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ABSTRACT

SYNTHESIS, CHARACTERIZATION AND OPTICAL APPLICATIOIS
OF NANOMATERIALS

By

Fen Xu

Adviser: Professor Hiroshi Matsui

Nanomaterials have been studied extensigey to their potential application in
electronics, photonics and nanodevices. There aid@avariety of methods developed to
create the nano-scale materials. Chemical coll@dathesis is the way most used since it
is reproducible and high efficiency.

Nanoparticles lie at the heart of nanosmefior their novel electronic, magnetic and
optical properties. In this dissertation, there twe parts where researches have been
performed based on the synthesis of metal and sachictor nanoparticles.

In part I, Semiconductor type-Il core-stmlantum dots (QDs) ZnO-CdS have been
synthesized by chemical colloidal method which wasgied out in a two-step process.
We initially synthesized ZnO core nanoparticles amdrcoat them with CdS shell. UV-
Visible spectra, photoluminescence spectra (Plgh ineésolution TEM images and X-ray
microanalysis for composition studies of the cdrelisnanoparticles were characterized.
PL lifetime measurements showed this type-ll ZnCsCcbre-shell QDs presented
extended exciton lifetime due to the spatial setparaof electrons and holes between the
core and the shell, which opens various usefuliegjobns in biosensors and photovoltaic

devices.



In part Il, normal Raman (NR) and surfacdaced Raman scattering (SERS)
spectra of 3-hydroxyflavone (3-HF) have been meabsuihe SERS spectra were
obtained both on a Ag electrode surface and on Alpidal nanoparticles. The
experimental results support the DFT geometry ¢aticuns, which show that an adatom
site at the vertex of Ag20 cluster binding with 8¥#IF molecular plane tilted at an angle

of about 53 to the surface is a low-energy structure. This dmsistent with the

enhancement of in-plane vibrational modearthermore, the effect of fluence level on
the discoloration of marble surfaces after the neshof the encrustation by 355 nm laser
pulses was comparatively studied. Considering tlenmochemical reaction possibly
occurring in the encrustation during laser irradiat the mechanism responsible for the
discoloration of the cleaned marble surface wa$yaed. The reduction of iron oxides by
graphite plays a key role in determining the fioallor of the cleaned marble surface. The
marble surfaces before and after laser irradiati@me characterized in terms of the
chemical components through surface enhanced Ramectroscopy on Ag colloidal

nanoparticles. To analyze the working mechanisth@fiquid layer covering the marble

encrustation, distilled water, ethanol and acetaree used in marble cleaning to
compare the cleaning efficiency at different fluerevels. Surface-enhanced Raman
spectroscopy (SERS) on silver colloidal nanopasicivas also used to identify the

chemical constituents of the cleaned marble wigséhthree different liquids.



ACKNOWLEDGMENTS

This work could not have been successfully deted without generous assistance
from many sources, including several people andifvhsources.

The research in Chapter 1 was performed ungecurrent adviser, Professor Hiroshi
Matsui, and outcomes in Chapters 2 - 4 were dortheataboratory of Professor John
Lombardi, my former adviser.

I would like to thank adviser Professor Hiroshatsui for his guidance and support.
His suggestion and encouragement help me to overenamy difficulties. | learn how to
be a scientist and educator from him.

I would like to thank Professor John Lombario kindly agreed to put my results
obtained in his lab in my Ph.D. thesis. Also | wablike to thank him for teaching me
knowledge and give me chance to grow along sciergth.

| also own thanks to my research committeesfeBsor Lynn Francesconi and
Professor Zhonghua Yu for taking time to serve gnRh.D. committee. Their advice
and guidance help me to succeed in this project.

I would especially like to acknowledge the dassise from the members of the
Professor Klaus Grohmann’s group and Professor CDMin’s group. Also | own
thanks to Professor Glen Kowach from City Collegetfis kind help and useful advice
and his student Chunmin Feng for his assistancankdhProfessor Igor Kuskovsky from
Queens College for his guidance and useful disoos@rigurel.6 in chapter 1 was

measured in his lab). | would like to thank Jorgerde from City College and



Vi

Vyacheslav Volkov from Brookhaven National Lab &ssisting TEM images (Figure 1.2
(c) and Figure 1.3 in chapter 1 were measuredsitali).

| would like to acknowledge previous postdoct@a Xueyun Gao, Dr. Anita Swami
and Dr. Linglu Yang for their help. Also thanks #ie colleagues in Matsui group for
their assistances including Mr. Nurxat Nueraji, Manying Bai, Mr. Christophe Pejoux,
Mr. Wei Su, Ms. Anjia Luona, Ms. Prerna Kaur, Dolierto de la Rice, and Ms. Kristina
Fabijanic.

| also acknowledge the financial supports fro@Band NSF.

Finally, | want to express my deepest thankslanel to my husband, my parents, my

sisters and my brother for their endless suppattearctouragement.



vii

This dissertation is dedicated to
my husband Samer and my son William.



viii

TABLE OF CONTENTS

AB ST RACT e e ..
ACKNOWLEDGMENTS ...c e Y
LIST OF FIGURES ... e X
Chapter 1 fIQUIES......oeiiiiiieiie ettt ee e e e e e e e e e e eaaaaaeaeaeas X
Chapter 2 fIQUIES.......oiieeeeeeie ettt ee e e e e e e e e e e e e e e e e eaeaeas X
Chapter 3 fIQUIES......eeeeiiiiieieeii ettt et be e e e eeeeeeeeeeeeeeeeees Xi
Chapter 4 fIQUIES......eiieiieieeee ettt ettt b et be e e e eeeeeeeeeeeeeeeas Xiii
LIST OF EQUATIONS ...t XV
LIST OF TABLES. . ... XVi
(O gF=T o)1 (=] S TR 1
1.1 INtrOAUCTION......eiiiiiiiii e 1
1.2 EXperimental SECHON ........ccoooi oottt re e e e e e e e 2
1.3 Results and DiSCUSSION ..........ceiiiieiiiier i 5
1.4 CONCIUSION ...t e 13
CRAPLEE 2. et e 14
2.1 INErOTUCTION ...ttt e s 14
2.2 Experimental SECHON .........ooiii i 17
2.3 Results and DISCUSSION ..........ccciiiiiiiiieie i 19
2.4 CONCIUSIONS......ooiiiiiiiiii i s 30
(O gF=T o] (=] S T PP 32

2 I [ (Yo [ o3 {10 F TR 32



3.2 Experiment CONAItIONS .........oooii ittt e e e e e e 35
3.3 Related thermochemical reaCtIONS ....... .o eeeeeririiiiiiie e 35
3.4 Numerical SIMUIALION............ooiiiiimmm e 38
3.5 Material CharaCterization ..............ooeeiieiiiiiiiii e 39
3.6 ReSUItS and diSCUSSIONS...........uueeimmnn e e s ettt e e e e et e e as 41
3.7 CONCIUSIONS......iieieeeet et e e e e e s e r e e e e e e s 58
(O gF=T o)1 (=] o TP 60

4.1 INTFOAUCTION.......coiiiiie ittt 60
4.2 Mechanism of Laser Wet Cleaning .........ccccooruiiiiiiiiiiiieiiiiiiiiiiieiiieienneneninenes 62
4.3 Experimental Conditions and Material Charaztgidns .............ccoeeveeeiiiiniinienenn. 68
4.4 ReSUItS and DiSCUSSIONS..........uuueetommmmmmsstteeeeeeeeeasaassiiisaeeeeeeeseesssimnreeeeessannns 70
4.5 CONCIUSIONS. ...ttt et e e e e et e e s e rreeeaeee s 90

R (=] (=] oL ST 92



LIST OF FIGURES

Chapter 1 figures

Figure 1.1 Band diagram of the ZnO-CdS interf&Ce..........ccovveveveeeeeeeeee e, 2
Figure 1.2 (a) TEM image of ZnO QDs. Scale bar =80 (b) Electronic diffraction
pattern of ZnO QDs. (c) TEM image of ZnO-CdS cdnelsQDs. Scale bar = 10 nm.
Inset (left): High resolution TEM image of ZnO-Cd&re-shell QDs. scale bar =5
nm. Inset (right): Electronic diffraction patterhZnO-CdS core-shell QDs............ 6
Figure 1.3 Elemental analysis of ZnO-CdS QD by gynelispersive X-ray (EDX)
spectroscopy. Inset shows TEM image of the singl@-£dS QD (arrow) for the
EDX SPECIIUML. 1.ttt ettt e e e e e e e e ettt e e e e aeeeeeeeeeeenennnns 8
Figure 1.4 (a) Absorption spectra and (b) photohescence spectra of ZnO QDs (dotted
line) and core-shell ZNO-CdS QDS (SOlid liN€)....cccoeveieiiiiii 9.
Figure 1.5 PL spectra of the core-shell QDs wiffedent QD diameters. CdS shell
thickness is proportional to the QD diameter asctire maintains the original size
or less during the shell growth. ... e 10
Figure 1.6 Time-resolved PL decays for pure ZnO@mé-shell ZnO-CdS QDs with
different QD diameters. CdS shell thickness is prbpnal to the QD diameter as

the core maintains the original size or less dusingll growth. .................cccce 12

Chapter 2 figures

Figure 2.1 Comparison of the normal Raman (NR)Fmarier transform infrared (FTIR)

spectra of solid 3-hydroxyflavone. ..., 21



Xi

Figure 2.2 Comparison of the normal Raman (NR) spetof the powder sample with
the spectrum calculated from the density functigB®iT) results. The latter have
been scaled on the frequency axis by a factor3# ffom the calculated output. .. 23

Figure 2.3 Surface enhanced Raman spectrum (SER)yroxyflavone (3-HF) at pH
10.5 on a roughened Ag electrode at two appliedrgmtls: (a) -0.45 and (b) -0.75 V,
in the range 200-1700 GMNL....cvouviviei et en e en e 26

Figure 2.4 Surface enhanced Raman spectrum (SER)yroxyflavone (3-HF) at pH
10.5 on a roughened Ag electrode at two appliedrgmtls: (a) -0.45 and (b) -0.75 V,
in the range 2200-3600 EML..........coviveiiiieeee et 27

Figure 2.5 Comparison of surface enhanced Ramantrape(SERS) of 3-

hydroxyflavone on Ag colloidal nanoparticles wittat on Ag electrode at -0.45V.

Figure 2.6 Comparison the NR spectrum of 3-hydflaxpne with that of the SERS on

the colloid in the spectral region between 1000 B8R0 CNT-..........ccccveveeeevrnnne.. 29

Chapter 3 figures

Figure 3.1 Schematic of thermochemical reactiokimggplace in the encrustation during
Fo R gl aT=T= 4 T PP 37
Figure 3.2 Schematic of a 1976 CIE-L*a*b* cOlor®m .......ccoovveveiiiiiiieee, 40
Figure 3.3 Raman spectrum and image of white amarble (Raman shifts are excited
DY the 514 NM TASEN) ... 42
Figure 3.4 Images and color measurements of thblenanrface before and after the
removal of the encrustation with different fluer{fbeam radius: 50m, encrustation

thickness: 12Qum, 5% hematite) ..o 44



Xil
Figure 3.5 Raman spectrum of marble surface dfeeremoval of the encrustation with
different fluence levels (Raman shifts are excligdb14 nm laser at a power of 20
mW, the green dotted line has an upward shift &80 the clarity, beam radius: 50
um, encrustation thickness: 1@, 5% hematite) ............ccccoevevvviiiieiieveeeiiinnnns 46
Figure 3.6 SEM images of marble surface after émeaval of the encrustation with
different fluence levels (a) 0.67 J/&xb) 1.3 J/crh (beam radius: 50m,
encrustation thickness: 120n, 5% hematite) ...........ccccccevvvviviiiiiiiveveenene 46
Figure 3.7 Simulated time history of temperatusdrdiution in the encrustation
produced by the pulse at 1.3 Jfcamd the temperature distribution produced by the
pulse at 0.67 J/chat the end of pulse duration 50ns (beam radiugn®0
encrustation thickness: 1200, 5% hematite) ............cccccceiiiiiiiceicc 48
Figure 3.8 Simulated iron-form distribution at #ved of pulse duration 50ns with two
different fluence levels (a) 0.67 J/&fb) 1.3 J/crh (beam radius: 50m,
encrustation thickness: 1200, 5% hematite) ............cccccveiiiiiiiiciicn 49
Figure 3.9 Simulated time history of temperaturthatcenter of the the final crater
bottom irradiated by two different fluence leveieé&m radius: 5Qm, encrustation
thickness: 12@m, 5% hematite) ........cccceeiiiiiiiiiiiiiiireer e 50
Figure 3.10 Simulated temperature history of th@fsan the iron corresponding to the
beam center under the fluence of 0.67 3/meam radius: 50m, encrustation
thickness: 12@m, 5% hematite) ........ccccoiiiiiiiiiiiiiii e 52
Figure 3.11 Raman spectrum of marble surface #feeremoval of the encrustation.... 53
Figure 3.12 Raman spectrum of marble surface #feeremoval of the encrustation with

10% hematite with different laser fluence levelsifian shifts are excited by the



Xiii
514 nm cw laser at a power of 20 mW, the greereddimhe has an upward shift of
300 for the clarity, beam radius: ffh, encrustation thickness: 1gat, 10%
LT T UL =) PP POTRPPRRTRN 55
Figure 3.13 Simulated temperature distributiorhim éncrustation produced by a 1064
nm laser pulse with the fluence of 0.5 Janthe end of pulse duration 7 ns (beam
radius: 5Qum, encrustation thickness: 18M) ...........ccccoeiiiie, 57
Figure 3.14 Simulated temperature history of th@tpan the iron corresponding to the

beam center by the laser pulses at the wavelerigi®6anm (fluence: 0.5 J/én

beam radius: 5(m, encrustation thickness: 1RM).............cceevrvrririvivirerienniniinnnnn 58
Chapter 4 figures
Figure 4.1 Schematic of the established moddbf&er wet cleaning.............cccceeeeee. 67
Figure 4.2 SEM image of the artificial encrustatmmmarble..............ccccccvvvvviveennnnnn. 9.6

Figure 4.3 Comparison of the ablated encrustatieighit by one single pulse at different
fluence levels without and with distilled Water...............ccccoiiiiiiiiiee, 71
Figure 4.4 Images of debris collected during lagetr cleaning experiment................... 72

Figure 4.5 Surface contours of (a) temperaturb wital heat flux, (b) water volumetric
fraction and (c) pressure at 50 ns produced bytitge at 0.67 J/chin the partial
encrustation (10 M X 98 [LIM) ...uuuuuuurrrrnsmmmmmnnsennennnnnsnssssssssssss s s s e ssmsnnes 74

Figure 4.6 Simulated time history of temperatpressure and water volumetric fraction

at the point with the maximal pressure at 50 nhiénencrustation irradiated at 0.67

Figure 4.7 Simulated time history of (a) temperatamnd (b) pressure of two points at the

symmetrical axis produced by the pulse at 0.67J/CM............ccocevevveverrveeeennn, 77



Xiv
Figure 4.8 Simulated time history of vapor velgaft the point at the symmetrical axis
(z = 119 um) produced by the pulse at 0.67 J/CM.........cccoveveeerreeierieeeerens 78
Figure 4.9 Comparison of the pressure profiles@tbe symmetrical axis at 50 ns
produced by the different flUENCES..........coumeeeeimiiiii s 80
Figure 4.10 Surface contours of pressure at (ajsl®) 30 ns (c) 80 ns produced by the
pulse at 0.67 J/chin the partial encrustation (10 pm x 98 UM) wceuere.......... 82
Figure 4.11 Comparison of the experimental and kitad ablated encrustation weight
by one single pulse at different fluence levelwdistilled water ...............cccveveee 82
Figure 4.12 Comparison of the ablated encrustatieight by one single pulse at
different fluence levels with different IQUIdS .cce......evveieeiiiiiiiiiiieees 84
Figure 4.13 Comparison of (a) temperature and igggure profiles along the
symmetrical axis at 50 ns with the pulse at 0.8@@ith different liquids.......... 86
Figure 4.14 The variation of two color coordinadésnarble surface cleaned at 0.675cm
without or with different liquIdS ..........ooor oo, 88
Figure 4.15 Raman spectra collected from marblasercleaned at 0.67J/€mithout or
with different liquids (Raman shifts are activatgdthe 514 nm cw laser at a power
of 20 mW, the red, blue and cyan lines have an upwshift of 500, 400 and 200 for

the clarity, reSPeCtiVElY) ........coo i e 89



XV

LIST OF EQUATIONS

EQUALION 3.0« -+ v v et ettt et et et Grernns 3
EQUALION 3.2 « - -+ ettt ettt e Grernns 3
EQUALTION 3.3+ - - v+ vttt ettt et Grernns 3
EQUALION B4 « - - e e e ettt ettt e Grernns 3
EQUALION 3.5 « - -« ettt ettt et Grernes 3
EQUALTION 3.6 « - -« v e ettt et et e Grernns 3
EQUALION B.7 « - v v+ v et ettt ettt et YO 3
EQUAHION 3.8 « -+ v v v vttt ettt Tooinnns 3
EQUAHION 3.0 « - v v v ettt 8 ivrnns 3
EQUAHION 3.0 -+ - v e e e ee st ettt Qvirnns 3
0o R =11 10) T T 1 T Qvirnns 3
0o [R =11 10) T T 7 Qiirnns 3
o R =11 10) T T R Qiirnns 3
00 R =11 10) T T S Qiirnns 3
o (R E=11 o) 1 0 A T Beernnn 6
EQUALION 4.2 « - -+ e ettt et e Y/ P 6
EQUALION 4.3 « - -+ e ettt ettt e Y/ P 6
EQUALION 4.4 « - - e e ettt e Y/ P 6
EQUALION 4.5 « -+« e et ettt et TR 6

Equa‘[ion N T T T T SIEEEREE 6



XVi

LIST OFABLES

Table 2.1 Density functional calculations and sgassignments of 3- hydroxyflavone
...................................................................................... 24. . ..
Table 3.1 Color measurements of the marble sutietere and after the removal of the
encrustation With different 1aser flUENCE [QVEIS «w e « <+« «« e e v ettt ettt eiieenieennn. 44
Table 3.2 Color measurements of the marble sutietere and after the removal of the
encrustation with different laser pulse and flueles@Ils - -« v vvvivevi 53
Table 3.3 Color measurements of the marble sutiefere and after the removal of the
encrustation with different laser flUENCE [EVEIS «w « «««« e rrenenene i aineanns 54
Table 4.1 Color measurements of the marble sutfaéere and after the removal of the

encrustation by different pulses with differenulids - ---------coveveii 87



Chapter 1

Long Electron-Hole Separation of ZnO-CdS Core-ShelQuantum Dots

1.1 Introduction

The tunability of electronic and optical profes of semiconductor nanocrystal
guantum dots (QDs) has been an important subjeatamotechnology because of their
promising applications in solar celislight emitters’ biotags® and biosensing. To
further control these properties precisely, hetewotured or core-shell QDs have been
developed. For example, coatings on CdSe QDs wit6°®r ZnS°® shells resulted in
greatly enhanced fluorescence quantum yield andophemical stability due to the
electron and hole confinement to the core. Whikedbntrol of the emission property of
QDs in wavelength has been studied extensivelycoindérol of emission lifetime of QDs
has not been explored in depth. While the emiskietime controls is difficult for most
core-shell QDs, one can slow the recombination éetwthe two carriers if the band
structure between the core and the shell mategassaggered and one photogenerated
carrier is predominantly confined to the core amel ather is located in the shdligure
1. D. In this so-called type-Il QD system, the longewciton lifetime arises from the
decreased wave function overlaps between holeglactions, and the emission lifetime
becomes extremely sensitive to the thickness ofstiedl. Here we demonstrated that
indeed the increase of the shell thickness of a-ZaS core-shell QD could increase its

exciton lifetime. The longer excitonic lifetime ¢ype-1l QDs could be beneficial in



fluorescence-based sensors, medical imaging, selds photovoltaics, and las€rs
Furthermore, the type-Il heterostructure QDs sugmprthe Auger recombinatidit?

which is highly desirable for nanoparticle-basetbefectronic device¥: '3

GdS  q2ev GdS

Figure 1.1Band diagram of the ZnO-CdS interf&@e.

In addition, the number of reports for type-ll cateell QD systems with visible
absorption and emission is relatively sm#it:®and it is very usful to increase the lineups
of core-shell type-Il QDs, which will enable one ¢boose desired physical properties
such as absorption, emission, and excitonic lifetima wide range, so that the type-ll
QDs could be applied more broadly to improve enatgyage, photovoltaic devices, and
catalysis. To meet this thirst for QD developmeve,explored the type-1l QDs with ZnO
cores for visible absorption. The exciton lifetimiethe core-shell ZnO-CdS QDs was at
least 100 times greater than the typical type-l Q&= the exciton lifetime further

increased as the coating thickness of the CdS she&llZnO core increased.

1.2 Experimental Section

Synthesis of ZnO-CdS Core-Shell QD4g rioctylphosphine oxide (TOPO, 90% pure),

trioctylphosphine (TOP, 95% pure), and hexadecyt@m{(HDA, 99% pure) were



obtained from Sigma Aldrich and Fluka, respectivélymethylcadmium (CdMg and
diethylzinc (ZnEf) were purchased from Strem and Fluka, respectivahd both
chemicals were filtered separately through a 0.2 (iifter in a glovebox.
Hexamethyldisilathiane ((TMS$) was used as purchased from Fluka. Anhydrous
hexane and methanol were purchased from Sigmadchldiihe ZnO core nanopatrticles
(NP) from Zn(Et) were synthesized according to the method prewotegborted by
Guyot-Sionnest and co-worke’s.The zinc precursor solution was prepared in a
glovebox by dissolving 150 puL Zn (Eth 4 mL decane and then injected into 4 mL of
octylamine degassed by bubbling with for about 1 hour. This mixture was bubbled
with O, for another 5 minutes and injected into 6 g TORQGO® °C under Nflow and

left for 12 hours. The reaction mixture was alloviedool to 160~180 °C for the growth
of the ZnO NPs. To grow larger size particles, éargmounts of Zn-O precursors can be
added. Adjusting the growth time, controlled by tieemination of the reaction upon
cooling, was also employed to change the size dd &fPs. Then, ZnO NPs were
precipitated from the growth solution by adding naetol, and the precipitated ZnO NPs
(~100 mg) were dispersed in TOPO (7.5 g) and HDA)(4t 100 °C. For the CdS growth
around the ZnO core, 150 pL (TMS3 and 35 puL Cd (Me)were dissolved in 4 mL of
TOP in a glove-box, and then this mixture was dnagely added into the reaction flask
containing the ZnO core nanoparticles at 140 °@s @op-wise injection of precursors is
very important to slow down the ion-exchange rescbetween Zn-O ions and Cd-S ions
through the surface of ZnO core NPs because theekd$nge process is so fast that the
ZnO core cannot survive without slowing the shetvgh reaction. It should also be

noted that due to this relatively fast CdS reacti@concentration of ZnO NPs was very



sensitive to influencing the yield of the resultidgO-CdS core-shell QDs. Then, the
resulting core-shell QDs were annealed at 110 9C2# and 48 hours, while the
annealing time between 24 and 48 hours did not naakgnificant difference in the
emissionpropertiesof the resulting crystals. Obtained QDs were piitatigd by adding
methanol and dispersed in hexane for further optmaasurements. This two-step
coating approach was effective to avoid the forarmatf alloyed nanoparticles at 200-240
°C2 The use of these organometallic precursors alsistad robust nucleations of the
core and shell to decompose them at relativelytemperature.

Analysis of QDs. HRTEM images and SAED patterns were recorded with a
JEOL3000F microscope operating at 300 keV, equippitd a field emission gun and
installed at Brookhaven National Laboratory. Peedolution of JEOL3000F microscope
is ~1.55 A. Nanoarea EDX analysis was performedgiai Thermo Noran EDX system
attached to the JEOL3000F microscope. X-ray miabyess for composition studies at
nanoscale was carried out with a Si (Li) detectsing a Vantage 2.4 digital pulse
processor and Vista 2.3 microanalysis software.ic@pabsorption (OA) spectra were
recorded by a Cary 50 Probe UV-Vis spectrophotomatéhe wavelength range of 300
to 600 nm, and photoluminescence (PL) emissiontspeatere recorded by a Jobin
Yvon-Spex Fluorolog spectrophotomet&me-resolved PL studies were performed with
a Jobin Yvon FluoroMax-3, using a time correlatedjle-photon counting system with a
310 nm nano-LED as an excitation source. This systbows time resolution of < 1 ns.

All measurements were performed at room temperature



1.3 Results and Discussion

To grow core-shell ZnO-CdS QDs, CdS shells weravgron the ZnO nanoparticles
(NPs) by applying the step-wise reaction processtween (TMS)S and CdMeg CdS
shell growth on the ZnO core could be accomplidhyedhe slow ion-exchange reaction
between ZnO and CdS on the surface of ZnO NPshéiustabilization of the CdS shell
growth was accomplished by exchanging (TMSwith more stable capping agents,
Hexadecylamine, TOPO and TOP. The thickness ofCilt® shell was controlled by the
amount of precursors and subsequent annealinggeo€he band alignment between the
core of ZnO and the shell of CdS is summarized Figure 1.1 When the
photogenerated electrons are confined within th® Zore and holes are located in the

CdS shell, their recombination will be significanslowed by this band alignment.

@ (b)
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Figure 1.2(a) TEM image of ZnO QDs. Scale bar =100 nm. (er&onic diffraction
pattern of ZnO QDs. (c) TEM image of ZnO-CdS cdnelsQDs. Scale bar = 10 nm.
Inset (left): High resolution TEM image of ZnO-Cd&re-shell QDs. scale bar =5 nm.

Inset (right): Electronic diffraction pattern of @rCdS core-shell QDs.

Figure 1.2(a)presents the TEM image of ZnO NPs. The averageetier of NPs is 5.0
nm with standard deviation of 0.4 nm, as measurenh fcalibrated high-magnification
TEM images and directly from high-resolution (HR-NIE lattice images for several
dozens of NPs groups dispersed on 3 mm diametgri@sfor 20 samples. The electron
diffraction pattern inFigure 1.2(b) reveals that ZnO NPs possess a hexagonal structure
as all the diffraction rings could be indexed usinigexagonal lattice. The (hkl) indices of
the diffraction rings, starting from internal ring outside, are matching to (100), (002),
(101), (102), (110), (103), and (112) planes of twite ZnO structureFigure 1.2(c)
shows TEM images of ZnO-CdS core-shell QDs, and tneerage diameter is 5.0 nm.
Here, it is interesting to observe that the siz&ZwO-CdS core-shell QDs is similar to
that of ZnO core NPs. This unchanged size betweeigcdre NPs and resulting core-shell

QDs could indicate that Cd-S ions replace Zn-O ibwsthe kinetically controlled



substitution ion-exchange reaction at the ZnO soréace to form CdS shells rather than
building CdS coating layers over ZnO core. It sdolle noted that the similar
replacement of atoms between Cd and Ag was obsénv€dSe QD$® The electronic
diffraction pattern in the inset &figure 1.2 (c)matches most of hexagonal CdS lattice d-
spacings with a slight lattice shift toward ZnO.id bbservation supports our hypothesis,
and it shows that the crystalline structure of exrell ZnO-CdS QD matches the
hexagonal CdS, which is not its native structuredéf this hypothesis, it is reasonable
that the CdS shell inherits the hexagonal struadfiZnO core because Cd-S ions replace
Zn-0O ions of the core where the structure is herafjdn the inset ofFigure 1.2(c)
lattice fringes are clearly observed in the higbetation TEM images of the core-shell
sample, and these fringes persist throughout th@eenanocrystal, indicating the
dislocation-free epitaxial growth with full elasticystalline-lattice matching between the
core and shell compositions. Since the lattice ratsmbetween the core and shell is too
small in ZnO-CdS QDs to resolve them clearly in HERT, in the next paragraphs these
QDs are firmly verified to be neither homogeneollsyaof CdS and ZnO nor pure
hexagonal CdS NPs by their energy disperse X-r&gctapm and photoluminescence
lifetime study.

To confirm that these core-shell QDs consist of Za@ CdS, these QDs were
analyzed by local X-ray emission using an EDS TleeNoran system, equipped with a
X-ray Si (Li) detector attached to a JEOL3000F wscope. Using the smallest
condensor aperture, all X-ray data for NPs wereuiaed in special nano-area

illumination (probe size ~20 nm) high-resolutionaiging mode, which allowed for HR-



TEM imaging and parallel X-ray data recording inraemmdom search for single NPs

observed within the focused nano-probe ima&gguie 1.3).
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Figure 1.3Elemental analysis of ZnO-CdS QD by energy-diggerX-ray (EDX)
spectroscopy. Inset shows TEM image of the sing@-£dS QD (arrow) for the EDX
spectrum.

The X-ray spectrum shows ZgK ZnKg,, OK,, SK,, CdLg: and Cdlg; lines, recorded by
using the focused electron beam probe, which reptesan accurate result for a single
QD. It should be noted that this spectrum is repedaly consistent among 50 different
particles and even with larger QDs formed by agatieg 314 NPs. The ratio of peak
intensities between Cd-S and Zn-O in this corets@® was 1: 0.4 on average,
determined from relative X-ray peak intensitiesusyng Vista 2.3 microanalysis software
and thin correction. This ratio indicates that @&S shell has a larger size and relative

weight as compared to the ZnO core in the QD. Tdreidant weight of a CdS shell from



the X-ray spectrum is consistent with the diffrantpattern for ZnO-CdS QD iRigure
1.2 (c),where diffraction is also dominated by the hexaj@dS-like phase.

While all TEM and EDS results indicate that theges@onsist of a ZnO core and CdS
shell, a distinct crystalline boundary between toee and shell is difficult to resolve
because of the very small lattice mismatch in hoowpmic epitaxial hetero-structures
between wurtzite ZnO and CdS (< 7% in bulk). Theref whether the core-shell QDs
producep-n hetero-junctions for the type-Il band structurtsef or create a random alloy
with no band structure offset, can be best adddebgelirect optical measurements and
exciton lifetime measurements for ZnO-CdS QDsFigure 1.4 (a) ZnO NPs exhibit
typical absorption spectra for type-I QDs with aitonic peak at ~355 nm (3.49 eV),
and a similar absorption band was observed by ajheups’® When ZnO NPs were
coated by CdS shells, the distinctive absorptiogeetbr the type-l ZnO cores was

replaced by a relatively smooth tail with a smabbglder observed at ~450 nm. This is a
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Figure 1.4(a) Absorption spectra and) photoluminescence spectra of ZnO QDs
(dotted line) and core-shell ZnO-CdS QDs (soli@)in
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characteristic spectral signature of the type lIsQi@cause the absorption of type-Il QDs
is effectively suppressed with a peak broadeninté@r spectra as compared to the type-
I QDs due to the weaker oscillator strength witllexrease in wavefunction overlap
caused by the indirect spatial nature of long-livextiton and larger variation of
transition energie® Therefore, the spectrum of QDsRigure 1.4 (a)is consistent with
the spectral feature for the characteristic typ@D heterostructurt: *° 2% 26 The
photoluminescence (PL) peak of the core-shell Qpeaps at 468 nm iRigure 1.4 (b)

and the PL peak was red-shifted with the thickmdésbe CdS shell (seeigure 1.5).

Normalzied PL (arb.units)

450 500 550 600 650
Wavelength (nm)

Figure 1.5 PL spectra of the core-shell QDs with different @Bmeters. CdS shell
thickness is proportional to the QD diameter asctire maintains the original size or less
during the shell growth.

If these ZnO NPs were not coated by CdS shellsp@&dks and absorption edges of
pure ZnO should have been observed in this spectiimarefore, the lack of these
combination peaks ifigure 1.4 (b)also supports the formation of core-shell QDs. For

the type-ll core-shell QDs, the electron-hole reboration energy is significantly
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reduced due to the core-shell structure &gere 1.1), even though the influence of NP
size confinement to the band gap energy is takienaocount. Therefore, the red-shift of
the PL peak from 383 nm to 468 nm is consistert wie core-shell formation. It should
be noted that when the CdS precursors were nodaddie solution of the core NPs in
the drop-wise manner and the growth speed of tb# slas increased, the PL peak and
the absorption peak of resulting QDs was shiftedkb@ the 485 nm and 470 nm
respectively, corresponding to the spectral pasitiof neat Cd&’ At this point, the ion-
exchange reaction between Zn-O and Cd-S was coedplehder this fast growth
condition, and the consumption of the core resuhigetoducing pure CdS NPs.

As discussed above, in general, for core-gtatloparticles with a diameter less than
10 nm, the core is very difficult to distinguistofn the shell by TEM and diffraction
because the lattices of the core and the shelinatehing very closely. To firmly verify
the type-ll characteristics of this core/shell Qie compared the PL lifetimes of the
ZnO-CdS core-shell QDs with different thicknesseéthe CdS shell as shown Kigure
1.6. The diameter of each core-shell QD is labeledtlier corresponding spectrum, and
the shell thickness is assumed to proportionaklydase with the diameter of the QD as
long as the core maintains the original size os ksring the shell growth on the core.
Typically, the PL lifetime of type 1l QDs becomdswer as the shell thickness increases

due to extended excitonic lifetimes with more désercharge confinemetit.
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Figure 1.6 Time-resolved PL decays for pure ZnO and core-gh&l-CdS QDs with
different QD diameters. CdS shell thickness is propnal to the QD diameter as the
core maintains the original size or less durindlsirewth.

In Figure 1.6 PL-lifetimes of ZnO-CdS QDs increase as the CuS| ecomes thicker
and the excitonic lifetime of core-shell QDs wittetthickest shell is at least 100 times
greater than the neat type-1 ZnO QD with a lifetiofid ns. If the resulting QD is not the
core-shell NP, the NP is the type-l1 QD, and itslifitime becomes short. However, the
excitonic PL lifetime of our QD is on the order d®0 ns; this long lifetime strongly
indicates that this NP is the type-1l QD with aggtared band alignment between the core
and the shell. Then, the only possible structurettie resulting NP to have the type-Ii
characteristics is the hybrid one with ZnO as thee@nd CdS as the shell. This is also
supported by the red-shift of PL peak with an iaseein shell thickness as discussed
above. It is unlikely that this slow PL lifetime ¢aused by a defect of the shell because
the lifetime changes as a function of shell thideé his observation of the much longer
PL lifetimes of ZnO-CdS QDs also eliminates thesitmsity that these QDs are alloy of

ZnO and CdS with the homogenous hexagonal crystaBiructure because the alloy
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cannot have the type-Il characteristics, and thenlitetime should have been as fast as

the type-I QDs.

1.4 Conclusion

The ZnO-CdS type-ll core-shell QDs were synthesiaedelatively low temperature.
All HRTEM images, ED patterns, and EDX spectrumgrsy that these QDs have a
heterogeneous ZnO core - CdS shell structure, aatysis from UV-Vis absorption
spectra, PL spectra, and PL lifetime measuremeamtdyfconfirm that these core-shell
ZnO-CdS QDs possess the type-ll band structureetoff§he spatial electron-hole
separation between the core and the shell, greatignced by the type-Il band structure
offset in the ZnO-CdS QD heterostructures, resalthe extremely long exciton lifetime.
These type-ll ZnO-CdS QDs can be excited and delett the visible range, and
therefore, these QDs with such long exciton lifetsrcould have an advantage to be
applied in the fields of photo-luminescent markergdical imaging, photonics, solar

cells, nano-electronics, and biosensors.



14

Chapter 2

Raman and Surface Enhanced Raman Scattering of 3yidroxyflavone

2.1 Introduction

Over 4000 chemically unique flavonoids have biglemtified in plant sourcesThese
low-molecular-weight substances, found in all véecplants, are phenyl-benzopyrones
(phenylchromones) with an assortment of basic &iras. One of these compounds is 3-
hydroxyflavone (3-HFScheme ). The flavonoids are involved in photosensitizatand
energy transfer. They display a remarkable arrapiothemical and pharmacological
actions, some of which suggest that certain membfetkis group of compounds may
significantly affect the function of multiple mamfizm cellular systems-’As a member
of the flavonoid family, 3-HF has been extensivelyamined for many years for
structural and chemical properties by means of IR/, PMR, and NMR.?29
Specifically, it has been used since 1979 as aotyjme molecule for studies of the
mechanism of excited-state intramolecular prot@ndfer and photoisomerization by
means of electronic spectroscopy and nanosecondpi¢dosecond time-resolved
fluorescence measuremeftaThe structures of several flavone derivatives oériest

are shown irscheme 1

SCHEME 1: Flavone Derivatives
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flavonea B-hydroxyflavans

P oy

flavanone

S-hydroxyflavons

Much information on the molecular vibrations of &Hhas been provided by infrared
spectroscopy?*® The published IR data in the double bond and hggrcstretching
regions reveal certain unusual features in 3-HF sorde substituted derivatives, which
could not be rationalized by the usual frequencyucstire correlations. The carbonyl
absorption in flavanone is observed at 1695 dmut in flavone it is at 1649 cm
showing the frequency decrease resulting fromrbeeased conjugation of the carbonyl
group with the pyrone ring through the C=C bondhat 2,3 position. Compared with
1649 cm'of flavone, the carbonyl frequency of 3-HF is fanthowered to 1610 cthand
overlaps with the frequency of the C=C band. Thersome controversy about what
causes this shift to lower frequency. It has baeygssted that there is strong chelation
between the C=0 and OH grou3g® In the C-H and O-H stretching region (2000-4000
cm?), the IR spectrum of 5-hydroxyflavone does nottanan observable band readily
assignable to O-H stretching, clearly establistbAgF as an intramolecular hydrogen-

bonded compound. The IR spectra of 3-HF in the @ad O-H stretching region,
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however, were reported differently by various reseers'**® Thus, Jose et af.
concluded that there is no strong hydrogen bonairgtHF and that the low-frequency
characteristics of the C=0 and C=C bands arise Btoctural features. A more recent
FTIR study® involves a study of several flavanols in Ar anctima@ol/Ar matrices at 10
K.

Despite the extensive body of infrared spectroscopy3-HF, there is almost no
Raman work reported. The only one, which coulddadl after extensive searches, was
a reference to an unpublished resonance Ramamrapent 3-methyl pentane at room
temperature by Collin€ Bands at 1650 and 1625 ¢mvere reported. The reason for the
lack of extensive Raman work is most likely thag¢ tompound is quite insoluble in
water. However, there is still considerable valuebtaining good Raman spectra. This is
especially true since recent advances in surfabar@ed Raman spectroscopy (SERS)
have provided tools for detection of moleculesxateanely low concentration.

Development of Raman probes have been made foropespof biosensors:’
application in forensic$? ?as well as art preservatiéhlt is with these considerations
in mind that we turned our attention to the Rampe&csoscopy of 3-hydroxy flavone.
Here we report the Raman spectrum of solid 3-HFvaek as SERS spectra of the
compound in solution on an electrochemically rouggieAg electrode surface as well as
on Ag colloidal nanoparticles. Further verificatioh our results was obtained with a
spectrum of the Al+ complex of 3-HF, and the sp@chissignments are aided by DFT

calculations.
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2.2 Experimental Section

The experimental set up for normal Raman and elelcemical SERS studies has
been described in previous pap€ra Spectra Physics model 2020 BeamLock argon ion
laser line at 488 nm was used as a Raman excitstiorce. Spectra were recorded with a
Spex model 1401 double monochromator with a resoiusf 2 cm'. Photon-counting
detection was used. The laser power was approxynag@emW in the SERS experiment
and only 5 mW in the NR experiment. 3-HF was pusellafrom the Aldrich Chemical
Co. Inc., used as received. The NR spectrum ofl sbilHF has been obtained in the
region of 100-4000 cthdirectly from a pure powder sample. SERS spedtBatdF were
obtained at different pH values and different aggblpotentials with an activated Ag
electrode, which had 3-HF adsorbed on it. For agtdnditions, 3-HF was first dissolved
in a small amount of C¥DH and then diluted by a 0.1 M,8O, solution for which the
pH value was adjusted with a 0.1 M$0, solution. For basic conditions, a 0.1 M NaOH
solution was used to adjust the pH of a 0.1 YS®, sample solution. In SERS
experiments, the sample cell consisted of a silwerking electrode, a Pt counter
electrode, and a saturated calomel electrode (S#3Ejhe reference. All potentials
reported in this work are quoted vs. SCE. For atitng an Ag electrode, the polished Ag
electrode was roughened by an oxidation-reductyafeq ORC) pretreatment, which was
accomplished in the solution of 3-HF (2 *1®1) in 0.1 M K,SO, aqueous solution by
applying a potential pulse from -0.4 to +0.5 V fbsecond. 3-HF was adsorbed on the
Ag electrode surface during the ORC. NonadsorbétF3nolecules were then washed
from the electrode by distilled water. After the €iiu ORC pretreatment, the activated

Ag electrode was placed in a 0.1 M3O, aqueous solution for carrying out SERS
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experiments at various potentials. The same speara obtained with in situ ORC and
direct recording of SERS spectra in the flavoneutsmhs. ORC pretreatment and
potential control during the SERS experiments weaeied out by using an EG&G
PARC model 175 universal programmer and an EG&G @ARbdel 173 potentiostat.
FTIR spectra of solid 3-HF were recorded with adiét model Impact 400 FTIR
spectrometer. Ag colloidal nanopatrticles were pregdollowing the method of Lee and
Meisef’ by reduction of silver nitrate (Aldrich 209139t nitrate 99.9%) with sodium
citrate (Aldrich W302600 Sodium Citrate Dihydrat&he colloid thus prepared shows an
absorption maximum at 406 nm and fwhm of 106 nmmnaasured with a Cary 50 UV-
vis spectrophotometer (after a 1:4 dilution withrapure water to keep maximum
absorbance within the instrumental range). To &rritoncentrate the colloid for use, a
volume of 10 mL of the original colloid was centigied at 5000 rpm for 2 min. The
supernatant was discarded, and the settled posi@@nresuspended in 1 mL of ultrapure
water. All glassware was cleaned with Pierce PO&Aning solution and rinsed with
ultrapure water and finally in acetone and methafidlis method proved to be as
effective as the use of aggressive cleaning agerls as aqua regia or piranha solution
and was preferred for health and safety reasonly. @imapure water was used for the
preparation of the various solutions. SERS measemémwere made simply by adding
1uL of dye solution to a PL drop of colloid deposited on a gold coated micope slide,
followed by addition of 2uL of a 0.2 M KNQ solution. Raman measurements were
taken directly from the drop using aX.®@r 20X microscope objective and focusing on
the microscope slide surface. SERS spectra couttbtzgned two or 3 min after addition

of the KNG and remained constant in quality until evaporatdrthe liquid. Raman
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spectroscopy for SERS on Ag colloidal nanoparticles performed with a Renishaw
Raman System 1000 in combination with a Leica DM iidroscope. A 1200 lines/mm
grating was used in combination with a thermoeieally cooled CCD detector to
monitor the Raman spectra between 200 and 180bwaith an integration time of 20 s.
Excitation light from a CW diode laser at 785 nndanaximum power of 8 mW was
focused down onto the sample withXL@r 20X objective lenses. Density functional
theory (DFT) frequency calculations were performéth Gaussian 0328 at the B3LYP
level of theory employing the 6-31+G* basis sete Geometry optimization resulted in a
planar geometry, and no imaginary frequencies wbserved in the calculated spectrum.
Calculations for adsorption geometry with 3-HF boto a Ag20 cluster were also made
with DFT at the B3LYP level using the NWChem elenic structure program
package29 on the Rachel supercomputer at the @igtsbSupercomputer Center and

results displayed with GaussView.

2.3 Results and Discussion

The flavone structure iBcheme Ishows the structure and atomic numbering of the
phenylchromone ring, which will be used in the dssion of all of the flavone
compounds studied. For convenience in analysisdaualission, we designate the benzo
ring in the chromone system as ring A, the phemg as ring B, and the pyrone ring as
ring C. We have calculated geometry optimized swrfstructures of 3-HF on Ag with
DFT (B3LYP/DZVP (Ag), 6-31G** (O), 6-31G (all otheatoms) based on a model
employed by Schatz and co-work€rfor possible SERS active Ag sites. These surface
sites are represented by a 20 atom tetrahedralldsgec, with the molecule bound in

either the S-complex (surface) or the V-complext@ésd sites. These two geometrical
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optimized structures (b), S-complex, and (c), V-pter, are shown ifscheme 2along
with (a) the geometrical optimized 3-HF structuracaolated with DFT (B3LYP/6-

31G*).

SCHEME 2: Ball and Stick Model with Ag Cluster
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The surface structures were found to have neadystime energy (S-complex < V-
complex by only 0.01 eV) for bound 3-HF. In 3-HFubd in the on-top S-complex (b),
which represents the Ag(111) face of fcc silveg timolecule is nearly parallel to the
surface and interacts with two Ag atoms at lea&tfBom the surface, whereas in the V-
complex (c), which represents an adatom site, tbkecule is bound tilted at an angle of
ca. 53° with respect to the Ag(111) surface plané mteracts with the silver apex
adatom at its carbonyl group (i.e., with the Ag@=C) distance of 2.37 A, the Ag-C
(O=C) distance of 2.38 A, and the Ag-O (O-H) dis&rof 3.15 A). The molecular

structure of 3-HF is nearly the same in all thrééhe forms in Scheme 2 with the bond
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distances within 0.01 A of each other except faysth 3-HF atoms (the O=C-C-OH
moiety of the pyrone ring) interacting with the Adatom of the Ag clusters. Since the
SERS spectra to be presented show enhancemenplania vibrational modes, this fact
is consistent with the V-complex as the SERS actoren according to the dipolar
plasmon surface electromagnetic, EM, selectiorsraféeSERS. The V-complex structure
shows that the entire molecule can be at an arfdd@owith respect to the plane of the
surface and that the apex Ag adatom binds the O<@HOmoiety of the pyrone ring

below the molecular plane with the surface bondO%f= bent at an angle of 69.4°.
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Figure 2.1Comparison of the normal Raman (NR) and Fourierstiarm infrared
(FTIR) spectra of solid 3-hydroxyflavone.
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Figure 2.1shows a comparison of the NR and FTIR spectralad 8-HF. In the figure

in red, the NR spectrum of 3-HF in the 800 to 160" spectral region is displayed for a
pure solid sample, whereas in black, the FTIR spettin the same region for a KBr
pellet is shown. The FTIR spectrum of 3-HF obtailredur work is consistent with the
IR results previously reported by Looker and Hanaem® Since 3-HF possesses no
symmetry the FTIR and NR spectra are quite similaappearance, except for relative
intensities. Thus, Raman bands should have assigamehich are not too different

from the FTIR vibrations. According to previous Kesults,***°

the presence of a
hydroxy group in the 3-position lowers the frequeamf both the carbonyl and C2=C3
stretching mode, so that the band at 1610' émFTIR (1594 crit in NR and SERS)
represents the decreased double bond charactbe aatbonyl group and the aromatic
character of the pyrone ring (i.e., the overlapph@=0 with C=C). The band at 3070
cm™ in NR can be attributed to an unsaturated C-Hdtieg vibration. The band at 1351
cm® in FTIR (1352 crit in NR and 1354 cthin SERS) is attributed to an O-H in-plane
deformation. The bands in the region from 1400 6®0L cm are associated with
aromatic in- plane skeletal vibrations, double bahdracter of the carbonyl group and
the aromatic character of the pyrone ring (i.ee, threrlapping of C=0 with C=C). It is

more difficult to assign the two benzene ring systeand for accuracy in all of the

assignments, we did a DFT calculation for comparisidh the experimental results.
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Figure 2.2Comparison of the normal Raman (NR) spectrum optheder sample
with the spectrum calculated from the density fioral (DFT) results. The latter have
been scaled on the frequency axis by a factor3® ffom the calculated output.

In Figure 2.2 we compare the results of the normal Raman spactf the powder
sample with the spectrum calculated from the DFBults. Detailed frequency
measurements and calculated frequencies are listedlumn 3 ofTable 2.1 The raw
frequencies from the calculation have been adjubted factor of 0.98. It can be seen
that the calculated spectrum provides an excdiietat the observed result. This indicates

that the assignments given in the first two columiihe table are most likely correct.
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TABLE 1: Density Functional Calculations and Spectral Assignments of 3-HF*

mode density functional caleulation DFT SERS
# description [y NER:(solid) (—045 VW) colloid FTIR
OH stretch 3420
ring B, CH stretch 3160 3200, 3211,
rings A&B, CH stretch 43 3070, 3070,
rings A&B, CH stretch 2010,
ring B, CH stretch 2860,
C=0 stretch; OH bend; C;=C; stretch 1647,
C=0 stretch; C;=C; stretch 1627,
C=0 stretch; C;=C; stretch 17 1619, 1610
ring B quineid stretch; OH bend; C.=C; stretch 1590 1594, 1504, 1602,
(=0 strerch; OH bend; C,=C; stretch 1581 1566, 1562,
ring B, CH (ip) bend; OH bend 1504
ring A. CH (1p) bend 1489 1490, 1491,
ring A. CH (1p) bend 1481 1482, 1481,
3 ring B, CH (ip) bend; OH bend 1460 1470, 461 1471,
1444, 430 1445,
38 rings A& B. CH (ip) bend; OH bend 1421 1412, 403 1416,
37 OH (1p) bend; ring A, CC trigonal stretch 1360 1352, 335 1351,
35 O—H (1p) bend 1332
34 rings A&B, C—H (ip) bend; O—H bend 1321 1320, 316 1321,
33 rings A&B, C—H (ip) bend; O—H bend 1305 1308, 299 1306,
1278, 1286,
52 rings B&C, C—C (ip) def 124 1246, 1248, 1247,
51 ring C, C—C stretch 1233 1226, 1233 1224,
5 C—0OH stretch; ing B C—H (ip) bend 20 1212, 218, 1213 1211,
49 C—0OH stretch; ring B C—H (ip) bend 1184 1188, 1186, 1186 1184,
48 ring B C—H (ip) bend 1170 1148 1130, 1153 1155,
46 ring A C—H (1p) bend 1137 1134, 1116, 1117 1130,
44 ring B C—H (ip) bend 1091 1078, 1078,
43 ring B C—H (ip) bend 1041 1034, 1028, 1032 1034,
41 rings A. B, C, C—C deformation 996 1000, 1000,
40 rings A, B, C, C—C deformation 994 992, 992, 994 980,
36 ring & C-H (oop) bend a56 046, 930,
33 ring B C—H (oop) bend 023
34 OH bend; rings & B, C, C—C deformation 890 899 900, 900 898,
33 ring & C-H (oopj bend 839 36-1,._
3l rings A, B, C, C—C deformation 834 838, 842, 842 830,
30 rings A, B C—H (oop) bend 766 780 789 775
28 rings A, B C—H (oop) bend 731
27 :iugs A C,C—C deformation; C—0—C stretch 698 712 711 704
24 rings A, B, C, C—C deformation 670 674 672 671
21 . C—C deformation 619 624 618 620
19 . B, C, C—C deformation 576 380 578 575
17 .B. C, C—C deformation 04 314 516 316
15 ', C—C deformation 431 434 454 433
12 1 bend; C=0 bend 367 380 390 300
10 .C—0H (ip) rock 321 296 304 307

In the first three columns, we present the modebwrs) a brief description of the major
contributions to the normal mode, and the calcdlatibrational frequencies from the
density functional calculation. The frequenciesénbeen scaled by a factor of 0.98 from
the calculated frequencies. The fourth column gilesnormal Raman spectrum of the
powder, and the fifth and sixth columns give théRSEspectra on an electrode at -0.45 V
and on the colloid. The last column presents thiRFSpectrum. In column 1, we provide
the normal mode identification number from the Déalculation, and in column 2, we

provide a brief description of the largest vibragb contributions to the normal mode.
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The major differences between the observed specandia previously unpublished
solution resonance Raman spectrum reported intadto(ref 20) is that in the latter the
bands at 1650 and 1625 ¢rwere reported to be intense, whereas for the NRtgm
reported here, they are rather weak, especiallypeoad with the very strong band at
1619 cnt. The difference is most likely due to the diffeyimtensities in the resonance
and nonresonance Raman effect, although the nratixalso have an important effect.
Note also except for the band at 1594'¢n64) all of the bands between 1566 and 1619
cm® involve the C=0 stretch and the C2=C3 stretchhwitme degree of O-H bend.
Furthermore, the high-frequency region (above 2669) involves mostly C-H stretches,
which are observed to be rather broad in the FRRSERS spectra, and the O-H stretch,
which is quite weak, if seen at all, in all of thleserved spectra. Our (scaled) calculation
is somewhat higher than that reported in earlidcutation$® but much closer to the
value usually associated with O-H stretching vilorat. ** Note also most of the lines
between 1305 and 1509 ¢rimvolve the in-plane CH bending vibration.

We have obtained SERS spectra of 3-HF on roughesiedr electrodes at
numerous applied potentials and for various pHesloT'he maximum intensity observed
is at -0.45 V. IrFigure 2.3 we display the SERS spectrum (in the range 2000 tm")
of 3-HF at pH 10.5 on a roughened Ag electrodevatdpplied potentials: (a) -0.45 and
(b) -0.75 V. The spectra are quite similar and dovwary much with potential, except in
overall intensity. Cyclic voltammetry in the preserand absence of 3-HF on roughened
silver electrodes indicates that there are no &cqorocesses in the potential region from
-0.3 to -0.9 V.Figure 2.4 shows the SERS spectra of 3-HF at both potenitiathe

higher frequency region of 2200-3600 &rThere, the spectra differ somewhat.
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Figure 2.3 Surface enhanced Raman spectrum (SERS) of 3-hyftheane (3-HF) at
pH 10.5 on a roughened Ag electrode at two appadntials: (a) -0.45 and (b) -0.75 V,
in the range 200-1700 ¢

The lines at 2860 and 2910 ¢mattributed to various ring C-H stretches are teHif
somewhat at -0.75 V. The two weaker lines at 303200 crit disappear at -0.75 V,
but a new line appears at 30107tnit is difficult to interpret these changes, sirtkere
are numerous C-H vibrations in this region, allhnsimilar frequencies. The quite broad
band centered at 3366 ¢nis observed only at -0.75 V and may be the elugivel
stretch, which is predicted to be at 3420%amthe DFT calculations. It is too high to be
any of the C-H stretches. The observed broadnesgetisas lower frequency may be

induced by inhomogeneities due to proximity of @ to the electrode surface.
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SERS of 3-Hydroxy flavone
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Figure 2.4Surface enhanced Raman spectrum (SERS) of 3-hyitwogpe (3-HF) at
pH 10.5 on a roughened Ag electrode at two apgladntials: (a) -0.45 and (b) -0.75 V,
in the range 2200-3600 ¢m

In order to examine the differences between $IERS spectrum on Ag colloidal
nanoparticles and that on the electrode, we prdsaht spectra irFigure 2.5 By and
large the spectra are quite similar, except thatitte at 1527 cih (v62) is very intense
on the colloid and weak on the electrode. Furtheentioe 1405 cih(v58) and 516 cfh
(v17) bands are similarly much stronger on the cdll@he latter vibration involves C-C
in-plane deformation of the three rings, whereastto at higher frequency are due to C-
H in-plane bending motions. These higher frequeanoges also involve C-O-H bending,
and a much stronger interaction on the electrode pdsitively charged Ag ad-ion with

the oxygen atom of the C-O bond in ring C might gathe ring C motion. This
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observation is consistent with the rather broaddbar3420 crit observed in the -0.75V

SERS electrode spectrum, possibly the O-H stretch.
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Figure 2.5Comparison of surface enhanced Raman spectrum3Bair3-
hydroxyflavone on Ag colloidal nanoparticles wittat on Ag electrode at -0.45V.

The most interesting result is illustrated kigure 2.6 where we compare the NR
spectrum of 3-hydroxy flavone with that of the SE&Sthe colloid in the spectral region
between 1000 and 1800 ¢mWe see immediately that the intense NR band<566,1
1594, and 1619 ch(v63-v65) are suppressed on the surface, where the din&405,
1491, and 1527 cth(v58,v61, andv62) become the most intense lines in the spectrum.
The suppressed lines have either a strong C=Clstostupled with a C2=C3 stretch or
an O-H bend, whereas the surface enhanced lings/al’e the C-H in-plane wag. These

results (in addition to the concomitant resultstlom Ag electrode) indicate strongly that
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the molecule is attached to an Ag adatom on thalmsetface, reducing the intensity of
the modes involving C=0 and C2=C3 stretch. Thengtrenhancement of the C-H in
plane wags indicates that the planar rings involaesl oriented perpendicularly to the
metal surface as indicated by the adsorption gegnretmolecular structure c iBcheme
2. This is also consistent with suppression of t8271cm* mode in the SERS on the Ag
electrode where a Ag adion could be involved in thading of the O=C(4)-C(3)-OH

part of the molecule to the surface.
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Figure 2.6 Comparison the NR spectrum of 3-hydroxyflavonthwhat of the SERS
on the colloid in the spectral region between 1866 1800 cr.

Analysis of the electronic structure for a gienAg-3HF model (B3LYP/ LANL2DZ)

of the surface complex, using the natural bond ro(BO) analysis programs, shows
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that the surface bonding interaction involves tffeas. There is a backbonding effect of
charge transfer out of the Ag5s singly occupied orbital inte* and n* antibonding
C=0 NB orbitals (MLCT), and in addition, there is@charge transfer from theC=0
bonding NB orbital into the vacant Ay5s orbital which changes from 1.54 in 3-HF to
1.41 in Ag-3HF. This analysis gives a Wiberg bondeo of 0.09 between the Ag and the
O of the carbonyl. These charge-transfer delodadzaeffects can be used to explain
why the 1594 cil band which contains the C=0 stretching vibratibifts to higher
wavenumber, 1598 cf at the more negative potential Figure 2.3 The two charge-
transfer effects move in opposite directions as dlextrode potential is made more
negative. Presumably at -0.75 V, which is probalyhtly negative to the point of zero
charge in 0.1 M KSQO, on polycrystalline Ag, the delocalization out bkt CdO NB
orbital is reduced more than the back-bonding éffeincreased by the negative surface
charge leading to a slight increase in the bandewamber. A more extreme possibility
for the loss of the 1627 chrband is a polymerization reaction at Ag surfacaichvwas
suggested very recently to explain changes foundthm Raman spectra of, 7-
hydroxyflavonoids? However, this is unlikely for 3-HF which cannotdergo catechol-

like polymerization.

2.4 Conclusions

We have obtained the normal Raman spectrum asaselhe SERS spectra of 3-
hydroxyflavone. The SERS spectra are obtained enrAtl electrode at various applied
potentials as well as on Ag colloids. Spectralgrasients are made with the assistance of
a density functional calculation, which matchesteuvell the normal Raman spectrum,

as well as the FTIR spectrum. Thus, we are configdénthe correct normal mode
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assignments. The spectral intensities of the inglaodes are also consistent with the
DFT calculated adsorption geometry. The major diffiee between the SERS results and
those of the normal Raman involve the intensitiethe bands in the 1600 chregion
which mainly involve the carbonyl stretch in congtion with the hydroxy stretch and a
ring C2=C3 stretch. The stark lowering of the ofsedrintensities of these modes is
indicative of the interaction of the molecule withe surface. The DFT calculations
presented show that an adatom site at the vertekg@D cluster binding with 3-HF
molecular plane titled 53° to surface is a likelyface structure. The shift to lower
wavenumber for the carbonyl stretching vibrationtloa surface is most likely the result
of a surface interaction of the Ag adatom with @O lowering its bond order. We also
observe a rather broad band near 3368 omthe Ag electrode, which in all likelihood is

the OH stretch.
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Chapter 3

Effect of Fluence on the Discoloration of Marble @&aned with UV

Lasers

3.1 Introduction

Marble, a metamorphic limestone, primarily consitgalcite, a crystalline form of
calcium carbonate (CaGp Marble is widely used in statues and monumeagsyell as
a structural material. Its exposure to a sulphwxidie (SQ)-polluted atmosphere,
particularly in an urban environment, results ithim layer of black encrustation due to
the formation of gypsum (CaS@H,O). Sulphur dioxide from the combustion of fossil
fuels readily reacts with the Cag@resent in the marble to form gypsum. The softer a
more water-soluble gypsum is easily contaminatedsdiyt particles containing metal
oxide and graphite, as well as numerous organistitaants, further contributing to the

generation of the black encrustation

This encrustation has a detrimental effect on #stheetic value of both artistic and
practical marble structures. Moreover, the enatiest facilitates the biodeterioration of
the marble since it can host bacteria, lichen, emsdsigher plants and other
microorganisms?. Chemical cleaning is the traditional means fomaeing the
encrustation. However, there exists the possibitychemical reactions between the
chemical agents utilized and marble, as well as e@heironmental pollution. The

encrustation is also mechanically removed througingia scalpel or the air-abrasive
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machine. The effectiveness of the scalpel is stti by the restorative talents of the
restorer and the brittleness of the material. Bselts of air-abrasive machine treatments
are also largely dependent on the restorer’s lgki#ls, as the machine cannot distinguish
the encrustation from the stone. Due to the nofetmity of the encrustation,
unavoidable surface damage of the marble resultdhenloss of fine details of the
artworks®.

Pulsed laser removal of the encrustation is a mimmialternative due to the fast and
non-contact operation and the high-precision spatid temporal control. In addition, the
laser pulses can not damage the marble surfagetladteemoval of the encrustation due
to the large difference in the absorptivity betwéem encrustation and the marble, which
is termed self-limiting®. Laser cleaning nano-particles from semicondustofaces’
and surface layer from metals or semiconductdrave been extensively studied. Since
the pulsed laser cleaning of the encrustation flbenmarble was first implemented by
John Asmus in 1979, massive investigations related to the laser afepof stoneworks
have been performed.

Laboure et al’ explored the effect of laser fluence, spot ared, water spraying on
the cleaning rate of the stone. Siano ef atudied how pulse duration affects the laser
stone-cleaning process. Siano et alalso experimentally determined the fluence
thresholds corresponding to the various side effectaser stone cleaning. LIBS (Laser-
induced Breakdown Spectroscopy) was employed as-situ technique for monitoring
the laser removal of the encrustation by Maravetakl.*°. Rodriguez-Navarro et at*
found that the marble surface was roughened bgxtbessive laser pulses at supposedly

safe fluence levels.
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Both Maravelaki-Kalaitzaki et al? and Marakis et al* comparatively investigated
the removal of different types of encrustation witfferent wavelengths. While the
prominent self-limiting effect at 1064 nm is extr@mbeneficial in protecting the marble
surface, the cleaned marble surface becomes sgwsbbwed. On the contrary, no
severe yellowing occurs on the marble surface eleat 355 nm.

Klein et al.** and Potgieter-Vermaak et af. both postulated that the yellowing at
1064 nm is due to residues of iron oxides on theblaasurface detected by their
experiments. However, they did not provide an amation for the presence of these
residues. Zafiropulos et at® proposed that the discoloration is mainly an @ptic
phenomenon. The dark particles are vaporized bylfhdaser fluences below the
cleaning threshold to generate voids in the enatiast. These voids make the light
scattering different so that the color perceptioraliered towards yellow. Nevertheless,
this argument lacks evidence.

In the present paper, the influence of the fludegels on the surface color of marble
cleaned with the 355nm laser pulses is examined. mé&chanism leading to the
discoloration of the marble surface is proposedetha®n an analysis of the
thermochemical reactions possibly occurring in ¢herustation during laser irradiation.
A two-dimensional laser ablative cleaning modellidang the reaction heat of the
thermochemical reactions is applied in simulatimg temperature field generated by the
laser irradiation. Then, the kinetics of the thechmmical reactions are used to verify
their presence. The proposed mechanism is alsotasexplain the severe discoloration

of marble cleaned with laser pulses at 1064nm.
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3.2 Experiment conditions

A Q-switched Nd:YAG laser operating at 355 nm inMd mode is used as the light
source. The laser has a pulse duration of 50 rth, avconstant repetition rate at 1 kHz.
The beam diameter is set at 100 pm and the pulsadeé is varied from 0.3 J/érto 3
Jlcnt through adjusting the distance of the sample ftoenfocusing lens. The sample is
placed on the computer-controlled XYZ stage in ogienwhile the compressed air blows
on the sample to prevent the ablation-formed plagm@ touching the focusing lens
during the experiment.

Italian white Carrara marble was selected as thesiigated sample with dimensions

15mmX 15mmX 9mm. Its surface is honed to eliminate the obvisudace dents. The

sample is thoroughly cleaned with methanol beforaking the encrustation. For
numerical calculation of the laser produced tentpeeafield, the encrustation is
artificially made to better control the materiabperty. The encrustation is a compound
of 5% or 10% hematite (F®3;) powder, 20% graphite powder and 75% or 70% gypsum
(CaSQ:-2H,0) (vol. %), mixed with distilled water, and smedm@nto the marble with a
brush'®. The marble with the encrustation is then left¥@rhours in a storage box. On

average, the encrustation thickness is approxigna@d microns.

3.3 Related thermochemical reactions

3.3.1 Thermal dehydration and decomposition of ggp$CaSQ 2H,0)
Gypsum (CaS@2H,0, calcium sulfate dehydrate), the major ingrediantthe
encrustation, is a crystalline mineral that cordabout 21% chemically combined water

by weight. When gypsum is heated, two thermal dedty@h reactions occur starting at
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373 K and 573 K, respectively. These two reactemesdescribed as:

CaSQ-2H,0—CaSQ- % H,0+ g H,0 -17.2kJ/mol (3.1)
1 1
CasQ:- H,0 — CasSQ+ - H;0 8.6 ki/mol (3.2)

During these two reactions, water is released eanstwith an absorbed energy of
81.7kJ/mol. Therefore, the total required energyhm dehydration of gypsum is 107.5
kJ/mol*’.

At temperatures above 1373K, Caarts to decompose into calcium oxide (CaO)

and sulfur dioxide (S according to the following equatidfi
CaSQ — CaO + SG+ %oz - 480 kJ/mol (3.3)

Calcite (CaC@) is dissociated into CaO and carbon dioxide {Csarting at the
temperature of 1173K to 1223K. The reaction is died as the follows®
CaCQ — CaO + CQ- 170 kJ/mol (3.4)
3.3.2 Hematite reduced by solid carbon
When a mixture of hematite (J@;) and solid carbon is heated up to the certain
temperature, the hematite is reduced into wudté®©| at an extremely high rate through
two consecutive steps, namely hematitenagnetite (F€,) — wustite, like FgOs(s) +
C(s)— 2FeO(s) + C3° Then, two coupled gas-solid reactions take place,
FeO + CG- Fe+ CQ (3.5)
CO,+C— 2CO (3.6)
It is known that reactiorf3.5) is catalyzed by the reduced metallic iron. Moreboa

monoxide (CO) produced in the vicinity of FeO irases the reduction rate of FeO.
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If the molten hematite is reduced by solid carbihe, reduction rate rises rapidly.
This is termed a smelting reduction. The possib&son is that the molten FeO can more
easily contact carbon than solid F&OThe weight volume of FeO is proportional to its
reduction rate by solid carbon due to the increaséetface area between FeO and
carbon?’. Also, CaO even at the low concentration can figaitly expedite this
reduction reactiorf’. The catalysis results from the enhanced formatate of CO
through the following redox process,

CaO + CQ— Ca0-0 + CO (3.7)

Ca0-0+C-» CaO + CO (3.8)

The thermochemical reactions introduced above aransrized inFigure 3.1
During the laser heating, these thermochemicaltiea may occur in the encrustation
when the encrustation temperature reaches theaeaequired temperature.

»

T (K)
_— J Fe,0; + C — Fe + CO, - 88.2 kJ/mol

| caso,—ca0+50,+ 2.0, - 480 kJ/mol

1373

1173 _T CaCO; — CaO + CO, - 170 kJ/mol

- —~

CaS0O,2H,0 — CaSO, + 2H,0 - 107.5 kJ/mol

373 |

Figure 3.1Schematic of thermochemical reactions taking pia¢be encrustation
during laser heating.
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3.4 Numerical simulation

Laser removal of the encrustation from the marhbiéase is based on laser ablation.
Zhang and Yac presented a two-dimensional laser ablative clepmiodel, which
considers the discontinuity across the Knudsenrlae Stephen Boundary at the
interface. Through the enthalpy method, the tempesdield can be simulated and the
resulting phase interfaces identified. In the pnégeper, the heats of thermochemical
reactions occurring in the encrustation are takea account in the model. When the
materials reach the required temperature for thernmtbchemical reaction, the
corresponding reaction heat is integrated intcetiergy balance equation as:

oh  0AH
2 T ) (39

wherea is heat diffusivity,x andr are the coordinates along the thickness and radial
direction. The enthalpy of the material (heat cohtd the materialH is expressed &3

= h +4H, where the sensible hedt=c T (c, is specific heafl is temperature), andH

is the latent heat of phase chauigi& or the reaction heatH-.
The reaction rate is assumed to follow the Arrheraw k =k, exp(—%), whereky

is the frequency factoE is the activation energf is the universal gas constaiftis the
temperature. Concerning reactiof®.1) + (3.2) (dehydration),(3.3) and (3.4), the
corresponding incorporated reaction heats are leadtiag\H, = kAH,, wheredHrg is
the reaction healky is assumed to be 6.3>43% 1.32x16 8 and 6.45 x10s* *°, and E
is assumed to be 202, 212 and 187 kJ/mol, respdeti8ince the mechanism of reaction

(3.5) and (3.6) is complicated by the co-existence of.®¢ FeO and Fe, a volume-
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reaction model is applied in their kinetic analydisThe FeO melting point of 1630 is
viewed as the separation point of the applicatianges of two reaction rates. It is

assumed that reaction rates follow the first-okdeetic equation,

Veoo, =~k [Fe,0,] (3.10)
Veeors = 2K [F&,0,] - k,[FeO(s)] T, <165(K) (3.11)
Veeot) = 2K [Fe,0,] - k,[FeO(l)] (T, 2165(K) (3.12)
Ve = ko[ FEO(S)] + o [FeO())] (3.13)

wherekio, koo, andkso are assumed to be 600, 1300 and 34f)0espectively. E E,, and
E; are assumed to be 50.4, 75.6 and 88.2 kJ/mokc#sply>*,

Total reaction heat is computed in the followingnmer:

AH; =AH, e, +AH, Wrens) + AH 3 DVeeqy (3.14)
whereAH;, AH,, AHz are the corresponding heats of reaction.

The material parameters of the encrustation arenthss-averaged value of every
component. All of the material properties are froinThe calculation domain is chosen
as three times the beam diameter in both the radldepth direction. The absorptivities

of the encrustation and marble at 355 nm are as$twortee 0.9 and 0.6, respectivély
3.5 Material characterization

The chromameter (Minolta CR-300) is employed to snea the surface color of the
marble. In principle, light reflected from the mased surface is simultaneously collected
by three photocells, each with spectral sensiéigittqual to one of the color matching
functions of a special CIE standard observer. Ti300 has a measurement spot

diameter of 8mm and use D56 standard xenon lightréaliate the surface. The color
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measurements are expressed in the perceptuallprommitolor space, CIE ‘Bb’
(CIELAB), shown inFigure 3.2 The L axis is known as the lightness ranging from 0
(black) to 100 (white). The ‘aaxis and b axis represent redness-greenness and

yellowness-blueness, respectively. Total color edéhce AE,, is defined

as AE, = \/(ALD)Z +(Aa"™)% +(Ab™)* , where AL”=L"-L; describes the lightness
change,Aa” = a” —a’and Ab" =b” - b describe the chromaticity changg, a’, and

b are values of reference white

CIELAB
£=100 .
+h
a +a"
L’ is the Lightness
=0 B a*is the Redness/Greenes:
b is the /Blueness

Figure 3.2Schematic of a 1976 CIE-L*a*b* color system.

Surface enhanced Raman spectroscopy (SERS) is tosetkntify the chemical
constituents of the marble surfaeWhen the surface is illuminated by a laser pho#on
second photon is scattered. This photon diffeniergy from the incipient photon by an
energy difference in the levels of the surface ttrents. The resulting Raman shift

reveals structural information, as well as senasgan analytical tool to identify specific
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molecular adsorbents. The Raman signals from tifacimay be greatly enhanced by
application of silver colloidal nanoparticles oretburface. Silver colloidal nanoparticles
were made as the same way in the chapter 2. Rapeatra are excited using a 514 nm
CW Argon-ion laser (Spectra-Physics model 202@ pbwer of approximately 20 mW.
The scattered lines are collected at 90° with axSpedel 1401 double monochromator
(resolution ca. 2 ci) and detected by an ITT FW-130 photomultiplier (PtMbe with
Raman 2005 (software package).

Scanning Electron Microscopy (JEOL) and Scanner (Séanjet 5100C) are
employed to take the images of cleaned marble seirfespectively. In the case of SEM,

the marble surface is coated with silver so thet @ectrically conductive.

3.6 Results and discussions

3.6.1 Determination of fluence threshold

Successful cleaning is defined as the complete vahwf the encrustastion without
any change of the marble surface in the integsityycture and color. To experimentally
determine the fluence threshold, the sample islistad by a single pulse per location.
The fluence is continuously increased. When theadpgof the encrustation including
5% hematite or the marble is noticeable under fitee@l microscope, the corresponding
fluence values are considered as the thresholde &kperimentally determined
thresholds for the encrustation and the marbl@a¥® J/cmi and 2.5 J/ci) respectively.

In order to estimate the accuracy of the proposaahemical model, the fluence
threshold is also determined with this model. At &€ the fluence increasing the
encrustation surface to the mass-averaged valtleajraphite vaporization temperature,

the decomposition temperature of hematite and gypsamely 2160 K, is considered as
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its threshold. Similarly, the fluence heating tharbte surface to the decomposition
temperature of calcite is the threshold for thebimarinfigure 3.3, the Raman spectrum
of the marble has four bands of CaCa 158, 285, 711 and 1084 ¢t It is evident

that the principal ingredient of the marble is CaCO
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Figure 3.3Raman spectrum and image of white carrara martden@® shifts are
excited by the 514 nm laser).

The numerically determined thresholds are 0.3 ¥J/emd 1.8 J/ctn for the
encrustation and the marble, respectively. If thedeh does not include the
thermochemical reaction heat, the determined tiotdsk 0.12 J/crhand 0.42 J/cffor
the encrustation and the marble, respectively. thinesholds determined by the model
with the reaction heat are more close to the erpartal ones, which shows this model is
accurate to some extent. The slight overestimatthefmodel in the ablation effect is
possibly because that the heat taken away by tleasexd gases produced in the

thermochemical reactions is neglected in the mod@&oth the experimental and
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numerical results demonstrate that the threshdfdrdnce between the encrustation and
the marble is large. This provides marble clearab@55 nm, which is self-limiting,
thereby avoiding damage to the marble substrate.

3.6.2 Effect of fluence levels

3.6.2.1 Experiments

Under the multiple-pulse strategy, the appliedddlsence should be higher than the
encrustation threshold of 0.45 Jf&and lower than the marble threshold of 2.5 3/cm
Here, the laser fluence is chosen as 0.67%J&md 1.3 J/cf) respectively. Considering
the chromameter measurement spot diameter of 8aruircular encrustation area with
the diameter of 9 mm is removed. The laser pulgesliate the encrustation along the
circular orbits from the outside to the inside. Th#ses have the overlapping rate of 50%
to reduce the effect of the Gaussian beam on tadiation results.

The samples with the encrustation containing 5% dtgen are employed in the
experimentsFigure 3.4 (a)and(b) are the scanned images of the marble cleaned by 8
pulses at 0.67 J/cmand 5 pulses at 1.3 J/&mespectively. The color measurements of
the original and cleaned marble surface as wetha®ncrustation are listed Trable 1
In Figure 3.4 (c) the color measurements are shown in the 1971LCAB" color space.

All of color data is the average of five independ@aeasurements.
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- 1- Original surface
© 2- Encrustation
- 3- Cleaned surface

) Fluence: 0.67 J/em®
8 pulses

‘]l Fluence:1.3 Jrem®
; .. Spulses

Lightness L*

Figure 3.4Images and color measurements of the marble subifoee and after the
removal of the encrustation with different fluerfbeam radius: 5am, encrustation
thickness: 12@m, 5% hematite).

Table 3.1Color measurements

Original marble Encrustation Marble cleaned by 8 Original marble Encrustation Marble cleaned by 5
pulses at F =067 Jfem’ pulses at F = 1.3 Jiem®
AL 90.8433 39.39 842767 §8.2367 39.39 86.1133
A" -1.0333 [1.2167 -0.20333 -119 [1.2167 —0.58333
Ab" -0.94 13.9633 189333 -0.8967 13.9633 -0.0333

AL LightnessAa*: Red—GreenAb*: Blue-Yellow

Compared with the original marble surface, thethglss of the encrustation is much
lower, which indicates the black appearance ofetherustation due to the graphite. The
positive values oha andAb™ denote the encrustation color is inclined to #sness and

yellowness owing to the dark-brown hematite ineherustation.
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The lightnesses of both cleaned marble surfaceseaneclose to the original ones,
which imply the removal of the encrustation. Howe\bke lightness difference between
the cleaned and the original surfaces is largéhéncase of 0.67 J/émThis reflects the
encrustation may not be completely removed. AtJIc&f, both ofAa andAb’ are close
to the original values and have the same sigrantlie concluded that there is no color
variation. At 0.67 J/cf) Aa is close to the original one and has the same bigwever,
Ab  has a positive sign, which means the surface i®ring slightly yellowed. This
phenomenon is referred to as the discoloratioh@htarble surface.

The Raman spectra of two cleaned surfaces are sholigure 3.5 The spectrum
of the surface irradiated at 1.3 Jfcanly shows bands of CaG@t 158, 285, 711, 1084
cm’. Yet, the spectrum of the surface irradiated @7 @/cnd consists of bands of CaGO
as well as additional bands of B8 at 224 and 405 cim®. The CaC@ bands in two
spectra indicate the marble surfaces are expodedtae removal of the encrustation.
The FeOsbands reflect F©; still resides on the surface irradiated at 0.6/ Thus, it
could be deduced that the presence @Okés related to the surface discoloration. Very
small amounts of K3 on the white calcite surface may result in a yelkhift *°. The
SEM pictures of these two cleaned marble surfacesshown inFigure 3.6, Some
particles are on the surface cleaned at 0.672J)/Chre surface cleaned at 1.3 Jicim

fairly clean.
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Figure 3.5Raman spectrum of marble surface after the renaflile encrustation
with different fluence levels (Raman shifts areiesa@by 514 nm laser at a power of 20
mW, the green dotted line has an upward shift &80 the clarity, beam radius: p0n,

encrustation thickness: 12@n, 5% hematite).

Figure 3.6 SEM images of marble surface after the removahefencrustation with

different fluence levels (a) 0.67 J/&fb) 1.3 J/crh (beam radius: 50m, encrustation
thickness: 12@m, 5% hematite).

3.6.2.2 Analysis of the discoloration mechanism
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3.6.2.2.1The hematite reduced by the graphite

Figure 3.7 shows the simulated history of temperature distiiim in the encrustation
produced at 1.3 J/drand the temperature distribution at 50ns inducethbyfluence of
0.67 J/cri. FeO3 and FeO in the grey area are in the molten statetalthe temperature
ranging between the melting point of,Pg 1818 K and the one of FeO 1650 K. Some
graphite powders may contact the molten(zeand FeO because of their random
distribution in the encrustation. Correspondingdgyt of the molten iron oxides may be
reduced by the graphite to produce iron at the Vegh reaction rate. As mentioned
before, this reduction reaction can be considerabbelerated by CaO from the thermal
dissociation of CaSQIn the case of 1.3 J/érthe grey area emerges starting from 10 ns,
and is enlarged with the time, which means the wngeleduction of iron oxides may
take place during the entire 50 ns. At 0.67 J/ciine grey area at 50 ns suggests the

availability of the temperature required by thiaagon.
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Figure 3.7Simulated time history of temperature distributiorthe encrustation
produced by the pulse at 1.3 Jfcamd the temperature distribution produced by tsep
at 0.67 J/crhat the end of pulse duration 50ns (beam radiugnsCencrustation
thickness: 12@m, 5% hematite).

The simulated distribution of Fe, FeO and®gat 50ns with the fluence of 0.67
Jlenf and 1.3 J/chis shown inFigure 3.8 Iron is generated in both cases. The higher
the fluence is, the more metallic iron is produc&de evident reason is that the high
temperature induced by the high fluence favorgdideiction of iron oxides. It should be
pointed out that very little hematite is reduced dnaphite and the majority of the

hematite is ablated by the laser pulse.
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Figure 3.8 Simulated iron-form distribution at the end of mutfuration 50ns with
two different fluence levels (a) 0.67 Jfcth) 1.3 J/crh (beam radius: 50m,
encrustation thickness: 12@n, 5% hematite).

Figure 3.9 describes the temperature history at the bottonteceof the crater
generated by 3 pulses at 1.3 J@nd 6 pulses at 0.67 J/enin the case of 0.67 J/ém
iron oxides can be heated above 1000 K by threseputespectively. The longer reaction
time of the solid iron oxides reduced by the grapht the high temperature may result in
the production of more iron. On the contrary, oolye pulse is needed to heat the
material above 1000 K in the case of 1.3 J/cAiso, heat accumulation between two
successive pulses is enhanced with the pulse nunliter 3 pulses at 1.3 J/émthe

temperature is 1225 K; after 6 pulses at 0.67 4/te temperature is 1300 K.
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Figure 3.9 Simulated time history of temperature at the ceotéhe final crater
bottom irradiated by two different fluence levdieé&m radius: 5dm, encrustation
thickness: 12@m, 5% hematite).

3.6.2.2.2 The reduced metallic iron during laseadiation

During the laser irradiation, the plasma formed eohgs the air from interacting with
the surface. The dissociation of the ablated heéenatithe plasma will produce atomic
oxygen*!. However, oxygen has no solubility in liquid irgreventing the production of
iron oxide at this steff. Yet, Pereira et af®> experimentally found the appearance of a
Fe O3 layer at the iron surface after the irradiatiorthad XeCl laser. This means that the
formation of FeO;s is due to the chemical reaction between iron angyen during the
cooling stage. The chemically active iron reactslgavith the oxygen, especially at high
temperatures. Since the formation enthalpy of ioxide is small, iron oxides are
produced very near the surface. The iron oxide $oammultilayer scale consisting of FeO,

Fe;0, and FeOsfrom the iron bulk to the outermo¥t Increases in the time that the iron
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is subjected to high temperatures can lead to ase®in the production of iron species in
a higher oxidation state, i.e., more;Bgis formed.

The majority of iron produced by the current puisay be taken away by the ablation
flux during the next pulse, and the rest of thaimay interact with subsequent pulses.
The following investigation focuses on the iromadiated by the last pulse required by
the complete removal of the encrustation, namety#hpulse at 0.67 J/cirand the %
pulse at 1.3 J/cfn It is assumed an independent iron particle idiated by a single
pulse. The 2-D ablation model is employed to siteuits temperature distributiof.
The absorptivity of iron at 355 nm is G Considering the heat accumulation, the initial
temperature of iron is set as 1225 K and 1300 kshasvn inFigure 3.9 with the fluence
of 1.3 J/cri and 0.67 J/cf respectively.

In the case of 1.3 J/dénthe temperature in a crater with a depth of Q22 is
simulated to be equal or higher than the vapoomnapioint of iron 3134 K, which means
the iron can be ablated. Though the actual thickru#sthe iron left on the marble is
difficult to measure, it is certainly relatively mite. Thus, it can be assumed that all of
the iron has been ablated. In the case of 0.67%Jfwriron is simultaneously heated up to
3134 K. The temperature above the melting pointasf (1811 K) is in the crater with
the depth of 0.4 um. Thus, the iron is assumect gt melted.

The simulated temperature history of the pointgesponding to the beam center at
the different depths in the case of 0.67 Jisnshown inFigure 3.1Q It is apparent that
the peak temperature is generated at the end opulse. The iron could be oxidized
during its cooling period of approximately 1s. Dwethe high temperature in the very

shallow iron, the iron oxides are in the form of®¢ This newly formed F£3; may stay



52

at the porous structure of the marble surface lssc#loe molten iron may penetrate it
during laser irradiation. As extra pulses are ianidon the marble, the marble surface
temperature is raised very slightly due to its Evsorptivity. At this time, the hematite is
heated mainly through heat conduction from the tearhus, the temperature of

hematite may be much lower than its vaporizatiomperature.
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Figure 3.10Simulated temperature history of the points onirthie corresponding to
the beam center under the fluence of 0.67 3(beam radius: 50m, encrustation
thickness: 12@m, 5% hematite).

3.6.3 Effect of graphite

Without graphite, the encrustation consists of 58métite and 95% gypsum. The
encrustation is irradiated by 8 pulses at 0.67 2amd 5 pulses at 1.3 J/gmespectively.
The color of original and cleaned marble surfaceswell as the encrustation are

measured and listed Table 3.2 respectively.
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Table 3.2Color measurements

Original marble Encrustation Marble cleaned by § Original marble Encrustation Marble cleaned by 3
pulses ai F =067 J/em? pulses at F= 1.3 Jenr”
AL §6.3633 66,8067 §5.00 §7.0067 66.8067 §5.67
M’ -1.2933 206333 -08 -1037 206333 0.5
Ap' -0.7633 109733 -021 -85 10,9733 -0.1933

AL: LightnessAa*: Red-Greenab : Blue-Yellow

In the case of two fluence levels, the lightnessleéned surface is very close to its
corresponding original value. Meanwhile, two ligiss differences between the cleaned
and the original surface are almost equal. Thisog@oty means the encrustation is
completely removed in both cases. BothAsf and Ab™ values are also close to the
original ones, and the signs are identical. Seait be concluded that there is no color
variation on the marble surface cleaned at 0.612J&nd 1.3 J/cfh The Raman spectra

measured on these two cleaned surfaces are shdviguire 3.11
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Figure 3.11Raman spectrum of marble surface after the renafhle encrustation
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without the graphite with different laser flueneeéls (Raman shifts are exited by the
514 nm CW laser at a power of 20 mW, the upperrgliee has an upward shift of 300
for the clarity).

Both of the Raman spectra are characterizeld thié bands of CaGJ158, 285, 711
and 1084 cil). No FeOs; bands at 224 and 405 ¢nappear. This indicates no Jg
exists on two cleaned marble surfaces. Without grephite, the hematite in the
encrustation is just heated, and then ablated. groisp of experiments indirectly verifies
that hematite is reduced by the graphite to prodhaceduring laser irradiation.

3.6.4 Effect of volume weight of hematite

Marble samples are covered with the encrustatiantaoeing 10% hematite, 20%
graphite, and 70% gypsum. These samples are atstiaited by 8 pulses at 0.67 Jfcm
and 5 pulses at 1.3 J/&mespectivelyTable 3.3lists the color measurements of original

and cleaned marble surfaces as well as the entansteespectively.

Table 3.3Color measurements

Original marble Encrustation Marble cleaned by § Original marble Encrustation Marble cleaned by 5
pulses ai F = 0,67 J/em* pulses at F= 1.3 Jien®
AL 89.3667 57.4067 820667 §8.2867 57.4067 86.51
Ad —1.3067 19.0167 -049667 -1.2833 19.0167 ~0.68033
Ab -1.79 13.4667 299333 —1.0333 13.4667 0.03

AL LightnessAa*: Red—GreenAb*: Blue-Yellow

The color variation of the surfaces cleaned at @/8#f and 1.3 J/cfis similar to

the corresponding color measurements shown inoge8t6.2.1. The only difference is
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the value ofAb™ after the irradiation of the pulse at 0.67 Jcihfurther shifts towards
the positive direction, which means the yellowirighee cleaned surface is aggravated.
Figure 3.12 shows the Raman spectra collected from these teaned surfaces.
Both samples have the CagBands of 158, 285, 711 and 1084 trdnly the sample
irradiated at 0.67 J/cirshows the F©; bands of 224 and 405 &mwhich indicates the

presence of K©; on the marble surface irradiated at 0.67 3/cm
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Figure 3.12Raman spectrum of marble surface after the renafhle encrustation
with 10% hematite with different laser fluence lsvéRaman shifts are excited by the
514 nm cw laser at a power of 20 mW, the greereddihe has an upward shift of 300

for the clarity, beam radius: 50n, encrustation thickness: 1gfh, 10% hematite).

The increased yellowing shift is probably due te kiigh volume weight of hematite
in the encrustation. Lee, et &.found that the reduction rate of hematite by giteptises
with the weight of hematite owing to the augmewotatof the interface area between

hematite and graphite. Therefore, increased iradlymstion results in an increase in the
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formation of iron oxides. Such experimental resufidicate the occurrence of the
thermochemical reaction to some extent.
3.6.5 Analysis of severely yellowing of marble 864 nm

In order to explain the severe yellowing of marbleaned at 1064 nm with the
proposed mechanism, the experimental parametete@pp Ref.14 are adopted in the
following analysis. The artificial encrustation ¢aims 20% graphite, 20% hematite, and
60% gypsum. The encrustation is removed by 10 op@8es at 0.5 J/¢nThe pulse
duration is 7 ns, and the repetition rate is 2 kzthe simulation, the beam size is
assumed to be 100 um in diameter, and the endorstdtickness is 120 um. The
properties of the encrustation are recalculateddas the new ratio of the ingredients.

Figure 3.13 shows the simulated temperature distribution ie #ncrustation
generated with a fluence of 0.5 Jfcat 7 ns. The ablation temperature of this
encrustation is assumed to be 2250 K. Clearlyteh®gperature in part of the encrustation
is in the range from 1818 K (melting point of,Bg) to 1650 K (melting point of FeO).
The smelting reduction of hematite by graphite rtelge place to form the iron in this

area.
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Figure 3.13Simulated temperature distribution in the encrimtaproduced by a 1064
nm laser pulse with the fluence of 0.5 Janthe end of pulse duration 7 ns (beam
radius: 50um, encrustation thickness: 1af).

Whether iron can be ablated by the last appliedepin the experiment is related to
the final presence of iron on the surface. Theef@n independent iron particle is
assumed to be irradiated by thé"Iulse and the J0pulse at 0.5 J/ctrespectively.
The absorptivity of iron at 1064 nm is around 0?31Similarly, the initial temperature of
iron is numerically calculated to be 700 K and 1¥6 the case of the ¥0pulse and
the 20" pulse, respectively. The simulated temperatur®tiof the point corresponding
to the beam center at the iron surface is showrigare 3.14 In both cases, the peak
temperature is lower than the vaporization tempeeadf iron 3134 K, which means iron
can not be ablated, just melted. After the pulsewvier, the iron requires almost one

second to cool. Then, the oxygen can react withhigle temperature iron to form iron

oxides. Hence, the marble surface becomes yellowée severe yellowing at 1064 nm
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may result from the generation of more iron oxitlee marble absorptivity at 1064 nm is

only 0.25°. However, the marble absorptivity at 355 nm igtgly higher. The marble-

absorbed heat may be helpful in increasing the ¢eatpre of the iron to its vaporization

point, and hence reducing the amount of the remgiition and then iron oxide in the

case of 355 nm.
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Figure 3.14Simulated temperature history of the point on tba corresponding to
the beam center by the laser pulses at the wawklefig064nm (fluence: 0.5 J/ém
beam radius: 5(m, encrustation thickness: 1gf).

3.7 Conclusion

S

The fluence levels affect the surface color of rwrhfter the removal of the

encrustation by 355nm laser pulses. During las@diation, some hematite may be

reduced by the graphite to produce iron. The ir@y foe ablated with the high fluence,

and left on the marble surface with the low fluendee iron oxides from the oxidation of
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the remaining iron may be responsible for the lidistoloration of the marble surface
cleaned with the low fluence. The laser-inducedpermature field is calculated with a
two-dimensional laser ablative cleaning model idoig the reaction heat to analyze the
kinetics of the thermochemical reactions. With tbes fluence, the removal of the
encrustation without the graphite does not causedastoloration to the marble, which
indirectly verifies the occurrence of the reducti@action of hematite. The higher the
volume weight of hematite in the encrustation, there yellow the marble surface
becomes, which implies an increase in the volume&hteof hematite increases the
reduction rate of hematite. The severe discolonatiomarble cleaned at 1064nm may be

due to the inability to ablate the iron producedhia reduction of hematite.
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Chapter 4

Mechanism and Prediction of Laser Wet Cleaning oMarble

Encrustation

4.1 Introduction

Artifacts and buildings, made of natural stoneshsas marble, are inevitably and
gradually covered by a thin layer of black encrtista The black encrustation must be
removed as it facilitates the degradation of tlenstand also decreases the aesthetic
value of the stone dramatically. At present, chaiateaning and mechanical cleaning
are widely used to remove the encrustation. Duégossible environmental pollution
and the strong dependence on the operator’'s tasbsiighe dominant status of chemical
and mechanical cleaning is challenged by lasenacigalrradiated by the laser pulse, the
encrustation can be ablated, but the stone renratenxst after the removal of encrustation
due to the large differences in their respectiviiecvities. This characteristic, called
“self-limiting”, is very helpful in implementing $a and accurate stone cleaning.

Since John Asmus in 1971 first proposed to applpuésed laser in cleaning
encrustations from marble, the effectiveness of Y& laser in the restoration of
various stoneworks has been implemented by the iveagsvestigations’. However,
there are some disadvantages. Pulsed lasers haseicteeded in removing very thick
encrustations. Cleaning efficiency is relativelyvldue to low ablation rates. The laser

pulse induced elevated temperatures can lead tesuratlle thermal side effects, such as
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red-shift and vitrification, on the cleaned surfactn addition, the stone surface displays
severe yellowing after the cleaning with a laset@4 nm?, and even the 355 nm laser
pulse at low fluence leads to the yellowing of stene®.

Many efforts have been made to investigate theiqudat contamination removed
from microelectronic parts with pulsed lasers. As timension of microelectronic parts
is constantly shrinking, their tolerance to paidize also decreases. Laser steam
cleaning has shown great potential in cleaning sctom-sized particles as the generated
cleaning force is much larger than in dry cleanikgm, et al, in 2004 investigated the
physical mechanism of laser steam cleaning. It pragen that the cleaning force comes
from bubble nucleation in the superheated liquidu, et al.in 1998 proposed a model to
calculate the cleaning force generated duringribeigl-controlled bubble growth

In this work, laser cleaning carried out right afeethin layer of suitable liquid is
sprayed onto the encrustation is referred to a la®t cleaning. A black encrustation
approximately 500 um thick was removed from limastdy a Q-switched Nd:YAG
laser at 1064 nm with the assistance of distilledew In the case of a thin encrustation
approximately 5Qum thick on limestone, the cleaning rate with wates higher than
that without water’. The application of water prevented the laser redapliocene
sandstone from any thermal side effect. It was @Wpesd that the water significantly
cooled down the irradiated volume because its 8pegteat is five times higher than
sandstoné. The measured reflectivity of wet encrustationsandstone was lower than
that of dry encrustation. This may contribute te iicrease in cleaning rate with water

Cooper,et al.in 1995 also found that cleaning efficiency wabanted in laser wet

cleaning of limestone in terms of the removed estation area due to water penetration
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into the porous encrustation. During laser irradrat the water in the pore would be
explosively vaporized by the heat transferred fithi encrustation, and generate large
transitive forces exerting on particles within tleecrustation. These forces were
sufficient to loosen the encrustation, which wasyvbkeneficial to laser cleaning
However, the working mechanism of water in laseanlng is still not very clear, and no
theoretical analysis has been performed.

In this work the mechanism of laser wet clegns proposed. Coupled heat and
(moisture) mass transport within the laser irragigborous encrustation is used to model
laser wet cleaning. The corresponding governingagos are numerically solved with
finite element methods to calculate the distributad temperature, pressure and water
volumetric fraction in the encrustation. The eféect distilled water, ethanol and acetone
on the cleaning efficiency of the encrustation frorarble are compared experimentally
and numerically. There is some agreement betweparexental and numerical values of
the cleaning efficiency. Also, the color of markl@faces cleaned by laser wet cleaning

is analyzed.

4.2 Mechanism of Laser Wet Cleaning

In laser wet cleaning, the thin layer of liquidsigrayed onto the porous encrustation
just prior to laser irradiation. Liquid penetratasd fills in the minute pores of the
encrustation. When laser irradiation starts, bb# éncrustation and liquid are heated.
Once the temperature reaches the boiling poiniqofid, it is vaporized immediately.
Since liquid is vaporized at a rate much highenthg migration rate, vapor pressure is
built up in the pore. If the pressure is largernttiae reduced tensile strength of the

encrustation at high temperature, the encrustatiay be stripped away locally. The
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stripping in turn will accelerate the heat transfethe encrustation and result in the new
establishment of the pore pressure at the deepelr Meanwhile, the ablation still plays
a role in the removal of encrustation.
4.2.1 Mathematic Modeling

During laser wet cleaning, laser pulses induce a@waporation of liquid and the
subsequent built-up pressure in the pore. Drivethbypressure gradient, the liquid and
the vapor are convected among the encrustatiors pott@ich affect the heat transfer in
the encrustation. Gypsum (Cag@H,0), the major encrustation ingredient, contains
21% chemically bound water by weight. Chemicallyid water is released into the pore
at 373 K and 573 K, respectively The absorbed laser heat is partly transferrexitim
encrustation by the liquid, vapor and encrustatiogether, partly absorbed by the
evaporation of liquid, and partly consumed by tlypsym dehydration. Accordingly,
coupled heat transfer and mass transport deterntimestemperature and pressure
distribution within the encrustation.

Coupled heat and mass transport in the porous satian is based on the averaging
of the quantities over a representative elementatyme (REV)’. The volumetric

fraction of each phase composing a REV with voliyme defined as
\V/
g =—,1=5s]1, 4.1
kv g (4.1)

where the subscripts |, andg indicate solid, liquid, and gay; is the phaseé volume.
The sum of the volumetric fractions of three phasesgual to 1. It is assumed that the
porous encrustation is full of liquid before theattiation. The encrustation porositys

calculated ag = ¢, +¢, ande, =1-¢.
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The following assumptions are applied: a) The tiggiincompressiblgy = constant.
b) Compared to the gas, the mobility of the ligisichegligible® c) No dry air stays in
the pore. d) The vapor phase is only liquid vapwdt the vapor is an ideal gas. e) The
encrustation is homogeneous and isotropic. f) Ldabarmodynamic equilibrium is
achieved. g) Except dehydration of the gypsum,therahermochemical reactions occur.

The mass conservation equation of gas is

2 (0,8, = -MHpN,) +T 4.2

whereVy is the gas velocity determined with Darcy’s lawf@iws,
K
V =-00—P) (4.3)
vV

whereK andv is the permeability and dynamic viscosity of tteger, andP is the pore

pressure. Vapor densipy is calculated with the Dalton equatign,= M%T, whereR is

universal gas constanil is molar weight of vapor, and is temperaturel” is the
evaporation rate of liquid.

Based on the enthalpy balance, the heat conduatidrconvection in the encrustation
is governed by

T
PC, 5 * Py, CoVT = DIKT) (4.4)

wheret is time, andpC, is the effective heat capacity for the porous esiation,
calculated aspC, = (1-¢£)p,(C, + EAh,) +£ p,(C, +FAh) +£ p (C , +FAh), where
pi andC,; are density and specific heat of the corresponghmages, respectively. 4hq

and 4h are the reaction heat of gypsum dehydration aedldatent heat of the liquid
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vaporization, respectivelf¥t andF are the derivative of solid and liquid phase vcétnic

fraction variation with temperature, respectivele effective thermal conductivity for
the porous encrustatidnis defined ak = (L-€)k, + &k, +&k,

Only if the evaporation rate of liquifl is known, temperature, pore pressure and
liquid volumetric fraction can be solved from eqaat(4.2) and(4.4). In most coupled
heat and mass transport models, a set of sorptimhdarms is adopted to describe the
dependence of water evaporation on temperaturepaessure’® > *® The accurate
sorption isotherms are rather difficult to measurberefore, the evaporation rate of
liquid is assumed to be related to the ratio ofwlgor pressure to the saturated pressure
at the corresponding temperature in some mddefs However, such a definition makes
the accuracy of evaporation rate heavily reliantr@nestimated evaporation rate constant.
In this work, considering the laser pulse to beorsjly instantaneous, the vapor
volumetric faction is defined as

£, = &U(T = Tpus, AT) (4.5)

rans?

where U is a step function whose value is zeroTat T,

trans

-AT , is equal to 1 at

T=2T,

trans

+AT, and is uniformly distributed in the range frofTians t0 T+Tyans -
i =&- _u _Ttrans’ AT
Therefore, one obtaing =¢£-¢, andF = T %T.

The encrustation porosityvaries with the dehydration of gypsum, as

£= EO + IOWateI’5$W (46)
Ps

whereg is initial porosity, the effective density of wagaeris 21% of water density,

osw IS the released water fraction, defineddgs=¢éU (T -T,,..,AT , whereU is also a

rans’

step function, coefficient is equal to 0.75 and 0.25 &tans Of 373 K and 573 K,
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respectively. The encrustation dengityis equal tQo, = 0, = Oyater©:

sw!

wherepg, is the
initial encrustation density.

The initial conditions are assumed to be 300K , P =10132%a=1atm, ¢, =¢,
and ¢, =0. On the laser-irradiated surface, the boundaryditom is specified as
-KOTH=1+hT-T,), P=10132Fa=1atm, ¢ =0 and &, =¢, wherefi is the
outward unit vector of the surface, the heat tmansfcoefficient h is
h=h_+oeT+T,)(T>+T2?), h. is the convective heat transfer coefficieatjs the

Stefan-Boltzmann constant aads the emissivityT., is the environment temperature of

300 K. is the absorbed laser fluence, calculated a1 , expt r%z), whereq is the

surface absorptivitylp is the incident fluencdy is the beam radius,is the distance of the
irradiated point to the beam center located atsyrametrical axis. On the non-laser-
irradiated surface, the boundary conditions ardiegpl = 300 K,P =10132%a = latm,
& =0 and ¢, =¢.
4.2.2 Numerical Analysis

The coupled PDE equatioi.2) and(4.4) with boundary and initial conditions are
solved through finite element methods. FEMLAB 3.@ftware is used. A two-
dimensional axial symmetrical model with the dimens of 200umx120um is
established. The mapped mesh with two-directiorad I3 created in the model, shown in
Figure 4.1 The application modes of transient conduction eodvection, as well as

Darcy’s law in chemical engineering module are aedp
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Figure 4.1 Schematic of the established model for laser westrihg.

In the model, a smoothed Heavyside function wittpatinuous second derivative,
flc2hs, is chosen as the step function U. In thee aaf vaporized liquid (vapor), d.sare
set as 423 K, 401 K and 379 K for water, ethandl @aretone, respectively, and is 50
K. It is assumed that the water vaporizes starfrogh 373 K and all of water is
vaporized at 473 K well below the critical pointwéter, 647K, because laser heating is
extremely strong and fast. Similarly, the evaporabf ethanol and acetone is assumed to
take place within the range from 351 K to 451 K &woan 329 K to 429 K, respectively.
Concerning gypsum dehydrationgalsis set as 398 K and 598 K for two dehydration
reactions, respectively, anT is 25 K.

Due to the constraint of the software, the laséatald part cannot be removed from

the calculation domain. To decrease its effect lom ¢alculation results, the thermal
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conductivity in the ablated element is assumedead®00 WritK™ once this element
temperature is larger than the evaporation point.

All thermodynamic data of liquids comes from Ref. IThe specific heat and
dynamic viscosity of ethanol and acetone vaporcateulated by the method of Joback
and the method of Chung, respectivély In Ref. 20, the permeability of unfractured
metamorphic rock ranges from ¥0to 10%°. Marble belongs to metamorphic rock.
However, the marble encrustation is mainly consduby softer and water-soluble
gypsum, so the porosity of encrustation becomegetarThe permeability of the

encrustation is assumed to decrease to 1%10

4.3 Experimental Conditions and Material Characteizations

The studied sample is Italian white Carrara mavit a honed surface. The sample
is a cubic 15mm long, 15mm wide and 9mm thick. Wftle concern of numerical
calculation accuracy, the marble is covered with dtificial encrustation, a compound
of 5% hematite (F£3) powder, 20% graphite powder and 75% gypsum @G49l. The
average encrustation thickness is approximatelyri®ons. The formation method of
the encrustation is introduced in details in Ref. 4

Laser wet cleaning is performed with a Q-switchedYMG laser at 355 nm in open
air. The pulse duration is 50 ns. Other technipaicgications for the laser are given in
Ref. 4. All cleaning experiments were conductechwitlaser beam with the diameter of
100 um. A thin layer of liquid is sprayed onto #mecrustation every 2 seconds to assure
the encrustation is wet. The compressed air is yawrAowing onto the focusing lens
during cleaning. Thus, the focusing lens is praectrom the attachment of ablated

particles, and the wet encrustation cannot be bldwn
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The SEM image of the encrustation presentedigure4.2 reveals the artificial
encrustation is a porous structure. Porosity measant is based on Archimedes’
principle. The mixture including the same ingredsens the artificial encrustation is
brushed onto the bottom of a 60 mm dish layer pgdauntil reaching the thickness of
2.5 mm. This dish with the sample is weighed witthigital balance. Distilled water is
then poured onto the sample surface very slowlmadke sure the water fills in all the
fine pores in the sample. The dish with the sarfdleof water is weighed again. Since
the density of water is close to 1 kd/rthe ratio of the weight difference to the known

sample volume is equal to the porosity of the sampl

Figure 4.2SEM image of the artificial encrustation on marble.
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A chromameter (Minolta CR-300) and surface enharRathan spectroscopy are
employed to measure the surface color and constgu&heir detailed introductions are

in Ref. 4. SEM is used to take the image for ther@station coated with silver.

4.4 Results and Discussions

4.4.1 Effect of distilled water on the cleaning@&éncy
4.4.1.1Experiments

In the present work, the cleaning efficiency is a@ted as the weight of the
encrustation removed by one single pulse. To isar¢ae weight variation of the cleaned
sample between pre- and post-laser cleaning, adker of encrustation in two circular
areas with the diameter of 5 mm is removed. Therlpsises irradiate the encrustation
along the circular orbits from the outside to thside. The pulses have an overlapping
rate of 50% to reduce the effect of the GaussiaambeéAt the specified beam center
locations, only one single pulse is deposited dht encrustation. After two circular
areas are irradiated once, the samples are wegtedompared with the initial weights.
The sample weight difference divided by the numidfedeposited pulses, namely 16002,
is equal to the ablated encrustation weight by gingle pulse. In laser wet cleaning, the
cleaned samples are not weighed after being dried.

Considering the ablation thresholds of encrustagiod marble at 355 nm, 0.45 Jfcm
and 2.5 J/cr) respectively’, laser fluences of 0.49, 0.67, 0.95, 1.3, and 1/4Bf are
applied to ablate the encrustation without or wdiktilled water. The corresponding

ablated encrustation weights by one single puleeampared ifrigure 4.3
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Figure 4.3Comparison of the ablated encrustation weight ysingle pulse at
different fluence levels without and with distilledhter.

Obviously, the use of water enhances the cleanifigemcy at every fluence level.

White paper is put around the work stage duringegrments to collect the encrustation
debris. Some debris shownHkigure 4.4ranges approximately from 100 to 200 pm. This
rather large debris is most likely produced by ¢herustation stripping due to the vapor

pressure.
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Figure 4.4Images of debris collected during laser wet clegugxperiment.

In addition,Figure 4.3 indicates the increase in cleaning efficiency wita distilled
water as the fluence level increases. The posealgon is that the high fluence leads to
high temperature and much stronger pressure. Mergtive water in the deeper pores
can be heated by the high fluence, so the vapsspre may be established there as well.
4.4.1.2 Simulated distribution of temperature, poes and water volumetric fraction
within the irradiated encrustation

Assume that one single pulse at different fluencadiates the encrustation. On
average, the measured porosity of the encrustai@pproximately 0.473-igure 4.5
shows the surface contours of temperature, wateimetdric fraction and pressure at 50
ns produced by the pulse at 0.67 Jémthe partial irradiated encrustation (10 pm x 98
pm). In the temperature contour, the red arrow®tdethe total heat flux. Two isotherm
lines correspond to 2160 K and 373 K, respectivEhe isotherm line of 2160 K is at the
very shallow location, which means very little bftencrustation is thermally ablated.
The isotherm line of 373 K indicates the water e ppores about 2.5 pm below the
irradiated surface starts to vaporize. The distidouof water volumetric fraction agrees
with the temperature contour. At temperatures be3@® K, water fills in the pore, and
the water volumetric fraction equals to the porosit0.475. At temperature above 373 k,
all of water is vaporized in the majority of theear The evaporation only exists in the

very small area.
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Figure 4.5 Surface contours of (a) temperature with total fleat (b) water
volumetric fraction and (c) pressure at 50 ns peediby the pulse at 0.67 Jfcin the
partial encrustation (10 pm x 98 pum).

The pressure contour shows the pressure is huilh the area at temperature above
373 k, encircled by the isotherm line of 373 Kitie area without water vaporization, the
pressure is still equal to one atmosphere. The mmalxpressure is marked. Obviously, its
location is very near the start line of water vagation. The pressure gradually decreases
from the deep to the shallow area, which driveswlager vapor to flow towards the
encrustation surface and escape into the air. ditiad, the maximal pressure approaches
over 7.7 atm. Since the encrustation is artifigiallade, its tensile strength is assumed to
be very low, approximately 3-4 atmosphere. Accagtyinthe maximal pressure may be
large enough to spall the encrustation off.

The time history of temperature, pressure and waikmetric fraction at the point
with the maximal pressure at 50 ns is showirigure 4.6 In the first 20 seconds, the
absorbed laser heat is not transferred to thistpaimd has a negligible effect on its
temperature. This point is heated within the follogv30 seconds of the pulse duration.
However, after 50 ns, its temperature continuesgst® due to the heat transferred from
the top area with high temperature. Below 373 I¢, water volumetric fraction is equal
to the porosity. Once the temperature reaches 37&& water volumetric fraction
increases slightly due to the compromise of theoxiapd water and the released water
from the gypsum dehydration. Then, after the cotiguieof the gypsum dehydration, the
variation of water volumetric fraction only reflecthe extent of water vaporization. At

473 K, all of the water is vaporized.
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Figure 4.6 Simulated time history of temperature, pressureveaigr volumetric
fraction at the point with the maximal pressur&@ns in the encrustation irradiated at
0.67 J/cr.

The pressure starts to build-up at 373 K. The pedike of pressure is located at the
interface between the dry and wet encrustation thightemperature of 475 K. In addition,
the pressure increases with the temperature dilasgy irradiation. The temperature still
increases after the laser irradiation, yet the ques decreases. In the former case, the
increase in pressure is attributed to the vapaozaif more and more water. In the latter
case, the limited pressure increase resulting trarslow heating cannot compensate the
pressure decrease caused by the strong gas movepveanids to the surface.

Figure 4.7 shows the time history of temperature and pressut®o points along the
symmetrical axis with the depth of 0.1 and 1 pmpeetively. InFigure 4.7(a) the point

at the depth of 0.1 um (z =119.9 um) is heatedoupl60 K at approximately 35 ns.
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After 35 ns, its temperature fluctuates around 2K60vhich means this point is within
the area that is thermally ablated. Concerningpthiet at the depth of 1 um (z =119 um),
its temperature increase starts at about 7 ns amithaes until 50 ns. After the end of
pulse irradiation at 50 ns, its temperature com&io increase due to the heat transferred
from the adjacent area of higher temperature, hed tecreases. The model described in
Ref.4 is adopted to calculate the temperature mediat the same fluence as 0.67 3/cm
without the assistance of water. The correspondemgperature history at these two
points is also shown ifrigure 4.7(a) It is observed that the temperature produced
without water is higher than that produced with evatiemonstrating water with a high

specific heat, cools the encrustation.
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Figure 4.7Simulated time history of (a) temperature and (espure of two points at
the symmetrical axis produced by the pulse at 0/6f.

In Figure 4.7(b), both pressures at the two points are establiah8@3 K. The peak
pressures of the points at 119 um and 119.9 uneapp&26 K and 815 K, respectively.
Below 526 K and 815 K, the pressure increases moniisly. Above 526 K and 815 K,
the pressure gradually decreases.

The history of the velocities at the depth andahdirection of the point at z = 119
pum is presented iigure 4.8 The radial velocity is much smaller than the eéioin
the depth direction. It can be reasoned that tnwextion of water vapor along the depth
direction is much more intense due to the enornpoessure gradient along this direction.

As vaporization starts, the negative vapor velogityhe depth direction represents the
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vapor moves downward due to its pressure lower tharpressure of the upper nodes.
Then, until 526 K or 815 K, the positive velocityeans the vapor moves upward from
the liquid surface and is accumulated in the pafter that, the vapor starts to move out
of the pore and towards the irradiated surfaceclis verified by the positive velocity

and the decreasing pressure.
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Figure 4.8 Simulated time history of vapor velocity of the pioat the symmetrical
axis (z = 119 pm) produced by the pulse at 0.6m%/c
The vapor, which escaped from the deeper poresneels the local pressure. On the
other hand, the exiting of vapor further reduceslttal pressure. Accordingly, the local
pressure fluctuates and also leads to fluctuatfoth® velocity. However, the velocity
fluctuates around a constant value. This is becthesfluctuating pressure decreases but

the pressure gradient remains constant. Theren@ieeable fluctuation occurring as the
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pressure increases, shownFigure 4.7(b) However, the velocity does not follow this
pattern. A possible explanation is that the lowesspure is built-up during the initial
water evaporation at a deeper level, and as atrdgsupartial vapor flowing downward
causes the pressure to fluctuate.

It can be seen iRigure 4.7(b) that the pressure at 119 um is always higher tthain
at 119.9 um. The vapor at the shallow depth esca@sty/, and thus the pressure is hard
to be built-up. The opposite is true for the dequents.
4.4.1.3Calculation of the ablated encrustation weight bg single pulse

The pressure profiles along the symmetrical axiglpced at fluences of 0.49, 0.67,
0.95, 1.3, and 1.45 J/énmat 50 ns are shown iRigure 4.9. The pressure field extends
with fluence. The higher the fluence is appliede targer the heat-affected zone is
generated. Therefore, more water reaches the p@bmt, and then the pressure is built-
up in a larger region. The induced maximal pressureeases with fluence as well. At
high fluence, the water is vaporized much morelduidue to the high heating rate. Thus,

the intensified amassment of the vapor promotaa@ease in pressure.
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Figure 4.9Comparison of the pressure profiles along the sytmoa¢ axis at 50 ns
produced by the different fluences.

The pressure contours produced at 0.67 2J&trh0, 30 and 80 ns are showrFigure
4.1Q It can be seen that the maximal pressure at@,G@and 80 ns are about 6.5, 7.1,
7.7 and 4.9 atm, respectively. The maximal presappears at 50 ns during laser wet
cleaning. The increase in pressure with heating tiesults from vapor formed at deeper
level being trapped and not being allowed to est¢hpmugh pores. At 80 ns, the heat

transferred from the above hot area still can viapothe water, yet the generated

pressure is relatively low due to the slow heataitg.
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Figure 4.10 Surface contours of pressure at (a) 10 ns (b) 30)r80 ns produced by

the pulse at 0.67 J/érin the partial encrustation (10 um x 98 pm).

Suppose that once the maximal pressure at 50 ree@xsdhe tensile strength, the
whole encrustation with the diameter of 100 um &dbne point with maximal pressure is
completely removed. Accordingly, the ablated enericsn weight per pulse can be
predicted. The experimental and simulated ablatextustation weights by one single
pulse are compared iRigure 4.11 The simulated values have the same trend as the
experimental values. Also, the former is ratheselto the latter. Therefore, the proposed

model is validated by the experiments to some éxten
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Figure 4.11Comparison of the experimental and simulated afhlaterustation
weight by one single pulse at different fluenceelewvith distilled water.

The discrepancy between the simulated and expetahablated weights is due to
the shortcoming of the present model. In realitythiaa layer of encrustation may be
stripped away at 10 ns due to the high pressuren,Tthe laser beam irradiates the newly

exposed surface and establishes the pressure &ifawever, the present model cannot
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exclude the removed part from the calculation doama@he discrepancy is aggravated
with the fluence, which further reflects the inapgmiate treatment of the pressure-
removed part because the enhanced pressure blydéined plays a more important role.
Future research will improve the model in this &spe

4.4.2 Effect of other liquids on the cleaning efficiency

Liquids with thermodynamic properties differentrfrdhat of water have a different
effect on the laser cleaning process. Ethanol aetoae are applied to assist the laser
ablative cleaning. Both have very similar thermaainic properties except that the
boiling point and vaporization heat of ethanol higher than that of acetone. However,
their boiling point, specific heat, thermal conduity and vaporization heat are lower
than that of water.

To rather accurately determine the cleaning efiicye the experimental strategy
described in section 3.6.1 in chapter 3 is followesker cleaning with ethanol or acetone
is performed at fluences of 0.49, 0.67, 0.95, arf®} 1.45 J/ch respectively. The ablated
encrustation weight by one single pulse with desfilwater, ethanol and acetone are
compared inFigure 4.12 At the same fluence, the ablated weight with @uoetis the
largest, that with distilled water is the smallemtd that with ethanol is in the middle.
Though the ablated weight is enhanced with thenftean all three cases, the increase in

the ablated weight with acetone, ethanol and watein the order of decreasing value.
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Figure 4.12Comparison of the ablated encrustation weight gysingle pulse at
different fluence levels with different liquids.

The likely reasons for the enhanced cleaning efficy of acetone are now explained.
The simulated pressure profiles along the symnategis produced at 0.67 J/Emith
distilled water, ethanol or acetone at 50 ns arapared inFigure 4.13 Obviously, the
vapor pressure is built-up in the deepest and widesa in the case of acetone. Its low
thermodynamic properties lead to heat being trarestidfurther and faster. Thus, acetone
is vaporized in many more pores. In addition, teakpvalue of the pressure induced by

acetone is largest partially due to the higherihgatte.
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Figure 4.13Comparison of (a) temperature and (b) pressurelgsailong the

symmetrical axis at 50 ns with the pulse at 0.6@Jvith different liquids.
4.4.3 Effect of liquids on the color of cleaned surface

To measure the surface color of cleaned marbleiralar encrustation with a

diameter of 9 mm is removed to fit the 8 mm meawar@ spot of the chromameter. The
method for removing the circular encrustation dégd in section 3.6.2.1 in chapter 3.
Zhang, et al., in 2007 found that the marble sefaecame slightly yellowed after
cleaning with the 355 nm pulse at 0.67 J/énfor the comparative analysis, a fluence of
0.67 Jicrh is applied to clean marble with liquids. The emstation is completely

removed by 8 pulses without liquids, 6 pulses wiitilled water, 5 pulses with ethanol



87

and 5 pulses with acetone, respectively. This akftects the improvement in the
cleaning efficiency of wet cleaning.

The color measurements of the original and cleanatble surface as well as the
encrustation are listed imable 4.1 All color data is the average of 5 independent

measurements.

Table 4.1Color measurements

Original  Encrustation Marble cleaned by &riginal  Encrustation  Marble cleaned by 6

marble pulses at 0.67 J/dm marble pulses at 0.67 J/ém
with water
AL" 90.8433 59.3900 84.2767 84.9433 59.3900 82.8167
Aa -1.0333 11.2167 -0.2033 -1.1427 11.2167 -0.0282
Ab  -0.9400 13.9633 1.8933 -0.7917 13.9633 -0.0690

Original  Encrustation Marble cleaned by riginal  Encrustation  Marble cleaned by 5

marble pulses at 0.67 J/dm marble pulses at 0.67 J/dm
with ethanol with acetone
AL" 85.1453 56.2100 83.1182 87.0710 56.2100 84.0112
Aa -0.9895 10.5608 -0.0531 -1.1621  10.5608 -0.0451
Ab  -1.0920 8.9632 -0.0484 -1.1217  8.9632 -0.0715

AL: LightnessAa*: Red-Greenab : Blue-Yellow

Figure 4.14shows the lightnesa\[*) and blue-yellow (b’) coordinates in the 1971
CIE L'ab color space. Concerning the encrustation, the rdightness denotes the

black appearance of the encrustation due to thghiiea The positivé\a andAb reflects
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the encrustation color is inclined to the rednesd gellowness due to the dark-brown

hematite in the encrustation.
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Figure 4.14The variation of two color coordinates of marbleface cleaned at

0.67J/cr without or with different liquids.

Four cleaned marble surfaces are very close tootiginal ones in the lightness,

which implies the removal of the encrustation. Tigktness difference between a marble

surface cleaned with liquids and the original stefais less than that between surface

cleaned without liquids and its original surfacéhisTmeans the encrustation may be

completely removed in the former case. WithoutitiguAa of the cleaned surface is

close to the original value and has the same sign. Ab of the cleaned surface is

positive, which indicates the surface becomes #igfellowed. With liquids, botta

andAb’ of the cleaned surfaces are close to the origialaies and have the same sign. It
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can be concluded that there is no discoloratiorthensurfaces cleaned at low fluence
with liquids.

The Raman spectra obtained on four cleaned surf@ic&€44 nm are presented in
Figure 4.15 All sample preparation and the set-up of the Ramsatrument are same as
that in the chapter 3. The spectrum of the surfdeaned without liquids consists of
bands of CaC@at 158, 285, 711, 1084 ¢hi' and bands of ;6 at 224 and 405 ch2
Yet, the spectra of the surface cleaned with ligwodly have the bands of CagQhe
CaCQ bands in four spectra indicate the marble surfactesxposed after the removal
of the encrustation. The H¥®&; bands reflect F©; still resides on the surface cleaned

without liquids, and is responsible for the slightellowed surface.
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Figure 4.15Raman spectra collected from marble surface clean@db7J/crh
without or with different liquids (Raman shifts aaetivated by the 514 nm cw laser at a
power of 20 mW, the red, blue and cyan lines hawvepvard shift of 500, 400 and 200

for the clarity, respectively).
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In laser wet cleaning, since liquids consume thgerlaheat absorbed by the
encrustation to raise the temperature and vapotlze, entire temperature field is
decreased in the irradiated encrustation. Thisbit#hithe reduction of hematite by the
graphite. In addition, the majority of the encrtista is stripped away by the vapor
pressure. The maximal vapor pressure takes plateednhterface between the dry and
wet encrustation, which is much lower than the tatafront in the encrustation. The
stripping of the encrustation by the vapor presstizets very near the interface. Even if
some hematite is reduced to iron, the iron carakert away by the stripped encrustation.
Thus, there is no the possibility for the iron étlon the marble surface and then is

oxidized by air after the laser irradiation.

4.5 Conclusions

The enhanced cleaning efficiency of laser wet dfegnin the case of the stone
encrustation, is due to the generation of vaposquee. The liquid in the encrustation
pores is vaporized, and the accumulated vapor sgglacbuild-up of pressure. Once the
pore pressure exceeds the tensile strength ofmitreigation, the encrustation is stripped
away. The established model describing coupled thaasfer and mass transport in the
porous structure can simulate the distributionemhperature, vapor pressure and liquid
volumetric fraction in the encrustation produced thg laser irradiation. The model-
predicted ablated encrustation weight by one sipglse agrees with the experimental
values to some extent. The difference in the cteqeifficiency between laser wet and
dry cleaning increases with the incident fluenche Tuse of liquids with low boiling
points and specific heats in laser wet cleaningi@se beneficial to boost the cleaning

efficiency. With the assistance of liquids, no discation occurs on the surface cleaned
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by the 355 nm pulse with the low fluence. The ifoym the reduction of hematite by

graphite is taken away by the pressure-induced vahaj the encrustation.
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