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» ' KBSTRACT, - ‘
N o T |
* Picosecond Flash Photolysis of Ti0, Colloids '
. and Time-Resolved Photoacoustics

E Y

Claude Arbour, PH.D. | -
Concordia University, 1987. X
The first part of this thesis consists of the study of’
the semicgnductor~'Ti02 under the form of colloidal parti—
cles. Colloidal particles of Tioz show a red shift in ‘the
absorpt}on band edge for partf%les goinhg from 20 R to 200
R. This red shift is interpreted as a quantification
effect in the particles. The flash photolysis of colloidal .

Ti0, particles shows a transient which is formed within the

.pulse. - The -transient decays with a second order rate

constant of 2,4 x 10710 n,l sl and is attributed to

! ‘ *
absorption of electrons in. the conduttion 'band. The rate —

constant is a direﬁt‘ measurement of the recombination in

" the particles. .;;J",‘ | N ;o e w

‘Upor. addition ’of a dye to the‘Tioz suspénsion,\a'new
transienhtﬂstarts to grow after 500 ps v?ith a rate constant
of 5 x 108 s-l. This new transient with an absorption
maximum at 630 nm is attributed to a hole trapped in a pa
type site. The~ mechanism proposed 1nvolved a “two photon
process where_both tpe Ti0, and (tpe dye’ are excited; . An
N , . S
N : Yo
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electron is transfered from the CB of the Ti0, to the
,'oxcited‘dYe iesying'the\-hole in - the VB which-is trappéa
later. .

". The second bart of this thesis presents the results of
the cohstruction of a*microsecono timé-resolved photoacous-
'tic‘apparatus. The -detection system co?sists of a piezo-
electric tube which is also used as the cell and a boxcar
for time resolution. lxrsensitiyity of . 6,1 x 10-3 1is
achieved with‘a‘pulse energy of 20 uJ..

The system has shown to be-able to measure the energy
of states which have a lifetime- longer than 100 us. The
energy of the triplet state of the ZnTPPS4- was measured to
be 1,4 eV compared to the lits;otgre value of‘h,sl ev. .we

have measured the éhergy of the n-type trop “sites in Ti0,

-—and we.' have obtained—a value. of 2,0 eV below the CB which

corresponds to the blue color of the n-doped Ti0,. .

~
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o I. INTRODUCTION: ESSENTIAL SEMICONDUCTOR CONCEPTS

¥

I.1 Introduction -

K e In 1833, Faraday found that the resistance of silver
sulfide decreases with an' increase of temperathre. This
phenomenon contradicted with' the usual behaviour of‘metals.
This gave rise to‘a new classification of golids based on

~-~their resistivity as a fupction of temperature. .Three

w:different classes of- solid aré obtained based on the

occupation of their energy bands -(Fig. I.1).

‘The insulator has -ail its energy bands filled or

ngty,'whereés’ the *metal has an energy band partially

filled. The semiconducfog has Qne.Bané slightly filled or
one band slightly empty.alohg with a nearby‘*ﬁand or nearby
o . ca?riei states _Wﬁich can influence the filling on the
) sliéhtiy pertgrBe@ band. ,The semiconductor with oné energy
y ¢
Wl and will be an n-type semiconductor. The‘semiconguctor
‘%ith one _partially .empty baﬁd wiil haQe'morq\ho;eé than
electrohs'and-be a p-typelsgmicanductor. Thé~sem1conductor
has decgeasi resistivity with an increase of tempgrature
*ﬁi. ; dué to the ncréas;~of charge ?arr%erf with tgmpe;atﬁfe.
The semiconauqtor is usually éeeﬁ as having £w6‘major

' - epé}gy bands (Fig. - I.2), The valence band (VB), which,

consists’ in'the assembly of.mainly the bohding: orbitais 5f~

PR . ' -

band slightly filled will- have more electrons than holes
- l I

4
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(A) o (B) " (©) _
. . L% ‘
FPigure I.1 The energy bands of solids.
A) insulator, B) mqtai, and C) semiconductor.
4 -
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.Figure I.2 ' Energy bands of sem;condﬁctors. The

-Fermi.level (FL) is closer to the conduction band (CB)
for the n-type whereas it is closer to the valence band
(VB) for the p-type. The band gap (BG) is the energy
between the CB and the VB.



~which is called the band gap.

) ) e : !
the atoms which constitute’ the s0lid, whereas the conduc-

tibn“band (CB) . consists %ainly of the- assepbly of the

antibonding orbitals . of 'the atoms of the solid. The two

bands are separated by a gap of forbidden electron energy
Al -~ \ :
)

The * band gap must be smaller than 2,0 eV for an-
}ntriﬁsic semicdnductor. This value permits electrons from
the valenéé band to be prom9ted ﬁb'the conduction band’ upon
heating of the solid. Extfinsic semiconductors hay pa&e a
band gap larger than 2,0 ev and théy are made éemiconduc—.
ting by the adfiition in the lattice of a foreiéh species
which has a different electron configuration (ddping). A

. p-type semiconductér-will have a'dopént which has one less

electron (one more hole) - than.the ' core matérial, whereas .

the h—type semiconductor will have a dopant with an extra

~— —

electron.- -

I.2 The -semiconductor

In’ this “thesis -ye deal with the photochemical .
electron transfer characteristics of colloidal TiOp. 1In '

the next few sections, the background concepts needed.for.

‘the experiments described ate given. ~

I.2.1 xTidg'as a semiconductor

Al

"Before choosing a specific ‘réactant for the industrial

ap?licafion .of a reaction, one.must first consider the

theoretical aspects of - the reaétron in additioh"to the

. (
AT . N . . i .
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h o W
economic factors of this reactant. The choice of Ti0, as a :

catalysis in solar energy conversion has bepd motivated §

v

first by its properties as a semiconductor, and second by
its low cost and high availébility: _We will not conskge;
this last point since . in this thesiéawe\aré dealing only
" with fuﬁdaméntal'aspects "and the work remains -far.frpm '
industrial application. S L
The energy levels of‘ Ti0,-are the aspects that hav?
.drawn mqsﬁ'attentién of reseércherst Figure I.3 represents
the energy levels of Ti0, compared ,with the energy level : .
for the reaction of water cleavage vs the normal hydrogen . oo
E electrode séale. +“As one can see in the figure, the conduc-
tion band of Ti0, at -0,1 V is juSt‘above “the energy for
the reduction of water

( -
Band of Ti0, at +3,0 V permits the .oxidation of water to °

inéo hydrégen aﬂd'also the valence
oxygen. It is tHen obvious that Ti0, will meét the
theoretical cond}tions~to be a cataiyét for water éleavage.'
Nevertheless, the . band ggp of=Ti0, at 3,1 ev gives absérp-‘o
tion a£ 350 nm. for band gap_edge excifation. It 1is thus o .
outside the range 6f the visible spectgum and 1gto a low -
intensity domain of .the- speqt;uﬁ emitéed by the sun.

N .

Potentially, this problem might ‘be overcome by the“use of a

sensitizer. ’ . . . '

I.2.2 The electronic pfopertiesjdf a Ti10, semiconductor.

As we have' mentioned 'préviously, Ti05. is commonly B

prepared aé an n-type . semiconductor so ‘that it will have

.
»

. .
[y ~ . ’ L



: - C.B. (-0.137)
0 —— H'/Hy (0.0V)

Figure I.3 Enerdy levels of.Ti0
‘ Respective enerdy level (NHE) of tﬁe
. C.B. and V.B. of the Ti0, with the

energy leveIS/of the water cleavage

e
N
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. its Fermi level closer to the conduction band ‘"than go ;he

valence band (Fig.‘I.4a). The exact position of the Fermi
level depends on the number of charge carriers in the Ti0,

or the number of dopant molecules in the crystal. Typical

~values for doping concentrations vary between 1015 cm™® to

-

' i \L\ N
1019 cm~3 depending on the ' treatment applied to the
crystal. '

Upon contact of the semiconductor with an electrolyte

, solution, the equilibrium Fermi level of the semiconductor-

will become ‘géua; to the Fermi level of the solution and

charges willjaccdmulate at the surface of the semiconductor

" W{Fig. I.4b). This will give rise to a bending of the CB .

and - the VB and is called bané_bending. The. wiath of the
region of - band bendiqg depeh@s on the- différence of
petén al between the two Fermi level; (semiconductor and
solution) and élso the density of doping molecules; Upon
illﬁmiﬁatiéﬁ of the  semiéohductor (Fig. 1I.4c), electrons
will be transferred from the VB to the GB leading.to:an
increase in the Fermi 1level of tﬁe semiconductor. Elec- .

trons will move to the interior of the semiconductor, |

whereas the.holes created in the valence band will move to’

the surface.

4

A steady state will be reached when the rate of’

generation of electrons and holes equal$ ﬁhé rate“of

.recombination plus the rate of "transfér of holes and

—

electrons across -the,surface of the 'semicon&uctor. There

w - - ‘ . “

4 T

- f



Figure T.4
a solid, B)
illumination.
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“u,

" heat {:g the system. _

. .
. .
- ' 9
.
.
A
.

are many “-factors reducipng the quantum' effiéier;cy of
semiconductor photochemistry, specifically the recombina-

tion reaction mentioned previously and .also the back

" reaction where the ‘%e’duce'd (oxidizef) 'speciés - giveés back

“the electron (hole) to the‘ semiconductor providing only

i =

‘
r

¢ .

I.3 Colloidal semiconductor particles.
e - N .

Duonghong et al. (1982) were the first to..develop a
téchnique to work with colloidal particles of ;ribz. Their

-work’was motivated by the fact that colleidal particles do

not exhibit large light scattering. The low intensity of

J.\“ight scattering permits‘ the analysis, of el"ementar§ events

‘using spectroscopic’ methods. Another advantage of the .

. absence of scattering is the increase of quan,tur'r{ efficiency

due to‘ the inorease of light absorption. .

I.3.1 Size Quantization. .-

*
~ AN -

‘The advantages of colloidal particles make it very

interesting to use - these patticles for _the study of
semiconductor chemisﬁry.' - ﬁo’wever, two questions must be
answered: 1) is & colloidal particle a semiconductor and
to what "size iin;\it; 2) what is the relation between the

colibidél "semiconductor"  and 't.he semiconductor as l';ulk

- &

" N

material? Let's go back to ‘thegeviops section and build ‘

the'b_ands we have defined there.

4

<

If we take an isolated atom or molecule in space, the

A‘ry

LY
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&
o

] ‘ A
'electrons' of this atom 'will have energy‘'levels galled

. y .
orbitals separated by a certain amount of energy and

%olloying the Pauli principle. If we now ‘take two of these

atoms and we bring them togéther in space, each of the‘

‘atoms ‘having the ‘'same energy levels, the energy levels will
. be doubled one bonding and one antibonding (Fig. I. 5#)

If we continﬁe to bring other identical atoms up to thése
'twoc we will form a lattice of identical atoys having
identical energy levels (Fig. 1I.5b). The combinationtof

these identical energy levels is at the™origin of the band

4

s ruc*ﬁre‘of~the—crystals

For the semiconduttors, we take into account only the
highest, occupied band (HOB) and the lowest}unoccupied band
(EUB) since the other ones will not have any effect on the
semiéondtctivity. The HdB is formed-'from the valehce
orbitalé)of " each atom and is called the valence band, (VB).
It corresponds to bonding orbitals of molecules The LUB

is responsible for the conduction of ‘the electrén and is

called the conduction band (CB); it is formed from the

antibonding orbitals.

The origin of- the bands in semiconductors can also be
visualized by solid state physics - using the nearly-free-
electrpn model for which the ,band.electrons‘are weakly

.perturbeds by the periodic potential of the .ion cores
(Kittel: 1976) . starting with the free-particle SChrodin;

- ger equation. in ‘three dimensions and" confining the elec-
- . - m

L]

* .

4x\;®%_¥%¥ o
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Figure I.5

Upon interaction of two atoms (A)

o -
LI
.
P
§
L] o '
“ e - .
.
A Y >
’
k]
¢
£ sd
e
ids g
N A
- s ‘
Py i
f{,é\ﬂ'«
A Py
.
r\\
o
) e ———— -
) — —
—,——"‘t\‘ __—-"“
I W
1 .
.
—— —— "
————— TI———
— - ——
[ g
¢
o
<

o

“

.

T
BG

A

-~ e
=~ N
o~ ’
< Fg
o (B

.

—

PR
OO
NS, e
o
e
PSS

~
™~
. >————-

e
7

oy

. Formation of thé bands in semiconductors.

rd

'l

a

‘and n atoms.(B

)

A



trons to a cube of edge L, the energy gk of the orbital

with wavevector k is defined as:

S~

A ' Ex = h-"(kg2 + ky2-+“k22) (I.1) ‘
. 2m
where, for periodic boundary conditions,

k, = 0; + 2W; + 4. C(I.2)

kg, k
L

yr

ﬁ

T
m is the free electron mass and h IS'%he Plank constant

over 2m.
- o - ‘As is seen in thsy crystéllography, the  Bragg
- reflection is a characteristic feature -of wave'prépagation

in crystais.‘ Unlike the entirely free electgoﬁs where
r 3‘ - -
there are values of energy for any value of the k vector,

the nearly free electrons 'in a crystal will have certain

regions of energy where solutions of the .SChrodinger

equation do not éxist Those energy gaps are the results
. of Bragg reflection of electron waves in crystals and can
— w
.- be visualised fpr a system in one diménsion as shown in *

" " Pigure I:s. °

Both molecular chemistry and solid state’ physics show ’
‘how atomic inEeractions‘give rise to bands in the crystal ‘ 4
and forbidden energy levels called band gaps. Both cases -
‘j\ Jare valid for' large assembliss kof moleculess"‘T fdrming'
| ncrystais but will not necessarily.be acceptable for very '\‘
. small semiconductor _particles. In-the_casé of the nearly

L .—

2 free-electroq model, we have assumed that ' the eiectfon had
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little interaction with the ion core which will not -be the

case in. small semiconductor particles. The electrons in

the semiconductors are in potential wells defined by the

conduction and valence bands (Nozik et al., 1985). This

confinement leads to the creation of discrete levels in the

conduction and valence bands if the semiconductor, is small

~

due to the interaction between the electron and the ion,

1, core. Also, we have assumed an infinite periodicity of the

lattice which® is not at all the case for small semiconduc- .

tors.

-+
13

&

In the case of molecular chemiétry, we havé‘previously

N seen that the formation of the bands is started by the

\

3 .
V' contact of two ‘identical atoms (molecules) followed by the

addition of other atoms .(molecules) to form a lattice. If

g

we stop the additigﬁ of atoms (molecules) before having a

large crystal, the spacing between

the valence band and the(

conduction band will be larger. This can be seen in Figure

I.Sb‘ where the spacing‘: between’

®
the HOB and the LUB is

decreaging with the addition of new atoms (molecules) and a

limit is reached when a 1a§tice‘f§fge enough is formed.

\ ‘The size of the lattice necessary to reach this limit

depéndg on the electronic properties of the material, put

is often found to be betyeen 50 and 200 R, or an ‘assembly

of about 1 x, 104 atoms (ﬁgleculesj
Then, for semiconductor éolloldal

! 'should decrease with the increase

(Rossetti et ‘al., 1985).
particles, the band gap \
of particle size approa-

o

”,

o
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ching a limit, which is thé band gap of the bulk material.
Below this 1limit, one speaks of quantization effects At
the limit, an addition' of orbitals to the valence band or

conduction band will not increase the'stability of the

welectrons in the bands.

Brus (1984) has developed a model for the determina-

'

tion of “tﬁg size of semiconéuctor \particles that can

display quantization effects. Starting with the fact that

the band gap of a semiconductor is, by definition, the

.energy necessary to create an electron and a hole far,

enough apart so that their Coulomb attfﬁction is nedligi-
ble, he defined‘xhe_energy of the band gap as the energy
§lightlya above ‘the first exciton. -An >exciton is an
electron and a hole cteated . upon excitation and haviﬁg
Coulombic interactions with each other sufficient to create
a bound state. Thecexciton radius can be defined as the

Bohr radius of the hole &nd is given by:

™

> . . . o2 '
. rexc. = £hZ,  (CGS) (I.3)
° mee o=

X
3

where £ 1is the dielectric constant of the#material,:h is -

the Plank constant over 2n- mg the effective mass of the

electron and e the charge of an electron.

Bruss suggests that the size of the 1S exciton

provides a natural, intrinsic measure of linear dimension
at which quantization size efféct§ will occur. At sizes

lower than this exciton radius, the particle\is eseentially

-

[¢

;
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. not large enough for the intrinsic band gap to form, i.e.,\
1 \

to sustain noninteraction of holes and electrons. The -

4 .

combinatlon. of small <effective masses and weak Coulombiq

attraction in semiconductor material qaﬁées the exciton
‘ X ;

radius to: extend ovér a large region. _ For exampleh the

lowest 1S exciton of CdS has a diameter of ~60 f.

N

" 1.3.2 Size effects. "

~ a) . Optical absorption: . N

14

Since absorption spectﬁa gi%e a direct fepresehtation_-
of the energy levels °in a compound, theﬂsize quantizat?bn 3
effect described will be first oﬂserved in absorption K
spectra of small semiggndugtof part}cles. The absorpgicn
spectra of colleoidal particles’ can be .predictedAfrom the
bulk properties of materials via. ﬁié'$cattefihg théory,
(Born and Wolf, 1965) if the: colloids’ have the same

Wévelength dependent  dielectric "cqnstant as the bulk

material. The absorption cross section contains only the

electric dipole term and can be éxpressed as:
. . -

<

4 - A b'
o = 8n2 r3- Im ;' -1 - (I.4)
. .E  +2} ‘ . '

~
S

a

.- S .
where r 1is the sphere radius &nd &' is the ratio of the

complex aielectric coefficient .of = the bulk material e()-—*

over the real dielectric éoefficieht of the solvent.

.

This implies that the oﬁtical absorbance of a colloi-

\ ( ',\t |

™ )
v

R

R
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) dalisolution is simply proportionalhto the total amount of

colloidai mass. Equation I.4 should be valid only .if the

1

'.lattice structure of the colloidal particle is the same as
"the bulk - 'material and also if there are no size effects in

" the electronic Structure. This latter‘condition can not be

i

true for' very small particles as discussed previously

) giving rise to a deviation of the Mie theory This'is_

observed by a blue shift in the absorption edge of small

v

semiconductor particles as compared to the bulk material,i

LY

This blue shift can reach values,. as 1arg§ as 2 eV (~200 nm)
(Rosetti et al., 1984).

v . . . . W
* ] . -

by Band bending

A Y

Even if it is unlikely that there will be quantization
effects an band bending, there will still*be size effects
due to.the lack of average separation between holes and
electrons.’ For a T102 semiconductor particle assuming a
voltage drop of 1 V and a density of donors (Nd) equal to 1
x 1015 ‘cm‘3, the band benaing width will only be 0,87 um. -
The colloidaI'particles which’ have dimensions, lower than
the band bending width will ‘not be able to ustainkthe

required volsage. This can be seen in Figure I.7 where the

Q

'colloidal particle with ro >> w shows a- -band bending of 1V

-h

whereas the particle'with ro << W shows - a very small band

bending (10,9 uv) for the‘same material and the same Ng.

.

The band bending acts as a field in par@icles to

-

produce the’ migration of’the electrons at the surface and

) N,
4 ' . .



'Figuré I.7.8° Representation of the band hending
. T : iemicqnductor particles. - “Semiconductor particle
' wit the radius larger than .the band bending (rg >>

S ~ W) and the radius smaller than' the band bending width
{(ro << W)

- ¢ - -
* N + il s




the holes in the interior®cf - the particle. Since in the
A case where £0 << W the band bending is too small to create
.a field, the hole and the electron will not bé fdrced to
~ migrate. . This is another proof— that the hoie and the

electron will.always have interaction between them.

c) Charge separation: ¢
'; . As _we have seen in the\ previdus section, charge
separation between the hole‘ and the electfon cannot be
achieved due to the absence of band bending. The only
\mecnanism that can prevent the charges Tecombination will
'be- the diffusion of the charges at the sSurface of the;
: colloidal particles where one of the charges can be removed.

by " the presence of a scavenger (or by trapping in an

impurity deep site) Since the pafticles are . very small,

the time . of diffusion will be very short. ‘As an example,

the time of diffusion of an electron in ,a colloidal

¢

©
a

law (Gratzel and Frank 1982).

*

R . ; Tp =12 / (nz De_) (I.5)
. where De- is. the diffusion coefficient of the electron
-which has .been determined to be 2, o-x 10‘? cm2/s ,(Yana,
1963). The time for anreiectron to diffuse from the center
of a 50 8 radius particle to the surface is 1,3 picoseconds
% (ps). (This impIies’that if the‘rate of electron transfer

cr hole transfer through the surface of the particle is

particle of Ti0, may be’ approximated by the Ficks’ diffusion o




| large, the recombination of the hole ., and electron should

not be important\ In spite of the“absence of band bending:
charge separation will be efficiently obtained through the
diffusion mechanism which gives another- reason to suppose
that colloidal particles will be very efficient for '

photoreactibns

I.4 Trapped states

The Ti0, colloids have physical properties depending-
on the defects and impurities 1n ‘the crystal lattice.
Contrary to. a-singie crystal, the Qefects in colloids will'
be very~1mp6rtant due to the size of the particle. Most of
the colloids which are smaller than 50 8 are amorphous to
X-ray (Dimitrijevic et al{, 1984).& Particles bigger‘tpan
50 RK,but smaller thap 200 & show single crystal diffraction
patterns of lcw intensity. The,amorphoas;characteristic of
these colloids is a signal of the large number of defects ,
in the lattice structure of Ti0, celloids.'

‘The impurity.density-in colloibs depeﬁds'mostly on the
preparation procedure. It is AOt easy'to characterize and
it is very difficult to Eeproduce. The impurities can vary
from cationic species trapped curing the formation of the
colloids to reducethitanium species (Ti3+). They can also
be anionic species ‘replacing the oxygen atoms ‘in the
lattice or variations of the oxo to hydroxo ratio.

The defects and impurities in the 1lattice of?Tioz
colléids are at the—-origin of the trap sites. The trap

>
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sites are responsible for the ,capture of _a holek\or an

x
_electron jinside ‘or at the surface of the colloids. Bulk

semicqgaucior' stud;gs suggest that trap sites can bel
classified in two groups: The "shallow traps" having
ionization energiés lower than 1 eV §nd the “deep traps".
with‘ioéization energies greater than 1,5 eV. The shallow
traps are mainly cadéed by defects in the lattice whereas
the deep traps come mostly f?om impuritieg.

| Figure I.8 'shows the main trap sitgs of a Tioz single
crystal ébservgd by Ghosh et al. (1969) with their assign-
ments of ionization egergies. These leQélS‘were meaﬁured
using thermél: ionization, photqtherhal ionization and
photobonductiyity. In giis work, we will not pay attent;qn
td the shallow t}aps:'since they absgrb in the fa; infra-

‘réd, which is not in the domain accessible in our experi-,

. mental set-up. The five important trap sites which have

been discussed by Ghosh qﬁ ‘al. are the ones absorbing
between 420_gpd 630 nmiand they are repréesented in Figure

I.8. °

There is not yet any general agreement on the’ nature -
. AN v ’ N ‘
of these trap sites, but.some trends can be observed. The

majority of researchers have observed.a large band in the

‘regibh of 650 nm, which is responsible for the blue color

of n-doped Ti0,, and this has béen attributed to’'an n-trap
site defined as Ti3* in the Jlattice or at the surface

(Kolle et " al., 1985). There are no méjor differences of

7/
Y
.
Y
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q v
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opinion_on the attribution of this band, except for the
question of spatial -position of the Ti3* atom in the
lagiiée (Howe ahd Gratzel, 1985). o .

-

!

° Assignment is not so easy for the_gand appeariqg Jn
the blue side of the éhsprptidn spectra.. n-type sites near
the conduction band (Figure I.8) or p-type site$ near the
walence band = can be respénsible for the blue absorption.

The n-type tr%p site is attributed to.a Ti3+ species since

the abéprption maximum corresponds with the absorption

o ’

maximum of Ti(OH2)63+ observed in selution‘ (Hénglgin:
1952).. The p-type site is attributed to an gxygen defect
giving an électron vacancy at that ’pdsf%iond -The species
will\ then be_"oT inside the semiconductor or an hydroxyi'
"radical (OH') at the sqrfacé'of'the semiconductor (Anpo et
al., l%§5).

- One point which seems" to be common to:all the bands -
N N , .
observed is that they are very broad which is an indication

‘that the transition involves a broad baqd level as origin
or destinétion (Réyce*aéd K?y, 1984). Both the valence
-band and the conduction band have levels broad enough to
éccount for this type of transition."

¢
-9 . -
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o II. INTRODUCTION: PHOTOACOUSTICS

II.1 History of Photoacoustics:

In 1880, Bell briefl§ reported the acoidental‘disco—
very of the photoacoustic effect durind his work o the
) photophone (Bell, 1880). His photophonel -consisted of a
voice- activated mirror, a selenium cell and an eleobrical
telephone receiver. . The modulated sunlight beam was
-focused onto the selenium cell giving electricqlly reprodu— '
ced‘ telephone_ speech. . ‘While experimenting with his -
photophohe, Bell discovered that ankaudible sighe% could be.
obtained in non-electrical systems when -the beam wes )
fodulated at 1000 Hz. '
pAﬁter minor changes inlhis photophone system~to study
this specific effect, Beil‘(188{) discovered the optical
_ ahsorption dependance of the photoacoustic effect in
" Solids,: liquids, and gases. In the 1880s, the gas laws
‘wereﬁa;ready well known so that the photoacouéfic effect in’
gases was fai;%y well ﬁnderstood.h The,casei'was'noh the
samé for solids and liquids‘~and ‘only recehtly‘ has,a
complete theory been accepted even. though many authors of

the nineteenth century came close to the modern theory.

-

‘ 3 1. Bell's photophone is kept in a museum in Nova Scotia,
» ... Canada. ' .

. <
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No further improvements were reported before the

oevelopment o% the modern miorophonea In 1938,-Viengerov

(1938) ¥eported the use of a microphone in a%photoacoostic

apparatus to measure'the concentration of gaseous species
in gas mixtures. All the experiments following"this onej‘
dealt with gaseous samozes. Limited "work continued: up to

1950 when 'the photoacoustic effect fell again into obli- N
vion. In the early 19705, with the entrance of lasers, the
photoacousticl eﬁﬁect. started to regain popularity and it _
was in 1973 that Parker (1973) gave the first theory of .
nongaseous photoacoustics to account for the 'absorption of . ..,
light at the‘window of his gaseous‘chamber This tpeory is

still used for a simple description of ‘the photoacoustic

effect in condensed media. 1In 1975, Rosencwaig and Gersho

(1975) gave a general theory of the photoacoustic effect in

condensed»media'which continues to be' improved year after

. - year.

f

II.2. The Photoacoustic Effect

L4
S

II.2.1 The theory of oﬁotoacoustics in a gas.

By definition, the photoacoustic effect is composed of

i

¢

two different processes . the absorption of light by

molecules, and the release of the energy absorbed to s

proQuce an acoustic-wave. ‘, | . )
suppose that we have a gas in a closed,container with

a window( to.let the light penetrate the container. The
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aosorption of .a part of the spectrum by the molecules of
gas in the chamber will bring these molecules from the

ground state (Eo) to an excited state (E;) (Figure II.1).

From this excited state, the molecules can follow different

processes ‘to release ﬁhe energy absorbed: .radiative

deexcitation (ky). photochemistry (kp), radiationless, decay

(kp), etc.. The radiationless deexciﬁation invalving the

<

collision of an excited molecule with any gas molecule in

N

the container by means of which both molecules increase

. their kinetic energy, is.at.the “origin, of the photoaeoustic

- +

signal.
This increase in kinetic energy will be seen as an
increase of the heat energy monitored by a change of
temperature in the chamber Since the container is closed
the local heating of the gas will cause a: small fluctuation
of the pressure which can be modulated .if the light

~entering the chamber is modulatedlar a frequency much lower

o

tnen the energy releasing process. This periodical change

in pressure is an acoustic wave.or a sound wave that can be

detected by a microphone.? .

————
v

N ~
s

11.2.2 The theory of ppotoecouﬁtics in condensed matter

Two different approaches can Be used to mgnitor~£he

photoacoustic signal in condensed matter. The first one

¥ consists of using a’ gas-microphone system similar to the

one described abave for detection.- The heat produced

during the radiationless decay of . excited molecules is

S

-
Yo ¢ -~
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‘Figure II.l’ Energy levels and decay pathways of a simple
molecule. Major deactivation pathways following the
absorption of light (hv)- by .2 molecule that goes from the
ground 'state (By) to - excited state (E;). is the

photochemical deactivation,.Kr is the radiative degay, and

Khp is the radiatiogless decay. ;
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1}

transferred at the surface of the c?ndensed matter to an

~r

inert gas in 'a closed chamber. ./ The same periodical

13

pressure fluctuations as described previously «will' be

A

detected via a microphone.

’

The acoustic wave is detected directly in the conden-

sed matter in the second apprcacn, When molec;les of
condensed matter " have absorbed modulatea light, the
deexcitation of these molecules nroduces a periodic heating
of a\local area in the medium. This periodic heatlné can
be dissipated- through two mechanisms. The first one

consists of the condluction 'and diffusioﬁ of the heat’ to the

surroundings. The”distance over which heat is transferred‘h

will depend upon the therhal diffusivity of the material-

and the modulation frequency of the light This . -energy

transfer mechanism is called the thermoacoustic mode and is'

1S

measured with a gas-microphone Qetecclen system.
The second mode of dissipation of energy involves the

thermoelasticity of the material. The heat is coupled with

the ‘acoustic phonens of the lattice to produce acousticj

waves in the material. The propagation distance is limited

only by the walls of the container and the propagation rate

will be equal to the speed of sound in the medium. In the
\coupling of the heat with thébph%nons, all the molecules of

the lattice vibrate in the same mode, whereas “in thg

thermoacoustic mode, the molecules vibrate randomly

."Phe gas-microphone system cannot be used for the

N v ~
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detection in the. thermoelastic mode since the transfer of

the acoustic waves from the condensed matter to the gas'at L

-—

the surface is very inefficient. A piezoelectric detection .

system- is used to detect the acougtic waves in.a condensed

mediufh.

II.3 The piezoelectric detector:

Piezoelectric mateérials have ferroelectric pfoper{ie§
such that below the ferroelectric Curie point, the.electric
dipoles'inside the materials are all a@ﬂgned in. the sape

direction. In addition to the ferroelectric properties, -
S

\

the absence of a center of symmetry is another condition

Y

forSthe material to be piezoelectric.

Piezoelectricity involves the interaction between the
electrical and mechanical propérties of Fhe material. Upaq
applying a voltage through fhe,piqzoelectric material, it
responds with a mechanical strain. ,h Thé reverse is also
true wﬁich means that in response to a stfgss: the pilezo-
elec;rid méterial will givé a voltage.  This coupling‘
btheep' the mechanical ana ,elééﬁr cai functiog of\bhg
material shows ‘.that both the elastic and dielectric
constants are invoived in .thé pieiqe~ ctric properties of
the.maéeriai. - W~

Aé the beginning, piezqelectric méEérials‘were made of
crystals such as quartz ‘and Rochelle salt and even if thesé
are stilf widely used, they héve'been replaced by polycris-
talliﬁé,ceramics in most of thé applications. 'The ceramics

N, ' . ? N o -

A
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are usually made of a solution of lead zirconate t;tanatea

(PZT) - that can ‘be modiffed with other édd4tives:' The
polycrystalline ceramic is en assembly of small trystals,
eacn one @aving’several ferroelectric domains. The ceramic
as a whole 1s'isotropic hhen it is, first produceo, ‘but it
is made piezoelectric byv'oSlarizat;on.h The:poling treat-
ment consists of applying a high electric field to the

ceramic piunged in a heated oil bath at a temperature just

below its Curie point." The "piezoelectric ‘ceramics are

« ¢

usually coateéd with silver or nickel for the attachment of

the electrical wires.

-

The amplitude of the voltsge 'measured across a

piezoelectric is proportional to the’ stress applied to the

, material through its elastic and dielectric constants. It

L

~
is then passible .to pave a measure of the acoustic wave

prodgced in a condensed matter by measuring the stress .,

caused by' this' acoustic wave - on a plezoelectric.’ The

detection with a piezoelectric 'is less sensitive“than with

a gas-microphoné system, but it is very useful.for Targe

.samples of condensed matter. *

II.4 Relation oetﬁeen~abso:ption and photoacoustic signal.

wé'can'deriVe the relation between the absorbance of a

solution and the corresponding photoapoustic signal without\

going into complicated mathematdical-arguments. Suppose we

have molecules in solution which absorbat a certain

. ‘ o

»

™
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wavelength. *The heat produced in the solution due to

radiationless decay after .the absorption of one pulse of

.1light is:

H=Ea:Er—Ep (IT.1) .
where E; is the eneréy absorbed, E, is the energy lost by
fadiation deéey, and Ep is the energg lost through photo-_
"chemical neactions. For a more genenal.situatioh, we will
have;' . i

H & Eq - 3¢ Ey (II.2) |

) . N, )
where E; is the energy of a process which is not producing
heat in the solution and ¢4 . is the quantum Qield of that
process. AS we have seen before, the heat deposited .in a
solution can be dissipated in two modes 50 that by detec-
ting the signal with a piezoelectric, only a part will be
detected. The heat dissipateq through thetthermoelaStic
mode will be: | ' ‘ '

| . Q=H-E (II.3) .
where‘E€~is.the'energy~lost in the thermoacoustio mode. By’
including the ehefgy lost through the thermoacoustic mode
in all ‘the processes not giving heat (eq. II.Z2), the energy
input that goes into the thermoelastic mode is:

’ QO =Ez - 3 ¢y Ey (II.4)

The photoacoustic stress seen by the-piezoelectric

f ‘
.of the solution. L ) j‘

P=BayQ T (II.5)
N i' -— . 'l ) .‘ .

L3

will depend mostly on the thermal and mechanical prope;ties
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, N : ,
where B is the bulk moddlus, ai is the coefficient: of
>t ! \ . ~
linear thermal expansion, p is the density, C is the .
;pgéific heat, and 1 1is the thickness of the—sample; » The

stress applied to the piezoelectric is coupled to the

electric field created by the coué&{eg constant k and the

pieéoelecfric'cbnstant g in the direction of the stfess e}
that the voltage read across the piezoelectric will be

emﬁlto

\

V=kgeP : (II.6)

By replacing ‘the equation II.5 in the equation II.6, ‘we

-~

gét: . kN
v=a 0 . (II.7) -

where A 1is a constant dependiqg on the méchanical and
electrical properties of the’ piezoelectric as well as the

thetmal~pro§erties of the solution. ' By substituting the

, N
equatdion’ (II.4) in this equation, we obtain:

AN

V - _zis._ (Ea - B4 ¢4 Ey) \/(II.B)

In photoa:::;;:)s,hwé‘ugually study ﬁéleculeS having a
very large%huantum yield'fof radiationless decay‘so'that we
cén assume"fhat the quantum yield for the other prbceSSes
is zero. We can make a further apﬁ?oximation by assuming
tﬁat all the heat generated by radiatioﬂle;s decay is
dissipated through\-the thermoelastic mode. fhis is notlan'

extreme approxfmation since if ‘we keep the same medium, the
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fraction of the heat that will go through thermoacoustic
modes will be the same and this factor will be included in
the éonstant A. ‘We can then simplifyﬁthekéquation (Ii;B) .
so thét for a specific medium: N |

- V=AE;, - . (I1.9)
"where the energy absorbed per pulse will be:

Ey = Ei (1 - e"Bl) E (I1.10)

.E4y 1s the incident energy, B 1is the molar absorptivity
- coefficient, énd 1 the optical path length. ~
‘ wé then h§§e a direct relation between the abS9rption
of a sample and the photoacoustic signal detected with a
piezoelectric. By using a known absorber, onencan standar-
dize the conditions and obtain the value of A for a certain
medium. The photo;coustic signgl can -be used to measure
the concentration of a compound’ if we. know the quantum

yield for the radiationless decay.

II.5 Sensitivity of the photoacoustic method.

~ One of. the important advantages of the photoacoustic
’method 13 the possibility to measure the absorption of
samples which exhibit some 1light scptteriﬂg. ?he other
~import?ntx‘pvantage is sgnsit%vity. The photoacoustic
detection of gaseous molecules can easily reach absorption
coefficients in the order of 106 cm-1. Leugers and
Atkiﬁson (1984) ‘have detected acetaldehyde by pulsed-léser .
‘ photoacpustic spectroscopy down to an absorption coeffi=

cient-of 9 x 10~2 em-1, - . ' 5,
\
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The sensitivity to'éondensed ﬁatte; is lower by four
orders of magnitude with the utileaéﬁBn of -a Qas—qicto-
phone system. ' This decrease in sensitivity is due to the
differénce in acoustic impedance - between' the. condensed
matter and the gas in the gas-microphone system. The use
of a piezoeiectric detector can’ avoid this problem so that
it is a suitable detector for liquid and solid samples. The :
piézoelectric has a sensitivity two orders of maqpiﬁhde
i&ss’than a microphone so that an absorption coefficient in
tﬁe oraé; of 10-7 ‘em~! should ?é measurable. Absorption
coefficients of 4 x 10" cm~1 have ,bgen obtained by
Voigtman 'et al. 81981) in the aetection of tris(2,4-
pentadiono) chromium (III) in hexane. ,
The major limiting factor \in' sensitivity is. the

background,abso;ption from the solvent and the walls of the

sample cell. The. electrical noisg can also be a major

limiting factor since Eypical voltages of nv are measured.

‘ ‘e

MY

II.6 Excited state measurements by photoacoustics.

a) Excited\sta{e lifetime:

Heritier (1983) has developed a very powerful system
in which he is able to measure the absorptivity of excited

states as a function of"time. Théﬁ~system consists of two

“pulseé of a Nd:YAG laser focused in a cell with a Qp{ay«

between the two pulses. This system is similar to the .one
that we will describe later for . picosecond absorption
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measurements. _

" Figure II.2 sh&&s a typiéel energy\fevel diécram‘ of a
”mclecule. If we excite the ground state (Eg) moiecules
with light (hv;), the radiationless decéy will produce a
photoacoustic signal proportional to the “humber of molecu-
les excited. Now, if we excited the molecules which are in
the first excited state (E;) before they have time to relax
to the ground state, the energy input (hv,) will bring the
molecule from the first® excited state (El) to a more
edergetic excited state (Ez) The . photoacoustic signal.
obtained for 4 the radiationless decay of the molecules in .
the E; state to ,the Eg (kz_g) will be the sum from the
decay of the Eo to E; (ka-3) and the decay of Ej to Eg (k).
0)- By subtracting the signal _obtained previously by

exciting the molecules to the fir¥t excited state (E;) from

this signal, one gets the absorption of the first excited &

state (E;). If we do this for different delays between the
two pulses,.the lifetime of the first excited -state can be
ebtained. |

Heritier _¥1983) has measured the excited state
lifetime cf dyes euch as rhodamine 6G and he has obtained®
values in excellent agreement with values measured by time-

resolyed absorption.

L
-

b) Energy of excited states.
— The photoacoustic method can be used, to measure the.
7
-energy of excited states of molecules which do not lumines-

T

3
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- ce. $Figure II.3 shows the Jablﬁwski diagram of a non-
luminesceqﬁ moléculé having a triplet state . {T.S.) .in

 addition-to its first excited state (E;). | If we pump the

. molecules to the ekcited» state (E;), . these ﬁoleculeé%qan
uddergo radiationleséfdecay to the Eg (kp) of intersystem
i;rossing,to'the T.S. (kigc). | )

If the 1lifetime -of the T.S. . 1s lbnggr than the
formation time and dissipation time of the photoacouséic
pulée, the first photoacoustlc pulse will result only‘from
‘the radiationless decay from E; fo Ep. and~the heat producéd
ﬁduring'the intersystem crossing (Ep’ to\T.S;). By knpying
thgﬁquantum yield Wéfr the intersystem cré;s}ng, we can

. measur?*the relative'energ%l °f,EPé T.éz‘if'the system hase
been calibrated. - -

This méthéd will be used to.measure the enérgytof the
trap sites in Ti0,. After band gép excitation, a free hole
and a free electron are,created}in the Tio, semiconductor.‘

- n If we s;;venge the hole or the electron fast endugh that
, théré\is no recombination, the electron (or hole) can be’
“?;apbea in a trap state}‘ ﬁy.measuring thé energy lost

) hu;ipg the trapping proééss, we éan' obtain fhe energy of

the trap states. - Knowledge of this energy léveluis
required -if one wants to. usé this eléétron (hole) in'a

reduétiéno(oxidation) protess. N




39
.

o LS
IIY. EXPERIMENTAL
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IIX.1 ., Samples

The samples of Ti0, were prepared following a proce-
dure described by Moser: and ératzel (1982). Titanium
tetrachloride (TiCl,, ﬁisher) was slowly aédqd (drop by

A

éfop){to doubly-deionized water at tempe?atures Floée too
c. The,suspens%ons were prepared accbrding to the concen- |
tration needed. The necessary amount aof TiCl, Qas always"
added to the same amount of watér which was 100 ml. No
'protectiye agents weré& added and the suspensions were kept
for .a max;mum of -three Jdays. Whegdneeded,:the pH was
changed -using théldialysis method. The pﬁ was readluéing é,.
pH indicator papér siﬁce the Ti0, particles block the pores .
- of the glass electrode. . ’ R

" Three different anionic dyes were added to: Ti0; °
solutions. Thg firsﬁj\one was a 4, &', 4;, 4" tetfasul-
fonato (29H, 31H, phthalooyaninato (2-)—&39, N3°i N31, N32)

6bpper (II)' (tet;asdlfonated‘copger phthalocyanine, later

‘called Cu?cés4‘) and supplied by Dr.. A.B.P. Lever; York
’Univérsity.(Eig.’III.QﬁﬁZ, This dye has a four minus charge
*whichﬁna¥es it very soluble in water, 'The second dye used
is‘ trisg4, 7-di(phenyl-4'=sulfonate)-1, 10-phenanthroline]
ruthenium (II) (later called RuPPS4-) (Fig. III.1b). The

L

RuPPS4~ is a gift frokinr. Ann English (Concordia Universi-
, " \ . \, ) [

L4 ’ (3
¢ e ‘
.
. .

2

;"

‘-Q
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A4

* (C) erythrosine.

b

-Representation -
of the three different dyes used.

Figure III.1

(A) CuPcTs4~, (B) RuPPS4~, and,

V4
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ty). . We have also usea the 3°', 6'-dihydroxy-2':,4', 5', 7'
tetraiédospiro (isobenzofuran-1(3H), 9'-(9H) xanthen)-3-one
(erythroéin) (Sigma Chemicéls) ‘which is an organic dye
havin& a charge of minus two (fig. III.1c{. -
All the dyes were used as provided without any further
purification except for. the CuﬁcTS4’ which | had been
extensively purified by r@crystalization. Addition of the
different dyes to Ti0, 'susSpensions followed the t;ame

procedure. _The'desired concentration of the dye was poured

into a 10 mi volumetric flask. 1 ml of water was addea to

partially diﬁute\ the dye.' The solution of Ti0, was added

rapidly into the volumetric flask up to the mark and th
mixture was °thofoughly shaken. All the suspensions were

kept in the refrigerator until used. The pre-dilution of

 the dye wi&b water was done to preyent coaéulation when the

7S
Ti0, solution was mixed with the concentrated dye.

Three different standards were used in the ‘photoacous-
tic experiments. | Potassium dichromate (K2Cry04) (Fisher)
was us;d to,meas&re ihe°sgnsitiv1ty of the apparatus: The
tris- 1s—methyl—l;lo-phenanthroline) ferrous peréhioraté
(Ee(éhen)32+) (ﬁfederic&:Smith chem: Co.) was used also as
a. standard to célibrate the energy-photoacoustic signal
relation. The tetrasulfénstb-s, 40, 15, lo-tetgéphenyl,
21H, 23H;porphineozinc (ZnTPPS4’)‘(SQem\Chem. Inc{ was used

for the measurement of its friplet state in- order to test

the time resolution of the apparatds and to evaluate the

>

-~

Ll



precisioh of excfted‘staté enefg§ measurements.

8

- - III1.2 Absorption

<
The absorption spectfa of solutions were obtained

- e
using an  HP-8452 spectrophotometer (Hewlett-Packard)
A

;connected to'an IBM PC computer. The resolution of this
apparétus is 2 nm: so that the absorbance valueé that will t}
be given later ih this thesis at 355 nm is an average

between the absorbance measured from 354 to 356 nm. The

an

absorbance at 337 nm is the average of the absorbance %rom

336 to 338 nm. The blank used was always water. ®

-

L]
L]

II1.3 Picosecond apparatﬁs:

$]

The p;cosecoqd'absorption and 1umine;Cence experiments
we;: completed’at'tha Canadian Centre for.Pigosecond Laser -
Fiash Phdtoleis\ZCCéLFP{ at cOncordia dniversity usiégathe
\system built by‘Dr. D.K. Sharma and Prof.>N.‘Sefponefl he
system is schematical%yvrebresenféd 1n‘Figurg III.2.

o _The 1light source +4s a md@eﬁlogiéd Nd:YAG ‘laser
(Qﬁantél YG 402G) ﬁav}ng a cavity lehgth (1) of 1.1. m. The
bassive modé—locking; 1is done witﬁ ~the dye Q—sw;tcﬁ?l
(godak, 9470) containéd: in a speciall§ designed cell -
(Quantel). The odkput, of éhe'osciila;on is a train of 12
pulses at 1064 nm.(éulsewidth 6§ 3o‘psy'sgpa;§ted“by~6xs ns
(21/c)%\ The energy of the ﬁiddle pulse is?approxim§tély 80
uJ. The bgamél are exﬁanded before gntQEihg the pulse

+ Selector to‘avoid'damage to the po%arizér.
.,b ’ e ‘ . ¥ - %

* - . f

& . o
. o

L] 4 ° .




Figure. III.2

P

A"

SChématical répresentation of the

‘ picosecond flash photolysis experimental set-up.

b3

l - Laser:

i
VEONOANBWN

a) * Head
b) Mode-loé¢king cell

N c) Mirror
Beam e3pander »w

Glann-Aifr polariZers
Pulse selector
Amplifiers

‘Second harmonic crystal

Third harmonic crystal .
Delay ramp

Continuum cell

Energy detector ,
Energy meter °

Sample cell

Double monochromator
Photodiode array detector
Multichannel analyzér
Computer .
Dichroic Mirror

&
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The pulse éélectgr (Quantel, PF 302) consists of two’
cross-polarizers and a "birefringent cry%tal with an
electronig) circuit to drive thé crystal. The t;ain of
pulses coming from the oscillatorf are .passgd.'through a
Glan-air cross-polarizer to remove the minor vertical-
component of the iigﬁt. The train of pulses then go into
the birefringenE.cryst§l'(KD*P)‘which,changes the Qolariza—
tion of one pulse. This change of polarization is due to a
short voltage pulse of 3,6 KV "applied to tﬁe crystal
following the trigger §ignal fr?m the earlier pulses. A£
the exit of the pulse selector, there is another Glgp-air
cross-polarizer vertically bolarized which 1lets through
'only the pulse that ha@ its polarization c?anged in the

-

érystél. ‘ ,

| This lone pulse {s ;ent‘thrpugh two ampiifiers“giving
an average ‘outpuz of 80'mJ.  The next step is the second -
and third harmonic generation.’ The frequency doubler

crystal ~and the third harmonic crystal are both made of
KD*P (potassium quhydrogen phosphate Qeuterated).‘ The
differegce is "in the 'cut of the crystél. The frequency
,dousler crystal is'a Class II :érysZal ﬁ;o' it. takes the -
circularly polarized %ighéﬂgga‘gives horizontally polarized
light. There is apéroximately 20% oﬁ.thé /1064 nm %ight'
which is converted into 532 nm$p(20 mJ). When needed, the
1064 nm and the 532 nm" light are combihed *in the third
harmopic " crystal }Class VI) to give v?rtically polarize@

% a

cj-
[



" absorbance at each wavelength.
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3

light ‘at 355 nm with a yield between 10 and “15% (2 to,3
mJ)' ! - ‘ ) ° '
After the second and third harmonic crystals, dichroic

' mirrors are used to seﬁarate' the , different wavelengths.

! : :
The 1064 nm pulse 1is sent through a D3PO4 solution to,

generate a continuum pulse. The p&obe continuum pulse is

‘split into two parts where one part, of the pulse is focused
g 4

‘into.fhe sample cell (reading pulse) and the other‘pért is .

passed beside the cell’ and it is uséa as fhe reference

pulse. The second or third harmonic (the fourth harmonic

" can also be generated) can be ﬁseé as,the‘pﬁmp pulse. It

is péssed along a ramp delay and focused into the sample

" cell.’ The ramp delay can vary the time of arrival of the

pump pulse compared'to the prebg\gglse between O ps and 11

ns.

Tge reading: and the ;eference probe”pukgéf a%e pass
through a doublé.monochrom;tor (SPEX) and sent to a s
eﬁhanced photodiode array detector (EG and G). A mgléi-
channel analyzer (PAR)‘:eaas two érrays of 250 photodiocdes
(each, photodiode corresponding to a specifﬁh wavelengéh)
and’sends thelre;ﬁlts to a microcomputer (PAR).O“THelfwo'

arrays (Ip +and I) are stored on a. diskette and used. later

by a ﬁinicomputer (PDP 11, DIGITAL) to qalculaté the

3

.

Y
°

During the first shot, the pump beam is blocked so

that the Iy amd I values ccrréspond to the ground state

o



'éh§orption. The next shot (s) consists on the measurement

of the absorption of the sample following the pump pulse.
We then have I; and I for the excited states. Between 6 to
15 shot§ are taken for thé ground state . absorption and the
same number for the excited state absorption at .every time
delay. N

Rejection of a sh§£ may‘arise for one, of two reaSOQ§.°
The first one ‘is experimentér choice before storing the
data onto the disk because of: 1) a double train of
pulses created in the osc}llator; '.2) a too high or lowi
energy of tﬁe pump pdlse; 3) a saturation of the photo-
diodes by’ one‘of the probe beams; or 4) a bad continuum
pulse generated in‘the D3PO, cell. The ;eqond uses the
noise calculation for each shot described next. \ R
The PDP hiniéomputer calculates. the ab;orbance of the

"sample for each shot (a = log Iy/I) and does an average‘for

\% . ..’
the sum of the shots done for the ground state amd each . -

4

time delay excited state. ‘The noise on each ‘shot §s
S ) . #
calculated by fhe relation: R . o °
Njy = B¢ (ajg - a)2 .- -, Y O (III,1)
ay ,

N, -

where Ny 1is the noise for the curve i, ayy is the value of

‘absorbance of” that- shot at thyﬁgth k, and ap is the

- avetage absorbance value at thie same wavelength‘for all the
shots on a épecific.stéte. Fg? normzl ~solutionsl(c1ear),

when the "noise\valué for a curve was higher than 3, the

4
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curve was rejected and a new average was calculated. - Fof
solutions containing co;loiaal p?rticles, the’noisé of each
curve was Higher due to the scattering by the particles.
Noise values between 3 and 7 were often obtéined and were
considered as acceptable. Except for experiments involving
ver& Targe . particles, curves with nqise value lower, than 7
were accepted and the others were Arejected. Nevertheless,
a minimum of six éhots was alﬁays used for calculations.
The PDP computer subtracts Ehe absorbance 6f| the ground
state from the absorbance of the'excited state. The result
is a A4 (absorbance change) value for every wavelength.

Two sources of error can lead to a misfnterpretation
of the results. First of aall, since the céntinuum has a
bell shape, the numbers of counts +in the blue and red
extremities are very lowfq This increases the noise ratia
at these waveféngths and an cause spurious features at
these wavelengths. We must take into account.this possible
-error in the interpretation of "the spectra for wavelengths
lower than 440 nm and higher.than 635inﬁ.

Another source that can lead to one being misled is
‘the appearance éf an absorbance at all the wavelengths
after long time delay. This "DC shift"‘can reach values as
high as 0,1 absforbance unit at 10 n$. We think that this
"DC shift" is due to ééattering of the probe beam passing

through the cell by ultrasonic waves ("shock waves").

These "shock waves" are cfeated when the enérgy of the pump

A\
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pulse is concentrated in a small volume. We usually used a

2-mm-waist pulse (2,5 mJ) to avoid this "DC shift".
A'last point that has to be'mentioned is the féct that
the arrival of the light at the sample cell is not the same

for all wavelengths. The difference is so small thht it is-

not seen in the results except at very short delays ( 20
ps)’ v . . — i . . - o
ITII.4 . Photoacoustichpparatus “ - :~\

-

Thg photoacoustic data were obtained using a newly.
fabricatg? homg—made‘time resolved photoacoustic aétection
\SYStem (Fig. 1II1I.3). The system -consists' first in a
nitrogen pulse'laser (PRA-LN103), The wavelength output is
a pulse of 10-60 uJ at 337.1 nm: The pulsewidth is
approximately 300 ps. The laser can be run ét frequencies
up to 100 Hz. The‘lasef pulse is focused into the sample

Xcell.'

L]

Y

- The cell consisted of _a pieéoeiectric détector tugé
(PZ5=A, Modern'42iezoeleétric). The tube has a radius of
1,25 cm and a length of 1,25 cm. Ak%uartz window 1is glued
to the’ Bottom of the tube and the §olution’is dire?tly

9

poured inside the piezoelectric. The pie;oelectrié cell is -

. mounted over a photodiode positioned at the center of the
cell. The signal of the photodiode is read by the. computer

(IBM PC) which"controls the 'movement of “two positioning

motors to énsure that the laser pulse is centered in the

L4 £

4

pilezoelectric cell. ,
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Figure III.3 Schematical representation of the
photoacoustic detection system. The laser pulse:cofming
.from the : nitrogen laser is sent “inside the piezoelectric
(PZ) by the top (M=mirror,  L=lens). A photodiode (PD)
ensures that the pulse is coming at theé center:of the
cell. The photoacoustic signal is passed by a pre-
amplifier before being sent to the boxcar. The computer
is controlling the movement of the positioning motors as
well as collecting data.

/ . ' P
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The photoacoustic signal is amplified by a pre-
amplifier (Model i201, Ithaco) and sent to a boxcar (Model
162-164, PAA). In the amplifier, the signal is.filtered to
remové all the frequencieé lower than 3KHz and "higher than
100 KHz. The signal is processed' in the boxcar before
being sent to the computer. Aﬁpendix’B gives the detail of
the time processing of the signal in the boxcar. :Following :
thé,triggen,gf the laser, a reading window of 59 ns is
moved aiéng the signai according to a delay ramp generated
in the boxcar by the computer. Eaéh reading of “the window
at’a certain delay is an average of 100 shots. ~
The signal obtained at the end of the experiment is a
wave of frequency equal to the traveling t;me of the sound
in ' the solution. The f£ir5t maximum in the wave is the
result of the forma%ibn of the first acous;ic' waves in the
sqlution and thé other maxima are the result of the echoes
i; there are no o§per. acoustic Qaves prodécg§ in the
solution. -’ Q . 5
all the steps of the exéeriment'are coﬁtrolled by the
computer- through an A/D interface (DT-2801, Data Translé-
tioh); Full details of the experinmental set-up as well as
the electronic circuit used are given the Appendix A. The
data acquisitiop and analysis prograny (Appéndix C) was
implemented using the softwa;e package ASYST (Macmillan

N ¢ : »
‘Software).

LAY
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IV. Results:

IV.1' Absorption: ' -

wWhen  looking thrqugh ‘the suspensions ?f Tioz,)qne
cannot "see" pafticles for suspensions containiné 10 g/1 or
yess'of Ti0;. The suspensions look comple?ely t;ansparen(
to the eye and fno\precipitation is observed. Fig.” Iv.1
shows the a?s&rption ctra of Ti0, for different concen-
£r§tions. All these suspehsions come from the same batch,
which means all- are aliquots from the mother soiuti@n ﬁakén
~"durinlg the addition of TiCly. We can see in Figure Iv.1
wthat an increase in concentration of Ti0, shifts the band
edge to the red side of tbe sPectrum.‘ The(ianeasg of mass -

o of‘TiOé. cannot account for all the red shift. Table IV.1 ‘

shows the absorption coefficient of the four different

"~ ‘suspensions at 350 nm and 360 nm.

r
A AN

P Table IV.1 Absorption coefficient of Ti0, at different

&

concentrations.

. C(g/l) e3gp(lgTlem1) égsoPlg'icm"l)

. 4 .0669 L0176

8 . .0968 ©0290

C SC.o120 L1201 . 0393

| .16 3094 - - .1197
) o ' o : B ' R

- The increase of the absoré%ion‘hcoefficient with the. -
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concentrations are aliquots. taken during the same prepara-

tion.

’
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Figure IV.l Absorption " spectrum of
particles at different concentrations. °




“their " _absorption spectra. The size of the particles in

" re, rate of addition of TiCl4. amount of water, and\many

S ) v

¢

A °

concentration of Ti0, can only be accounted for by the
N

increasée in the size of the particles. '
Size measurements of Ti0y. colloids have been done
using the technique of dynamic 1light scatteringl The
radius of the particles ‘measured were 300 R and 500 R for v

two different suspensions showing no more red dshift\in

other suspensions was estimated following'these results by -
~comparison of the absorption spectra. The same absorption

spectra*of Tioé suspensions at a"specific concentration is

‘very difficult Jto reproduce since the size of TiO, vartes

with the details of the preparation procedures Temperatu-

other factors will affect the size of the 'Ti0y particles

° By dialyzing the suspensions to give. asz of 3, the
particies grow and we can obserseﬂa red:shift in the band."
edge°of the. absorption spectra offthe'solution (Fig IN.2).
The reverse is true when we add a few drops of conceﬁtr&f@d
HC1 to t=he starting /éolution . ‘
: The absorption . spectra. »f the. tetraanigaic dye
CuPéT$4’ is' shown in Fig 1Iv.3. CuPcTS4~ has an absorption
maximum at 620 nm for the concentrations used, ;in these® *

Q9 ® ) , . )
experiments. The dye has an absorption coefficient of 2,9 "‘

x 104 M lcm™! at 355 nm. Fig. 1IV.4 shows the absorpt;pn'-
9 N

L3

<

W

1l We thank Professor Janos Fendler for. his assistance
- ' with these measurements and access to his equipment.
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spectra of the RuPPS4-., It has a maximum at 464 nm and the
absorption éoefficzent at 355 nm. is 6,5 x 103 M~lem=l. on
mixing a dye into a suspension of Ti0,, there is no change
in the ab;orption of the dye, buﬁ there is a small red

shift in the band edge’'of the TiO, sbectra. It is obvious

* by looking ~at the suspensions that there is a coagulat&on

procéss thag occurs during mixing, but the red shift is not
dramatic; the Tioz particle size has nofligcreaseq'mpch.
It is possible that, Qarf of the coagulation is éue to
bnidgipg of more than one particle by one molecule of the
dye .since the cuPcTs4- has four negative charge posifions
and the RuPPS4- ha; six negative charge positiohs so -that

they can bridge as many-as 4 and 6 particles respectively.

IV.2 Picosecond Flash Photolysis:

a) Ti0. alone:

Upon, flashing a suspension containing only Ti0, with
2,5 mJ of thé third harmonic of the Nd:YAG laser (555 nm),

we observe a transient absorption at 20 pé:'forméa‘within'

the pulse (Fig. IV.S). This transient decays with timé and
it hés mostly vanished after 1 ns. The transient does not
show any mgximum in the visible region accessible with this
instrument. The signal *rises from thé blue side of tﬁe
specéf@m toward“ the red side. This éignal was obtained
with a suspension containing 18 g/i of Ti0,.

The same signal can also be seen with suspensions less

L
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concentrated, but’ fo; concentrations lé&er than 4 g/1, the
signa;'is ébo small to be- observed. By decreasing the
concentratiop of Ti0,, the intensity and the lifetime of
'the transiéﬁt decreases. '~ The same effects were also

obServed upon addition of H¢l to a suspension of 18 g/l of

Ti05. The s%gnal was completely removed by the addition of
HCl at a concentration of 3,3 x 10"2 M. The same kind of

transient was also observed for‘“éthér Ti0, prepatrations’
but the shape and the lifetime varies slighély from one
.prepafafion to another. 7 o

The transient absorption from the Ti0, band gap
excitation shows .a liné;r dependance on tﬁe energy of the
pump pulse. The intensity of the tféhsient is proportional
to the energy up to a value of 2,5 mJ. The kinetic
anglysis (Fig. Iv.ef gives\a secgnd ordéfirate constanf»for

the decay of the transient if analysis is limited to t S

'500 ps. The rate constant is proportional to the energy.’

-

b)  Ti0, - CuPcTS4~ system:

A suspension confaining 1,3 g/1 of Ti0, and 6,7 x 10~5

'M of the CuPcTS%- dye where the absorbance of the Ti0, and

* ‘the dye were 0,26 and 0,34 respectively gives a completely

different behavior when pumped with the 355 nm pulse (ffg.

vIV.7). At 20 ps, we can observe partial bléeaching of the
Y

dye at 620‘nm and .the presence of an excited state with an

absorption’ rising from the blue side to the red side. This

- excited state absorption decreases with time and at 100 ps,

r

s
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we can observe at mosé very 1little bldaching of the
CuPcTS4'

Subsequently, there is a transient at 480 nm which
-grows. up to 500 ps in addition to a large red band showing
a maximum at 620 nm. This red band grows to reach a
maximum at 1o’ns. The kinetic analysis of the growth of

the‘f;ansienf at 625 nm gives a first order rate constant
of 5,8 x 108 s~1 (Fig. 1v.8). )

?he _analysis of qsix_ other preparations containing
CuPcTS4~ gave an average rate constant of eis x 108 s-1,
The large error -between the different samples is aue uo the‘
noise'created lby the scatfering of light in the suspension
and also it is due to the difficulty of attributing a value
to the other transient absorption contributions at\625 nm.

Th%\ rate constant does not seern to change with tne
concentration of the dye, but it changes slightly with the
preparation (siae oflthe particles), although it was not

possible to define this change quantitatively.

c) Ti0, - RuPPS‘4- system:

In a suspension containing 4 g/l of Tioy and 2,5x10° 5
M of RuPPS4-, the ruthenium dye had an  absorbance of 0,03
at 355 nm whereas the Ti0, had a band gap absorbance of 0,2
in the 2 mm cell. Flashing'this suspension at 355 nm gives
the transient spectra shown in Figure IV.9. At 20 ps, we

can obserye the transient absorption'due to the absorption

of the pump pulse by Ti0, that we have described previous-

w ©
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ly. This/direct excitation of Tioz decays rapidly so that
_at 500 ps, it has practically vanished. ‘

After 500 ps, gFowth of a new transient oecomes

evident; one part in the blue side of. the spectrum having'

its maximum at 460 nm, and the other part in the red side

of the. spectrum with a maximum at 630. nm. ,The blue tran-
“ S z I}
'sient groﬁ up to 1 ns where it starts to decay At 10 ns,
this blue transient seems to have vanished. The red .
. -

" transient grows slowly up to 10 ns where .it seems to reach
a maximqmt. . ‘
The klnetic analysis of the red transient at 625-nm
(Fig. IV.10) gives a first order rate constant of 3 1 x 108
s-l. For four samples of colloids 4§,nsi&ized with the
ARuPPS4‘ complexm the average rate constant was 6 + 3 x 108

s1. The same behavior as described previously for the

- Ti0,. - CuPcTS?~ system has been observed for this rate

. [

-

constant.
¢

A suspension containing 4 g/1 of Ti0, and 2,5 x 1079 M

. of RuPPS4~ was fldshed us1ng the second harmonic of the
laser. At this wavelength 532 nm, the Ti0, shows no

N -fabsOrption whereas the RuPPS4~ has an absorbance of 0,03 in
_a 2 mm cell. The only features in the transient spectra is

a dip at 460 nm due to the bleaching of the dye and a

—— .

.- slight absorption at 500 nm, characteristic of the RuPPS4-~
excited. No other ' transient signal was observed at any °
’ ~ time scale. . / ) ‘ X
“ \ .

i .
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a) Ti0, - er&throsin s?stem:

Figure 1IV.11 shows the transient behavior Tof &

'suspension containing 4 g/1 of TiO, “and 1,2 x 1076 M of

erythrosyn. The transients observed’gre -very similar to
tne‘ones observed-in the Ti0, - RuPPS4- system. The band
gap excitation of ‘'Ti0O, at 20 ps cannot « be clearly observed

since the erythrosin has a strong bleaching in the middle

of the spectra. A blue transient with a maximum around 450

nm and-a red ﬁ;ansient with a maximum at 630 nm compose the

‘overall sggctra at longer time. Tne kinetic analysis gave

a rate constant of 5,5 xKloes;l. Only one“eﬁperiment has

been done on the erythrosin - Ti0, system.

<

e) pH effect: 3 ’ _
A}aecrease of the pH by the addition . of HCl .can have
tw0' different effects in the suspension. _ First, it
decreases the size’-of the particles by increasin;}the
charge at. the surface of the particles, This can be seen
by looging at-the "éﬁsappearance“ of’ éarticles in suspen-
sion-wnen "HCl 1IN is added. Also, the addition cf HCl 1N,

bringing the pH to 0, protonates some shlfonate groups on

,tpe dyes. Negative charge on the dyes is reduced as is the

,/] '
tendency to be bound onto ‘the colloid ’Eupface. Due to

- ’

these two bhenomena, the signal observed for a suspensien

S N o o .
containing”Ti0, and a dye is reduced drastically by the

addition of ‘'HCI' (1N). . )

3 d . \\
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On the other end, an increase of the pH - of tpe
suspension by dialysi§ increases the size tof the Ti0,
particles and should ingreésé ‘the number of electrons and
holes,prédu¢ed in Ti0,. Contraﬁy to what is ;gpgcted,
there is'a net decrease of the transient absorption at time9

delay longer than 5 ns. 3

Yo

f) Concentration effects: . -

, ’ ty

As we have mentioned previously, there 1is no evident
change of the rate consfant Qtth ,a change of the TiO,
concehtration or ' a chahge in +tHe dye concentration.

Nevertheless, there is a 6 large cﬁange in the intensity of

the transient wizzqa change of the concentration of the

, ) AT
dye. The absorbance increases initially in proportion to
ﬁh? concentration of the dye and reaches a plateau at a
concentration of 2,5 x 10-5 M of RuPPS4~. The same trend

has been observed for the CuPcTS4~ but with a plateau at 2

PR *

x 1074 M.

“ LR b

There is also an increase in the trahsienﬁ absorption

when the concentration of Tio, is increased. This cannet

o !

be analyzed quantitatively because of the fact that an

.fncrease in the concentration of Ti0, also’ means an

increase of the particle size.

gl o Temperature effect: . .

- v, -

;%e transient absorption of a“suspension containing 10

g/l of Ti0, and 2,5 x 10-5.M CuPcT$4~ was taken just.efiér

-
. )
b !i‘ N ’ =

1] v . v . -
.o \ .
.
N .

-



tne suspension was removed from the reﬁxigerator. This
transient spectrum is shown, in Figure IV.12 (curye‘as.
After flashing for 10 minutes, the 'transient spectra °
decreased considerably (curve b). We continued to flash
the seme suspension for anorher 10 minutes and the tran-
sient decreased further.-'To test that this was a tempera-~

ture effect,  the suspension was returned to the.refrigera-

tor to cool it ‘down. The 'signal was restored to the

‘initial value l(curve c) by this chilling. The transient

started to go down again on Trepeated flashing a% observed '

initially.

él . Energy'effectﬁ

‘Both Ti0p - CuPcTS%~ and Ti0,-RuPPS%~ systems show an

-energy dependence of their transient absorption spectra.

This K energy dependence cannot be- quantified easily due . -

mainly to the fact that it varies from one preparation to

-

another. Nevertheless, some " trends can be obserVed arid

they will ‘be drscussed later. - S ’

¥ .
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Figure 1IV.12 - Picoseécond flash photolysis of a solution of
Ti0, and ‘CuPcTS%4~"at different temperatures. The concen-
t;a%ion of Ti0, is 10 g/1 and the concentration of the dye
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removed from the refrigerator. (B) After flashing for 10
min. (C) After cooling down. The delay was 5 ns ard the
excitation wavelength was 355 nm. - L .
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' v. DISCUSSION

V.1. The colloidal pérticles of TiO,: K

C

The, absorption spectrum of ,colloidal Ti0, . is a

faithful representation of the~particle size'qf the Ti0,.

We have estimated the particle sizes to\vary between 20 £
“for the émallest particle :to apprqxima ely';zsg & for the
particles showing no further ‘red shi in. the ‘absorption
éége. Using the moéel developed bi’ rus (1984), one should
be able to .determine tﬂe diameter of the IS‘excitqn of T102.~
wiﬁh the equatién I.3. By taking the value of 173 for the
dielectric constant and 30 my foy the electroﬁiﬁass in-Ti0,
(Yana, 1963), we obtain a diameter - of 3 8 for the first
exciton in T10,. Weysee immédiately that this value is far
from reality. since 3 8 is approximately the size of a, Ti3t
ion. ' . | ' ‘
This small diameter can be explained if we look at the
values used in this caICulaFion. The value used for the
mass of the electron in TiQ; is 30 mp which is at least 20
%}mes higher thif the mass used in any other éemiconductor.

This ‘high value of the mass of the electron in Ti0 can be
'explained by looking at the molecular orbitals of Ti0,.

The valence band of TiO, is composed of the é and p
- " _orbitals of the oxygen which make o and = bonding systeéms-
. with the s, p and d orbitals of the titanium. The conduc- .
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tién band is'cdmposed primarily of the a’ orbitals of the °
titanium atoms. ‘These d orbitals have a.very poor overlap
giving a very ngrrow band for tﬁé semiconductor conduction
band. Thlég'narrow band restrains the movement of the
elecﬁronsr}n the semicondqctor which is Eéfiected by a ﬁigh‘
effective mass of the electron. The poor overlap befween
the d orbitals comes from %hé fac£ that by taking thé

rutile lattice arfangemenﬁ, Tiozlminimiées the interaction
' betwéep the tifaniﬁm étbmsf.
. Since small colloidal partiéles do not exhibit a high

degree of , rutile arrangementﬁ it ig pos;ib;e to have a
| laréer overlap betweén the 4 orbitals of the titanium, thus
deqrgasing thea mass ?éf -the elegtron by é significant _»
factor.\ on the other hand, the value used for the‘?ielec—'
tric constanf of TiO, (173) .is very high compared to other
semiconductors. This value will also be decreased if we
consider the low degrée of orqer‘ shown by the particles.
J This effect shou]ld be sméller'thén .éhe previous one since

>

the polarizability. is less dependant on the lattice
arrangement. ‘

Nevertheless, we will not obtain a value of 200 R for
the exciton radius, but none of the semiconductors stpdiedq
show an exact exciton radius mafching with the experimgntai
value of the minimum radius for bulk méterial. Brus (1984).i

.suggests that in ordér-_to -be more accurate, the charge . -

deqsity will have to be considered instead of a resort to
o S, .
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the effective mass approximation.

]

. The absorption coefficients measured for these

I

o particles show clearly the band edge shift related to the
particle size. It is evident that it is not possible go
give a unique absorption coefficient for the Tioz colloids.
Instead; an absorption coefficient .corresponding to the
radius of the particle must be adopted and also, its
evaluation will permit the determination of the size of the
‘particles without having to resort to transmission electron
microScopy or dynamic light scattering analysis for every‘
suspensions pfeparedi -

Gratzel and Moser (1983) have reported an absotption
coefficient of‘0,785 g7l 1 cm™! at 347 nm for sUSpenslons.
of Ti0, in which they have measured a radius of 50 & for
the colloids. This value is highér than otserVed here forh'
any preparation. Two reasons can- be given touexplain the
discordance of these results. First, .it is possible that

\;we are overestimating the size of the particles'such that

' all our particles have a radius lower than 50 R. Tt is,
also possible that Gratzel and his gtoup have measured the'

-absorption spectra of their’ colloids after dialysis which

= ;s -would have considerably increased the size of the parti-

cles. It is very plausible that we are overestimating the

A4

size of our particles, but not to a point where -the size of

the particles of the 4 g/l suspension will be less than 10°

4

f. Thus, the second explanation is likely. This reference -

. - 4



'is\not'specific on the essential point but is consistant
with our interpretatioh. ,
The nature‘ of the species giving rise to a transient
. absorption d@pon . band gap excitation of Ti0, cannot .be
identified unambiguously. This trhnsient can be due to the
absorption of an electron. Rothenberger et al. (1985) were

the first' to report 'this transient absorption and they

attﬁibutefit to the absorption of an electron in a trap-

_site in .accor@ance with the large red region absorption
observed in n-type Ti0, or when a hole scavenger is present
at the surface of Ti0y (Kolle et al., 1985) .

We thinkitnat this attribotion is oversimplified since
the transient is present witnin the arrival of the pulse
whereas a trapping process 1s expected to require some
induction time to permit the electron to encounter the trap
sjte.  Also, the fast disappearance of tne transient is
dszicult to reconcile'with the fact that the blue color
induced in -Tioz with hole scavengers can be observed for a
long.period (minutes for deoxygenated suspensions).

We attribute this aosorption to an~ electron in the
conduction band because of the disappearance of thet

’ transient when a dye is present as we will see later The

decay process 1is due to the recombination of the hole and

the electron. The nﬁmoer of'electrons created per particle

can be. calculated -assuming- that each photon - absqorbed -

"creates an electron in the conduction band. With an en rgy

L

@

.
0,
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of 2,5 mJ in a 6,28 x 107% 1 volume and, a size particle of

200°8 (6,3 x 1012 particles), we obtained 260 electrops per

particle. This value gives an absorption coefficient of

2200 M-l em~l which is 2 times higher than the value |
reported by Kolle et al. (1985) for a trapped electron. ‘
The kinetic analysis showed a second-order process for
the decay of the transient observed. The rate constant was
dependant upén the initial absorbance of Ti0, ané“for four
d;fferent'sqsﬁensions’qf Ti0,, , values between 2,0 x 10-10
ne‘l}s‘l and 4,0° x 10710 ng71 571 were obtained. If 1

electron is created iniyhg.pgqquctibg_pand of each particle

.the most probable lifetime is 3 + 2 ns.

with the value of the rate constant for the decay of
the tréhsient, we have a direct measurement of the rate of
recombiﬁétion of the hole-electron pair and since the time

necessary for an electron to .diffuse to the surface is

.approximately 2 ps, a scavenger at the surface will have

plenty df time to scavenge the\electrons if the interfacial
electron transfe5~is fast enough. . ‘

There is always a residual absorbance in the  transient
even after a-loné time (10 ns). This is probably origina-
ting with electrons that have been trapped andkdeérapped
from shallow traps. / Y

The large error in the rate constant is"mainly due tol.

the absorbance errvr, but it also results from a change in

particle size. The blue shift of the absorption edge

. M ~ \
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= decreasés the absorption of the smaller Tioz particles. In
addition an increase of the rate constant is observed for'
smaller\particles This is mainly due to the fact that in
a smaller particle,telectrons ‘and holes can encounter’more’

often, increasing the chances of charge recombination.

V.2 The Ti0,-dye systems: ‘ §

v.2.1 Absorbance and excited specles

Table V.1 gives the absorbance of the dye ‘and the Ti0,
at 355 nm for every system before and after they'are mixed.

~_We can see that the absorbance of the Tioz increases a-

‘ >
great deal -during the mixing process. '

Table V.1 Absorbance of the Ti0, and the dye at 355 nm

before and after mixing 3 g
¢ ’ Absorbance o
10, CuPeTs4- Ti0, RuPPS4-
Before .02 . .34 - .08 .03
* After .26 S PO Y .93
, : 3 : ,

W

The only reason for this phenomenon is the increase in the

size of the particles and it can also be seen by the red
. shift of the absorption edge of the.Ti0, dye mixture-with

respect to the Ti0, alone. c .

- . . -

L. The number of photons in a 2.5 mJ pulSe at 355 nm is

. 4,46 x 1015 photons. For a Ti0,-dye suspension where the .
( N

b . oL A

» 3



Ti0, has an absorbance of 0,2 in a 2mm cell, 1,65 X 1015

photons will be absorbed by the’ Tioz leaving approximately
2,81 x 1015 photons for the dye moiecules. The typical
concentration used for the dye is 2,0 x 105 M so that aﬁ
maximum of 7,6 x 1013 molecules  will be in the volume of
the excitation pulse (6,3 x 1076 1). since all the dyes
have an absorbance over 0,03 at 355 nm, the number of

‘photons absorﬁed by the dye will be 8,31 x 1013 giving an
excitation of jpractically 100% of the dye molecules in the

excitation volume. This means that a tyg}cal,cohcentration
4,4 x 1074 M of electrons will be excited in. the Ti0, and
at the same| time, all the molecules of the dye will ‘be
~excited. The details of the calculaticons and a table'qf

LY

these values is given. in Appendix D.

V.2.2 Fate of the carriers: -

A &

a) Proposed mechanism: >

The fact that both the Tiqz.and the dye are excited at.
the same time in theasuspension can lead to many energetic-
~ ally | possible mechanisms." Elect;ch transfer from the dye

to Tigz or from Ti0, tdéfie dye, hole transfer from the dye
to Tioéx or from Ti0, to) the dye are some of the various
possibilities. In this thesis, a ‘mechanism . 1s proéosed
that takes into account all the observed results. Other

mechanisms fail to accommodate all aspects. Moreover; one-

" mechan;sm is -proposed for all the systems studied.and we

1 b
N
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will see below how every different system fits into that
mechanism. ‘ , o et
The mechanism (represented - in -Fiéufe=av.i)’ is as
follewsi upon band gap excitation (hVpg) an electron -is
excited into the conduction band and a hole is left in the
valence bandt At the same time, a dye moiecuie is excited
'giving an electrop in the LUMO and a hole in the HOMO. As

we have seen before, the electron and hole can recembine,

but since there is a scavenger at the surface, the electron.

will be transferred from the C. B. into an empty orbital of

4

the dye. The result of this electron transfer will be a

hole left in the valence band and a reduced dye. -The hole
in. the. valence band will later be trapped in a p-site
whereas the reduced%dye can,reduce‘a snecies present in the
solutlen or at the ;nterface. \

he prébosed Ehechanism is then an electron transfer
from ‘the Ti0, into the excited dye and the trapping of a

I

hole inside or at ithe surface of the TiO, particle. We

will'now follow each step of this mechanism and see how
‘ |

they are -related to the transients observed in the diffe-~

rent systemé. ‘

" b)  Ti0, - Cu Pc_Ts%~ system:

At 20 ps, the excitation of the Ti0, - CuPcTS4~ system
- shows the transient of the electrons 1ntthe~qondpction‘band
teported above. This transient is screened in the red side

‘of"the spectra by the bleaching of the dye. If we compare

L T . ~ N

\



" Figure V.1

absorption o

'in the valence band {V.B.) of

‘82

~ &
<. o e A: L
AV [ |4 > \
) e s
) . . A ,
XY R
T T T T B T A \/
e . e
<.
. A s , (-—
W * ']
. i - .

'y

Proposed mechanism for the interpre-
tation of .the picosecond flash photolysis results.
(A) The Ti0, and the dye are excited after the
% two photons. (B) .Electron transfer
(E.T.) from the conduction band (CB). of the Ti04 to
the dye. 1(C) Hole trapping, (h* tr) of the hole left .
.the Tio,. oo
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A

this sgectrdm with a spectrum of the ‘excitatgop of "the
cuPcTS4~ alone -at 20 ps (Figure V.2),"we can see.that on
Tioz,gthe excitéd. state absorption of the ' dye and the
bleaching of the dye are~a1;eadytoaptiall; depleted at 20

“

pS. . .

At 100 ps, the transient spectrum of the system shods

no feature except residual bleaching of the dye. Neverthe~

less, at 500 ps, a new transient has grown and this

transient is charecteristic of some reduced metallo-
phthalocyanihe dyes. We-have attributed this transient to
the species Cu(I)PcTS3~ ~following the comparison of this

transient” with transiepts of reduced porphyrine and

- ©

phthalocyanine derivatives (Nevin et al., 1986 and Neta- ,
1981). Table V.2 shows. the position of " the maxima for
different. reduced dyes. and the maiwum absorptions of the

-transient observed in this study.-

N .
« - )
s " - -~
L4

- “\ -

" Table V.2 Absorption maxima of reduced porphyrines and
phthalocyanines and the tramsient observed forf'the TiOz
CuPcTS4‘,system

B " S ‘max_(nm) " e
ZnTPPS { aso §3 es0 ) CoL
__ CoTPPS. — 500 " 650 :
CoPcTS *465 645 .
Transient | 586 ‘ 640 B i

-
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Figure V.2 Picosecond flash photolysis of a solution of

Ti0,-CuPcTS4~ and a solution containing .only CuPeTS4-.

(A) Spectra of a solution containing.6,65 x 1072 M of the
CuPcTS%~. ° (B) Spectra of.  a sqlution containing 1,3 g/1
of Ti0, and 6,65 x 105 M of CuPcTS4~. The delay is 20 ps
and the excitation wavelength is 355 nm.- ~ ' C

—
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We have jatp;ibuted the transient absorption to a |
. réduced form of the dye fdllowing this matfix comparison:
1)-There is no large effect by Ehanging the central gfqm on
the pbsitiqn of the bands for reduced porphyrinéé (COTPPS

vs ZnTPPS) and 2) A change in the ligand does not show a

significant change in the position qf'thé‘bands since PcTS
is s%milaé@tiﬁfpps (CoPCcTS vs COTPPS). Thig means that the‘
~gpectrum of ' e reduced CuTPPS should “B;jﬁsiﬁiiar to the
- spectrum of the éoT%PS. Also, since a chénge in the ligand
has no‘significant effect, - the spgctrum, of ﬁhe reduced

”CuPcTS should be simtflar to the sbectrum‘of the reduced

~ CuTPPS. _ s

———— —

-

By combining these relations, we can assume that the
spectrﬁm of the;reduced CuPcTS isﬂsimilar to the spectrum
of the reduced CoPcTS. On the assumption of an apsorptioh
coefficient of 4,5 x 104 M1 cm~l at 480 nm (from.do(If
PcTSS-), we obtained é conceﬁtration for the reduced dye o6f
6.2 x 105 M which is 93% of the initial dye concentration,
in agrééméﬁt'ﬁIth the above érgument for the quantity of

dye excited. | R o

At 10 ns, the traisient 15 a largé baﬁd.qith g'maximum

&t 630 nm and a shoulder at 480 nm. This shoulder' is due
to the reduced species observed at 500 és. By-subtractiﬁg
the transient at 560 ps froﬁ this tranéieht (figure V.3),

" we obtain the‘gpéctrum of the hole trapped in Ti0, which *

has a maximum at 630 nm. The absorption coefficient at 630
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. 000 +—1— e -+ ——

400.  4S0. 500,  550. 60O . BSO. 700
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v . 3 : . .

Figure V.3™.*’ ‘Subtgaction of the. transieat obseryed at 500
ps from the transient at 10 ns for a solution of T103-
. CuPc,Is - Same conditions as 'Figure .IV.7. . \

- .
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. . . - - , ‘
nm calcnlated'by t¥king the’ hole concentration equal: to the
reduced dye concentration (6,2 ® 10=5 M) is 4,2 x 104 M-1
cem~1, ° |

r

The transfents observed for the Tioz—CuPcTéa‘ are in
] agreement withfthe.mechanism'proposed except at short time
delay (20 ps to 100 ps).’. At 100 ps, following our mecha-
n¥sm, we should see a Spectrum which will be the combina-
tion of the absorption of the electrons not yet transferred
to the dye (still in. the Tioz), the absorption of the
.reduced dye molecules, the absorption of the non-reduced
excited dye molecules, ‘and the bleaching of the non—reduced

ground state idye molecules. It is not clear that we can

account for the .spectrum observed at 100 ps by any

-~

e »

* .combination of these transients.
B Nevertheless, the behavior can be explained by lookiné
at the energy levels involved in the reduction process of
. the dye. The elecq;on is transferred from the Ti0, to the
m orbital of the phthalocyanine ring This is-removing the
absorption of ‘the excited state level and also the bleach—
ing of the ground state since the HOMO orbital will be
filled exactly as in the ground _state. In addition, the
transient of the reduced dye will not be seen since the
electron is in the 1* orbital . and not yet in the copper
orbital d(xz-yz). The reduced dye species’ responsible for

- the transient absorption-.at: 500 ps is not yef formed. The

first reduced species is (Cu(fl)PcTS(?-))sf. "The electron -

[ u
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is iatgr transferred to the copper .(Cull + e — cul)’to

give Fhe (Cu(I)PcTS(G-))?‘; the tranéient specpruﬁ at 500

.‘ps results. We can now.accbunt_for the spectra observed at

120 ps and 100 ps by a combination of the ¢ery small amount

of excited state abso&ption and ground state blea;hing 6f

' the non—reauéed excited dye molecules. Thé reduc;d dye and

‘ﬁhe-trapped holes do not‘yeé give any contribution fo the
overall spectra observed at those times. -

‘ The energy i;yels show that this méchanism 1is the

k‘ favdred one. Figure V.4 ;hows the redox potential of the

» different couples {p%glved in the mechanism. The energy

level of theo*CuPcTS4'/CuPcTss’ is at 0,89 V more positive

thaﬁ,rhe conduction band so that electron transfer from

‘ TiOé is enérgetically ivery favorabl%.. Furthermore, the

.CuPcTS4~/5~ couple is 0,65 V more negative tﬁan the

.Cﬁzf/Cu+ couple. Figﬁre V.5 shows part of the order of

4

" the molecular~orbitals-of the CuPcTS4-. We have assumed
. \ ;

that due to the presencé of an electron in the d(x2-y?2)

orbital, this orbital will come down to the 1level of the |
HOMO of the phthalocyanine ring. ESR éxperiments (Cuzy et
al., 1969) have shown that the HOMO of the CuPc has 70% of <
metai character. - The LUMO is a n* orbital of the phtﬁalo—
cyanihe ring. The electron.will be‘transferred‘ from*the
conduction band K of the Ti0O, to the LUMO orbital of the

*cuPCTS4- to give the species (CU(II)PcTS(7-))>~. The

. |
. ¢ electron from the LUMO will later relax to the HOMO orbital

- v
)
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wﬁich has 70% metallic character to give the species (Cu(I)
PcTS(G”))s‘ giving the spectra observed at 500-ps. The
reduction of the metal has alsc been observed in the case

of the CoPcTS4~ (Nevin et al., 1986). : . (

L ’
-

L4

€) Ti0,-RuPPS4~ system:

e

Even though the, RuPPS4- ‘complex has an absorbance of
only 0,03 at 355 nm, at pump beam energies of 255 mJ, all

~the.m61ecules inside the volume of the pump pulse will be

<

exciteds (see calculations.in Appendix D). This produces,

again, a system with 2 photons absorbed. Two redox

reactions are,thus’possible: the oxidation of the ground

state' of the Ru(II)PPS4~ to give Ru(III)PPS3~ or the
reduction of the excited state to give’'Ru(I)PPS5-. These
two species aré 'qgsily resolved by their absorption

;specEra. /The Ru(Ii'complex shows an absorption maximum at

3

480 nm, with an extinction coéfficiegt of approximatély l,g
" x 104 M1 cm~1 whereas the Ru(IiI) has absorption maxima at
420 ﬁm and 680 nm. Thq,apsorption co?fficient is so low
(3,3 x 103 M1 cm-l for 420 nm) that the band is»ndt
.usually observable (Wakts, 1983).

At 20 ps, in addition to the transient abSorption of
the electrons in the Ti0, conduction bahd, we can clearly
,9bserve the bleaching of the dye and the start of éuérowth
of a new trensient in the red §}dé' of the biedching"dip.
At 100 ps and 500 ps, this-fransien@ is not fully resolv-

able since it is partially superimposed on the bleacﬁing_éf

7

4
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the dye -
After 500 ,ﬁé' the same broad transient -as the one
observed with the CuPcTs4- starts to grow and we can.
clearly see - its shape at 10 ns where the transient absorp-
tieh ‘of the dye is reduced. We attribute the transient of
/the dye , to the reduced ’for{n of the dye (RuPPS5-) which has
an absorptioh makimgm’et 480 nm with an absorption coeffi-.
cient of 1,4 x 104 M1 em~l. This gives us a concentration
- of the dye reduced equal to 4,3 x 1079 M. The large band
.‘has a -maximum at 630. By assumihg that for each holecule
j of dye reduced there - is’ a hole trapped, " we obtain an
absorption coefficient of 4,5 x 104 M1 em~l. This is:
exactly the same value es the‘one obtained fog the CupcTsis
- ’dye. : : :
- We observed the same redox reactions for this dye as

when the copper phthalocyanine dye is used. The RuPPS"

dye and the Ti0, are excited at ‘the same time, an electron
o is transfegred from the conduction band of the Ti0, to the

dye at the surface giving a reduced dye and a hole is left

in the valenee band. This hole is later trapped to give
- thej broad transient observed. The potential °for the

reduction of the excited state of the *RupPPs4- ie +0,82 V
. u- | _ so thie reaction will he favored thermodghamically. B

o - e ll

. - .. \l
d) Ti0, - Erythrosin system: - ’ i

The Tioé— erythrosin system shows exactly the same

features.as the other two systems. The reduced erythrosin

K]
\




'of reduced dye measured is 1,5 x 1079 M. On the sgme

- | Q! — 4

has‘an absorption at 410 nm with an absorption ceoefficient-

of 3,4 x 104 M1 em~l. In our case, the band appears to

<

have a maximum near 440 nm, Jput as mentioned previously,
the continuum generated is Jpeakedm; so that continuum

subtraction has probably shifted peaks. The ‘toncentration

assumption that for every reduced dye molecule produced

there is a hoie trapgéd, we obtain an. absorption coeffi- .

clent of 4,76 x 104 for the trapped hole.

A

e) Overall reaction scheme: v

For all the three cases studied here, we can draw an
overall scheme representing the fate of the electrons and
hoies in each system (Figure V.6). Upon band-gap excitaf
ticn, and excitation of a dye molecule (a), an electron is
transferred from the conduction band of the Tioz to an
excited dye m;iecule (by. The hq}e left in the yalence

band “is trapped (c) giving the large band observed after

- 500 - ps.f The absorption coéfficient measured for the

trapped hole in all three systems presented here is 4,6

0,2 x 104 M1 cm~1 at 630 nm. For 12 different ‘Suspensions .ot

1

containing one of -the dyes studied, the absorption coeffi-

cient was 4,5 + 0,5 x 104 M~1 cm-l.

’ £

This mechanism of electron transfer from the Ti0, to

the excited dye cannot be deneralized for the other systems

studied elsewhere because in-’ our case consideration must be

given to the two’ photon process which happens only when the

| - R s . . B -

e

i .
H B
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Figufe V. 6. Schematical. representation of the overall

"ptocesg. A) Excitation of the TiO, and the dye by the
.absorption of two .photons. B) Electron transfer from the
conduction band (CB) of the Ti0, to the dye. C) Trapping

of the hole left in the valence"band (VB) of Ti0j. .-

v



density of photdns is fairly high. For systems where the

density of photons is low, ‘the excitation of both the'TiOé
and the dye will not be possible and the process Will be
completely different \ ‘

It 1is not possible to explain our results with any
other mechanism because we always observe the presence of -
" the reduced dye whichotannot be thermodynamtgal}y fsrmgd
from the ground state. . ‘

*~ The broad band observed at time delay longer than 500
és is very 'similar to the one.;lréady observed by many
authdtsz. They have attributed this band to an electron
trarpéﬁ“in T102 Our. attrtbution of a hole trspped is not
in contradiction with these authors since it is evident
that both a hole and an electron can be trapped in Tioz
The fact that the" two bands have a similar shape is not
surprising since the two. processss; giQing rise to the
transient arise from a wide band: the valence band in the
case of ths trapped hole transieﬂt~énd the conduction band
in tﬁe'&ase of tbe trapééd electron transisnt.

The two broad bands seem to shoﬁ\a‘maximum at approxi-
mately 650 nm, but this is probably Snly a coincidence
singe there is no relation between the level: involved in

.the observation of thesg two bands. In fact, it may be an

artifact of the spectral distribution of the probe pulse

2 As an example, see Henglein (1982) and Bahneman et
(1984).

*
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" (Hart, 1965). - -

. ) w» ” .96

used in the.Nd:YAS picosecond spectrascopy: 'Nevertheless,

one possibility can make them loock similar' and it is the

5t

fact that they both involve nearly free electron transi-
tions. Both spectra 1look like the spectra of a solvated
electron, but this attribution has to be rejected since the
lifetime of this transient is much londer thanﬁthe lifetime

of a solvated electron (approximately 1 ns at pH of 1,5)

——
q

£) Nature of the trapped state:

- — -

in undoped semiconductors i the determination‘ of the

nature dﬁ? the trap sites For the electron trapped sites

in Ti0,, much eviéence like the ESR experiments (Howe and

Gratzel, 1985) has led to'the conclusion that the nature of
the trap site was a Ti3t+ atom. The location is 'still

unclear, but a fair ‘amount of evidénce supports assignment

to surface Ti3+ atoms.\ ) . -

Since the Ti0, 1is a- better -oxidizing agent than
. e '

~reducing agent, fewer experiments have been conductéd to

scavenge the electron in oroer to be able to observe the

.hole trapped. In- this study, it was not possible to

determine the exact nature of the hole trapped oNeverthej

less, three possibilities can be pointed out. ' The prepara-;,

tionmof our colloidal particles can lead to different
defects and impurities in the particles. " The rapid

formation of T10, by the hydrolysis of TiCl, can provide

~
F - .
~

gThe most difficult part in the study of the carriersk

LY

_______

b



Ti-Cl bend {impurities in the lattice due to the partial or

non-hydrolysis of a Ticl4 molecule The Cl- species can
fesult in a hole trapped by the formation of a C1 radical
(atom) (Cl-). *

Other species that can act as hole trapping are
'hydroxyl radical '(OH:) formed at the surface of' the

particles or oxoradicals (07 ) which will be site defects

in the interior of the particles " These two possibilibies

cannot be neglected since the major species at the surface

will be hydroxyl groups at fﬁe'pH of our particles Also,
.since-the patticles¢are very small, defects in the parti-
cles will be very frequent so that oxo groups which are
point defects in the particles will be numerous -
In. this study, it was not . possible to differentiate
between these three possibilities since no other methods

were used to track down the species responsible -for the

"broad absorption. ESR experiments should probably give -

good indication of the nature of that speciés. As we will
see later,: changing the conditions'of the experiments did
not permit ~us to exclude any of the three pgssible hole

traps. S l

]
’ \\d-
r
' .

g) Effects.on the transient absorption:

By changing  the different experimental conditions, we
have tri&d to explore the theracteristics and the nature of
the trapped hole. No conclusive results were obtained due

mainly to the fact,thaththe change of one condition °of the

-
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experiment had more than -one effect on the particles.

Nevertheless, it is. still important to .list these effects
in order to provide a better understanding of these

experiments and their delicacy. ; oL
. . J

-d) Effect of temperature (4-25 C): Ny

The most obvious effect observedron the transient is a o

—decreas& of the signal intensity with an increase of the -
ltemperature. The absorption °“spectra of a suspension‘at
raised temperature ~indicated the growth of the particles.
However the pasticles do not recover their initial size by'
cooling so  that the decrease of *ransient intensity
observed is probabiy not due to a change of size as it 1is
reversiole. SProbably, °increasing the temperature'of the
suspension, increases* the mobility of_“tne holes and
eiectronsiin the particle’ and the recombination rate will
increase. Since.the eiectron transfer " is in competition .
with the recomtination, an -increase- in the recombination
.rate should decrease the number of electrons transferred
decreasing the intensitg of the transient'obs;rved. this \
effect wiii'be proportional to temoerature not exponential

in temperature, since an activation energy is not involved.
N . —

o

if}' Effect of pH: .- ' o ' °

As mentioned previously, (sec. V 2.e), the decreaSe or

')

the increase of pPH causes a decrease in" the signal of the

transient.absorption. The decrease of the signal due to a, ;
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éecfease of the pH <can be éxpiained by the détacghenfiof
the dye from thé;surfacé of the particles at pH lower than
- ‘;héu;;; of the dye molecu{é: For the same- reason, an
incre;se of the- Pg~ should decreaseithe intensity of the
transient since the charge at the surface of 'tﬁe.particle'

is’ reduced decreasing the affinity "of the dyé for the

surface of the partieie.

-

As_@ell,vthe’reduntibn‘ in transient _intensity may be
caused by an'increase of the size of the particle decrea-
sing the boss;ﬁle number of defect sitég Id the lattice.
Also, an increase in . the pH decreases the number of OH
éroups_atrthé surface which have been previaasif assigﬂeé
° ~ as a possible trap site of the‘holes. In' summary, the

influeqfe'of dye binding ‘cannot be _sepérated ffom the

influence of changing hole sites.. - h

¢

iii) Effect of energy:

No'qgantitative results were obtained which show the

dependence of the transient signal ' intensity on’ the:

incident energy. This is‘maihly due to the difficulty,of
_disentangling two‘photon;prqcesseF. The process dogéinﬁf‘
;;?depend.difectly' on’ the energy as obserVeétfor a one photon’
Q;ocess. ﬁowevér, it does not exhibif””é‘simple square
‘,dépendence on:'energy observed for a two photon prpceés

.
- where saturation is not occuring.

———

The dependencé on energy observed in the case of our - .

*a

. Systems varies with the concentration of each specieé and

F

4

-
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a};;)on the size of the Ti0, colloids. This dependence is
schematically represented> in Figu}e)y.7. ihe first growth
of the signal i§ not linearly depéndaht on the square
intensity since most of 'the bhotons are gbs;rbed by the
Tiéz so that. the dye ﬁﬁléculés Are not excited and the
electron transfer is’ suboptimal. When there are enough
’photons to e%c;te both.Fhe‘dye 2£§ the T}Oz, we cap observe
a square dependence of the signal on the energy. This
relation is valié up to saturation where all ‘the dye
molecules and Ti0, are excited. - '

‘The first behavior is,;bserveﬁ for energies up to 2 mJ

erending on the concenffation of the Ti0, and the size of

the particles. = When the particles were very small, this °

first part of the curve was absent’ and 'we were able to

.. 4 - “
observe a direct relation between the energy of the pump .

beam and the intensity of the ‘signal. To our knowledge, it .

is the first time that thié behavior has been observed in
this short time scale. It 1is caused mainlyrby' the fact
that this case'is a simultaneous two photon pﬂfcess where

one of the species is in excess.

iv) Effect of the concentration of the dye:

The intensity of the transient observed ' is proportio-

nal to the concentration of the ~dye.up 'to a level where

-3

there is a plateau observed. This plateau must occur when
there is one layer of dye molecules at-the surface of the

parficles.' If we take as an example the TiO, - CuPcTs4-

L]
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system, a 'concentration of 4g/1 of Ti0, with a radius of

100 R will give a total surface of 283 m2/1. The CuPcTS“

has an approximate dimension of 400 82 which means that it -

will take a concentration of 1,2 x 1074 M to cover all the

Ti0,. The value optained is 2 x 10™% M which is very close-

tO'thatuvalue. fhe same behavior.is also-observed for 'the

Ti0, - RuPPS%4~ system.

V.2.3: Kinetic considerations

This study has been motivated by the possibility to

answer two important questions. What 1is the fate of the °’

carriers-generated in Ti0, and what is the rate of inter- .

facial charge transfer? - We now .have the tools to answer

those questions.

—

*The general scheme will follow the steps -

déscribed in scheme A.

4

Upon band gap excitation of Tioz, an electron will be
produced in the conduction band and a hole will be left in

the valence band. (eq. A.1). If there are no

scavengers at.
o

the surface, the electron and the hole will recombine to"

give heat This

(eg. A.2). . back reaction happens’with a

"'-1

rate constant” of 2 x 10710 ng's

s~1 as measured by the flash

photolysis of Ti0, alohe. If there is a scavenger at the

surface of the particle,‘ the olectfon or the hole will be
romoved leébing the other species in the semiconductor (eq.
A.3a and A.3b). This. interfacial charge tsansfer, to be

efficient, needs to be fastqf than the redombination rate
(ﬁCTJ> ky) so that kc;. will be equal or larger than 1 x

- . =
. ' . %,
' .
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In all the cases studied here, we have Qbserved.a
quantum yield ,of'interfacial charge transfer verQ-close to
1 so that the raté constant kgp was large compared to the
value of 2 x 10-10 ng~l s-1 for the recombination rate.

‘ The charge carrier left in the semiconductor ( a hole
in these experiments) will have-a‘long lifetime ‘since there
is no longer'a _-species to react inside thetsemiconductor.
We have observed that this species -undergoes a trapping

process (eq. A.4a and A.4b) due to the presence of defect

‘sites or-impurzl.lties..~ This trapping process occurs with a

rate constant of 5 x 108 s-1 and the species trapped has"a

very long lifetime. This specles can later react to close .

the ‘oxydo-reduction cycle necessary for ‘a catalyst.

"This mechanism is valid for the small colloids studied
( < 1000 &), but it will be rather different for bulk
material, mainly due to the differehce in the electroqic
properties of the two systems. The first striking differ-
ence between the two is the fact that for bulk material,

the scavenger does not have to be at the surface of the

semiconductor to be efficient. ,This shows a large differ- -

ence between the lifetime of the 'carriers.~in the -bulk

material compared to the colloidal particies. Centrary to -

the colloidal particles where the lifetime of the carriers
is approximately 500 ps, in the bulk material the lifetime

of the carriers is larger than the'digfusion time of the ,

&



séavengers to the surface of the semiconductor. This

différgnce‘is maihly due’ to tﬁe presence of a band bending
'® in bylk material which 'séparates the ;harges’and prevents
\the‘repémbination: ’ ) a ‘ : oo K
Ano@her difference between the two systemsw'is‘in the.
attribution.df the role'upléyed by the defect and imfpurity
sites? In the bulk maj:erial& the trap sites act as
pfomoters of recombinafionlby removing the charges from the
‘band bending f;'eld. In small'particles, the tgap sites do
not piay that\;oie since there i; no band bendiné and since
the trapping rate is smaller than £he recpmbinatibn rate.’
Since it ‘is Dbelieved _’that the charge carriers are’
’ -trappéa before recémpining in large materials, k@e trapping |
. rate measured in theée ‘sméll particles may be seen as a
direct me%surement of the recombination rate ‘;n bulk
material. .Even if the value obtained (2 ns) is similar to
observed lifetimes in bulk maﬁefials,‘this relation\méy'not

—m————

be jhstified. since the concentration of defects in small
, .

+

: \
' semiconductors is large compare to bulk materials.
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é VI. ' RESULTS AND DISCUSSION ON PHOTOACOUSTICS

[}

VI.1. The signal: _
As described in thg’ experimental section, the signal

obtained is ’fhe intensity of the acoustic pulse reaching
o Ve [

the wall of the piezoelectfig as a function of time.

Figure VI.1 shows a typical sigﬂél ébtained for a selution

of potassium dichromate on a long time'scalé. " As one can

see, the photoacoustic signal becomes incoherent so that it °
. -

is not poséible to relate the signal qbserved' to an -

acoustic wave on a long time sca&e.
In fact, the signal 1is a sum of haﬁy acoustic waves

reaching the wall of the piezoelectric in a nonsynchronous

fashion. Only the first maximum and minimum repres&nt a’

Zd

pure acoustic wave. Afterwards, the Signal is the sum of

echoes of the acoustic wave and since the ;traveling time of

the acoustic wave isrnot the same at every place inside the
cell, the remaining signal is not useful for analysis. The
pqsition;ng of the cell so that the laser pulse arrives

exactly in the middle does not . remove the incoherence of

.tﬁe signal, "but it is important in order to increase the

resolution of the first wave. The enlyway to increase the

qoﬁerence of the echoes 1is to use an elliptical cell as
described by Heritier (1983). where the pie2qelectric is

posjitioned at one fbcal point and the laser is focused on
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the same distance so that they are coherent. '

By increasing the time resolution, we can focus on the

ﬂ_.i

first wave arrivingﬁ,gn the wall of the piezoelectric If

\\,.. -

the laser pulse 1§ perfectly centered, the signal obtained

cor.responds to a pure acoustic wave since the piezoelectric

o3

wall at the same time. Figure VI.2 shows the first

I acoustic wave impulse for a solution of K5Crj05.

¥

The time of arrival,nof the first. pulse and the

*subsequerl‘t pulses depends on the speed of the acoustic wave
in the solvent.  The frequency of the signal is then a
direct measure-of the sound speed” in the solvent. The

time difference between the first minimum and the firgt

L

{' < 1,48 x 105 cm/s for the speed of sound in water. '

F:l

e -
R

9

\

VI.2. Relation between signal and absorbahcé:

As we have mentiorleci 'befere, ohly" the first acoustic
pulse can be used for the signal analysis. To cancel any
‘c_irift in »the baseline, the intensity of tt_xe acoustic é‘ignal
L * was: measurecl by taking the difference between the minimum

value and  the maximum value of the first pulse following

-

- . " the relation: . .-

SRR ' P.S. = Vpin - Vmax (Vvolts) (Vi.l)

-~

T

"~ maximum is ’1,67 x 105 cm/s which 1is close to the value of

where Vpin and Vpax 1is the voltage measured at the minimum .

* the other focal point. All the echoes - are then traveling —"

M =

IR is round and the acoustic wave reaches every place on the .

value obtained by dividing the radiud of the cell with'the
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Figure VI.2 %rst photoacoustic pulse -
of a solution of K,Cr,07. A value of ]
the signal was taken every 0,2 us. '
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- —absprbed by a solution following the equations II.9 and

the golution

©
-

and makimum,respectively:- This corrects for any change in.
) N ~ . c

the baseline during successive runeliwithout adding any

noise. )
All the photoacoustic signals were measured by

subtracting the -water signal as the: background. This

e

. allows the removal of electronic noise,“ the signal from

water as well as the signal coming from absorption by the

wall of the cell or the Abase of tne3 cell - . (window and
support) . '

As we have seen in the introduction (Chapter II), the

photoacoustic\signal is directly proportional to ‘'the energy

Ll .

'1I.10. If the sample is opticalle thin, - the following

- relation can be valid:

(1- efly ~p1 <. (VI.2)
so that egu tion.Irxlo can be written as
= Ei Er i} § . ’ (VI.3).

and the pho Jacoustic signal is

V = AEj Bl ' - (VI.4)

Caarike

maasured willbbe_directly proportional to the absorption of

P.S=2a | (VI.5)

Figure VI.3 shows- the photoacoustic signal measured.as a

function of the absorbance for different concentrations of.

KaCrp0q- ‘The curve is 1inear up tQ.an absorbance of

For constant incident energy, the photoaccustic signal




-

‘e. J i . » ' o Jd .. 111
3,00 - : )
k) J ¢ 0
2. 50 A
[ 2.00°- ) -
5 I
&
. 1.50 -
. ,
0: . ‘
1.00 A
. 500: 1
l> /

<"

SN t : ,
Figure VI.3 Photoacoustic signal as a function of the
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\ approximately 0, l beyond whiéh a large deviation starts to
- | ~occur. This deviation is due to the fact that for larger
values 'of absorbance relation v;.z is no longer valid. The
relation can be - approximately 'linearized by 'takiné the

logarithm of the signal as a function of the abgorbadce.

&/ From the slope of the Figure VI.3, the minimﬁm,
detectable signal calculated corresponds to an absorbance
of 6 x 1073. At this absorbance, the signal to noise ratio -
was 2. The linearity was good. Least square fitting givee.

a regressioh coefficient of 9978‘

~ ]

These results establish a direct relation between the

signal and the absorbance so that a value for the constant
A, equation VI.5, can’be extracted. The slope of the curve
in Figure VI.3 is 3,4 x 10~2 v for an input energy of 20uJ

-

) so that the e@uat%on (VI.4) can he written as

PS = 1 7 x 103 Eja (V) (VI.6) )
.- . We can vextract the energy output in the photoacoustic wave : )
o with the  equation (VI.3): . . .
: " Eps 8‘3:72§5333 o (3) . (VI.T) h_,
) The overall eneréy of the excited ,"trepped" s;ate is
the energy absdrbed minus the energy re}eased in°the . - -
| \ .> photoacoﬁstic‘wave so that by difference:.we measure the i ”i;*f
‘' energy stored in the "trapped" state by the equation:
SRR ET.S; = Eja - (PS/1,7 x 103) «(J) -+ (VI.8)

——

If the intersystem quantum vyield (¢) for the transfe;'of

o
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the excited molecules to the trapped states is not 1, we

o

will have: , R ) - ;

»

Ep,s. = Eia - (58/1,7 X 103) (J) _(VI.9) -

1Y

i . t . Lo
The energy of one trapped state is the total energy .
diéided by the q?mbér of molecules in the trapped states:

‘Ep.g, = ﬁm . - (V.10)
‘ T.S. ’ .
wheFe ———
\ ) nr.s. = ¢ np = ¢ Eg/Ep. (V.11)

éa;i§"“ﬁhe efdergy absorbed (Eja) and Ep is the-energy-of a

e

photon which is equal to 5,9 x 10-19 ‘Jﬂﬁt’ 337 nm.. The

n——

0

energy of one "trapped" state is‘then equal to:

Ep.g, = 5,9 'x 10°19 - 3,47 x 10722 P.S./Eja (V.12)
- .2
- _. . This equation gives.a direct rq}aiion between.tbe photo-

©

écous%ic signal, the abgorbance- of a compound and the

'eneréy of a "frapped state" in the compound.

'VI.3 Sensitivity

. The sensitiv;ty obtained does hot~166k very impres-

sive, but 1if we consiéer that the energy of the pulses was

SIS

only 20uJ, this value 4is ' respectable ' since it gives a
- ' s i

relative sensitivity of 7,5 x 10-10 if pulses of 1 J were

used. This is 1in good agreemeﬁt with valﬁes reported for

experimenté using more powerful lasers (Voigthan‘ et al.,.

Cto1981). ) . - .
~——————"There are (wo major factors éffecting~the‘sensitivityf X
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of the System.- Tne'first one is ‘the electronic noise which,

- . R ) § - “ .
, arises mainly ' from the’ laser. The laser uses a spark to

initiate the lasing and the spark initiation requifes a -

large voltage which is’ also transmitted through all the

power, lines of the room.. The use of boxcar integration

cannot,§Et rid of tn}s noise because it is not-random since

‘ it is correlated to the trigger. .

el

Tﬁe second major factor Becreasing‘the\ sensitivity of

" the, apparatus +1is the absorption of a part of the pulse by'
the water and the cell itseLf -The noise’ arises mainly

from -the absorption by the support of the cell which

affects the first part of the" signal. Even using‘an-

isolating part between "the’ support and the cell leaves a’
part of the acoustic wave which comes from the support and
reaches the wall of the piezoelectric.1

o L

VIi.4. Time resolution:

The development‘of'this apparatus was not .primarily to
obtain a very sensitive photoacoustic system; but to be.
able to perform time resolution photoacoustic experiments.

* . There is nothing in the theory ’of'photoacoustic phenomena

which prevents work at high time resolution. The acoustic -

.pulse is formed by the deactivation of the excited molecu-
les through heat transfer to the surroundings. |This
process 'is only limited by the .deactivation time which is

ofte; in the-order of picoseconds . Thewtime limitation is_

not set.by the photoacoustic process, but by the experimen-

-

'} - [

’

)
A

. .



tal set-up.

T ‘ . An 1mportant'paramete; which 1limits the time resolu-

o

tion of the photoacoustic apparatus is the'response‘time of
—the microphone used for detection. The piezoelectric is

not limiting since its response is "instantaneous" on the

scaleé of these experiments. Only two factors can limit the -
‘response. - &he‘minimum detectable time is determined by the
duration.of the léseg pulse or tﬁé traveling timg of the
_aqoustic wavé in the illuminétea area, depending on which
is;fﬂ; larger.. . —

In our exéerimental set-up, - “the ﬁulses of the laser
have 'é'\duratign of 300 ps. Theyt;éveling time of the
acoustié pulse in the illuminated area is equal to: .

“ t = wy/v . ‘ T (VI13)
hhgre wg is the béém waist, and v is the sound veloaity inj
‘water. It is not pos;igie to have a beam waist smaller
than 1 mm sipce{the laser has a venj larée divergence. Our
‘limita;ion is then sét to approximately 1 gs due to the
L béam waist. va‘wé‘loqk at the .width of the acoustic wave
‘ in Figure VI.2, we obtain a time reSdlution of 2,3 us ‘which
- corresponds to a beam waist of 3,5 mm. This is not due to
a poorly focused beam, but ratﬁef to the fact that the-beam .
is passing through 1 *cm (the length of the cell). This

*value represents the Iangést relevagt_beém diameter inside

e the cell. - ‘ S

o C . ’Thq.only way to improve the timeN resolution of\the

Y . ’ . !

- . . -

- N i
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o

apparatus will be to use a two pulses (pgmp-probe) system
similar to the one uSed in the picosecond experimenfs
described earlier. The time resolution will then be
limited only by the pulse duration which can be decreased ,
to 20 ps by the use of a{dye laser. .A good example of ;his
type of system has been given in the ihtroduction. |

VI.5 Energy level measurementss

Since the resolution of the system is in the order of
l us, it can 5e used to determine the ehergy level of
states which have at least @ 10 us 1lifetime. ‘For States
_which have a 1lifetime of 1lps, there will already be a large
"contribution from the décay °§ those states in theveneggy
~ou£pﬁt. In order to test ‘the possibility of using this
instrument to measure the energy of triplet states of some
molecuyééf we have tried to measure the energy of the
triplet state of the =zinc tétraphenylporphyrine sul fonated
(znTPPS4-). '

" The 2zZnTPPS4- .is a good candidate for photoacoustic

experiments since the qﬁantum vield of fluorescence is only-

0,043. In addition, it is a good choice for these experi-
ments since it has a high quantu?- yield of intersystem

[ 3

crossing (0,84) and a triplet lifetime of 1,4 ms (Darwent .

“et al., 1982)f‘wh;ch is long enough “to avoid a large

contribution to the'signal.
; :

Figure VI.4 shows the signal from a solution of

' znTPPSA- compared to the signal from a solution of



g

"
LTS

@

AR
AR

t e

%)
H
i
:
i

ESS
o ©

VR ey VU
-

[

2,
S

BTN

Ry
{‘2 [Ny |

%

b

S

MR
:

< ."

T

s

a3

[

P.8, V)

i S '] n 'l : ' ) } 1 Y ] -
480 5,80 6,40 7.20 8.00 €.80 Q.80 104 11.2 120
. ¢ - '

. . ’ »
, i — TINE G(uad
3
. . - .

. . . \
|
A ¢
. ¢
v €
- '
~ »
~ .
j
v
. . .
f

- .

Figure VI.4 Phgltoacouxgtic’ sighal 'of a solu-
tion of ZnTPPS4- anq a solution of Fe(phen)2+.
The absorbance of the solution "of zZnTPPS4~ (a)

"15.0,0743 whereas_the .absorbance of the. solu-
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tion of Fe(phen)32+ (B) is 0,0759. . "
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Fe(phen)32+ having approximately the samé\absorbance. We
can see that the signal coming from the 2nTPPS4- is half
the signal of the Fe(phen)32+ even * if they have the same

absorbance. ) ’

By the use of equation (VI.12), we have calculated the

e

‘energy of  the triple; 'qf the 2nTPPS4- to be 1,4 ev. The
majb% source of errors comes from the difficulty °f,
measuring accurately the energy; of the 1laser pulse. The
error in this measurement is esFimated to be approximately
10%. Other sources of erro;s come from the measurement of
the photoacoustic signal gnd also from the fact that even
if the znTPPS4- triplet state has a long lifetime, there is
still a contribution to the photoacoustic sigﬁ&l froﬁﬂthe‘.
d;;;y of a part of the -triplet- state molecules; If pulse
:energy error is limiting,-the-value obtained 'is (1,4 £ 0,2)
eV. This just agrees with the value of 1,61 eV reported'by

Darwent et al. (1982).

V.6 Energy of trapped states of TiO,:

Having proven that iﬁ was possible to measure the
. energy levels of triplét states with this apparatus, it -
seems useful to try to measure the energy level of trapped
states inaTioé. Figure VI.5 shows the photoacoustic signal
obtained for a suspension cgntainingn 0,1 g/1 of Tioi'
colloids and 4,0 x 106 M of the RuPPS4~. The photoacous-—
" tic signal is §lotted with the pﬁotoacoustic signal of a
solution of Fe(phen);2+ whiéh has approximately the ‘same

v

-~

6' .
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\
absorbance' (0,0811 compared to 0,0981 for the Ti0, suspen-¢

sion). We can observe the large width of the slgnal due to
slow decay processes in Tioz which are longer than the
formation time of the photoaceusﬁic puise

By using the _equetioq (Vi.l?), we have obtained a
velue of 1,25 eV for the energy of thevtgapped states in
Tioé., This means that the trabped states are 1,25 eV
highér than the valence. band or, for a better understan-

ding, 2,0 eV lower than the conduction band. This is very

close to the value of 1 91 eV reported for the blue color

of n-doped Tioz (Ghosh et al., 1969). The difference |
between ‘the two values. ;s? much less’ than the estimated
instrumental uncertainty of 2 10%. g .
Also, there is a point here that needs some comments.
The energy meéeured by photoacoustics is the energy between‘
the average energy levei of the trap sites and tﬁe bottom

of the\ conduction band. In absorption spectroscopy, the

‘ energy‘<value given 1is wusually 'the energy at the maximum

absorption which represents the transition from the average
4
trap state to a level in the conduction band where the

density. of states is the largest. ~ This level 15 not
necessarly the bottom of the conduction band. i

?he_bottom of the conduction behd is very difficulE to
estimate due to thejpresence of long tails in the absorp-
tion edge of the spectra .of semiconductors. The value

reported by absorption spectroscopy is then the maximum



energy valqg of the average trap state. >

s )

VI.7 Comparison with picosecond experiments: -

‘The aim of this photoacoustic study of Tioz_nés to try

to compare these results with the ones obtained by the

picosecond experiments. Even if we have observed an
absorption due to trapped states at 630 nm (<1,98 eV)
" which is very‘close to the value obtaineo in photoacods—
tlc experiments, there is _absolutely no relation betqeen

. ¥ -

.

the two results.
.The picosecond experiment, results reflect a process
.3
involving two photons whereas the photoacoustic’ experiments

' involved only one photon. The energy of the trapped state

measured in picosecond-experiments has been attributed to a-

hole trap site which means that the trap state is at most
1,98 eV above the valence band edge. The energy of the
trap sites is probably lower but it cennot be determined
exactly due/ﬁ%o the difficulty of determining the wvalence
) bqu edge. In the photoacoustlc experiments, an electron
~—=» of the valence band is excited into the conduction band. and
after the scavenging of the hole by’ the dye this electron
is trapped in a ’trap-site which 1is 2,0 eV below the
conduction band. .
There.is no relation between the two sets of experi-
ments since the trap sites studied are compI%tely differ-
ent. Nevertheless, the results obtained with the photo-

acoustic experiments correlate Very well with the observa-
x - [

4
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ViI. Conclusions . \

-

VII.1 Ti0, péurticl'es: ’

The TiOZH colloidal particles show a quantifiéation
'size effect which can ube seen by the shift in the edge of
the absorption band of.T;oz. _This shift .may also be used
for ;he d%géct determination of the size of the particles,
The size of those particles give them very different
electronic p;operties vcompqred to the bulk material Qpe to
the abééncg of'Bahéﬁ Pghding' and ‘a permanent interaétion
between the hole and the electron.” 5
T The increase of photoreaction en these small particles .
is probabiyjnot to be explained by the change in electronic
properties, ‘de— rather . by the fact that the;e are more
defect si&és and impuriﬁies in small particles. These
defect sites and impurities function to pgevent recombina-
tion of the hole and electron and e;tend théir lifetimes.
This extension of 1lifetime 1is evidenéed bi the 1long

transients for trapped speciés.

T
a

"NII.2 Picosecond éxperiments:

. . The picosecond flash photolysts——&r- Ti0, suspensions
alone gives ‘a' direct measure of the 1lifetime of the
carriers in ;the particles when trapping is not promoted.
The average llifetime:is 500 ps f&r.the particles studied.

- The absorption coefficient is, 2200 M-l cm~l and the’
. . - ! \

pom—y 4
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decay follows a second order process ‘'giving a direct
measurement of the recombination rate of the hole and the
electron. We haee demonstrated that this transient is not

coming from electrons in trapped sites as it was .suggested

before in another studp.

The use of picosecond flash photolysis on Ti0,:

‘suspensions where scavengers -designed to adsorb strongly ‘at

the surface have been added has perﬁlttedhthe study of the

‘primary events = in the photochemical reactions using

-~

semiconductor catalysts. The results show that when the
scavenger is present at the surface, the quantum yield for
repid transfer of an electron from,the Ti0, to any one of
he three excited dyes is-approximately 1. The hole left
is\later trapped with a- rate constant of 5 x 108 s-1,

The nature’ of the 'p—type trap sites ,in the Ti0,
colloidal particles has hot ‘been identified, "but three
possibilities suggest themselves 'an oxygen vacancy in the
iattice, the formation of an 0~ or a hydroxyl radical (0H )
at the surface of the particles. All these. three species
can arise in very small particles where there are a large
;umber of defects and impurities. v a
| The mechanism studiea involved the transfer of an
electron from the conduction band of the Ti0, to an' excited
dye. Thisvprocess>”involved the wuse of two photons, but

other meéhanisms iﬁvolving only one photon can also be

. studied wusing pigoseoond : flash photolysis. As. examples,

- / ’
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the 'system can be used to stﬁdy the transfer of an eleetron
‘from an excited dye to the conduction band of the Ti0, with
the scavenging of the hole hy a scavenger. h |
The study”oﬁ these othet mechanisms can be seén as
C small Ehanges in the .experimental°conditions. The major
reason for’tge two photon.prbcess observed here is the high
density.of photons in' the pump pulse. One photon process

;en be studied by increasing~the size of the pump beam or °
decreasing the enefgy of "the pubse. Also, the choice of a
suitable scavenger or the use of 'agpthet °wayeldhgth can

" prevent the two species from.{doyble" abserging. .

Many semie%pductors (e.g. Cds, zno0) havenbeeh prepared
as cqgloids and they would be good candidates to study the
“L primary e§2§t§‘~aﬁ\\photochemical reactions by ‘the methods
developed in this thesis Cds 1ooks'particularly interest-
ing since it is a p—type semiconductot?and it has been

studied extensively .so 1its steady state photochemical

(‘preperties are well known. N

VII.3 ﬁhétoacoustic ekperiments'

»

The first .experiments done with this new set-up show

‘ that this system can_be sensitive, and that it can. be.wvery
_ helpful for the measurements of energy levels of simple
'mQ}ecules as well as’ more ‘complicated systems like the
seﬁicon@ﬁctor ﬁatticies. Even if those experiments were
only preliminary experiments, they demonstrate the promise

of the photoacoustic apparatus. s

"

\ ) ' ¢ o b
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- Since this new set-up is‘ at its first ;tage, many’
improvements 'can be proposed. First of all, the system
- should be completed by adding the dye laser system so that

e " the photoacoustic apparatus can be used at most wavelengths
in the visible, and also to pursue the aim of using a
double pulse system to achieve a sub—nandsecdnd,resolution.

. This, wirh the addition of modulated continuous laser (an
Argon laser has already "been Surchased for thia project)
wili give us a very interesting \t}me domain. D:The dynamic
range will dc from the sub-nanosecond time resolution-down
to the second. It will then be possible to /study the full °
decay time range .

It is probably not useful to try to modify the design
! gf” the cell since _the sensitivity obtained is sufficlent ‘ “
for most of the systems of interest. Nevertheleés,‘it

could be interesting to -try to debrease.the‘ size of the

ptezoelectric detector in order to ipncrease the time

" resolution-of the system. The factor would be less than

10, but might prove critical ) '
, NN
"Also, since this research team is really interested in

-

L photochemical . processes  happening at the surface of

° " electrodes, it will be very useful to have the same kind of
N ) .

Photoacoustic system capable of detecting photochemical

° processes in solid. This can be easily achieVed.by_the’
f_' . replacement of the piezoelectric cell by a piezoelectric

detector for solids. No other parts of the system have to
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aiiu_—be—changed and. in addition, it will be possible to scan -all
the, surface of the,electrode with the use of the position-
ing motors. . ' ‘ ,
~ Another example ef simple modifications that can be
implemented in thqt_eyetem—‘ls tq. use' it to detect at the
same time, the radiationless decay by phetoacoustics an@h
the luminescence with the use of a photedetector. One ce;
then measure ~the two complementary deactivation processes
4 of = molecule at ‘the same time with a very good time

'

resolution. B g -
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APPENDIX A |

TﬁE PHOTOACOUSTIC SYSTEM

A.l Mechénical"parts: »

o=

v The peil consisted of the piezog}ectric tube on which
a quartz window has been giued on one side. -The glue needs
ﬁoabe cured for 24 hours under UV light. | This glue does
not ﬁpsorb_.at 337 nm and it can be removed with mefhylene

chloride.

The piezoelectric.cell is mounted on the photodiode

assemBly and separated from it by a rubber o-ring to avoid

vibrations and also acoustic waves coming from the absorp-
tion of light by the support. 'The photodiode assembly sits

on a'rail controlled by two motors for the positioning of
& - .

X ©

" the cell. - ° . - -

A.2 Electronic circuit:

Figure A.1 represents the overall electronic,circui?
used for the photoadoustic‘experime?ts. The major part of
it is the IBM-PC cqmpqter‘which controls all the steps of
the experiment through the A/D interface board (DT-2801

Data Translation). . Below, wé‘will describe the different

_steps of the experiment where the electronic circuit is

involved. . . ' /

a) Positioning of the cell.

-

L
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Figure A.1l
circuit used in photodcoustic experiments.
of the A/D board (DT-2801). SWl and SW2 are
the switches for the power and 'the motor selection ‘(M1 and
P.S. is the power supply of the current
amplifier (C.A.) which drives the motors. P101 4is the 50
pin connector of the boxcar. P.D. is the photodiode used
to center the beam in the middle of- the piezoelectric cell
(P.Z.). The pre- amplifier (P.A.) amplifies the signal
from the piezoelectric and from the -photodiode.
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The positioning of the cell is done automatically upon

reduest from the experimentalist. The two motors | used (M1
and M2) for ¥he positioning -are inexpensive 6V, 120 mA
motors. Thef meve dgears which are chosen s that the
transfer from rotational “to translational actfion i? kow.
The sequence for the positioning is as follows: ‘
1) The experimentalist sets the power switch (sw;)‘to
the 'on position and the motor switch (SW2) to M1
(motof l). (He then hits a key on the| computer to
start the process. )

4 1i) The computer ‘reads the value of the photodiode

through the pins 7-8 (J1) of the A/D. bqgard. Before

being sent to the computer, the photodiode voltage is
amplified by an amplifier.

iii) The~compdfer sends +6V for a perliod of half a

i

second through the  pins 23-24 (Jl)‘t# tgg current
amplifier (CA) which outputs a +6V, 120 mA to the
- . % * .

»

motor Ml.
iv) The computer reads again the photodiode and
‘comparés the new valge/Wiﬁh the previous pne. If th;
value is_ higher or equal, the computer [sends another
pulse of +6V to . the current amplifier.‘~ If the new
. value is lower than the previous one,| the computer
sepds a voltage pulgp of -5,5vV to the durrent ampli-

fier.

. The same process goes on until the voltage is oV where it

I

- /

[
¢ -
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is stopped. The movement of,the motor can be described as
follows: the motor moves in one direction wuntil théy

computer reads a value of the photodiode lower ‘than the

previous one. When this value is lower, ‘the motor dgoes in -

the other direction a little bit slower until the value of

" - the photodiode is lower. The movement of the motor can be

'
4

compared to,%he Simpson approximation in mathematics.

When the positioning of the first motor is finished,

" the experiﬁentalist is asked to change the motor switch

(SW2) to M2 and after he has preésed a key, the same
. process goes on for the motor 2 which positioned the cell
in the other direction
The current amplifier (CA) and its power supply (P.S.f—
were designed at the Technical Center of'this'University.
b) , Time sefting of the pexcar
The experimental conditions gor the boxcar are set by
the experimentalist. The only part” Gontrolled by the
EOmputer is the delay of the aperture. The experimentalist
.sets up: the aperture delay time as well as tﬁe starting
percentage velue. He later enters the delay of the
apefture he waets to sceh. The computer sends a voltage
‘through the pins 22-25 (J1) to the pins 5-24 (P101) of the’
boxcar to.scan the aperture gate at values specified by the

experimentalist. This time process will be explained in
- ! [
Appendix B. ‘ ' ‘
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c) Photoacoustic signal .

The inside and outside walls of the piezoelectric tube

are covered with very thin layers of silver; One electri-. -
cai wire is positioned on the inside’ and one on the
- .

’ ‘ou?side. Upon errival of an acoustic wave in the inside

wall, there -is a difference of potential produced between

the inside and the outside of the piezoelectric tube. This

" voltage signal is sent to a pre-amplifier which filters the
i signal for the desirable frequencies and it . also amplifies

“the signal from 1 to 10 000 times.
wWhen the signal is filtered and amplified it is sent

) to the boxgéf“wgich does the time processing before sending

it to fhe computer. The signal is sent from the pins 4-25
(P101) of ‘the boxcar to the pins 5-6 (J1) of the oomputer.

s

A.3 'Experimental conditions:

Table A 1 1lists the experimental conditions for a
typical experiment 1involving the positioning of the cell
and the reading of a photoacoustic pulse.

4 . . [ o ¢

.

4
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- Table‘A.1 Ty;}icai photoacoustic experimental conditions . .
Parameters . Cell Positioning - Signal Reading
. Laser: o - , - ~
-frequency : 10 Hz ' 10 Hz
-energy v 20-60 uJ z 20-60 uJ
¢ » Pre-amplifier: , . .
-high pass filter 1l Hz 3K Hz .
-low pass filter 10 Hz . " 100K Hz '
—amplification - 5% X . 1000 X *
' Boxcar- . .
-integration time (1. T) - 1 us o
. —-aperture delay time - . 20 us . . .
(A.D.T , 2 ) ; L
~percent o;‘:’ aperture . - 15 to 65% .
delay . " (every 1%) )
-aperture duration (A.D.) - 50 ns ;
‘«-scan time (S.T.) - . 0,1 sec
-time constant (T.C.) - . 1l sec .
Computer: v : - )
~input mode differential - ' differential b
-voltage mode o+ 10V ' + 10V X t ol
-» -A/D gain . ’ © 3 .0 :
-voltage read ’ T2 1V L + 10 V
— 0 v
) . :
- o , <o L ‘
'2;‘:~ * ‘ . 4" ¢ !
A \
s a ! i 4 ‘ - .
- \ .

-
S




i)

/

° - APPENDIX B

" TIME PROGESSING OF THE PHOTOACOUSTIC SIGNAL

The experimental conditions for the time processing of
the bhotoacoustic‘signal'are‘set by the experimentalist aqd‘
they are usually the same as the one sﬁecified 1n‘table A.l
for a typital‘expefiment. The time processigé ':tarts with
each.triggEr from the laser and it can be represented by a
windowmwhich is moved along “the s{gnal accordimg to a
defineé pethway. A This pathway followe a voltege ramp sent
by the computer te.thelboxcar. The position of the window
with regard to :the 'triggejﬁ }s defined according to the
eéuetien: | ‘

W-To = (IcDo‘ ,'" ‘0,1 VR) AOD'T- (Bol)
“100 —_- . ' ) ’

where I.D. is the initial percent delay, Vg the voltage
sent by.” the computer, - and A.D.T. the aperture—delay time..
The first position of the window will be at I.D. x A.D.T.
since the voltage sent by the computer is 0 V. For a -
typical experiment (see Table A.l) tbe first position of
the window will be at 3 us after the trigger. Since the'
increase is usually 1%, the next position of the widow
will be at 3,2 ps. The window will then. be moved like this
. along the signal up to the 1last value (typically 65%).
"rBQuired by the experimentalist.* This overall process can
..pe-visualized 1n Figure B.1l. T

< ) ’ o
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The COmputer 'reads the. signal coming out from the

boxcar at each position of the window? The signal at one

position of the window is averaged by the boxcar following :

an exponential increase.‘ This exponential increase is
shown in Figure B.2 as a function of the number of pulses.

It represents the charging -of a capacitor, ich reaches
| approximatelyr 90% of .the signal value aﬁéjr 20 pul?es

(I.T./A.D., see Table A.l1). The -computer s%arts "to read

the valiue of.the signai‘after approximately 50 pulses and

.-

stores 100 values-to o an averaﬁe- This*process goes on
for every position of ..the window. The overall signal is
then a value for every position of the window which creates

the acoustic wave seen on the computer.

_— T 1Y
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Figure B.2 Photoacoustic signal acquisition
with the boxcar. Typical exponential increase
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of the reading window. After 20 pulses,. the
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- APPENDIX C

 ACQUISITION AND ANALYSTS PROéRAM .

‘/This program does the acquisition and the analysis for
/the photoacoustic system. ,

REAL SCALAR 'START.DELAY
SCALAR SOMX
SCALAR SOMY . ' T Lo .
SCALAR SOMXY . . _ ‘

\! SCALAR SOMY2 N :

- SCALAR NUMERATOR : Lo SR
SCALAR DENOMINATOR - -
SCALAR R2 ' oo
SCALAR STOF.DELAY LT r
SCALAR INTERVAL.DELAY . - - -’
SCALAR OUTPUT.DELAY.l, - ' '
SCALAR N.OF.P.2 .

SCALAR ABS.2.CORR N oy
SCALAR ABS.CORR :
SCALAR MAX.VALUE . “
SCALAR MIN.VALUE _ . T
" SCALAR MIN.DELAY ~ :
SCALAR MAX.DELAY ,
SCALAR TEMP : . . \
SCALAR PHOTO.READ ‘
DIM[ 10., 100 ] ARRAY CURVE o .
«DIM[ 1 ] ARRAY SAMPLE.NUMBER ' .
DIM[ 10 -] ARRAY TOTAL.N . . .
DIM[ 10 ] ARRAY CONCENTRATION . T ®
DIM[ 10 ] ARRAY RESULTS.] . b
DIM[ 5 , 10 ] ARRAY RESULTS . . '
: DIM{ 2 ] ARRAY PARA o - -
-  DIM[ 100 ] ARRAY NOISE : A
T .. DIM[ 100 ] ARRAY ‘SORT.ARRAY T
“ DIM[ 100 ] ARRAY S-N.VALUE.2 .
" DIM[ 100 ] ARRAY RAMP.DELAY.2 ‘ a
- DIM[ 1 ] ARRAY N.OF.P.ARRAY.2 *“~
. . DIM[ 1 ] ARRAY ABSORBANCE.2
g DIM[ 100 ] ARRAY TAMPON ‘
.- . DIM[ 1 -] ARRAY ABSORBANCE- o
DIM[ 2 ] ARRAY MEAN.V . - L
: DIM[ 100 } ARRAY RAMP.DELAY \
, (DIM[ 100 ] ARRAY S-N.VALUE o
i NDIM[ 64 ] ARRAY FFT.ARRAY = .
DIM[ 64 ] ARRAY I.FFT.ARRAY SRR

4 v . . R




143

o INTEGER SCALAR N.OF.P. 3 -
SCALAR SAMPLE.NUMBERS , :
-7 SCALAR MOTOR
o SCALAR SPEED :
' SCALAR N L

SCALAR. I.SCAN , - oo
. SCALAR SCAN.NUMBER . . c
—_ SCALAR REJ.NO .
L ) SCALAR DELAY.COUNT . ‘ :
o : SCALAR ICOUNT . . . .
. SCALAR LASER.FREQ
. SCALAR IRUN
\ .- SCALAR CHOICE

o .~ SCALAR MIN.V . ’
7 . ‘ SCALAR MIN.DELAY.INDEX . -
K SCALAR MAX.DELAY.INDEX

.« —  SCALAR.-DELAY WNUMBER -~ - ° _
‘ DIM[ 1 ] ARRAY DELAY.COUNT.ARRAY
. DIM[ 100 ] ARRAY SORT.INDEX.ARRAY
DIM[ 1./] ARRAY N.OF.P.ARRAY :
DIM[ 1 ] ARRAY AMP.GAIN . L «
DIM[ 2 ] ARRAY ICOUNT.ARRAY : :
. . DIM[ 250 ] ARRAY IN-+DATA
. DIM[ 20 ] ARRAY PHOTD.IN,

13 STRING FILENAME

10. 3. SCI.FORMAT - .

0 ICOUNT.ARRAY [ 2 ] :=, .
) 0 MEAN.V'[ 2 ] := e
v 1 AMP.GAIN := ' :

/The computer. is controlling the. acquisition
/through 4.channels of the A/D hoard

/Channel 2 = photoacoustic signal

2 2 A/D.TEMPLATE IN.CHNL.2 C C
) IN . DATA ‘TEMPLATE . BUFFER , ' 4 ‘Q" W

' A/D.INIT . .
? , ‘.0 . &

/Channel 0 = boxcar ramp = ° - -

0 0 D/A.TEMPLATE OUT.CHNL: o o o .o
D/A.INIT , * ) o

'IChannel 1 = motor cbntrol

L 1 1 D/A.TEMPLATE OUT. CHNL 1 L
i . D/A.INIT T

—— ) -

‘(CQannEl 3 - phétodiode reading o . :’ j‘jlﬂlbﬁ

e .
PR —_
: .
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3 3 A/D.TEMPLATE IN.CHNL.3 _ :
EXT.TRIG ’ -
3 A/D.GAIN
A/D.INIT

‘s INSTRUCTIONS
.SCREEN.CLEAR

CR ." <Fl1> ACQUIRE DATA . {F6> SUBSTRACT 2 CURVES"
CR ." <(F2> PLOT DATA . {F7> FIND MIN/MAX"
CR ." <F3> SAVE DATA {F8> FFT OF DATA"
CR ." <F4> LOAD-DATA . {F9> LOAD RESULTS"
. CR ." <F5> PLOT 2 CURVES <F10> EXIT OF ASYST"
BELL 1 . . )
’ . ' 2
. it - .
J/Data template
: DEF.FILE.TEMPLATE . - .

FILE.TEMPLATE ‘ : :
INTEGER DIM[ 1 ] SUBFILE ™ ‘
REAL DIM[ 1 ] SUBFILE
REAL DIM[ 100- ] SUBFILE - .

END

. - -
’ -

3

20 0 24,79 WINDOW {BOT} * . A o,
/Video screen for data plotting

: VIDEO.SET , = :
GRAPHICS . DISPLAY ‘
SCREEN.CLEAR ‘ ‘ -
" {BOT) . . oo AR
0 .20 VUPORT.ORIG :
1 .80 VUPORT.SIZE

L]
’ - [

/Voltage ramp output and C e
/photoacoustic signal reading :
: ACQUIRE.DATA “
- IN.CHNL.2 A/D.INIL—
20 CONVERSION.DELAY
A/D.INIT
OUT.CHNL.O D/A.INIT.
OUTPUT.DELAY.1 -10 10 D/A.SCALE D/A.OUT _
100000 LASER.FREQ / MSEC.DELAY !
BEGIN " i :
A/D.IN>ARRAY- ) A
?BUFFER.FULL" . :
UNTIL '

2 TIMES , . .



o
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a

»

/Average of the signal

.
’

FIND.MEAN
IN.DATA MEAN ‘ '
CURVE [ I.SCAN , ICOUNT ] :=
CURVE [ I.SCAN , ICOUNT ] 2048 - 204.8 /
CURVE [ I.SCAN , ICOUNT ] := .

-

/video set for data

o
14

/Data plot

’

/Divide the signal by the amplification

.
’

SET .PLOT.POINTS

VIDEO.SET

AXIS.DEFAULTS

HORIZONTAL NO.LABELS

. VERTICAL 0 2 LABEL. POINTS-

" HORIZGNTAL O N.OF,P~-WORLD.SET
VERTICAL -=10. 10. WORLD.SET
XY .AXIS.PLOT .

PLOT . POINTS

ICOUNT ICOUNT.ARRAY [ 1 ] :=

CURVE [ T.SCAN , ICOUNT ] MEAN. Y [ 1%] =
DOTTED

ICOUNT .ARRAY M??N.V—XY.DATA.PLOT

GET.S-N.VALUE
S-N.VALUE AMP.GAIN [ 1 ] /
S-N.VALUE := .

/Fouriér transform of tﬁé data

L4
[

e

o

I.FPT.ARRAY :=

FFT . PROG- T

. FFT

ZREAL - :

FFT.ARRAY :=° .
0 FFT.ARRAY SUB[ 1 , 1o ] tm
0 FFT.ARRAY SUB[ 55 , 10 ] :=
FFT.ARRAY IFFT

o ]
FET.OF.DATA |

145
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ﬁ_/Aﬁélysis.Gf the curves

S-N: VALUE o .

FFT.PROG . S
0 S-N.VALUE : : -
I.FFT.ARRAY S-N.VALUE SUB[ 1 ; 64 ] :=
INSTRUCTIONS }

’ M . K L g

!

/Find the averfage curve’ of the signal _

: MEAN.CURVE SR (.
0 S-N.VALUE := . L |
SCAN.NUMBER 1 + 1 DO
CURVE.XSECT[ I , ! ] S-N.VALUE + S-N.VALUE :=
. LOOP : S
S-N.VALUE SCAN.NUMBER / S-N.VALUE :=

¢ ‘ R )

/Plot the curves and the average

s PLOT.CURVES

VIDEO.SET

DOTTED .

RAMP.DELAY SUB[ 1 , N.OF.P ]

S-N.VALUE SUB[ 1 , N.OF.P ]

.XY *AUTO.PLOT : -

SOLID ’
SCAN.NUMBER 1 + 1 DO )
CURVE XSECT[ I , ! ] TAMPON ;=
RAMP.DELAY SUB[ 1 , N.OF.P ] .
TAMPON SUB[ 1 , N.OF.P ]
XY .DATA.PLOT

LOOP ‘

/Rejection of a curv

: CURVE.REJECTION ~
CR ." Enter the number of the curve to reject"
" (0 to quit ) = " - :

.~ #INPUT !

REJ.NO := o,

REJ.NO 0 .= NOT IF . .
CURVE XSECT{ REJ.NO , ! ] TAMPON :=
CURVE ‘XSECT{ SCAN.NUMBER , ! ]

. CURVE XSECT[ REJ.NO , ! ] :=.

TAMPON CURVE XSECT[ SCAN.NUMBER , ! ]
SCAN.NUMBER 1 - SCAN NUMBER tm T -
THEN ’

;— . ) ' ]

hd '

’ ' : 1 - . ;;'
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- :. CURVE.ANALYSIS
0 ICOUNT := . . 1. . -
A . SCAN.NUMBER 1 + 1 DO . Y ) Y
- "ICOUNT 1 + ICOUNT := . : : . , :

: “ QURVE XSECT[ ICOUNT , ! ] NOISE -
) - CURVE XSECT[ ICOUNT , ! ] := .
, «LOOP . ' N i ° .
A BEGIN ’ I ' ' . 1
i MEAN.CURVE L _— ’
PLOT.CURVES - ! S .
CURVE.REJECTION . / ) ’

. 0 REJ.NO = . . ; o
A 3 ' UNTIL - . . ’ N . \ ,

-~

[
14

TS
N
t P

/Plot value of photodiode ‘ . K R )

SRt

: . SET.PHOTO - < : . © -
VIDEO.SET ) : .
HORIZONTAL NO.LABELS C T -

VERTICAL O 2 LABEL.POINTS <L o ..

X

Ly ora; 3
R N
4

3 HORIZONTAL 0 100 WORLDZSET
R VERTICAL 2000 4000 WORLD.SET
: XY . AXIS.PLOT

RN S Ey o
5 ERNITER

DOTTED

“e

/

& ** : PLOT.PHOTO
X ICOUNT ICOUNT.ARRAY [ 1 ] := L o ~
i PHOTO.READ MEAN.V [ 1 ] := : ‘ . .
ICOUNT.ARRAY MEAN.V XY.DATA.PLOT T .
; 4 .~ - -
. /Set the motors to zero . b

: SET.ZERO
OUT.CHNL.1 . SR : | ’
D/A.INIT ' = .
. 2048 D/A.OUT : X |

H .o

/Auto-adjustment of the photodiodé/ .- R .

g : AUTO.ADJUST : , o ' : ’
e -0 MOTOR := . | - >

S .- 31D0 . S o . o ;
i 0 ICOUNT = S | , .

b . MOTOR 1 + MOTOR := G y o _ -
e , SET.PHOTO . R T o S L . ]
23 ' .1 MOTOR = IF . | . . § .
2 - -€R ." Set the switch to motor 1 ™ S o -
o - . ELSE PR , : o L
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- * . N - o ‘ * -~ "‘

. 1 g
S o CR ." Set the switch to motor 2 *
‘ THEN
CR ." and press any key when ready " ce : -
PCKEY ?DROP DROP : . ,
) 850 SPEED := . . -
3 - -0 TEMP := ~ . - _
0 PHOTO.READ := - d
OUT.CHNL. 1 . - .
D/A.INIT L .
IN.CHNL.3 : ; o
A/D.INIT . C
: BEGIN | '
. ICOUNT 1 + ICOUNT := , .
; TEMP PHOTO.READ > IF
2050 SPEED - 2050 + SPEED i= . '
SPEED' 2050 > IF i ’
; " SPEED 150 - SPEED := - .
o -+~ THEN . - T - , -
NS THEN ' : :
PHOTO.READ TEMP (= , . - A _ L0
0 PHOTO.IN := ' . )
© SPEED D/A.OUT - ) . el
» ° 1 MOTOR = IF , ‘ _ : C
2000 MSEC.DELAY : L ey -
- ELSE - < » ‘ N
- 500 MSEC.DELAY : Lo . L :
: THEN - o : - c o
SET.ZERO T - ' T 2
- 100 MSEC.DELAY \< . 4 oot : .
‘ 21 1 DO , _ ) ¢
; A/D.IN . - L
y PHOTO.IN [ I ] := ~ e ‘ J
LOOP - ' o ‘
PHOTO.IN MEAN : : :
o * PHOTO.READ := T ,
T PLOT . PHOTO . O G ' k
v . 2050 SPEED = ' . 1 , ‘ _ : :
e , " UNTIL , ) ‘ . ’
- SET.ZERO , : ' - oo 1 ’
e ‘ LOOP . : ) ‘ ? : Y . %
/Acquisition set-up and parameters . . e
- / M .
: DT2801.ACQUIRE : \\ ST
» . DT2800 S ~ . .
SET . ZERO

SCREEN.CLEAR

CR ." Enter 0 for auto -adjustment or"
." 1 for acquisition = " : o e

$INPUT ‘ , R CoL

CHOICE := : R -
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0 CHOICE = IF
AUTO.ADJUST °
THEN o ‘
" SCREEN.CLEAR ~ .
\0 I.SCAN :=
." Enter 1 for NOISE or 2 for’ SIGNAL = "
g *INPUT ' .
IRUN ‘=
CR ." Enter 0 to change or 1 to keep"
." the same conditions = "
QINPU’I‘ .
CHOICE := - -
0 CHOICE = IF .
CR ." Enter the amplifier gain = " .
# INPUT AMP.CAIN := s J
. CR:." Enter the laser freguency - " .
# INPUT LASER.FREQ :=
CR ." Enter the starting delay = "

#INPUT

v : .1 ¥ START.DELAY :=
CR ." Enter the stopping delay = "
#INPUT

.1 % STOP.DELAY ‘=
‘CR ." Enter the delay interval = "
# INPUT ' s
+1 *'INTERVAL.DELAY := )
¢ STOP.DELAY START.DELAY, - INTERVAL.DELAY / N.OF.P :='

o RAMP.DELAY [ JRAMP
RAMP.DELAY SUB[ 1 , N.OF.P ] INTERVAL.DELAY *
RAMP.DELAY SUB[ 1 , N.OF.P ] :=. o —
THEN T
SCREEN.CLEAR

| SET.PLOT.POINTS y

i CR ." How many scans do you want = v
" §INPUT | /
SCAN.NUMBER :=" + .
BELL
CR ." Press any key to start data acquisition" \
BEGIN _
?KEY VS ‘ :
UNTIL 7 o d
KEY DROP - ’ ,
SCREEN. CLEAR

CR ." *DATA ACQUISITION IN PROGRESS*"
SCAN.NUMBER 1 + 1 DO ‘
I.SCAN 1 + I.SCAN :=
0 ICOUNT := . - f ~ :
N.OF.P 1 + 1 DO ‘ 1 . ‘
.1 ICOUNT + ICOUNT := . Sy . o
RAMP.DELAY [ ICOUNT ] OUTPUT.DELAY.l :=
ACQUIRE.DATA o S
--+ FIND.MEAN - ) o .



PLOT.POINTS . "
LOOP - : N . .
LOOP ¢ ' i R
‘.  SCREEN.CLEAR
, BELL X ’
N " *ACQUISITION TERMINATED*" !

CR .¥ Press any key to continue" ‘ ' ‘
BEGIN , o . , )
?KEY J > .

UNTIL
KEY DROP
IRUN 2 = IF
CURVE.ANALYSIS
GET.S-N. VALUE
TI'IEN ’,i .‘;
IRUN'1 = I
0 ICQUNT (:=
0 NOISE :
; SCAN.NUMBER 1 + 1 DO
ICOUNT 1 + ICOUNT := ,
CURVE XSECT[ ICOUNT , ! ] NOISE + NOISE :=

»

LOOP | 1 | »
NOISE SCAN. NUMBER / NOISE := -
THEN
*INSTRUCTIONS
/Exit Asyst ) -

: EXIT.SYS'' | v _ I
- BYE : ‘ Lo

/Screen plot of acoustic wave ~°

: VIDEO.PLOT . , .
VIDEO.SET : o 0 . T ‘
AXIS.DEFAULTS ‘ ‘ . -
SOLID . .
RAMP.DELAY SUB[ 1., N.OF.P } . ¢ ;
S-N.VALUE SUB[ 1 ; N.OF. p e S - . ,
XY.AUTO.PLOT ° o ° L . .

/Plot of acoustic wave on the H.-P.‘ R ‘ - |

;¢ '+ HP.PLOT * | . D
* HP7470 - : | |
PLOTTER . DEFAULTS =
VERTICAL GRID.OFF ’ S o
HORIZONTAL GRID.OFF  ° coe L
«".  PLOT.ROTATE , AT : LT

f
< . B .
. . . R . . 4
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. !
o 1 COLOR
(A RAMP.DELAY SUB[-1 , N.OF.P ]-
A " ' S-N.VALUE SUB[ 1 , N.OF.P ]
o XY.DATA.FIT ]
. . XY.AXIS.PLOT . : : ot
G NORMAL . COORDS :
i , : .4 .975 POSITION
- . CR ." Enter the title = " . ‘ .
- "INPUT LABEL » o o -
o -5 .05 POSITION '
L CR -." Enter the X-AXIS name = " : . - -
i "INPUT LABEL - . '
e 270 LABEL.DIR ] ’ - T
i3, .025 .6 POSITION —
5 .CR ." Enter the Y-AXIS name".
i " (" S-N.VALUE [JMAX . ." )= " ° .
HAE "INPUT LABEL , L S .
g WORLD . COORDS . .
i - 2 COLOR - i ‘ : :
e RAMP.DELAY 'SUB[ 1 , N.OF.P_] A . , i
i ., S-N.VALUE SUB[ 1 , N.OF:P 9 Lo ‘ '
" XY.DATA.PLOT T
X 0 LABEL.DIR - ,
i PLOT.ROTATE
o /Save data on file
R : SAVE.DATA : - )
i DEF.FILE.TEMPLATE - . - S
E N.OF.P N.OF.P.ARRAY := ) . -
o ) SCREEN.CLEAR : T ~ . -
e . . CR ." Enter the filename =" ‘ 9 - :
v tL "INPUT , ! . )
(o . ' FILENAME ":= : L : S
2 e FILENAME DEFER). FILE.CREATE ' C '
2 ; FILENAME DEFER> FILE.OPEN ‘ ‘ -
. 1 SUBFILE N.OF.P.ARRAY ARRAY)>FILE b -
2 SUBFILENABSORBANCE ARRAY)>FILE ~ x R
3 SUBFILE S-N.VALUE ARRAY>FILE . '
4 SUBFILE RAMP.DELAY ARRAY>FILE . o ‘
, FILE.CLOSE . s , AR N
.o INSTRUCTIONS - : SRS R '
’ r @ : ) - - [
/Plot data orf screen or on the plotter ‘ .
: PLOT.DATA . ) , e L, ““‘ e
- SCREEN.CLEAR o ' S L
CR ." Enter 1 for VIDEO or 2 for HP = " © . o

. #INPUT
. CHOICE im
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1 CHOICE = IF ‘® ‘ : N
VIDEO.PLOT .o . . ’
: ELSE :
& ‘ HP . PLOT RE
THEN . o
g INSTRUCTIONS cem

- ' /Load a data file ﬂ , .

i IOAD.DATA ‘ I , ’
DEF.FILE.TEMPLATE T . N\
g ; SCREEN.CLEAR = * © -
¢ . CR ." Do you want to load 1l or 2 files = "
B o #INPUT - .
 CHOICE := ‘ )
CR ." Enter the filename"
CR ." FILE1l = " :
"INPUT ) ) .
FILENAME ":= :
FILENAME DEFER> FILE. OPEN .
: : 1 SUBFILE,N.OF.P.ARRAY FILE>ARRAY : )
. . 2 SUBFILE ABSORBANCE. FILE>ARRAY R
: 3 SUBFILE S-N.VALUE FILE>ARRAY .
44SUBFILE RAMP.DELAY FILE)ARRAY .
o -+  FILE.CLOSE .
: CHOICE 2 = IF : e
CR ." FILE 2 = " ‘
"INPUT oo A g
. ° FILENAME ":= BT \
FILENAME DEFER> FILE.OPEN - .
" 1 SUBFILE N.OF.P.ARRAY.2 FILE)AﬁRAY - C-
2 SUBFILE ABSORBANCE.2 FILE)ARRAY ° ’
3 SUBFILE S-N.VALUE.2 FILE>ARRAY .-
4 SUBFILE RAMP.DELAY.2 FILE)ARRAY _ N
FILE.CLOSE : . , - - .
THEN , . 2
N.OF.P. ARRAY [ 1 ]'N. o tw g : CoT
] N.O %/

- ’

'
., M ‘~' !

- . N.OF.P.ARRAY.2 [ 1 .P.
INSTRUCTIONS

L

¢ . - < o
- o . - -
’

., /Correct for a difference in absorbance . 4
> o - v
: ABSORBANCE.CORRECTION | . . @ :
ABSORBANCE [ 1 ] NEGe10> ** ABS.CORR := - 3
ABSORBANCE.2 [ 1 ] NEG 10 ** ABS.2.CORR := - { \ _ %
" S-N.VALUE.2 ABS.2.CORR / ABS.CORR * ‘ o B

: ' S-N.VALUE.2 :=. ., ‘ - . ' - ’

- .
. Vv . : i o : \ v

Ve T o e

[
“e

Py T aw e T
w
Y

PR
. ‘g .
9

ABS .CORR . QUESTION . - : T
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. /Plot two curves on the same graph

. ?KEY = -, o : . -

S EEN CLEAR °
Do you‘hant a correction -for the absorbance"
0 for no correction or 1 for correction"

.d ,/

SINPUT . . : {
CHOICE := ‘

CHOICE 1 = IF

‘ABSORBANCE., CORRECTION - .
_THEN S ¢

: PLOT.2.CURVES

ABS.CORR.QUESTION
. ' PLOT.DATA . )
CHOICE 2 = IF = .
. PLOT.ROTATE - | .
THEN o

RAMP.DELAY.2 SUB[ 1 , N.OF.P.2 ]
.S=N.VALUE. 2 SUB[ 1l , N.OF.P.2 ]
XY .DATA.PLOT » x K
CHOICE 2 = IF :

. PLOT.ROTATE Lot ‘
THEN, ] L. ¢ .
INSTRUCTIONS Cs

.
’ i

-

F

/Substraction of two sets of datq,

:: CURVES.SUBSTRACTION -
SCREEN.CLEAR -

CR ." *This program substract File 1 - File 2*"

_"CR .% Press any key ta continue"
BEGIN . v .
UNTIL- - | L
KEY 'DROP . .
ABS.CORR.QUESTIO T -
S-N.VALUE TAMPON ;
TAMPON S-N. VALUE.Z N S N VALUE*::
PLOT.DATA

CR ." Enter 1 if you want to save the data =¢"

FINPUT ¢ . .

CHOICE := _ -

1 CHOICE = IF, : . e
SAVE.DATA. - ' . : S

THEN ° R

TAMPON S-N.VALUE := °’ . o

INSTRUCTIONS .. o S

“s



| /File template for the results . -

@

[ ——————-3-—1 "FILE.TEMPLATE.1 N .
‘ -+ FILE.TEMPLATE .
v . REAL DIM[ 5 , 10 ] SUBFILE ‘
. REAL DIM[ 10 ] SUBFILE S
, - REAL DIM{ 1 ] SUBFILE o
SO .INTEGER DIM[ 1 ]-SUBFILE -

/Save results .on file

L _ 't SAVE. RESULTS FILE
. K FILE.TEMPLATE.]
*  SCREEN.CLEAR
SAMPLE .NUMBERS SAMPLE. NUMBER [ 1] :=
DELAY.COUNT DELAY.COUNT.ARRAY [ 1 ] i=
CR ." Enter the filename = " )
"INPUT .
. FILENAME ":= .
L '~ FILENAME DEFER> FILE CREATE
R . FILENAME DEFER> FILE.OPEN y
ceo 1 SUBFILE RESULTS ARRAY>FILE
2 SUBFILE CONCENTRATION ARRAY>FILE
3 SUBFILE SAMPLE.NUMBER ARRAY>FILE
4 SUBFILE DELAY. COUNT ARRAY ARRAY>FILE
FILE.CLOSE :

L ’ - * £

,-

L

/Plot the result§ on the H.-P.
: H.P.PLOT.RESULTS = .
HP7470 o

.« v ¥ 1 COLOR IR

R PLOTTER . DEFAULTS ) -
PLOT.ROTATE L .
NORMAL ,COORDS - '

¢ .4 .975 POSITION -
<. CR ." Enter the title =" . -
"INPUT LABEL -

) - .5..05 POSITION .
CR ." Enter the X-AXIS name - "
- "INPUT LABEL
. , 270 LABEL.DIR
ey .025 .6 POSITION :
oL . CR ." Enter the Y-AXIS name ( " .

S ‘» - RESULTS.1 [JMAX . ." ) = " ,
. _~ “INPUT -LABEL : :
. ™. 0°LABEL.DIR

0" Fy

WORLD . COORDS
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.1 /Plot results on screen
£

: VIDEO.PLOT.RESULTS :
. VIDEO.SET" , , o . .
AXIS.DEFAULTS I

H """ ,

/Regression coefficient of the results

: REG.COEFF , a0 ) ’
0 SOMXY := .
- 0 SOMY2 := -
e SAMPLE.NUMBERS N := . " - "
Y + CONCENTRATION “~SUM TOTAL.N := '
TOTAL.N' [ N -] SOMX :=
RESULTS.1 ~SUM TOTAL.N := ‘
TOTAL.N [ N ] SOMY := - ,
+ N1 +1DO
CONCENTRATION [ I } RESULTS.1 [ I ] *. SOMXY '+ SOMXY =
LOOP '
N1 + 1-DO -
RESULTS.1 [ I ] 2 *x SOMYZ + SOMY2 :=
LOOP -
SOMX SOMY * N / NEG SOMXY + PARA [ 1 ] * NUMERATOR :=
_SOMY2 SOMY 2 ** N / - DENOMINATOR :=
NUMERATOR DENOMINATOR / SQRT R2 :=
SCREEN.CLEAR ¢ . .
CR ." The slope = " PARA [ 1 ] .~ B C
CR ." The intercept = " PARA [ 2 ]'" N
CR ".The regession coefficient = " R2 .
"CR "" Press any key to continue ™

*
4 Y ’

)

.y -

/Plot results on screen or on the H.-P. .

 : PLOT.RESULTS
SCREEN.CLEAR
.CR ." Enter the number of the delay ( 0 to quit) =
*INPUT ,
DELAY.NUMBER :=
DELAY.NUMBER 0 = NOT IF
CR ." Enter 0 for video or 1 for H.P. = " .-
$INPOT® .o
CHOICE :=
N CHOICE 1 = IF .,
e H.P.PLOT.RESULTS
by ELSE
s VIDEO.PLOT. RESULTS
L, THEN :
. " %" SYMBOL ’ . L
. - RESULTS XSECT[ DELAY,NUMBER , ! ] o

»
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(RESULTS 1 := . o
: CONCENTRATION SUB[ 1 , SAMPLE.NUMBERS ] .
1. RESULTS.1 SUB[ 1 , SAMPLE.NUMBERS ] ‘
XY .AUTO.PLOT ' |
CONCENTRATION SUB[ 1', SAMPLE.NUMBERS ]
RESULTS.1 SUB[ 1 , SAMPLE.NUMBERS ) ‘
1 LEASTSQ:POLY.FIT L -
.  PARA :=
_ REG.COERF ‘ :
CONCENTRATION SUB[ 1 , SAMPLE. NUMBERS- ] SQRT DUP
CONCENTRATION SUB[ 1 , N ] :=
PARA [ 1 ] * \
PARA [ 2 ] + RESULTS.1 SUB[ 1 , SAMPLE.NUMBERS ] ‘=
SOLID ‘ ) ) -
: 2 COLOR ‘ . ‘
- CONCENTRATION SUB[ 1 , SAMPLE.NUMBERS ] ,
RESULTS.1 SUB[ 1 , SAMPLE.NUMBERS ] :
" XY .DATA.PLOT s ‘
1 CHOICE = IF ' -
PLCT.ROTATE
THEN : ,
THEN : ~ , T
- BEGIN SRR
?KEY
NTIL
KEY DROP

/Save results on file

. : SAVE.RESULTS ) ‘
DELAY.COUNT 1 = IF -
*CR ." Enter the sample number = "
# INPUT .
SAMPLE.NUMBERS := ’ e : :
CR ." Enter the concentration =" oo

# INPUT ) q
CONCENTRATION [ 'SAMPLE . NUMBERS ] = '
THEN
MAX.VALUE MIN.VALUE - RESPLTS ]
) o [ DELAY.COUNT , SAMPLE.NOMBERS ] :=
CR ." Enter 1 to save the results on file = *
#INPUT
CHOICE :'=

X : CHOICE 1 = IF = .- L |
- SAVE .RESULTS .FILE . ' '

- THEN .
".CR ." Enter 1 to plot the results- " ; '
#INPUT
CHOICE := ) ’ . o
CHOICE. 1°= IF , : -~

PLOT .RESUL¥S




THEN -

N ’ - o M , °
‘ /Find min and max of the curve

~: FIND.MIN/MAX ’ ‘
§ SCREEN . CLEAR .

CR .".Enter 1 for File 1 or 2 for File+2 = * . o
#INPUT ~ -
CHOICE := ‘ / ¥y
' CHOICE 1 = IF v . :
S-N.VALUE TAMPON. i =
ELSE .
S-N.VALUE. 2 TAMPON i=
THEN .
TAMPON SORT&INDEX. . e :
SORT.INDEX.ARRAY := ‘ . It
¢ . SORT.ARRAY := ;
0 DELAY.COUNT := .
BEGIN \
N . SORT.ARRAY [ 1 DELAY.COUNT + ] MIN.VALUE :=
: SORT.ARRAY [:100 DELAY.COUNT - ] MAX.VALUE :=
o . SORT.INDEX.ARRAY [ 1 DELAY. COUNT + ] ‘MIN. DELAY INDEX :=

SORT . INDEX.ARRAY [ 100 DELAY COUNT -~ ]
MAX.DELAY.INDEX :=
. RAMP.DELAY [ MIN.DELAY.INDEX ] 10 * MIN.DELAY :=

o ~ RAMP.DELAY [ MAX.DELAY.INDEX ] 10 * MAX.DELAY :=
.DELAY .COUNT 1 + DELAY.COUNT := .
SCREEN . CLEAR

CR ." The minimum value = " MIN.VALUE - .
." at " MIN.DELAY . ." % of the aperture. "
CR ." The maximum value = " MAX.VALUE .
L \ " at " MAX.DELAY . ." % of the aperture. "
CR CR ." Enter 1 to save the results = "
.~ #INPUT ‘ : '
CHOICE :=
) CHOICE 1 = IF
-7 SAVE.RESULTS . ‘
: * THEN I
CR CR ." Enter 0 to quit or i ' o
‘ ." to have other MIN/MAX values "
$INPUT . : :
CHOICE := . /
0 CHOICE = Ca
. UNTIL ,
. INSTRUCTIONS S

. — -
. . . : « I

-

. -\ /Licad results from file

"+ LOAD.RESULTS : o
SCREEN.CLEAR S
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s ‘FILE,TEMPLATE.1
' CR ." Enter the filename = "
- "INPUT -, - g .
FILENAME ":= .
FILENAME DEFER> FILE.OPEN , : >
1 SUBFILE RESULTS FILE>ARRAY "
2 SUBFILE CONCENTRATION FILE>ARRAY
’ 3 SUBFILE SAMPLE.NUMBER FILE>ARRAY
N " . 4 SUBFILE DELAY.COUNT.ARRAY FILE>ARRAY
o *FILE.CLOSE ~ .
.  SAMPLE.NUMBER' [ 1 ] SAMPLE.NUMBERS := - = a
DELAY.COUNT .ARRAY [ 1 ] DELAY.COUNT :=
CR ." Enter 1 to plot the results = "'
. #INPUT- N .
- CHOICE := o . .
‘ CHOICE 1 = IF "
- '\ PLOT.RESULTS & ! : ' -
r THEN '
INSTRUCTIONS

L4

/Start the program

'* RUN .- .
VIDEO.SET -
INSTRUCTIONS ]

Fl FUNCTION.KEY.DOES DT2801.ACQUIRE
F2 FUNCTION.KEY.DOES PLOT.DATA
F3 FYNCTION.KEY.DOES SAVE.DATA
F4 FUNRCTION.KEY.DOES LOAD.DATA
F5 FUNCTION.KEY.DOES PLOT.Z2.CURVES
F6 FUNCTION.KEY.DOES CURVES.SUBSTRACTION
F7 FUNCTION.KEY.DOES FIND.MIN/MAX
F8 FUNCTION.KEY.DOES FFT.OF.DATA
F9 FUNCTION.KEY.DOES LOAD.RESULTS

. F10 FUNCTION.KEY.DOES EXIT.SYS Y
INTERPRET.KEYS

.
r

CR ." Enter RUN please"
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APPENDIX D

- LY

CALCULATION OF THE NUMBER OF EXCITED MOLECULES

!

Experimental conditions and constants:

- Energy of the pulse: . Ip = 2,5 mJ |
- Plank's constant: h = 6,63 x 10-34 J.s

- Wavelength of the exciting beam: \= 335 nm

- Speed of light: , c=3%x108 ms-1

- Absorbance of Ti0,: ° a}; 0,2 o
- Concentration of the dye: [D] = 250 x 10~5 M

- Light pathlength: | ) 1=0,2cm

-JSiz; of fhenexcitrng.beam: r = 0,1 cm

- AJSgbdrd's number: - Na= 6,023‘; 1023 molec.-!

- Absorbance of the dye: } ap = 0,03

Calculations

--Ehérgy of one photon:at 355 nm: Epp = hf'- 5,60 x 16719 g

2

Number of photons in xhe.' . -
exciting pulse: ' Npp -.%Q = 4,46 x 1015ph

4

Number 'of photons absorbed S
by the Ti0,: Np = (1 - e”@ ) th‘ L65x1015ph

1

' )

Residual number of \ : T
photons: o Np-= Nph - Np = 2,81x1015ph

Volume of the exciting .
pulse: V = nr?l = 6,28 x 1076 1

] 0

' Number of dye molecules :
S ia v . D= [D] VNg = 7,56x1012 molec. -

-’ T ‘ L,



- Number: of photons
absorbed by the dye:
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