produced exsively by cracking
fraction of NH. We exclude that mass 16 could be attributed tdo&ause in this case it
should be produced by cracking fraction of&d the detected intensity of this last is much
lower than the intensity detected for mass 16.lHFertr mor e t he i ntensity
change with dose of adsorbed NHvhile it increases by increasing the energy of the
electrons, strongly suggesting that the peak is related to the effects due to electron irradiation.
More difficult is to deduce @t mass 15, that we attributed to NH, is produced by electron
irradiation. Desorption at peak position 1
while it is arising both in the experiments with and without electron irradiation. Thus mass 15
is relted to mass 17 but we were not able to distinguish the signal arising from cracking
fraction (both mass 17 and 16) from the signal (if existing) due to electron irradiation. In the
light of the previous considerations we ddmen get the following first onclusions on the

effects of electron irradiation of adsorbed ;NH

1. Some nitrogen bearing species are detected also in absence of irradiation with

electrons.
2. Mainly we can attribute the presence of this species to the cracking fractiors.of NH

3. We can assue without any doubt that a certain amount of,N#l produced by

electron irradiation, more difficult it is to assess the production of NH.
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Let us now discuss on the production of the remaining species detected. We attributed mass
28 to N. In figure 4.2 we showmass 28 spectrater rradiation with electrons.

We observe the presence of peak 2 which is absent in the spectra taken under the conditions
Avacuum onlyo and Adeposition onlyo. Beside
electron iradiation.So we can assume that N not entirely due to Nkkracking fraction and

some of it is produced by electron bombardment.

N2 after irradiation
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Fig.4.22.N, TPD spectrum after electron bombardment

By the way peak 1 of Nmass spectrum is also present ingékperiments we did to calibrate

the thermocouple. In that case desorption of several pure gases was studied and among those
also N. In the experiments with electron irradiation, mass 2, which we attributed amdH

which is not included in figure 4.18as intensity comparable with the signal of Nhis
experimental result suggests that electrons dissociatenidtécules and that recombination

of the fragments produces; ldnd H. Finally let us consider formation of,N, and NH,.

Zheng et al. [37]) reported the synthesis of hydrazine and diazene by irradiating solid
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ammonia at low temperature (B0 K) with high energy electrons (V). Our experiments
suggest that also at lower energy of irradiation some chemistry occurs but we did not have
confirmaton about formation of bH4. Hydrazine has mass 32, the same as/\® detected a

low signal related to mass 32 but, as this signal is ever present in our experiments and we did
not observe any increase in the intensity when Hrradiated with electr®s) we assigned

mass 32 to molecular oxygen. A different case is that of diazene (mass B@)re 4.23we

show mass 3Gpectrum after electron irradiatiomMass 30 is not present in absence of

irradiation while it appears clearly when R4 irradiatedwith electrons.

3.00E-013 B Mass 30 after irradiation
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Fig. 4.23.Mass 30 K,H,) TPD spectrum after electron bombardment

In conclusion we showed that, by irradiating solid ammonia with low energy electrons, the
following speciesare certainlyproduced: NH, N, H,, N>H,. Nothing we can ay about
formation of NH and BHj, reported instead in the work of Zheng et @B7]) which
irradiated solid ammonia with higher energy electrons. Let us now look to the chemical
pathways which brings to the formation of the detected species. We sinmighutat
formation of NH to the breaking of NElinto NH, + H. The unimolecular decomposition of
ammonia via the two possible reactions:
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NHz A NH+H, (1)
NH;A N+H+H (2)

has a lower probability to occuf5(]). Two nitrogen atoms, produced byaotion 2, can
recombine to form B Both reactions 1 and 2 provide a mechanism for formation of
molecular hydrogen. More difficult is to argue formation gHN Zheng et al.[B7]) propose

that two neighboring amino radicals can recombine to form intgreicited hydrazine,
which can stabilize to hydrazine or undergo unimolecular decomposition forming, among

others, NH,. The reaction mechanisms proposed are the following:

2NH2 A [N2Hi™ (3)
[N2Hs]" A NoHa (4)
[N2Ha A NoHs+ H o (5)
[N2H4" A NoHo/NNHz + Hy  (6)

In our experiments it seems that internally excited hydrazine, produced through reaction 3,
decays preferentially through reaction 6, producingiiNand B, which are both observed by
us. We were not able to detect desorption of hydeaduring the warm up of our irradiated or

not irradiated solid ammonia sample.

3) Conclusions

In order to detect the effects of electron irradiation we detected TPD spectra in the following

experimental conditions:

Vacuumo, TPD e afbaghNH depasition and elebtomrimadiation;

=]

a)

b)Alrradiation onlyod, TPD actgaksample;d by irrad



c)iDeposition and irradiationo, TPD acqui

previously deposited Niice. Different gas exposures and electron irradiation timese
taken into account in order to detect a dependence of TPD from them.

We deduce the following consideration.

The peak 4 arise at about 140 K and tldesorptiortemperature correspontisthe releas of
water ice bonded to steeluring desorption other species trapped in water come out.
1 17 am.u. (NH)
Mass 17 desogmat 110 Kand 140 K (fig. 4.18)We can assume that desorption in the
range of 110 K is dueo the release in gas phase of thesNidlk. Desorption at 140 K

takes place when species bonded tosteelhead of the cold finger desorb as a whole and

mass 17 is among them.

1 16 am.u(NHy)

Mass 16 desorbs also at pgaisitions 1 an@ and in the latter case the pegkpearonly

after bombadment (fig. 4.21). This suggests that mass 16 cannot be produced exclusively

by cracking fraction of N6l We exclude that mass 16 corresponds ‘td&zause in this

case it should be produced by cracking fraction gfaDt the intensity of this last isunh

lower than the intensity detected for mass 16. Moreover the intensity of mass 16 does not

change with NH dose, but increases by increasing the energy of electrons. This suggest

that the peak of Niis strongly related to the effects of electron bordbzent.

We simply attribute formation of NHo the reaction:

NHz A NH + H.

So NH is a product of NKlelectron bombardment
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17 15 a.m.u. (NH)

It is very difficult to evaluate the main mechanism of NH production.

NH peak at position 1 is present both experiments with and without electron
bombar dment , but not i n t heMasald & ohvibuslydo v a c
related to mass 17, but we are not able to distinguish between a signal due to cracking

fraction and a possible signal due to elecircadiation.

7 28 a.m.u. (N)

I n the A vacuum onlyo and peaksf2 antd 3 are absedti at i
while peakat position 1 is more intense after bombardment. So it is reasonable to think
that N> is not entirely due to Niicracking fration operated byhe quadrupoldilament,
but some of it is produced by electron bombardment.
Molecular nitrogen is related to reaction (2); two nitrogen atoms, produced by reaction (2)
can recombine to formN

NH3zA N+H+H; .

1 2amu. (Hy)

In the expeiments with electron bombardment signals ofawd H are comparable, so
we suppose that electrons dissociatezNhblecules and that recombination of the
fragments produces Mind H. Molecolar hydrogen is produced by both reaction (1) and
(2). In our exgriments it seems that internally excited hydrazingHgN produced

through reaction (3), decays preferentially through reaction (6), produghtgadd H:

2NH2 A [N2H (3)
[N2Ha" A NoHo/NNH, + Hy  (6)
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7 32am.u. (NHsor Oy)

Zheng et al. [37]) reported the synthesis of hydrazinely) and diazene (MH;) by
irradiating solid ammonia at low temperature -@®K) with high energy electrons

(5 keV). Our experiments suggest that also at lower energy of irradiation some chemistry
occurs but wedid not have confirmation about formation ofHN. We detected a low

signal related to mass 32, but the signal is ever present and its intensity does not increase
when NH; is irradiated with electrons. So we attribute mass 32 to molecular oxygen.
Internaly excited hydrazine is produced by reaction (3), bus possible that it decays
through reaction (6) producing diazene and molecular hydrogen:

2NH2 A [NoH]™ (3)
[N2H4]* A N2H2/NNH; + Hp (6)

7 30 a.m.u. (NHy)

We analyzed diazensgpectra in theéhree experimental conditions. Mass 30 is not present
in the case of exposurenly, while it appears clearly when NHs irradiated with
electrons (fig. 4,23).

The reaction which describes diazene formation mechanism is (6), during hydrazine

decay.

[N2Ha" A NoHo/NNHz + Hy  (6)

In conclusion we showed that, by irradiating solid ammonia with low energy electrons, the
following species are produced: NHN,, Hy, NoH,. Nothing we can say about formation of
NH and NH,, reported instead in the work of Zig et al.([37]) which irradiated solid

ammonia with higher energy electrons.
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4.3.2 Thermal Desorption Spectroscopy of solid methane

The interstellar medium (ISM) is composed of gas for 99% and contains about 10% of the
mass of our Galaxy. Hydrogemd helium represent respectively 93.38% and 6.49% of ISM
chemical composition, while oxygen, carbon and nitrogen contribute only with 0.11% (O:C:N
=6:3:1,[85]). To this elementary composition corre:
homogeneoug diffused in theinterstellar medium, but localized in largeale structures as
dense interstellar clouds. Molecules, atoms and radicals at gas state condense on dust grains
surface of molecular clouds (at 10 K) creating an icy mantle with a thickhesso0 . 1 & m
presence of ices is confirmed by IR spectroscopy of obscured stellar sources and in interstellar
grains are localized solid mixture containingd{l CO, CH and NH;( [86] ).

Ices of molecular clouds and solar system bodies are subjectkd &ztion of comicays

UV photons and energetic particles of the Galactic cosmic radiation fields.

Interstellar dust represents only 1% S mass, but grains nuclei are mainly composed by
carbon; this composition is fundamental in the formation o¥ n@lecules([87]) .Several

studies show that in energetic processing of cadwomnaining ices subjected to UV, to
energeticions or to simple warm new complex organic species are fo(f88{). The most
important process caused by cosmic ray interaetatim matter is ionization.

Though the icy mantels are rarely under energetic electron bombardmerglett®ns
emitted in ionization processes can be energetic enough to further ionize or excite surrounding
molecules creating photons, electrons, iomr&licals and rotwibronically excited species

[89]. A dependence of the yields of reaction products from temperature also exists: reactions
appear more efficient if temperature is about ZFX]).

To better undetand the cosmic radiation inducddrmation of new organic species, thus the
chemical evolution of cold molecular clouds of our solar system, it is essential to understand
the effects of electron bombardment on the chemical reactions in tHgIths

In this work wepresent an experimentaivestigation on(500e\+3000eV)electron induced
chemical reaction in solid methane2&t K

We use Thermal Desorption Spectroscopy (TDS) to study the electron gun effectsdon soli
methane and through a quadeupnass spectrometer we also analyze the foomatf new

molecules after bombardment.
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1)Experimental

The experiments were conducted in a UHV chamber (base pressure in the-10nTbor
range) evacuated with a dry turbo pump. The UHV system is equipped fowkD3 steel

cool head which wek in the range of 200 K, with an electron source and wélcomputer
controlledquadrupolemass spectrometer to monitor various gas species released during the
thermal desorption processes.

For each of them, a mass scan of about 40 data points was takie amegrated area was
used as the signal intensity. To better detect all desorbed gases, an automatically adjusted and
differently set sensibility scale was used for each mass.

Methane ice was formed by condensing,@Hto the stainless steel cold heanlface (7 crf)

of a close cycled He refrigeratd®H, gas (purity of 99.999%) was introduced in the chamber
through a precision leak valve and dosed through a 2dmmeter Cu tube, with its end
reproducibly positione@t <l mmaway from the coldurface(with a linear motion devige
enabled to growth of a coluniike bulk film. The pressure of gas in Cu tube is fixed and
while keeping the sample at a desiderate adsorption temperature (about 20 K) for a 10
minutes the gas was pumped ouheTsample tempature was monitored with an Au7

Fe% chromel thermocouple and the adsorption temperatures was (20£2)K.

Sample heating was achieved by simply turning off the refrigerator compressor. In the
temperature range of our interest (40B0K) the heating rate wagarly constant (3K/min).
Thermal desorption (TDS) was achieved by heating naturally the head of cold finger and
desorbedmolecules were measured with a quadrupole mass analyzer. Quadnigpsde
spectra and the sample temperature recording were syiEgaon

To study electrofinduced surface chemistry an electron beam was produced by the electron
gun witha beam current in the order©A; the electron beam was totally-ttecalized with a

spot size similar to the sample surface area to avoid the local heBtmgverage incident
electron energy was chosen in the range-2000 eV and the bombardment time ranged
between 15 min and 4 h.

No appreciable contamination gas signals were detected neither in the adsorption nor in the
desorption processes. A total reproducibility of gas line cleanness was observed.

The most interesting variables we considered were the electron beam enetigy alettron
doses (fixed by bombardment time). In effect we conduct the experiments varying the
electron energy in the range 28000 eV and the bombardment time in the range 154min

The CH, dose was fixed to 3000 Langmuir in all experiments.
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In absere of electron irradiation TDS results show the presence of molecules with an atomic
mass (a.m.y of: 1-2-12-13-14-1516-17-18-26-28-29-32, as clearly shown in figt.24

The 16a.m.u. mass is certainly associated WftGH, specie. In both blank and auiated

TDS experiments we note a massive presence of CHis clearly indicate that only a
fraction of CH, is interested fronelectron irradiatioror quadrupoleffects.

Considering the purity of gas, the unimportant system contamination and the carbo
isotopic abundance (98.9% fo¥C and 1.1% for*C [91]) we can attributéhese masse®
thefollowing molecules: H, b *2C, CH,**C, CH,, CHs, **CH,, C, C:H2, CoHs.

We can associate the molecules obtained in irradiation absencetor&ing fration in
gaseus phase caused by the quadtepmass spectrometer filamefthe average energy of
quadruge filament electrons is about 60 ¢92]).

We mention that, for background dosing, two distinct desorption peaks were observed for as
depositedCH, thin films with a temperature difference of 10K and their intensity ratio
remained constant as the amount of the adsorbedv@t&d. This was due to adsorption on

two different portions of the cold head, as checked with a set of thermocouples positioned on
various parts of the second stage of the refrigerator. the desorption features reported in this
paper are relative to those coming from the coldest area which loewwdbjected to electron

irradiation.

2)Results and Discussions

In Fig. 4.24 we presat four typical mass spectrtaken attemperature of T = 47K and
T = 62 K during thermal desorption of a thin solid methane film deposited @4t L
background dosinglf = 1x10~*Torr- sec). Spectraa andb are for the sample irradiated

with 2000eV electras while spectra andd are relative to an as deposited filmFor the
purpose of comparison we alstown the mass spectra taken by filling the chamber at

1x10™®*mbar and room temperature witBH,;, C;Hs, and H gases (curves, f, and g,

respectively).
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Fig.4.24(1). Quadruge mass spectra taken during thermal desorption of a 2 keV electron bombarded,thin CH
film at 47 K (curvea) and 62 K (curvéd) and for an asleposited film (curves andd). Also shown are the scans
for backgroundilled methane, ethane and hydrogen gases at®lxit@r (curves, f, andg, respectively). For

the sake of clarity, all curves have been shifted

We first note that thguadrupolefilament (operating at 60V) produced a great amount and
variety of frgments for methane and ethane. This certainly overshadowed the effects of
electron irradiation on solid CH Indeed, the intensity ratios of ¢ltb CH, and GHy to

C.Hs are very similar for curvea), c), ande) and for curve®), d) andf), respectivelyclearly
indicating that the quadrofe filament cracking is the far most dominant mechanism for the
observed dissociation of methane and ethane.

Thermal desorption curves of the relevant species for an electron bombarded sample are

illustrated in Fig.&R5. The film was obtained by background dosing and its thickness was
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approximately1350 A (or 350layer9 allowing the primary electrons of 2000 eV to penetrate

through. The electron flux wa® = 2x10'° electrons/cm®. The spectra can be gathered

into three goups which appear separately in different temperature ranges.
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Fig.4.25 Thermal desorption traces of some relevant species for a background dosed methane film of 450 L after
60 min of 2keV electron bombardment at a current density ofB8m?. In the upper panel of the inset are

shown the traces of 8, while that illustrated in the lower panel is for an as deposited ethane film.

Methane and its derivates ¢ldre released at about 47 K, atomic and molecular hydrogen
signals are seen @0 K and together with CHat 47 K, whereas the,By species desorb at

higher temperatures with two wider features centered at 62 and 75 K. We notice that for
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T>50K, the TPD curve for CHs structureless though its intensity is much higher than those
of C;Hy species.

To further study the irradiation effects, we condensed a colikarbulk CH, with relatively

small quantity of methane gas avoiding the over pressure during desorphenthickness

was estimated to be a few tensnoih and quite reproducible as judged by the tdesdorbed

CH, signal. The monotonous increase of the amount of desorid¢gda@d GH- plotted in

Fig. 4.26 as a function of the electron irradiation time clearly demonstrates the effects of

electron stimulatd reactions.
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Fig. 4.26 (3). Total ¢Hs intensity produced by 2keV electron bombardment on a thick solidifHas a
function ofirradiation time. The continuous curve is a best fit by using a simplegatgion based
recombination model (see text)
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In discussing the electron induced dehydrogenation occurring in the solid methane matrix, we

mention that the energy required foH, dissociation is only a few eV so that the impinging

primary electrons and also secondary electrons generated in taeleasuld produce GH

fragments with Chl being the most important ongsee Tab. 4.3)[93].

Because of the

dominantquadrupole crackingffects of desorbing methane molecules from a large portion of

cold surfaces which were not subjected to electron bainteent, a direct detection of these

CHy reaction products through thermal desorption spectra was difficult.

20 eV| 60 eV| 2000 eV
(secondary | (quadrupole (electron
electrons) filament beam
electrons) | energy)
CHs; 5x 10™ 2 x 10% 9 x 10"
CH, 1x10% 2 x 10% 3 x 10"
CH 3.01x10° [2.2x10" |2.2x10%®
C 1.03x10° [3.4x10° |3.34x10"
H 1.23 x 10" 127.437 x 10 %267 x 10

Tab. 4.3. Cross section (énvs electron Energy for emission of product from,@Hctron irradiatin

However, these reactions could still be inferred from the observation of molecular hydrogen
during electron irradiation (Fig. 4.27 and fig. 4.28). Indeed, turning on and off the electron
beam with use of a mechanical shuttle resulted in a quitedepitde oroff behavior of the

H, signals.
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Fig. 4.27 H and H TPS spectra during bombardment and turning off the electron, vétman energy of 2

8.0x10"

6.0x10"

4.0x10"

Hydrogen intensity

2.0x10"

0.0

keV.

meuPiay SEAEIS =
L L

IIII-“

e R R R TR

pmunE = nnil
m.—lll-

3

500 1000 1500 2000
T

Fig. 4.28. H TPS spectra during bombardment and turning off the electron beafaredion ofirradiation

time, with an energy of 2 keV

13C



In the solid, ® the molecular dissociatiomay follow a recombinationprocess, which is
negligible in gas phase because of the large intermolecular distance. The most favored
recombination reactions are those twitery low binding enthalpiesas the formation of
hydrogen molecules, acetylene, ethyleadd ethane. Asimple recombination rezion
between twadjacentCH, (x=1, 2, 3) moleculemma y f o (Ci) HHBE<LTH,, and RC-CHjs

with a triple, double, and singlert@n-carbon bond, respectively.

The fact that all gHx TPD curves have nearly the same line shape (upper panel of the inset of
Fig.4.25) would strongly suggest an essentially common origin of these species. A
comparison of the intensity ratios seenha TPD curves betweenld, and GHs with those
recorded for ethane gas (curgeof Fig. 4.24) reveals that virtually all observed dicarbonic
species could be attributed to ttpadrupoldilament cracking of desorbed ethane molecules
except for acetylenelndeed, in this later case, the detected intensity ratio is much higher than
the cracking faction. This observation leads us to conclude that a substantial portibla of C
must have formed in the Ghhatrix upon electron irradiation.

We point out thathe difference in the desorption temperatures fog (CHH) and GHg (C2oH>)

species unambiguously indicates that ethane (acetylene) molecules are formed in the solid
during electron irradiation or during thermal annealing, but certainly not in gas phasg duri
desorption.

To get some estimates on the process of @hydrogenation into CGHand the subsequent

CHs recombination into ¢Hs, we first note that the probability that a molecule within the

reaction depthl gets hit by a 2keV electron ia second isP1=m where

I =8.8x107% Am™? is the electron beam density apd= 1.694x10°* m™* the site number
density. The probability a methane molecule undergoes a collision with a primary electron is
Py - 8¢y, with 64 denoting the Chicorcentration:-y (t =0) =1 andf.y (t = ) = 0.

In the case of background dosing as that shown in Fig. 4.25, the film thickseds$5 nm

was smaller than the primary electron penetration lehgso that chemical reaction took

place through the whole safe thickness: [ =d, P, =2.45x107°. The dissociation

o

probability for CH, is P, = — = 8.05x1072 with ¢ = 9.5x10"" cm® being the cross

section at 2keV and = 1.95 A the molecular mean radius. Therefore, the probability that a

CH4 molecule to be dissiated in a second B, -8y - P; = 1.97x107® 8.y, . Considering

that a 2keV electron produces many secondary electrons, we may reasonable assume the total

number of hits to be at least 50 with a simsarthen the real probability of dissociating a
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CH4 molecule in a second can be as high as _*Lﬂg}g. Forf:y, = 1 the total probability of

dehydrogenation in an hour &= 36%p, thus as a first approximation we may take a simple

1#(1-036) _

averge value 08y = = 0.82 so thatP = 30%.

=

Experimentally, the intensity ratio betweepHg (including its cracking fragments) and ¢H
originating from electron bombarded region is about 1.8x1ifus that between Ghhvolved

in the recombinationral CH, is 3.6x10%. This later value indicates that only about 10% of
produced CHrecombine to form gHe.

To somehow quantitatively describe the kinetics of electron induced reactions occurring in the
solid matrix (case of columlike thick film), we asame that thdilm thickness to be much

larger than the electron penetration length and denote 8iyjth the concentratiorof CH,

molecules The rate equation for methane can be written as:

d8ry
e = —€10cy, T €200y Oy (4.1)

where c; is the rate constant for reductiai CH, into CH; (x=0,1,2,3) andc, that for
reformation from CHand H. The greatest formation probability is for x = 3¢gie the time
corresponding to a total reduction of £id CHs, so to the complete formation of a €ide.
Because of the preferential formation of &hd its instant release from the solid (see Fig.

4.27), we can reasonably assusge= 0. Eq. (4.1) then has a simple solution

-C

L'H (t) = E"EH AR (4.2)

Whereﬁ,_E"H4 denotes the initial density @fH,.

The rate equatiofor CHz molecules igjiven by:

dfry
E o _ — b —C.t
PP CEHEH4 "3451':1{5 = '5'1':11; Cz€ = '5451‘;{5, (43)

wherecs is the rate constambr dissociation of Chlinto CH; andc, that for fragmentation of

CHjz into smaller ones.The solution of (4.3) satisfyinthe initial condition8., (t=0)=0

is:
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Ocy, (£) = E:_SEJ Ocy, (e77" — &™) (4.4)

As the CHs;+CHzA C;Hg recombination is concerned, if it occurs at low temperature during

electron irradiation, then its rate equation is given as:

= csBch, Ocn, — CeBc,, = ale ™ e 2 —2e7(OF ) 6., (4.5)

with ¢s denoting the recombination rate aidhe dissociation rateThe solution for (4.5) is

= 2 —_ 1 — 1 —Cgt
EL-:HE' [:t] ﬂ:[(cs—':ﬂ-jc,,} Cp—2c, 55—2::4]‘9 +
1 —2e,t 1 —2ec,t 2 —(c, ot
=3 = [ 4 —_—_—m WL
+ Co—2ry + Co—20, cg—leytey) :| (4.6)

However, if the recombination process occurs during thermal heating (in the solid and before
desorption) then thprobability of formation of GHe, P, is simplypropotional to the square

of 65, (T) with T indicating the irradiation time:
— -2c,T —2e,T __ —(5, 5, )T
F,_-:HE[T] ale +e “f+ —2e ) (4.7)

As shown in Fig. 4.26itting to the total intensity of gH¢ produced in the sml, sum of all its

detected fragmestas a function oélectron irradiation tim@ yields 16; =4 = 1x10%s and

1/c,=C = 1x10°,

An independent evaluation of the rate of electron induced dehydrogenation of a methane
molecule in a solid matriA can be made as follows: the reaction Hept= A = 300 n4 ;

P, =1.13x107%, the probability that a CHmolecule to be dissociated in a second is

Py-Pycey = 9.1}{10_?6“{4. We may reasonable assume the total number of hits to be at
least 100 with a similas, c-yz, = 0.8 then the real probability of dissociating a £H

molecule can be 7.3xf®r more or a constant rate of 1.4%%0
This estimate is just about a factor of 14 off the experimental valus=bfi;=1x10 s.

Considering the roughness ofd4hsimple model with large uncertainties in the parameters
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used such as and the average hits per incident electron, and of the assumption of a uniform
distribution of electrofCH, collision probability over the depth, we may certainly regard the
experimetally determined value oA reasonable. We also point out that in 100 hits only 8%
will produce dissociation with a total energy loss of only 40 eV or something more.

Further, by assuming that all CH is produced in the solid via dissociation oti§tHs in the

case of CH, we fitted the intensity of £, after subtracting the cracking fraction ofHg

with use of eq. (4.5) to (lower panel of Fig.4.25). The so determined time coAstavt;=

2x10 s is quite similar to the value obtained foiHg, though the assumed hypothesis is quite
rough.

A comparison with the TPD curve of a solidHs film (lower panel of the inset in Fig.4.25)
show that the binding environments of electron irradiation produced ethane are much more
complex with two broad structess centered at about 62 and 73K, in contrast to the sharp
desorption peak of bulk ethane at 69K.

3) Conclusions

For little bombardment times there is an increase of the formation probabilityHaf @hile
for high bombardment times,Bs concentratn is constant (fig. 4.26); in fact, at high
bombardment times CHs completelyreducedinto CH, with a great probability for CH
because Cklcross section is bigger than CH and Cifles and the last ones processes at two
or three electrons are so moregetic.

For A=1/c;=1*10% seconds on the cold surface there is a @#d; CH molecules have a
reduced mobility at low temperature, so the probability of thg @bllecules recombination
into GHs is very negligibleduring bombardment; at A=d~1*10° corresponds a value of
c4=1/C=1*10° which confirms the negligible formation rate for ethaneHg during
bombardment. During TPD, indeed, the kinetic energy ot Gtdlecules increases with
temperature, so also their mobility, with the consequent formatio@,ld§ (CH;+CHsA

C,He). Ethane is considerable as a bombardment product at the second order.
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Theoretically duringbombardmentalso formation of CH and K; takes placewith the
following dehydrogenation of CHibut these processes are more energetic andn@GHC kb
cross sections are very small; therefore the formation probability of these two species during
bombardment is negligible comparedCH; one CH and CH amounts showed during TPD
are due mainly to cracking fraction of Cldperated byquadrupole ifament. The ratios
CH,/CH are, in fact, constant and independent on bombardment times and energies.
In the same way, i« species are not generated by bombardment; in fact their formation
mechanisms

CH+CHA CyH;

CH2+CH2A C,H4

are negligible because of thery small concentration of CH and g#uring bombardment.

The CH spectra showed in TPD are due to cracking fraction #fs @y the quadrupole
filament; in fact the ratiosC,H,/C,Hes do not vary with bombardment energies or time and are
constant, also intsence of bombardment. This ratios are also verified by TPD of simple
C.Hs, so it is confirmed that the formation mechanism @fl,Cis only cracking faction of
ethane.

A comparison of the intensity ratios seen in the TPD curves betwgdénatd GHgs with
those recorded for ethane gas (cugvef Fig. 4.24) reveals that virtually all observed
dicarbonicspecies could be attributed to tipgadrupole filamentracking of desorbed ethane
molecules except for acetylene. In fact the rafigH,/C,Hg is higher in bhe case of
bombardment and it increases with electron energy. So acetylene is considerable as a
bombardment product at the second order.

The only direct product of methane bombardment is;@4Hs molecules are due to GH

molecules recombination during TPD
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4.4 Thermal Desorption Spectroscopy in Geophysics

4.4.1Thermal Desorption Spectroscopy of zoisite

Zoisite is a calcium aluminium hydroxy sorosilicate belonging to theepidote group of
minerals Its chemical formulais CaAl3(SiO4)(SiO7)O(OH). Zoisite chemical coposition
(in %) is mainly described in the following talji&s8]:

Calcium (Ca) 17.64% CaO 24.68
Aluminum (Al) 17.82% Al;Os3 33.66
Silicon (Si) 18.52% SiO, 39.67
Hydrogen (H) 0.22% H,O 1.98
Oxygen (O) 45.78%

Table 4.3

Among the typical impurities of zoisithe mostcommonis water (see table 4.£94].

Chemical Properties of Zoisite

Formula: {Caz}{Al 3}|O |OH|SIQ|S.0/]
Essential Al Ca, H, O, Si

elements:

All elements Al Ca, H, O, Si

listed in formula:

Common Fe,Mn,Mg,Cr,Ti,Ca,Na/,Sr,H0

Impurities:

Table 4.4

When yellow zoisite is heated betwd@70-650)°C, it becomes an intensaolet-blue colour
(variety tanzanite); this behaviour was explained in terms of change of the transition metal
ionsoxidation stat¢39]-[41].

Rodeghero et aJ42] studiedthe dependence of the colour changes in yellow and blue zoisite
after heating not only on the concentration of metal ions and their oxidation states, but also on

possible changes in bond lengths and bond angles or distorsion of coordingtieedpa.
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In this work we analyze zoisite after an heating from room temperature € @60verify if
the change in colour and in structure are due to the loss of a primary element as H or to a
dehydration.

1) Experimental

The thermal desorption specstmpyon zoisite tookplacein an dtrahigh vacuum system

with a base pressure in the chamber in the low°IDorr range, obtained using a dry turbo
pump.

The zoisite sample was mounted omalybdenumboat, connected to power generator
stabilizedin current; sample was heated from room temperature t80359) a generatoable

to increase linearly theemperatureTemperature was measured &yhermocoupl®f type J

and it was registered by programwhich captures the values of temperature and time.
Through a multimeter interfaced to a pc voltage is acquired at both ends of a thermocouple,
then transformed in the correspondent value of temperature (interpolating the characteristic
curve AT of the thermocouple). Each acquisition of the temperature effastuated in
regular intervals established by the operator.

The setup wasquipped with a Quiiupole Mass Spectrometer (QMS)analyze elements in

the chamber during thermal desorption investigation.

The sample investigated was furnishieg prof. Ajo fromAl nst i t ut e of | nor
and Surfaceso of CNR, in Padova. Measur es
sample.

2) Results and Discussion

Figure 4.29 shows a spectra of the elements released by zoisite during heating.
How it is possible to note, the desorption products of zoisite are H, O, OH gbd IHis
reasonable to think that the structural change in zoisite after heating are due to the loss of

primary elements as H or OHut peak intensity and shape for all these elenmemstsimilar.
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So it is probable that H, O and OH are not products of zoisite structuaalge during
heating, but the result of cracking fraction 0$QH molecules (released by zoisite during
heating) operated kiyie quadrupole filamentas confirmed byhe fact that the ratios HAD,
O/H,O andOH/H,O are similar.
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Fig. 4.29. Zoesite spectra after heating from 300K to 650 K.

3) Conclusions

It is reasonable to think that the structural change in zoisite after heating is due to the loss of

primary eements as H or OH. The spectra analyzed for O, H, OH a@dshow comparable
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intensities and similar shapes. So it is probable that H, O and OH are not due to zoisite
structural changes during heating, but they are the result of cracking fractionCof H
molecules (contained in zoisite and released during heating) operatdte lyuadrupole
filament. In fact it breaks ¥ molecules forming H, O and OH products in the same
proportions, as confirmed by the fact that the ratios;@/HD/H.O andOH/H,O are siniar.



Conclusions

The purpose othis work was the analysisf Thermal DesorptionSpectroscopy (TPD)
applicatiors to severalPhysics branctes as Physics of surfaceHigh-Energies Physics,
Astrophysics and Geophysics. In fact we use TPD , respectieljpvestigate the gas
adsorption property of carbon nanotubes, the effects of electron bombardment on ammonia
and methane ices and the change in zoisite colour after heating.

Pores of molecular dimensions can adsorb large quantities of gases owingetthahneed

density of the adsorbed materials inside the pores, as consequence of the attractive potential of
the pore walls. Carbon nanotubeshich typically have diameters of a few nanometres,
should be able to store gas up gases, particularly when thewn éine form of disordered
aggregates as bundles.

Our attention was focused on molecular hydrogen adsorption on-walléd carbon
nanotubes, to find a possible solution to vacuum problems in Large Hadron Collider. In fact,
the synchrotron radiation pragted by photons in circular path desorbs molecules from
chamber walls (perating at 20 K), which deteriorate vacuurAmongthe desorbed species

the most problematito pump outis H, and a possible solution to LHC vacuum problem is

the installation of grosorbent materials on chamber wall. We studied adsorption property to
candidate carbon nanotubes as possible cryosorbers in future accelerators. Our sample was
synthesized by chemical vapor deposition usingfi;Cand subsequently purified by Prof.

N a g yroup of @hemical Engineering Department of Calabria University.

More quantitative works are currently being undertaken to determine the realistic possibility

of using nanotubess cryosorbers in UHV systems, but we presented first experimental
measurementsf molecular hydrogen adsorption on MWNTSs in real cryopumping conditions

of accelerators at low pressures {Irr) and low temperatures (8D K).

We evaluated the dependence of emission intensity on several experimental parameters as
exposed mass sampH, dose, exposure temperature, amount of covered surfadeeatidg

rate b. We concluded that:

A At low temperatures MWCNTs adsorh, khuch more efficaciously than charcoal,

with a difference of adsorption capacity of about an order of magnitude
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A Adsomption depends only on sample mass and on exposure temperature. The
adsorption capacity sharply decreases with exposure temperature and is in the order of
10-7 wt. % at 12 K.

A To each exposure temperature corresponds a specific energetic distributites.of Si
Emission intensity curve, for a particular exposure temperature, is obtainable from the

superimposition of all emission curves characterized by lower activation energies.

A Studies aboutlesorption kinetics show a first order kinetfos H, desoprtim, so a
desorption directly proportional to exposed dose. The desorption energy obtained by
TDS is about 3 kJ/mol, according with theoretic value.

The samemeasurements were conductedKoradsorption on single wigld carbon nanotubes
(SWNT) at very lav pressurdo verify that noble gas adsorption is characterized by a first
kinetic-order. We observed thattensity of gas emitted is proportional to Krypton uptake
and the peak of maximum temperature ngotee high temperature increasing gas dose. It
showsthat krypton adsorption is described by zero order kinetics

Our results confirm that carbon nanotubes are good gas absorber according with works in
literature, but the originality is that our measures were effectuated under high vacuum
conditions andfor T,q below the liquid nitrogen temperature (77K). e confirmedthe
realistic possibility of usingarbonnanotubes as cryosorbeatsofor noble gases.

The Thermal Desorption Spectroscopy application to Astrophysics consists in the study of
electronbombardment effects on ammonia and methane ices.

In the interstellar medium, composed for 99% by gaslecules, atoms and radicals at gas
state condense on dust grains surface of molecular clouds (at 10 K) creating an icy mantle
with a thickness of 0.& mPresence of this icynantle, containing mainly ¥, CO, CH and

NH3, was confirmed by IR spectroscopy obscured stellar sourcebterstellar ¢es are
subjecedto bombardment of photons and cosmic rayih the consequent synthesis of new
organic pecies.

This work investigate the effects of electron bombardment (with energies in the range 500

3000eV) on ammonia and methane ices (in conditions reproducing interstellar ices) to
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confirm the synthesis of new organic specigliazene (MH,), ethane (gHs) and acetylene

(CoHy).

Zheng et al. [87]) reported the synthesis of hydrazine k) and diazene (M) by
irradiating solid ammonia at low temperature-@K) with high energy electrons V).

Our experiments suggest that also at lower energyaafiation some chemistry occurs

Finally, for TPD application Geophysics, we analyzeshmple zoisite furnisheloly prof. Ajo

fromAl nstitute of l norganic Chemistry and St
We investigatedzoisite behaviour duringheating fromroom temperature to 680 to
understand if its modification into a violetue variety (tanzanite) after heating is due to
structural changes or to a dehydration mechanism. Through Thermal Desorption Spectroscopy
were analyzed products of zoisite heating 04 OH and HO) and, by a comparison between
desorption spectra intensities and shapes, we noted that the main effect of zoisite heating is
not the loss of primary elements as H or OH, butteydration. Al species desorbed during

TPD (H, O, OH) are th result of cracking fraction of water (released by zoisite during
heating) operatetly the quadrupolélament; in fact all spectra have similar intensities and
shapes and this suggests that cracking faction mechanism produces these elements in the same

proportion.
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H, adsorption on multiwalled carbon nanotubes at low temperatures and low pressures
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‘We present an experimental study on H, adsorption on multiwalled carbon nanotubes (MWCNTSs) at
low temperatures (12-30 K) and low pressures (2 % 107 Torr) using the temperature programmed
desorption technique. Our results show that the molecular hydrogen uptake increases nearly exponentially
from 6 > 10" wt. % at 245 Kto 2 % 10 7 wt % at 12.5 K and that the desorption kinetics is of the first
order. Comparative measurements indicate that MWCNTSs have an adsorption capacity about two orders
higher than that of activated carbon (charcoal) making them a possible candidate as hydrogen cryosorber
for eventual applications in accelerators and synchrotrons.

DOL: 10.1103/PhysRevSTAB.11.113201

L INTRODUCTION

Pumping of molecular hydrogen in the Large Hadron
Collider is designed by installation of cryosorbers on cryo-
genic elements operating at very low temperatures [1].
Among many specific requirements for the best choice of
cryosorbent materials, the adsorption capacity is certainly
a discriminating factor. Though many types of cryosorbers
have been tested in the past [2,3], active porous carbon is
still the far most important cryosorbent material due to its
high specific surface area and large pore volume [4-6].

Usually, three different techniques are widely applied to
study the H, adsorption rate, capacity, sticking and capture
probability, and storage in solids: the volumetric method,
which measures the pressure drop owing to hydrogen
absorption after loading the specimen contained in a con-
stant volume [7]: the gravimetric method, which measures
the sample weight changes due to absorption or desorption
[8,9]: and the temperature programmed desorption (TPD)
technique [10]. This latest measures the hydrogen signal
during desorption in high vacuum using mass spectrome-
try: it is highly sensitive allowing one to study samples
with masses even below 1 mg and is especially suited for
loading of small quantities at low pressures.

In an earliest work, Dillon et al. estimated the hydrogen
uptake by single walled carbon nanotubes to be 5-10 wt. %
for adsorption conditions of about 0.5 bar and 273 K,
followed by cooling and pumping to 133 K and
1079 Torr [10]. The heat of adsorption determined from
the TPD measurements was close to 20 kI/mol. Wilson
et al. measured isotherms of H, and D, deposited on single
walled, closed end carbon nanotube bundles and observed
two well distinct steps corresponding to adsorption on
grooves/interstitials and the graphene surface [11].

In this work we present a TPD study on H, adsorption on
multiwalled carbon nanotubes (MWCNTs) and on char-
coal at very low pressure and temperatures as a function of
gas dose. We show that the molecular hydrogen uptake

1098-4402/08/11(11)/113201(4)
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decreases with the adsorption temperature and is in the
order of 1077 wt 9, that the desorption kinetics is of the
first order, and that the desorption energy is 282 =
0.16 KJ/mol. Comparative measurements indicate that
MWCNTSs have an adsorption capacity about two orders
higher than that of activated carbon (charcoal) making
them a possible candidate as hydrogen cryosorber for
eventual applications in accelerators and synchrotrons.

II. EXPERIMENTAL
MWCNTSs were synthesized by chemical vapor deposi-

tionusing C,H, and subsequently purified. As illustrated in
Fig. 1, transmission electron microscopy (TEM) shows that

FIG. 1.

Transmission electron micrograph of multiwalled car-
bon nanotube sample used in this study.

@ 2008 The American Physical Society
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our MWOCNT sample was made of individual nanotubes
with an outer (inner) diameter of 1015 (3—6) nm and that
many of them were open ended. Micmpomsity measure-
ments yielded a specific surface of 174 m?/g. 10 mg of
MWCNTs were dispersed in orthodichlorobenzene and
sonicated in a glass container. The sample then was de-
posited directly onto the copper head (6 cm?®) of a cold
finger with closed He cycling and dried. A guite uniform
thin film was obtained and its adhesion to the copper
surface remained stable during all the measurements.

The experiments were conducted in a UHV chamber
(base pressure in the low 10~ Torr range) evacuated with
a dry turbo pump. H, gas (purity of 99.999%) was intro-
duced in the chamber through a precision leak valve while
keeping the sample at a desired adsorption temperature T,
and a fixed pressure of 2 X 1077 Torr (measured at room
temperature and corrected for the ion gauge sensitivity
factor ) for a chosen time interval, then the gas was pumped
out. The sample temperature was monitored with a
Au/0.7%Fe-chromel thermocouple. Thermal desorption
was achieved by heating the head of the cold finger with
a linear ramp and the desorbed H; was measured with a
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FIG. 2. (Color) Temperature programmed desorption traces of
molecular hydrogen adsorbed at T,= 15K and P, =
2% 1073 Torr. The dose is expressed in Langmuir (I L =
10° Torr sec).

gquadruple mass analyzer. No appreciable contamination
eas signals were detected neither in the adsorption nor in
the desorption processes. Complete reversibility of charg-
ing and discharging cycles was routinely verified and a
total reproducibility was observed.

The vacuum system pumping speed was calibrated by
admitting a known guantity of hydrogen into the chamber
at desired quadruple reading pressures and monitoring the
time needed for evacuation. A linear dependence on the
pressure was observed. The desorption rate was obtained
by multiplying the detected hydrogen partial pressure (the
integral intensity of a quadruple mass spectrum centered at
m =2 auw composed of some 50 data points) by the
system pumping speed and the total amount of desorbed
hydrogen then could be evaluated from the integration of
the desorption rate-time curves with an estimated error of
about 20%.

The density of MWCNTSs should be close to 2 gem 2
once deposited on the cold finger in a compact form (not
measured). For small quantities of our samples (up to
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FIG. 3. (Color) Molecular hydrogen adsorbed on MWCNTS as a
function of H, dose for adsorption temperature of 7, = 15 K.
Also shown are the results for a charcoal sample. The active
surfaces are 174 m? /g and 23 m®/g for MWCNTSs and charcoal,
respectively.
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10 mg on a surface of 6 cm?), we found the sorption
capacity is proportional to the sample mass.

II1. RESULTS AND DISCUSSIONS

InFig. 2 we illustrate some representative H, TPD traces
taken at a constant adsorption temperature of T,y = 15 K
and varying exposure time. The H; dose & was expressed
in units of Langmuir (1 L = 10~% Torr sec ) and the sam-
ple heating rate was fixed at 8 = 5 K/ min . These spectra
are substantially narrower than those previously reported in
literature for H, dosing at higher temperatures and pres-
sures [10,12]. These TPD traces are guite similar to each
other and the spectrum maxima remain unchanged as the
hydrogen adsorption increases clearly indicating a first
order desorption mechanism.

The total molecular hydrogen content, as determined
from the integral of the desorbed H, TPD trace curves, is
plotted in Fig. 3 as a function of @ for Ty = 15 K. Tt is
interesting to note that it increases linearly with @ at low
doses and saturates at about 8 X 1078 wt.% for & =
10* L. The saturation at a very low value and the relatively
narrow line shape would suggest that hydrogen adsorbs
only on a limited number of sites.
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FIG. 4. (Color) Plot of In(T3,,,/ B) versus T, ! for a series of
TPD spectra taken at fixed T,y = 19 K, @ = 2160 L, and vary-
ing heating rate 8. T,,,, is the temperature corresponding to the
desorption rate maximum.

To gain some information on the hydrogen binding
energy we varied the sample heating rate 8 for constant
@ = 2100 Land T,y = 19 K.In Fig.4 we plot In(T2,,/8)
versus Ty, ', where Ty, is the temperature correspond-
ing to the desorption rate maximum. The slope of the linear
fit yields a desorption energy of Ey., = 340 =20 K (or
Ejes = 2.82 = 0.16 KJ/mol).

It is interesting to note that, though there is a large body
of experimental studies on hydrogen adsorption on carbon
nanotubes because of its potential application as a storage
material, very few measurements were undertaken below
77T K[11,13]. To the best of our knowledge, no experimen-
tal data are available in literature for adsorption at very low
pressures. The binding energy value found in this study is
lower than that for H, on graphite (480 K) [14] in accord
with the isothermal adsorption measurements reported by
Wilson et al. (3.3 kI/mol) [11]. This suggests that hydro-
gen molecules mostly adsorb on the outer surfaces and the
reduction in binding energy value is generally attributed two
the surface curvature [11,15-17].

This site assignment is in accord with the TEM obser-
vation that our sample was essentially made of individual
nanotubes (Fig. 1). On the other hand, adsorption on inner
walls would imply a much stronger bonding [11,18] and

3

T
|

Total Adsorbed H, (107 wt.%)
|

12 L6 20 24
H, Adsorption Temperature (K)

FIG. 5. Saturated molecular hydrogen content adsorbed on
MWCNTs as a function of adsorption temperature of T,.

113201-3

154



F. XU et al.

Phys. Rev. ST Accel. Beams 11, 113201 (2008)

diffusion into those open ended nanotubes. Quasielastic
neutron scattering measurements performed by Narehood
et al. also indicated the absence of H, mobility in SWNT's
at temperatures below 30 K [19].

For comparison, in Fig. 3 we also present the total H,
adsorption amount of 10 mg activated charcoal powders
(specific surface area 23 m?/g) under exactly the same
experimental conditions. It exhibits very similar character-
istics as that of MWCNTS but is about two orders smaller.

Finally, in Fig. 5 we illustrate the saturated total amount
of adsorbed hydrogen as a function of adsorption tempera-
ture T,y. As expected, the total hydrogen adsorption ca-
pacity decreases with the cryosorber temperature. For
T,q = 27 K, no H; adsorption is observed.

Qur results contrast sharply with those reported for
hydrogen storage measurements at higher temperatures
and pressures and strongly indicate that under high vacuum
conditions, hydrogen does not adsorb on the nanotube
surface beyond the sublimation temperature and the diffu-
sion is essentially inhibited, as already confirmed by pre-
vious works. We mention that the testing measurements on
carbon nanofibers actually used in the LHC were also taken
at higher pressures and the so determined sorption capacity
can be much higher than the real values in UHV conditions
[5,6]. More guantitative works are currently being under-
taken to determine the realistic possibility of using nano-
tubes as cryosorbers in UHV systems.

IV. CONCLUSIONS

In conclusion, we presented first experimental measure-
ments of molecular hydrogen adsorption on MWCNTSs at
low pressures (1077 Torr) and low temperatures (12-
30 K). We showed that the adsorption capacity decreases
sharply with temperature and is in the order of 1077 wt. %
at 12 K. This figure is about two orders higher than that
obtained for commercial active carbon, making MWCNT's
a potential candidate as cryosorbent materials for
accelerators.
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Abstract

We present a Temperature Programmed Desorption
{(TPD}) study on Hy adsorption on multwalled carbon
nanotubes (MWNT) at very low pressure (<10-6 Torr)
and temperature (12-30 K). Our results show a hydrogen
take up limit in the range of 10™ mol per gram depending
on the adsorption temperature.  We compare the MWNT
crvosorption  capacity  with  that of commonly  used
activated carbon and discuss the possibility of employing
MWNT as eryvosorber in large particle accelerators.

INTRODUCTION

In the synchrotrons and colliders beams of charged
particles cireulate in a storage ring in circumlerence in
cold bore vacuum chambers. The relativistic particles
emit synchrotron radiations which deteriorate the vacuum
by desorbing gases such as Hy, €O CO, HaO and CHy
[1-2] from the walls. A solution of this problem 15 the
mstallation of eryosorbers in the collider on cryogenic
elements operating at very low temperatures.  Several
types ol eryosorbers have been studied since a few years.

Due to its high specific surface area and large pore
volume. porous carbon is considered as a good adsorbent
[3]. A wide vartety ol commereial and speciality carbons
has been tested so far as possible candidates for hydrogen
sorption [4-6].  In particular, carbon nanotubes (CNTs)
and carbon nanolibers show surprisingly high hydrogen
storage capacity at either room temperature or ligquid
nitrogen temperature. Recently. a number ol experimental
studies ol hydrogen adsorption on single walled carbon
nanotubes (SWNT) has appeared in literature [4.7-11].

Usually, three different technigques are widely applied to
study the hydrogen adsorption and storage i selids: the
volumetric method, which measures the pressure drop
owing to hydrogen absorption alier loading the specimen
contained in a constant volume [12]; the gravimetric
method. which measures the sample weight changes due
to absorption or desorption [13]. and the TPD techmigue.
This  latest measures the hvdrogen signal  during
desorption in high vacuum using mass spectrometry, 1l is
highly sensitive allowing to study samples with masses
even below 1 mg and 1s especially suited for loading at
low pressures. [3-10].

In an mitial work, Dillon et al. [11] esumated the
hydrogen uptake to be 35-10 wt% for adsorption
conditions of” about 0.5 bar and 273 K. followed by
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cooling and pumping to 133 K and 107 Torr. The heat of
adsorption determined [rom the temperature programmed
desorption { TPD) measurements was close to 20 kl/mol.
This value should be compared to 4 kl/mol for Hy on
graphite and with the theoretical 6.3 kl/mol obtamed for
SWNT. [14-15] More recent work by the same group
indicates that uptake of about 7-8 wi% is achievable on
SWNT samples of hugh purity [[4-15]

Ye et al. [14] reported hydrogen adsorption on purtfied
SWNT samples at 80 K over a pressure range [rom 0.5 10
160 bar. They observed very little adsorption at the lowest
pressure. Suntlarly, Wilson et al. [15] measured 1sotherms
of Hy and D, deposited on single walled. closed end
carbon nanotube bundles and observed two well distinet
steps corresponding to adsorption on at least two diflerent
sites, grooves/interstitials and the graphene surface.

[n this work we present some primary results ofa TPD
study on Hy adsorption on multt walled carbon nanotubes
(MWNT) and on activated graphite at very low pressure
and temperatures as a function ol coverage. We show that
the hydrogen pumping elliciency can be greatly improved
il carbon NTs are employved as cryosorbers,

Figure 1
study.

EXPERIMENTAL

The experiments were conducted in an ultra high
vacuum chamber evacuated with a turbo pump. The
camber base pressure was in the mid 107 Torr. Purified
MWNT  powder grown with CVD  technigue  was
dispersed  in ortho  dichrolobenzene.  somcated.  and
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directlv deposited on the head ol a close cycled He cold
finger. Sample temperature was monitored with a Au-
0.7%Fe/Chromel thermo couple. Ha gas (99 99% purily)
was admitied o the chamber through a precision leak
valve and the loading pressure was typically 10 Torr.
During heating, the desorbed gases were analvzed by a
quadrupole mass spectrometer (QMS). and the sample

temperature was simultaneously recorded.

RESULTS AND DISCUSSION
In Fig, | we show a Transmission Electron Microscopy
(TEM) image ol our MWNT sample. It can be clearly
seen that these purified nanotubes are caped and do not
contain large amorphous carbonaceous particles and have
quite similar diameters of 15 nm.
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Figure 20 TPD spectrum lor H2 dose of d=10800L on
MWCT at an adsorption temperature of 12 K.

In Fig 2 we illustrate a typical TPD spectrum for H2
dose ol O=10800L (1L 10 Torr s)oon MWCT at an
adsorption temperature of 12 K. Each data point in the
figure actually 1s an integral OMS miensity al atomic
mass units 2 and 1s proportional to the desorption rate,
We mention that no water or other contammation signals
were detected during either adsorption or desorption,

The total desorption intensity I, area of the TPD curve
as that shown m Fig.2. 1s directly proportional to the
hydrogen uptake. In Fig. 3 we plot Ly as a function ol H;
dose for 10 mg MWNTs at 16 K. 1t 1s interesting o note
that I mereases linearly with @ at low doses and
saturates at about @=1000 L indicaung that hyvdrogen
adsorption does not go bevond one monolayer and the
desarption Kinetics is of the first order. We point out that
the sorption process 1s completely reversible and the [,
value remains unchanged within the experimental errors
even aller many sorption cyeles.
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Figure 3. Hy uptake as a funcuon of adsorption dose at a
constant condensation temperature ol T=16 K. The data
are obtained by integrating the total area of TPD spectra
as those shown in Fig 2. Also shown are the results lor
the same amount of charcoal and for the svstem
background without any cryosorber.

In Fig. 3 we also show the results for the svstem
background adsorption without nanotube cryosorbers
which clearly confirms that the Hy uptake is entrely due
to MWNTs. For comparison, the behaviour of 10 mg
charcoal powders under exactly the same experimental
conditions 1s also depicted.  We see that it exhibits very
similar characteristics as that of MWNTs but with a total
hvdrogen adsorbed amount about Tour fold smaller

Fmally, mn Fig. 4 15 plotied the saturated I, as a
function ol adsorption temperature Tyg As expected, the
total hydrogen pumping elliciency decreases with ithe
eryosorber temperature. For Tyg=27 K. no H2 adsorption
15 observed.

Owur results contrast sharply with those reported for
hvdrogen storage measurements at higher temperatures
and pressures and  strongly indicate that under high
vacuum conditions, hydrogen do not adsorb on the
nanotube surface beyond the sublimation temperature and
the difTusion is essentially inhibited. as already suggested
by some theoretical calculations.  Unlortunately, to our
knowledge, so far there 1s no work reported i literature
concerning the molecular hydrogen adsorption on carbon
nanotubes for Tad below the higud nitrogen temperature
(77K). More guantitative works are currently being
undertaken to determine the realistic possibility ol using
nanotubes as cryosorbers in UHV svstems.

We thank Proll Najy lor providing us the MWNT
samples and Prol. Innocentt for TEM measurements.
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ABSTRACT

Keyweords:

Autoionization

Auger spectroscopy alkali implantation
Carbon structures

Carbon nanctubes

We report an electron spectroscopy study on Na' ion implantation and Na atom deposition on carbon
structures. Qur results show that, for implanted Na at the same ion dose, the Ma surface concentration
decreases with the structure order, while deposited Ma particles readily diffuse in the bulk.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Interaction of alkall metal atoms with carbon structures actually
holds an important role in scientific research because of its impli-
cations in advanced technological applications. Graphite is a highly
anisotropic [1] material in terms of its structural and electronic
properties, due to the relatively strong in-plane forces between
carbon atoms, and to the weak interplanar forces between adjacent
graphene layers. Atoms of various chemical species, intercalated or
implanted within graphite layers, form atomic or molecular bonds.
The interest in these intercalated compounds is due to changes in
electronic and mechanical properties induced by the intercalates,
which can lead to technological applications of the new materials.

In particular alkali metals have been widely studied because they
can act as potential donors when intercalated within graphite layers
and because of their importance in catalysis and hydrogen
adsorption processes [2-6]. In addition, technological applications
of lithium graphite compounds have been introduced as recharge-
able solid state Li™ batteries [2]. Recently, the studies of carbon
nanotubes have attracted much interest as energy storage and
nanoscale device applications [7-9]. The studies on graphite alkali
deposition provide information on the surface structures and on
changes in the electronic properties [1,2,10]. It has been observed
that some alkali metals form a{2 » 2)monolayer when deposited at
low temperature [1], while, due to their small sizes, Na and Li
behave in a different way: Li readily intercalates into the graphite
even at 100 K [1]; Na at low temperature {110 K) forms monolayer
islands [1]. At room temperature, alkali deposition on graphite is
scarcely studied, while recent studies of alkali deposition on carbon

* Corresponding author.
E-mail address: bonanno@fis.unicalit (A Bonanno).

0042-207X%(§ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi: 101016/ j.vacuwim.2 00910039

nanotubes showed a rapid diffusion of alkaliin the bulk [9,11,12] and
changes in electronic properties.

Further, the resistivity of carbon nanotubes decreases upon
exposure to alkali metals denoting a progressive sample metalli-
zation [13]; the most significant change in resistivity occurring for
sodium exposure. Low energy Na™ ion implantation [14] and Na
atom intercalation exhibit a quite different dopant spatial distri-
bution, as implanted alkali atoms remain on the surface while
intercalated alkali particles readily diffuse into the bulk [9,14].

These results suggested to us to study the changes in carbon
structure properties after sodium exposure and implantation at
room temperature. As for carbon nanotubes, we employ the CEAES
technique (Collisionally Excited Autolonization Electron Spectros-
copy) [15]. This technique consists in the analysis of electrons
emitted by autoionization decay of sodium atoms excited by
electron promotion [16] in binary sodium-sodium collisions
between a beam projectle and an atom previously implanted or
evaporated on the target.

This electron spectroscopy induced by atomic collisional
processes, allows us to monitor the amount of implanted ions by
observing the change in intensity of such atomic features as
a funcdon of the dose of sodium projectile ions [ 14,17]. Through this
spectroscopy we are able to study changes of the sample local
electrostatic potential (work function) by observing the spectral
lines shift under Nairradiation, since the kinetic energy of electrons
emitted by atomic particles near the surface, is strictly related to the
electrostatic potential difference between the sample and the
analyser [15,17].

The full width at half maximum {FWHM) of observed lines can
provide information about the homogeneity of the sample region
beneath the decaying atoms [15,17,18]. In fact the de-excitation
should take place at a distance of ~10A from the surface. The
electrostatic potential seen by the emitted electron is thus an
average over the {macroscopically very limited) underlying sample
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region, and the presence of impurities (for example, Na implanted
atom) on the surface should inevitably cause a broadening of the
spectral lines [15].

In this work, we report on a study of the interaction of slow Na“
ions with several carbon structures. We observe that the concen-
tration of implanted alkali atoms is larger for amorphous graphite,
suggesting that the efficacy of doping decreases with the structure
order and that, contrary @ the case of alkali deposition on metal
surfaces [15], where alkali atoms group together to form islands
[19,20], Na atoms evaporated on carbon structures diffuse into the
bulk.

2, Experiment

The experiments were performed in a UHV chamber with a base
pressure of 6 = 10 0 mbar. The alkali ion gun is a Kimball Physics
product, with a beam current in the nA range and a spot size of
~1 mm diameter. The ion beam incident angle was fixed at 50°
with respect to the surface normal. The emitted electrons were
collected by a hemispherical energy analyzer whose axis was along
the surface normal. The Leybold analyzer has a semi-acceptance
angle of 25° and operated at a constant pass energy mode
{AE = 50 eV), therefore at an approximately constant transmission
over the measured energy range. For vapour deposition of sodium
atoms, carefully outgassed SAES getter dispensers were used. The
amorphous graphite, the highly oriented pyrolytic graphite (HOPG)
and the single wall carbon nanotubes (SWNTs) (purities greater
than 95%) samples were cleaned by the appropriate technique:
heating cycles for amorphous graphite and for SWNTs and a strip-
ping procedure for HOPG. In any case the degree of cleanliness was
monitored by Auger spectroscopy once the sample was under UHY
conditions.

3. Results and discussions

In Fig. 1 we show the spectra of electrons emitted by HOPG
surface during 300 eV Na" irradiation. Our spectra show the well
known features of kinetic electron emission with a broad
continuum background on which narrow peaks are superimposed
with widths typical of atomic transitions [14].

Such peaks are due to autoionization decay of sodium atoms
excited in the states 2p°3s® (Na I} and 2p°3s3p (Na II) [21].
According to the molecular orbital (MO) promotion model, during
the collisions of a sodium projectile with an implanted sodium
atom, a transient quasi-molecule is formed [16]. In the framework
of this model, the atomic Na 2p orbitals are correlated to the 3do
and 4fc molecular levels. If the internuclear distance between the
collision partners decreases to below a critical value, some molec-
ular orbitals will be shifted towards higher energies and electrons
can be transferred to other unfilled orbitals. In the case of Na-Na
collisions the models predict the promotion of the 4fs MOs.
Therefore, after the collision, Na atoms may have a vacancy in the
2p level and, when ejected into vacuum, will suffer autoionization
decay producing the observed peaks. From Fig. 1 we can observe
that such peaks rapidly grow in intensity and rigidly shift to lower
energies as a function of Na“ irradiation. Similar behaviour (not
shown) has been observed for amorphous graphite and for SWNT
and also for 700 eV Na™ beam irradiation.

To get more detailed information we subtracted the smoothed
background (as showed in the inset of Fig. 1) and fitted the peak
with a Gaussian curve. In Fig. 2 we show the mean features of this
Gaussian {Na | peak) as a function of Na" dose, D, where we
compare the results obtained on HOPG, amorphous graphite and
SWNTs for 300eV and 700eV Na® bombardment. The work
function change Ag is given by the energy shift of the Nal peak,
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Fig. 1 Aumionizaton electron specora taken during 300 eV Na* ion irradiadon on
HOPG. In the inset we show an example with the smoothed background subtracted.

assuming as reference position the peak energy extrapolated to
zero dose. We atfribute the reduction in the work function (¢) to
the charge transfer from Na to the surface which results in the
formation of a surface dipole [17]. Since the FWHM of the peak is
linked to the broadening of spectral lines [15], this parameter
supplies information on the spatial distribution of Na on the
underlying surface, thus on the homogeneity of Na coverage on
the surface. From the middle panel of Fig. 2 we can notice that the
FWHM initially increases, then reaches a maximum and finally
levels off. This reflects the initial inhomogeneity of the local
electrostatic potentials and the gradual evelution toward a more
uniform distribution of Na atoms on the surface. Additional
information on the surface concentradon of implanted Na is
provided by the intensity of the autoionization peaks which has
been obtained by evaluating the peak areas. In fact, it rapidly
increases and gradually approaches a saturation value as D
increases. The saturation intensity and the energy shift are signif-
icantly larger for the amorphous graphite for both energies of the
irradiation beam as compared with the results for the other two
ordered carbon structures (HOPG and SWNTs). This suggests that
the dopant concentration on the surface decreases when the
irradiated surface is a more ordered carbon structure. This seems to
be in contrast with results reported in ref. [14]. Most likely this is
because the sample used in [14], as pointed out in [22], conteined
a large amount of amorphous carbon. Furthermore, the FWHM
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Fig. 2. Work function change A, linewidth, and intensity of Na-I autoionization peak versus Na® dose D for amorphous graphite, HOPG and SWNTs irradiated by 300 eV Na® ions
(left panels) and by 700 eV Na® ions (right panels).

behaviour, in the case of a SWNT, shows that the dopant distribu-
tion on the surface is less homogeneous. This can be due to the
disordered structures of SWNT bundles (Fig. 3) allowing the Na
atoms to be implanted and/or diffused more easily into the sample.
In the case of amorphous graphite the FWHM shows an increase
due to the growing disorder of the initial surface as compared with
HOPG. As the dose increases such differences almost disappear
because, finally, there is a more uniform coverage of Na. In fact, if
we increase the beam energy (right middle panel for 700 eV), the
FWHM in the case of amorphous graphite levels off to a higher
value due to the disorder induced by the bombarding beam.
In additional studies we will investigate such behaviors at higher
beam energies.

The CEAES spectroscopy has been used in the past [15,17,18]
mainly for studies on alkali deposition on metal samples using
outgassed dispensers. It is interesting to compare the results
obtained on carbon structures after applying both techniques:
alkali implantation and deposition. Recently we have observed [13]
large changes in resistivity for deposition of alkali metals on carbon
nanotubes. In Fig. 4 we show the spectra obtained for 300 eV Na’ Fig. 3 Scanning electron microscopy images of SWCNT bundles.
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