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Abstract

Enhanced Raman Effect On MBE Grown Semiconductor Quantum Dots

By Richard Livingstone

Advisor: John R. Lombardi

Using Surface Enhanced Raman Spectroscopy (SERS), | observed Raman
enhancements (£A.0°) for pyridine, 4-tertbutylpyridine and other biological molecules
adsorbed on a IlI-VI semiconductor CdSe/ZnBeSe sample of uncapped self-adsembl
guantum dots produced by molecular beam epitaxy. When a monolayer of Raman active
molecule is adsorbed on these structures, excitation at 488 nm produces intense Raman
spectra and a very large enhancement of thig and b modesThis indicates the
presence of charge-transfer as a contributor to the enhancement. Furthgrenore
excitation wavelength is in the vicinity of several interband transitiorsgdddooth in the
guantum dots and the wetting layer, and it is likely that these resonarxesraisbute
to the enhancement factor. The observed enhancement is among the largestoret see
semiconductor quantum dot systems and is the first obseved on MBE grown quantum

dots.

The observed Raman spectrum shows several differences frorarthal Raman
spectrum, and is closer in some ways to the SERS observed on Aguigieso Among
other things, the prominence of non-totally symmetric lines atdgcthe importance of
charge-transfer contributions to the overall enhancement. In Ag nactp&ERS, both
the charge-transfer and surface plasmon resonances have been showesmmbsible

for the effect. However, in semiconductors, the excitation wavdisraye far from the



region of surface plasmon resonance for CdSe and so the magnitudkeaot@ment
must be attributed to other possible resonances.

Bandgap dependence studies using 4-tertbutylpyridine on semiconduatdum
dots with varying bandgap energies, indicates that transitiondhietob&ndgap are
important contributors to the overall enhancement, and may possibly bdegges a
replacement for the surface plasmon resonance so important idian8ERS. As in
SERS, however, the observation of non-totally symmetric bands indiadtiésonal
contributions from charge-transfer resonances. It is most likelynzbination of these

two effects which is responsible for the rather large enhancements obiserged
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Chapter 1. Introduction

The discovery of useful applications of two-dimensional (2D) quantum well
heterostructures in the early 1980's resulted in the exploration of other hattuossr
with reduced dimensionality such as quantum wires and quantum dots (QDs). However it
was not until 1982 when Arakawa and Saka#feoretically described the effects of size
guantization on three dimensional systems, as artificial atoms with tieoakeconfined
in all three dimensions, these heterostructures were first referredjt@misim dots.

Their experimental studies allowed insight into the structure and apptisatf QDs and
demonstrated valuable advantages of these quantum-size heterostructuegs in las
applications, including huge increase in the material gdower lasing threshold current,
and reduction of temperature influence in the device performdihese discoveries led
Ekimov and Onushchenkto fabricate the first semiconductor dots based on II-VI
micro-crystals in glass matrix. The quality of the structure'sfaterbetween the glass
and semiconductor dot was low, and therefore restricted its applicationsd@lolloi
quantum dots, such as Cdsad Cd$which have been extensively fabricated, solved
the problem of low quality dots found in the glass matrix of solid state semiconductor
dots, however, new problems such as the size dispersion, and stability of some of the
semiconductor colloidal solutions arises.

The revolutionary development of new growth techniques such as molecular
beam epitaxy (MBE) and metal organic carbon vapor deposition (MOCVD), led to
greater control of the growth process of these semiconductor quantum dots, giviag rise
guantum dots with a variety of physical and chemical properties. The MBE growth

technique allows the fabrication and study of spontaneous QD formatisnself-



assembling technique used in fabricating nanoscale islands led to a breakthi@gh in
devices, specifically, in the laser applications.

Low dimensional structures with new optical and optoelectronic applications,
such as quantum dots fabricated from II-VI semiconductors using MBE technicques, ar
of special interest, due to the higher exciton binding energy and the large ematgy ba

gap of these materidlsThese wide band gap quaternaryX(Zd; Mgl_x_ySe) material

system, can be grown lattice matched to the InP substrate giving risede selection
of band gaps, 2.1 eV to ~3.6 &Y covering most of the visible spectrum and the near
ultraviolet region. This variation in band gap properties allow these quantum tbrhsys
to be used as cladding and waveguides in laser diodes (LD) and light emitting diode
(LEDs) designs.

The nature, importance and invaluable applications of semiconductor quantum
dots, in recent years, resulted in increasing interest in monodispers&unanoss, either
in gas phase studies, colloidal suspension, or implanted on solid surfaces. Thit igsear
of special interest in the field of semiconductors, where nanocrystalsdisfgay
discrete, atom-like valence (hole) and conduction (electron) levels due to quantum
confinement effecfs Quantum dots are possible building blocks for novel electronic as
well as photonic devices, for example both a single-electron trafsiste light
emitting diodé® have been constructed from a CdSe quantum dot. Quantum dots have
also found application in the field of biosensdré The performance of these devices
depends critically on the properties of the surface features, their shhdatails as well
as the optical and electrical responses. It is therefore of interest tweegpectroscopic

means of determining these properties.



Raman spectroscopy as a surface spectroscopic probe has several potential
advantages such as high spectral resolution and the ability to probe interfacegeklow
the low intensity of normal Raman scattering has prevented its wide djoplita
surface studies. Under normal conditions for vibrational studies of adsorbed species,
Raman scattering is too weak to be detectable. To overcome theseaagasirattrface
enhanced Raman scattering (SERS) has found usefulness in providing surface and
interface Raman studies in metals. The SERS effect is characteriaeacebprmous
increase in the Raman intensity by many orders of magnitude for spesielsextion
rough metal surfaces compared to that obtained from the same number of matecules i
solution or the gas phase***>*® Typical enhancement factors obtained on a roughened
Ag surface are on the order of"1The enhancement process is generally accepted as
having several mechanisms contribute to the overall enhancement of the Raman signal
Electromagnetic theories predict that the electric field at thel swetface becomes very
large when excitation takes place within surface plasmon resonances of thenexlig
features. The chemical enhancement mechanism is generally mentiondthagea
transfer process.

As surface spectroscopy, the SERS technique has as number of important
advantages: sensitivity, selectivity, non-destructive detection, andiiéagor in-situ
studies. Besides, this spectroscopy enables the determination of detailea@tivioabout

adsorbed species like their molecular structure and orientation .



1. 1 Objectives of Thesis

This dissertation presents a summary of the MBE growth process andtthe firs
detail report of surface enhance Raman spectroscopy characterizatidh wide
bandgap semiconductor quantum dots. Also discussed is an atomic force microscopy
(AFM) technique used to measure the size and density of dots on the surface. The probe
molecules used were pyridine, 4-tert-butylpyridine, tyrosine, tryptophan anthade
Two types of self-assembly semiconductor quantum dots were used in this study. The
first was CdSe/ZnBeSe, (with x =0.03 which allows near lattice match between the
GaAs and the ZnSe layer), resulting in the formation of quantum dots with fixed
bandgap. The other was CdSe quantum dots fabricated on a quaternary layer of
ZnCdMgSe. Varying the Mg deposition temperature resulted in the fabnaati
guantum dots with different bandgap.

4-Tert-butylpyridine (4tBP) was chosen a probe molecule, since it iS SE®R/e
in the environment and it was originally believed that the bulky t-butyl addendum would
tend to slow the possible ripening efféaif the quantum dots, and protect against
oxidation. However, since SERS of 4-tert-butylpyridine adsorbed on silver was not
previously reported, and assignments of Raman signal from 4-tert-butyygyadiQDs
were to be based on comparison to the molecule adsorbed on silver, reported in this
dissertation for the first time is the normal Raman and SERS of 4-tefipyondine on
silver electrode.

Also presented is a brief discussion of the roll of SERS in art.



The experiments conducted during this research not only prove that SERS
technique is a very useful tool in characterizing wide bandgap quantum dots, but also

reinforce the roll of charge transfer in the overall contribution to Raman enhariceme

1.2 Thesis Structure

The remainder of this thesis is arranged as follows:

Chapter 2 presents a brief definition of a quantum dot and the general MBE
growth process involved in fabricating these quantum dots along with the instrtiorenta
and principles involve in AFM of the dots. Also discussed in detail is the concept of
Raman spectroscopy and instruments used in the experiment, to the extent of i
application in this research.

Chapter 3 gives a detail description of observation of surface enhancememt Rama
signal from pyridine molecules adsorbed on a self-assembled CdJ@éZBe. Also
discussed in this chapter is the specific growth process of these fixed bandgtapnqua
dots and the use of AFM spectroscopy to measure the size and density of the dots. A
detail discussion of the results is also presented.

Chapter 4 describes the SERS of 4-tert-butylpyridine on a silver elecitodg,
with the normal Raman spectroscopy of the neat liquid. Voltage dependedygyast a
detail discussion of the result is presented.

Chapter 5 presents an in depth study of surface enhancement Raman signal from
4-t-butylpyridine molecules adsorbed on a self-assembled CdSe/ ZnCdMgSe aahcapp
guantum dots grown by molecular beam epitaxy (MBE). The effect of varying the

guaternary bandgap on Raman signal, by changing the deposition temperature of in



magnesium is also described. Also discussed in this chapter is SERS of biiologica
molecules (adenine, tyrosine, and trytophan) adsorbed on these self-assembled MB
grown quantum dots.

Chapter 6 describes application of Raman and surface enhanced Raman spectra
for flavone and several hydroxy- derivatives on silver colloids and silverades. A

comparison of use of flavone and it's hydroxy derivatives in textile artagetsented.



Chapter 2. Background and Experimental Techniques

2.1 Quantum Dots

A quantum dot is a semiconductor with it's excitons confined in all threelspatia
dimensions. Figure 1 shows a schematic diagram of the derivation of a quantum dot. We
start with a crystal structure, example GaAs crystal, which is dkiiméhree dimensions

X, Y, Z represented in figure 2.1.

1-D quantum wire structure
GaAsin AlGaAs matrix
()

3-D crystal structure (eg GaAs)

)
N—1

0-D quantum dot structure Spatial
confinement in all 3 dimension

4
= n

X
5 N\
2-D quantum well structure,
GaAs separated byAlGaAs

Figure 2.1showing the schematic derivation of the quantum dot from bulk 3-D

structure



This crystal has electrons that are free to move in the conduction band.dbertea
third dimension (z) until this structure is similar to the wavelengtheog&tactron, results
in a confined heterostructure in one dimension. This is the case of a quantum well, for
example GaAs well with barriers of AlGaAs. Repeating this processanither
dimension, will result in a heterostructure confined in two dimensions, in wiech t
electrons move easily in 1 dimension seen in GaAs quantum wires in a matrix of
AlGaAs. Decreasing the third dimension, yield a structure confined ie thneensions.
This structure is called a quantum dot.

The physical properties and quantum characteristics of these nanostructures, can
be derived by examining the size of the periodic potential when reduced in anstm
to a length (L), where the electron has discrete energy’Statékis dimension rather
than continuous energy bands. The quantum characteristics which these structa®s pos
allows the formation of discrete energy states. Conversely the alloweyy éeeels in
the bulk solid is continuous. This phenomena give rise to quantum confinement of
electrons within low dimensional nanostructures. The dependence on energy levels,
density of states and wavefunctions for dimensionally confined electrons can be
approximated using the particle in a box theory , whose potential is zero (V=0), and
increases to infinity outside. The electronic wavefunction of such particle cahady
discrete energy levels, corresponding to certain standing wave pattérhence the
energy levels in this potential well is quantized. Potential profiles of thielpan a box,
for these semiconductor hetrostructures materials with different banadgapse
simulated by varying the bandgap of these systems. This is evident in the quantum dot

which consists of a "caged dot" having a lower bandgap than surrounding semiconductor



matrix. Exitons are confined in the "caged" lower bandgap material byf¢otive
potential well. A modified Bloch's theorem can now be used to describe the states
electrons and holes in these semiconductor hetrostruGtusere the particle
wavefunctiony (r) is the product of a periodia(t) and envelope wavefunctiop(t) .

This yields the following equation:

¥ () = u(a(r) equation 2.1
Conduction band electrons in the periodic pat) of binary nanostructure

system such as ZnCdMgSe/CdSe quantum dots, hasAilkenwavefunction, while the
valency band holes has p-like orbital characiedasihe envelope function in these

system y(F) is described using the effective mass approximation

R,
|- + VO |x@ = Ex® |
2m equatia@ 2
This equation is similar to the Schrodinger equmatiehere the particle mass is
the effective mass m*, the potential describesthred edge or well boundaries (bottom

of the conduction band and top of valency bandjirtgacarrier energy;

E(k) =E(k,)+E(k,) +E(k.) equatias 2

The solution of these equation for the electroréwefunction' (F) and energy E (k) of
the quantum dot with an infinite potential well {pele in a box), yields the following

equations:



¥(7r) = A(sink,x)(sin k,v)(sin k.2) equation 2.4 and

equation 2.5
where g, n, n,=1,2,3........
It should be noted that the wavefunction and en@gthe bulk semiconductor can be

found from the following equations:

— T S | )
¥(r) = Ae ! equation 2.6 and
R (k. + k,* +k.7)

2m_*

e etjon 2.7

E(k) =

The density of sates of these low dimensional quardots is given by the following

expression:

dE dE equation 2.8

and for the bulk semiconductor:

pE[E]=d—eriZ S(E— =) =Z£[E—sij

dE = dE _
=<k equation 2.9

where® is the Heaviside step functiofi, are discrete energy levels and dedjag the
Dirac function. These solution shows that redutcheydegree of freedom of particle
motions in low dimensional nanostructures dram#yichanges the density of states in
comparison to the bulk material, where the enexgst @s a continuum. Quantum dots

therefore have discrete energy states and theqatysbperties of a caged atom.
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2.1.1 General Process of MBE Growth

The samples used in the experiments describedapt€is 3 and 5 of this
dissertation were grown in a MBE system with twbdRi2300P growth chambers
located in The City College of New York Epitaxy @ Fig 2. 2 shows a schematic
view of the system which is composed of 6 chambkrading, transfer channel,
treatment, metallization and two growth chambenre (for I1I-V materials and the other
for the growth of 1I-VI materials chamber). Thertséer channel which connect the
chambers, allow materials to move through successaimbers while still under ultra

high vacuum (UHV).

I1I-V Chamber II-VI Chamber
* Matallization Chamber
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Figure 2.2 showing a schematic diagram of the MBE apparatus used to grow the
samples(courtesy of The City College of New York Epitaxy Group.)
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Prior to MBE growth the substrate used (InP) infdi®ication process is first
degreased with trichloroethylene (TCE), acetoneraathanol, then etched with a (4:1:1)
solution of HSQO,:H,0,:H,0, for one minute. The sample is then flushed hstilled
water which produces an oxide layer which preveatgamination. In order to facilitate
easy loading of the sample in the loading chanthersubstrate is bonded to a
molybdenum block using indium. Once the samplati®duced into the loading
chamber of the MBE system, two gate valves areedldecking the sample in the
loading chamber where it is vented using pure gémgas, while at UHV (1bto 10%9).
After venting the sample is transferred into th® igrowth chamber where the cell is
preheated to the temperature required for the etk finx.

The oxide layer on the substrate is then removeaeaying the substrate with an
As flux impinging on the surface. The deoxidatioogess is monitored by use of
Reflection High-Energy Electron Diffraction (RHEEDRYhich becomes streaky and
bright when the oxide layer is removed. After delaion, the substrate temperature is
then set to the desired growth temperature angrtieess begin by opening up the
relevant shutters. Since the interest is growth-91 structure, a 11-V buffer layer which
is lattice matched to the substrate is grown tatera smooth substrate surface, prior to
the sample being transferred to the II-VI chamhehere the growth process is
terminated once the quantum dots are grown. Alddismussion of the growth process in

the II-VI chamber will be presented in Chaptersd &.
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2.2 Atomic Force Microscopy (AFM)

Atomic Force Microscopy is a scanning probe micopscused to characterize
nanostructure surfaces by probing the surface atantsrecord the topographic contours
of the surface atoms. Figure 2.3 shows a schemliaifram of the atomic force
microscope used in the experiments. The AFM hasstanning modes; contact and non-
contact mode. In the contact mode the scannindpeptip is in actual contact with the
surface. Associated with this operational modéesfinite size of the probe resulting in
tip convolution effect which exaggerate the toppgsaof the image produc&t Other
difficulties include rapid oxidation of the CdSeamium dots when exposed to air during
the characterization process and damages to tfecswof the sample subjected to the
probe. A detail description of the use of AFM teicjue used to characterize the quantum

dot surface in the contact mode is discussed ap@ns 3 and 5.
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Figure 2.3 Schematic diagram of the atomic force microscope used in expednts.

2.3 Surface Enhance Raman Spectroscopy (SERS)

Since the discovery of SERS in 1974NbyFleischmanret al®%, this phenomenon
has been widely used tool in the exploration ofasarence. Consequently this immense
interest has led to a plethora of publications somehich will be examine in later in
this section. In earlier studies it was widely beé that the surface plasmon resonance
must be the dominant factor of the large enhanoewigserved since most of these
experiments were done on the noble metal (detsdudision in Chapter 3, 4, 5). However
as more research was conducted it was obviouplishon theory alone could not

explain all the observation made when moleculesadserbed on metallic surfaces and
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soon several research®&rs?*?*proposed a charge transfer mechanism as explarfatio
this new phenomena. These proposals suggestetth¢haietal conduction band orbitals
are located between the highest molecular filleélland it's first excited unfilled layer.
This allow transitions from the filled moleculavtd to empty states above the fermi
level. The reverse transitions filled metal leMé&slow the fermi level) to unoccupied
molecular orbitals also occur. This led to the Btigation of pyridine and pyrazine on
silver in high-resolution electron energy loss eipent, by Demuttet af® in which
low-lying high energy transfer bands were obser@sleral attempts using resonance
Raman spectroscopy along with plasmon resonancae, thven made to explain the
additional enhancements observed on these systeseTheories had severe limitations
however, since it could not be used to explaindbk of overtones and the prominence
of non-totally symmetric modes observed in the 8p&c The concept of contributions to
the overall enhancement from the Herzberg-Telleot by mixing of the vibronic

states, was first pioneered by Albré€ho explain the observe Raman intensities, which
Lombardiet af® later used to successfully combine both moleaulaétal and metal to
molecule charge transfer in one theory.

It is now worthwhile to highlight some of the retelevelopments in both
experimental and theoretical studies in SERS, actwmost of this dissertation was
developed.

The SERS concept has seen dramatic expansionapptgation to very small
sample sizes, which has now been observed atrigke snolecule level, adsorbed
between two silver nanoparticf8s**? The gigantic enhancement of'4@bserve could

not be explain by surface plasmon theory sincewvtloigld include the presence of a very
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large electric field on the molecule, which woultbdoubtedly chemically change the
molecule properties. This indicate the presenashafge transfer effect which was also
evident in the time-dependent interruptions ofaleetronic coupling between molecule
and nanopatrticle, resulting in the blinking effééf indicative of a resonance

&3¢ Opservations of resonant

enhancement due to silver molecule charge-trasshee
Rayleigh scaterring and single molecule SERS iitiehy Michaelset af’, shows no
correlations between the two, a strong indicati@t there are other important effects of
SERS other than surface plasmon resonance. Othelogenents in SERS which shows
the importance of a charge-transfer mechanismearmterall enhancement of single
molecules, includes the potential dependence lan&tokes/ anti-Stokes ratio on silver
electrodes by Brolet af®. It is clear from these experiment that large SERS
enhancement can be explain by a very small nunflraotecules when they are located
at special Raman active site called "hot spotsls Ttreory was used by Hildebrandt and
Stockburget’ to show that anion activated sites are formed whedatmine 6G is
adsorbed on silver colloid, at extremely low suefaoverage, which are responsible for a
large portion of the observed enhancement.

The SERS technique recently has expanded to inglystems which are far from
plasmon resonances hence small resonance cordritare expected . These result are

widely documented such as; enhancement observsilven nanoparticles at 1064nm,

far from the silver plasmon resonafftenhancement on atomically flat copper surfaces

|41,42 |43,44

documented by Campiaet al"~"“, and enhancement observed by Teaa on many
metals other than transition and noble metals.réh@rkable achievement of SERS

enhancements on MBE grown quantum dots such ag@a#s’, CdSe/ ZnBeS& and
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CdSe/CdMgzZnSE as well as colloidal suspensions; (ZnO and CdTenty), has
produced surprisingly large enhancement factompat@, typically found on noble
metals, where the plasmon resonance lies clogetexcitation wavelength. The size of
these nanoparticles are smaller than the Bohr satlameters and hence experience
guantum confinement effects, which makes thesesystinique in their practical
applications, as discussed earlier in section @dlvall be discussed in detail in Chapters
3 and 4 for the MBE grown quantum dots.

Another useful development in SERS is the use n$idgfunctional theory
(DFT) to quickly and accurately determine molecylgperties using quantum
mechanical calculations, predict the IR and Ranpactsum of large complex molecules
and therefore enable accurate assignments of tineahaodes of the molecule.
Calculations on a pyridine-Agcluster by Schatet af*®, pyridine molecule between Ag
junctior’®, as well as time-dependent study TD-DFT of Apyridine compleX’, has
enable the distinct separation of the various dmutiions to the overall SERS
enhancement as well as an estimation of the relatwtribution. The development of

P1,52

time dependent studies in Raman spectroscopy pietdy Helleret a and Lee, has

shed new light on previous Raman theory descrilygddrbmers, Heisenberg, and
Dirac®** allowing DFT calculations which has been previgusstricted to ground state
properties to be used in calculations involvingiextstates. all of which has been
incorporated into calculations done by Schatz €t Birke et at’ and other investigations
currently been undertaken in this area of SERS.

The fact that plasmon resonance contribution to SERimited in its explanation

to the enhancement observed on various substretteasusemiconductor nanopatrticles,

17



means that it is now important to show how the gbuations to totally symmetric and
non-totally symmetric bands vary if the system banalyzed is in a region of charge
transfer or molecular resonance. Since these gonditire typical of semiconductor
guantum dots and will be crucially important te #axplanation of experimental result

and discussed in this dissertation, a quantitateatment will now be used to show how
the different contributions from surface plasmosorence and charge transfer resonance

affect the total contribution to the overall Raniatensities.

The intensity of light scattered for Raman traositbetween two stat¢l5> , and

|I ") of a scattering system is given by;

I= [Bn(miw;f;j4fif954:|2 @y’ equation 2.10

wherel, is the incident laser intensity at frequengyo,_ is the frequency of the

Raman transitior||l> «— |I "y, anday,, is the transition polarizability tensor. Secondesr

pertubation theory gives the following expressionthe polarizability;

L Z {{IIMIS}{SILI,JII'}JF{flﬂpIS}ﬁlﬂﬂlf’}}

A\ E;—E; — hw Ee— E, + Aw
Szl s f s ! } equation 2.11

wherey, andp,; are the dipole moment opertorsando, the scattered and
incident polarization directions respectively. Thigression also shows that the two
different dipole moment matrixes must be non-z@rauganeously for a Raman
transition to occur. The zero-order adiabatic BOwpenheimer approximation shows

that the vibronic states (1, I', S) is a producthd electronic and vibrational

wavefunction:|l) =

Ly, 1Y =1]10]f): and|S) =|S,)k); e is the purely electronic

state and all lower case letters are the vibrakifumetions. The Born-Oppenheimer
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condition is valid when the electronic transitionmment is a weakly varying function of
the nuclear coordinates. The Herzberg-Teller treatns also valid under this condition

of weak vibronic coupling and can be used to desivexpression foe,, , as shown by

Albrecht™:

15)=15,,0) + ) 1:z0IR,,0)

eqaat2.12
Asg = hsg [ (Er” — Es") equation 2.13
hep =45, 01(8V, /8Q),| R, 0) equathi4

This derivative involves three terms A, B, and @ #me electron-nuclear attraction term

Ven in the Hamiltonian is evaluated with respect ® déquilibrium nuclear positions. The

purely electronic transition moment between staégsbe express gs°s = (S,

K1),

HrR =(R,

1|1y, and u”se = (S,

LR

Lombardiet af®°®

applied these expression to SERS, assuming thecuieles
bound to the metal surface by a weak covalent laoiithe molecule-metal system is
treated as a whole system in the calculations. intpéies that the A,B and C terms
derived in the Albrecht expression includes theatnsanduction band M. Albrecht also
shows that the appearance of forbidden bands iogheal spectra is due to intensity
borrowing from the same allowed transifi’f Thus uncoupling of the metal-molecule
complex implies that charge-transfer transitioresfarbidden. The second order

breakdown of the Born-Oppenheimer approximationcaupling will allow intensity

borrowing from allowed molecular transitigf), by molecule to metal transition,, ,

via the Herzberg-Teller coupling terhy,, . This can also occur via metal-molecule
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transition x,, through Herzberg-Teller couplini,, . Summing over all excited states of

M for the charge transfer contribution and substituthe Herzberg-Teller mixing of
vibronic coupling, (equations 2.12 - 2.14) into atjon 2.11 gives the Albrecht
expressions for the molecule metal system;

A, =A+B+C equation 2.15 where,

Fﬂﬁﬂ -“'ir B5y
ﬁ(‘i’ﬂ ﬁ[wﬂ + ]

(il Mk )

B = Z Z Z ,LLFR-FLR_:;,LLEI + I-"'ffghg_r:ﬁfg (il )ik | Q| f}
hlay, —w)  Alw, + «) Feuy,.,

R=F.ES=FK &k

}"'"I_‘.' RF’,?; .H'{_f.' _ERF'Rr {ilqklk} klf:'
+ Z Z Zk‘ [E(LUR, — _uj R(wg + w) fougy

R=F.K I=F.K

_ Z[thﬂﬂ.x + s HSg (k)i g | £

C =
R=FES=FK Az — @) ﬁf'—'—’m + w) Fuog,

n Z Z Z #Erbustig Ffsx st | E1Q i el £}
Rleg — .-:j Rlmg, + o) B,

R=FE f=FK &k

Assuming the frequency of the exciting light is fismm molecular resonance of
any states®Zw, ) the frequency dependent terms in all expressioB,Aand C in

equation 2.15) can be discarded for the summatien all vibrational states k.

Application of the closure reIatioE‘k><k|= 1 to the A term in equation 2.15 shows that

Z(i Tk}k/ ) ): (il ). In this case the harmonic oscillator approxiotlisappears,

hence the A term in the expression contributes tmRayleigh line and the B and C

terms are the only contributors to the overallacefenhanced Raman intensity.
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Examination of the charge-transfer and moleculsomances in which the exciting light
is resonant with the surface plasmon and also meheansfer transition in the molecule-
metal system, the expressions in equation 2.1%omna charge transfer state F. Detail
analysis of these expressioh® shows two A terms; Aand A. A; represents resonant
molecule- to- metal charge transfer from the mdkscground state to one of the unfilled
metal levels M. Ais a metal-molecule charge transfer from a filieetal state to an
excited state K. Therefore the &nd A terms are associated with resonant Raman
spectroscopy. It should be noted that these telsngpaoves that far from resonance, the
numerator in the expressions disappears, while thielyotally symmetric modes are seen
while on resonance both symmetric and non-totglilgreetric modes are found in the
SERS, the B and C terms which predicts both musbbsidered.

Examination of the metal-molecule charge transtpression in C shows that the

corresponding molecule to metal transfer can beesspn a single equation

FKIFFKhIF{ilqklf}
((e1(@) + 265) + €2)((whe — @?) + 1% ) ((wf —w?) + %)

Ry (Cﬂj =

equation 2.16

where;|R,FK(a)) |2 is proportional to the SERS total enhancemenbfadihe

first term in the denominaté(cl(a)) + 2¢, )2 +c,” ) arises from plasmon resonance at
¢, (w) = -2c,; the second term is a Fermi energy dependent aesoepresenting a

charge transfer resonance occurringat o, . This term is significant for

electrochemical SERS, where the C term predictsséipe applied voltage at resonance.
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The final term in the denominatém, > — »?) + >« gives the molecular resonance
o = o, resulting in surface enhanced resonance Ramatrepaapy (SERRS),
typically observed in single moecule experiments.

Careful examination of the numerator which provittesSERS selection rules,
shows all four terms connected with each other. Héezberg-Teller contributes a

product ofh, containing<i| Qx |f> in this expression having normal mdgle. This

requires normal harmonic oscillator selection raled implies that only normal modes

for which (i| Q, |f) = Owill be observed. Hence, both overtones and naailyot

symmetric vibrational lines are not observed nolyndlhe other termg,, u., are

allowed molecular transition-b K, metal-molecule charge transfer#K, which depend
on the orientation of the molecule with respedhsmetal.

The Herzberg-Teller surface selection rules forakgtolecule charge transfer
can be express as;

HEK_{HpFK h’.{F = {'{a “—’[F |Ka }{Ka “"[p |'F;}{'F; |aVEh"." .fan |'{El} equatlon 217

and show that for appreciable SERS intensity taocall three terms must be
simultaneously non-zero. This imposes a rigid fiesthe Herzberg-Teller theory.
However simplifying the selection rules in equatibhh7 by considering only symmetry

species of the operators involve gives:

(@)= Z T(per)xTy

K equation 2.18.

whereI'(Q, ) is the irreducible representation which SERS Yibreis allowed,

['(ue ) is the irreducible representation where the chtmayesfer dipole component is

22



perpendicular to the surface ang is the irreducible representation of the molecular

excited states corresponding to the allowed optreakition! — K . Intensity borrowed
by charge-transfer contribution to SERS intensay be measured from the following
equation:

I¥(CT) — I*(SPR)
I¥(CT) + I1°(SPR) atjon 2.19

Per (k) =

where k is an index used to identify moleculardinethe spectrum. The intensity of two

reference lines obtained in a spectral region irckwvthere is no charge transfer
contribution is needed. One of thesd i§ (SPR is the intensity of one of these lines

(k), in question taken where only the SPR contabub the SERS intensity where only
SPR contributes to the SERS intensity. The otlfereace is a chosen totally symmetric
line, also measured with only contributions fromRSBenoted byl °(SPR )1 *(CT) is

the measured intensity of the lifg (n the region of the spectrum in which the charge

transfer resonance makes an additional contribitidghe SERS intensity. Thus for a

totally symmetric linel “ (SPR = 1 °(SPR )and in the case of a non-totally symmetric
linel * (SPR — 0. Therefore in equation 2.19 jf., is zero there will be no charge
transfer contribution to the spectrum, howevepgsincreases to one, the charge transfer
contribution will dominate. Whemw_,; = 1/2 the surface plasmon and charge transfer

contribution to the spectrum are equal. This quainie treatment of the contributing
components of charge transfer transition in SERBww be applied pyridine molecules

adsorbed on fixed bandgap semiconductor quantum dot
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Chapter 3. Surface Enhanced Raman Spectroscopy of/fdine
on CdSe/ZnBeSe Quantum Dots Grown by MBE

3.1 Introduction

Nanostructures are of special interest in the faldemiconductors, where they
display discrete, atom-like valence (hole) and cmtion (electron) levels due to
quantum confinement effeéts Quantum dot assemblies are regarded as likelgibgi
blocks for novel electronic as well as photonicides. Both a single-electron transi§tor
and a light emitting dio® have been constructed from arrays of CdSe quads
Quantum dots have also found application in thiel fi biosensof€®® In order to assess
the characteristics of quantum dot surfaces and tadéue in the field of sensing, we
must develop techniques for observation of the ildetaf the molecule-surface
interaction. A high resolution, non-destructive lpgds needed. Absorption and emission
spectroscopy are of limited resolution, due to ridwher broad line-widths obtained. A
preferable technique is that of Raman spectroscayiych has proven invaluable for
detection and identifying important molecules.

Normally Raman scattering from molecules adsorbedwfaces is too weak to
be detectable. In order to overcome these problearf&ace enhanced Raman scattering
(SERS) has been found to be of value in surfaceirstedface Raman studies in metals.
The SERS effect is characterized by an enormougase in the Raman intensity by
many orders of magnitude for species adsorbed wghrmetal surfaces compared to that
obtained from the same number of molecules in ®wlubr the gas pha%ef>°6°’

Additionally fluorescence, which often obscures Ranspectra, is suppressed on a

surface. Typical enhancement factors obtained eoughened Ag surface are on the
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order of 16. SERS on metal substrates has been shown toflamise product of surface
plasmon and charge transfer resonati¢8sElectromagnetic theories predict that the
electric field at the metal surface becomes vergdavhen excitation takes place within
surface plasmon resonances of the metal nanojattidldditional contributions to the
enhancement are obtained when the excitation freyuis in resonance with a charge-
transfer transition of a specific adsorbate-metahglex.

SERS provides a number of important advantagesitsety, selectivity, non-
destructive detection, and feasibility fan-situ studies. It often allows detailed
information as to the nature and orientation of éldsorbed molecule, not to mention
effects of adsorption on the molecular force fi&@markable work has been carried out
recently on rhodamine 6G (R6G)* by observing giant Raman enhancements (estimated
at 10% on small, single Ag nanoparticles and nanowfrdsntil now, SERS experiments
have been essentially restricted to adsorbatesughrmetallic surfaces, especially noble
and alkali metals. Reports describing SERS experisnen non-coinage metal surfaces
are availabl& "™

In a recent worl"”>we have reported a successful application of sarémhanced
Raman spectroscopy to surface characterizatioremfconductor materials by using two
different methods. The first consists of coating #emiconductor surface with a silver
island film. The second method is based on theofigechemical etching process. With
both SERS-activation procedures the surface rowgghpkays a crucial role in obtaining
very large enhancement of the Raman signal.

More recently we have observed SERS from IlI-V A@rGaAs)

semiconductor quantum dbtsThis suggests a technique for sensitive, highluéisn
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study of the interaction of adsorbate moleculeshvgtiantum dot surfaces. Pyridine
(CsHsN) was chosen as probe molecule for these SERSestumbcause its Raman
spectrum is sensitive to the environment. A lowsnancement factor of approximately
10® was measured with a very sophisticated methoitintjl a microscope attached to the
Raman apparatus. This method under-estimated th@aneement factor, but was very
useful to prove the existence of SERS on semicdndiic

Surface enhancement has been also observed onosenetor nanoparticles in
colloidal suspensions such as CGYZnS?®, ZnG°, CuG"* and CAT&. These systems
have displayed enhancement factors ranging froh th0 10f. The reason these
enhancement factors are so much lower than thage$ most likely due to the fact that
the surface plasmon excitation frequency for sendactors is quite far from the laser
excitation. These considerations lead us to examivether we can obtain higher degrees
of surface enhancement due to CdSe quantum dotg @sicitation energy in the
excitonic region of these systems.

Reported in this disssertation is the observatibrswface enhancement of a
Raman signal from pyridine molecules adsorbed @elhassembled CsSe/ZiBeSe,
(with x = 0.03 which allows near lattice match beén the GaAs and the ZnSe layer)
uncapped guantum dots grown by molecular beamxgpidBE). Using laser excitation
at 488 nm, chosen to be in a region of QD absarptwe have found a large
enhancement factor, and by detailed analysis ofotteerved Raman spectra, we can
obtain information as to the orientation of the ewnlle with respect to the surface.

Furthermore, the high degree of spectral selegtidbupled with the high sensitivity
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afforded by the rather large enhancement factoekes) such systems good candidates

for possible use in detecting and identifying SEER®ve molecules.

3.2.Experimental

3.2.1 Molecular Beam Epitaxial Growth of Samples (R)

The quantum dot (QDs) assemblies were grown by MBE GaAs (001)
substrates in an ultrahigh vacuum (UHV) Riber systbat has two connected growth
chambers, one dedicated to IlI-V materials and faroto [I-VI materials. The entire
growth process was monitored in situ by reflectiugh-energy electron diffraction
(RHEEDY2. In order to achieve a flat growth surface for @B formation, first, the
oxide layer of the GaAs substrate is removed byiigdhe substrate with an As flux
impinging on the substrate surface. This was foldvy the growth of a 200-nm GaAs
buffer layer, 30 periods of 2-nm GaAs/2-nm AlAs ghmeriod superlattice, and a 30-nm
GaAs layer, all grown at 588C. The substrate with the Ill-V buffer layer wasrh
transferred to the 1I-VI chamber in UHV. In order avoid the formation of G8e;,
which is related to the formation of stacking fatflalong the 11I-V/ 1I-VI interface, the
GaAs surface was exposed to a Be/zn flux at ®@@uring 20 seconds. The substrate
temperature was then increased to 25@nd a 6nm ZnSe buffer layer was grown. This
was followed by the growth of ZnBeSe epilayers (@4t 270°C. The CdSe quantum
dots were formed on the ZnBeSe surface by depgsitiin mono layers (MLs) of CdSe at
a temperature of 320 °C followed by a growth intption time of 26 s. After this, the
sample was cooled to room temperature. To slowsaipke ripening effelt, the samples

were immediately cut into smaller rectangles (appnately 3mm), immersed in liquid
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nitrogen after growth and kept in this conditiortiuthe moment of taking the surface

topography or Raman spectra.

Growth Process of single layer CdSe QDs on CdSe/ZnBedarriers

To reduce, (GaSey), along the lI-V/ 1I-VI
interface, the GaAs is exposed to Zn/Be for
20 sec at 170 °C, then raised to 250 °C
formingy60 A layer

ZnBeSe (94%)

GaAs (20004)

InP

«After deoxidation substrate temperature
gradually increased to 580°C; 200 nm-
lattice-matched GaAs buffer layer, in order
to promote atomically flat surface.

The CdSe quantum dots were formed on the ZnBeSe
surface by depositing 2.5 mono layers (MLs) of CdSa
320 °C followed by a growth interruption time of 26s

Substrate temp increased to 270 °C forming
a ZnBeSe buffer; Total thickness was 94 nm

eIn the 1lI-V chamber InP substrate is heated
under As flux (~495°C), to remove oxide layer.
*The substrate temp is decreased (~470 °C ) to
recover surface construction.

Figure 3.1. Schematic diagram showing the MBE growth process &@dSe/ZnBeSe

Quantum Dots

3.2.2 Raman Spectroscopy

A stock solution of commercial pyridine was pregzhat 1mM concentration in

deionized-distilled water. One of the cut piecegh# quantum dot samples were then

removed, allowed to attain room temperature comdti and then immersed in a small

portion (10ml) of the liquid pyridine for 20 mingte The sample was sonicated in
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commercial acetonitrile solution for 5 minutes émiove excess liquid and mounted near
the entrance slit of a SPEX (0.75 meter) model ldiflible monochromator. Light from
a Spectra Physics Model 2560 argon ion laser Wiasdld to remove interference from
plasma lines and focused on to the sample with 18pot size. The scattered Raman
emission, which is reflected at 90° from the samplas collimated using a collecting
lens and focused onto the slit of the spectromdtee. slit widths were set at 1,5,
providing a resolution of about 3 €m

All spectra reported below were taken at 488 nnpidal power levels at the

sample were measured to be approximately 30 mW.

3.2.3 Atomic Force Microscopy

Atomic Force Microscope (AFM) images were recordednon-contact mode
using a ThermoMicroscopes Explorer™ system (Veestruments, Santa Barbara, CA,
USA), operated in air and at room temperature.c&li microfabricated cantilevers
(Veeco nano-probe tips Model # 1650-00) possessisgring constant of 13-100 N/m
and a resonance frequency of 260 kHz were used.nfegral and proportional gains
ranged between 0.5 and 1.2, figures 3.2 and 3n2agds were recorded in the range of
5x5 um with a 300 x 300 pixel resolution and a scan odit8.69um/s. The microscope
was placed on a pneumatic anti-vibration table,earaddamping cover. The processing

was conducted using the SPMLab software.

29



2006 nm
[ 10,03 rm
0 rm

5 pm

B pm

0pm

Figure 3.2a. 3D representation of an AFM image of the quantum dots
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Figure 3.2. AFM image of quantum dots

3.3. Results

The atomic force micrograph images (figure 3.2)sofface of similar samples
grown under identical conditioffsindicate that the average height of a dot is 12 nm
while the dot radius is approximately 35 nm., whindicates that they have a hemi-
ellipsoidal shape rather than spherical or hemisphle The surface quantum dot density
is 1.5x168 cm® Contactless electroreflectance (CER) stfdies similar samples, in
which the quantum dots are capped by another ZnBs®e, provide evidence for a thin
wetting layer. The total amount of deposited CdSadminally2.5 ML. Calculation of

the volume of the quantum dots indicates that thtimg layer is approximately 1.0-1.5
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ML and this is consistent with the CER studies. Témainder forms the hemi-ellipsoid

guantum dots.

In figure 3.3, we show the Raman spectrum ofghantum dot sample, coated

with pyridine molecules, excited at 488 nm in tagion of 550-1250 cth

—— Raman of CdSe Quantum Dots without pyridine
—— SERS of Pyridine adsorbed on CdSe Quantum Dots
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Fig 3.3: Normal Raman and SERS spectrum of pyridine on Ag and CdSe quantum

dots excited at 488 nm. For reference the spectrum of bare quantum dotsalso

shown

32



— Pyridine on Ag
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Figure 3.4 SERS spectrum of pyridine on CdSe and Ag

Measured wavenumbers are listed in table 3.1. StheeRaman spectra arise from
surface coating of at most, one monolayer of théeoube, it is clear that the molecular
spectral lines are considerably enhanced by praoximoi the quantum dots. When the
same experiment was carried out after depositingdimg on the bar&ZnBeSe layer

without quantum dots deposited, no lines due ts tholecule could be observed. This
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was also the result when pyridine was adsorbed thrick layer of CdSe which has no
guantum dots deposited on the ZnBeSe layer .

Figure 3.4 shows the SERS spectrum of the pyrichoéecules adsorbed on the
CdSe quantum dots, together with the Raman spectriuthe quantum dots sample
before the deposition of the molecule and the Raspactrum of the pyridine solution.
Numerous lines characteristic of pyridine appesarcan be seen by comparison with the
normal Raman spectrum of pyridine liquid. Theselmsted in the table, along with the
lines observed on Ag (figure 3.4). We also presebtief summary of the assignment of
the normal modé&8 of pyridine, including their Wilson number and syetry in G,. On
the quantum dot surface most of the lines corredponines previously observed either
in the liquid or on a Ag surface. Note that in aidai to the expected enhancement of
several amodes (616, 897, 1004, 1221 Ynthe bands at 665 {b 728 (h), 923 (h)
and 946 () cm*are also considerably enhanced relative to thedigpectrum. The line
at 728 critsuffers from interference from the bare quantum laet at 742 cnt, and
should therefore be considered questionable. Time $s true for thedine at 897 cnt,
while the line at 1221 crhis sufficiently distinct from the QD line at 12@3n™ to be
acceptable. The observation of relatively intense-totally symmetric modes is usually
diagnostic of a charge-transfer contribution to dheerved enhancement, most probably
from the quantum dots to the mole&ldntensity borrowing from the low-lying8; and

'B, transitions in pyridine is likely.
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Cyy | Pyridine SERS SERS
Wilson # | Symm | Liquid Pyridine Pyridine on
on Ag CdSe QDs
6a a 605(vw) 623(mw) 616(w)
6b b 653(w) 649 (w) 665(m)
11 b 708 698 715(w)
4, QD h 753 753(w) 728(m)
812 809(m)
10a, QD a 887 877(vw) 897 (s)
10b h 942 923(w)
17b h 945 940 (w) 946 (w)
1 a 993(vs) 1005(vs) 1004(vs)
12 a 1034(s) 1034(s)
18a,18b| ab, 1069 1063(w)
15 b 1150 1148(vw)
QD 1202
9a a 1219 1214(m) 1221(s)

Table 3.1: Pyridine lines as observed in Normal Raman, SERS on a Ag surface and

on CdSe/ZnBeSe self-assembled quantum dots.

Lombardi, J.R.; Birke, R.L Foucault R; Vivoni APlys.Chem. B, 2003, 107, 5547-5557

3.4 Discussion

The observed Raman spectrum shows several diffesenom the normal Raman
spectrum, and is closer in some ways to the SER8rebd on Ag nanoparticles. Among
other things, the prominence of non-totally symmetmes (table 1) indicates the

importance of charge-transfer contributions to theerall enhancement.
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nanoparticle SERS, both the charge-transfer anfdplasmon resonances have been
shown to be responsible for the effect. Howevers@miconductors, the excitation
wavelengths are far from the region of surface mptas resonance for CdSe and so the
magnitude of enhancement must be attributed tor gtbgsible resonances. We suggest
that one contribution is likely a charge transisanance between the molecule and the
quantum dot. A previous study of molecules on Zn@rgum dot¥ showed that a size
dependent resonance could be observed, and thatfacesbound ionized acceptor-
exciton compleX" was implicated in the mechanism. This mechanisms diace been
proven’?, and it is highly suggestive here as well. In &ddj in the CER spectruthat
room temperature for the CdSe/ZnSe QD structureettsre several interband or
excitonic transitions in the quantum dot in theicgdtregion, which may be assigned to
peaks observed near the laser excitation at 2.54Th¥se interband transitions are at
2.32 eV (QR) and 2.46 eV (QB), corresponding to the CdSe/ZnSe QDs and 2.56 eV
correponding to the CdZnSe wetting layer. The bgag energy for the bulk CdSe is
approximately 1.6 eV. The laser excitation eneigyclosest to the wetting layer
transition. However, we cannot rule out the pos$isyihat one or more of the quantum
dot transtitions are excited by the laser. Theadoss the Qbtransition, which has been
assigned as the |1&>|1,13,, transition (for |[N,M> the M denotes the z compdnen
the angular momentum, N the level designationim#ty also be that our distinction
between wetting layer and quantum dot is largen gfaould be, and since they may be
regarded as parts of the same strain-induced sudggstem. Alternately, the excitation
attributed to the wetting layer in the CER spectroould easily be transferred to the

guantum dots, thus erasing the distinction altagreth
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3.4.1 Calculation of the Enhancement Factor

It is now worthwhile to estimate the enhancementtdia As mentioned
previously, typical enhancement factors for rougiteAg are on the order of #00’, but
under some circumstances have been observed ts laege as 1d. The enhancement
factor (E) is the ratio of Raman intensity per adsorbed md&divided by that of the
free (or solid phase) molecule and may be detemirayehe relationship:

Er = IsurNsof I soNsurt

Where | and N are the intensities and number oemdés on the surface and in
the solution. We consider a surface which is coragad two parts, one a wetting layer
of roughly 7.1A thickness, covered by a layer of hemi-ellisoidahifum dots. The dots
have a height of 12 nm and a radius of 35 nm. Thesecomponents of the surface are
most likely to possess different properties witbpect to the adsorbed molecule, since
they are clearly different in structure. Howeveisiimpossible at this stage to determine
whether the observed signal is from molecules &#sbon the quantum dots, or on the
wetting layer. Consequently we will take into aaebhioth possibilities.

We take for our intensity measurements the 993 tine of pyridine. This line
was chosen because it is moderately intense whepared to the other spectral lines,
and well separated from its neighbors. After sudbtoa of the background intensity, the
intensity in the normal Raman spectrum of this Im@bout 950 counts, while from the
surface enhanced quantum dot spectrum, we obtaiat dl2140 counts. In both spectra
the laser intensity and focus was kept the same.iftensity ratio gulso) IS therefore

approximately 1.52. Using the probe spot size efltiser which is 10um in diameter, the
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path length in the liquid of about 1 cm, and thagamtration of 0.01M pyridine of 6.0 x
10'® molecules/cmwe determine that dy is 4.7 x 16* molecules. In order to determine
Nsur, We take the surface coverage of molecules to betab@® molecules/crh The
laser spot size is 7.9 x 1n?, so that, for molecules on the flat wetting layeis
results in Nut = 7.9 x 18 molecules, and the wetting layer enhancement rfastthen
0.9 x 1d. If instead we consider that only molecules adsorbn the hemi-ellipsoidal
gquantum dotsh(= 12 nm,r = 35 nm) contribute to the enhancement, we thea tihat
each dot has a total exposed area to the lasatopaf 3.8 x 10" cnf. Multiplying by
the dot density (1.5x£@lots/cni) the laser spot size (7.9 x 1@n?) and the number of
molecules per unit area, we obtaig,N 4.7 x 16 molecules interrogated by the laser.
This results in an enhancement factor due to mtdsanly on the dots of approximately
1.5 x 16. Although it is possible that the enhancementuis th molecules adsorbed on
the quantum dots, for which the higher enhancer(i) is indicated, we cannot fully
rule out the possibility that some or all of thehancement arises from molecules
adsorbed on the wetting layer instead, in whicle ¢ae lower value for the enhancement
factor (1d) should be used. Note these values are aboubroteo orders of magnitude
smaller than those obtained on Ag nanoparticlesvdver, they represent the largest yet

observed on semiconductor quantum dot systems.
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3.5 Conclusions

We have observed the enhancement of the Ramarsiiiyten pyridine on a sample of

self assembled quantum dots of CdSe/B®Se. The enhancement factor observed is in
the range 1910° depending on which part of the surface is resfe$or the
enhancement. In any case, the observed enhancena@nbng the largest yet seen on
semiconductor quantum dot systems. We thereforeleda that the enhancement is due
to some combination of charge-transfer resonandeaannterband transition either

residing in the wetting layer or the quantum dots
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Chapter 4. Surface Enhanced Raman Spectroscopy oft4
Butylpyridine on Silver Electrode

4.1 Introduction

The technique of surface enhanced Raman scatt¢BB&S) has been widely
used in numerous experimental, investigations ofeowar species adsorbed on metal
surfaces since first measured by Fleischman®8iratl974. High resolution, sensitivity,
and molecular specificity, allows SERS to be thefgnable technique used to investigate
the nature of molecular interactions on both silelctrode®9°°7:98:99.100101,102,103,5
well as on semiconductor nanoparticféd®1%1%" The SERS phenomenon is
characterized by a large increase in the Ramansityefor molecules adsorbed on metal
nanoparticles, when compared to that obtained fttmensame number of molecules in
solution or gas pha¥&1%911%!1! This enormous increase in Raman intensities wisich
normally too weak to be detected when moleculesads®rbed on smooth surfaces, is
effectively due to a combination of surface plasmesonance and charge transfer
resonancds®*3'* The surface plasmon resonance which is predictsd
electromagnetic descriptions, arises from the auttgon of the exciting laser frequency
with the conduction band electrons. This inducexttelc field becomes very large when
excitation takes place within surface plasmon rasoas of the nanoparticle surface,
producing large enhancements in Raman signals Wiese electric fields interact with
adsorbed molecules. Additional enhancement occhenwhe excitation laser frequency
is in resonance with a charge-transfer transitioa specific adsorbate-metal complex. It

is important to note that although the vibratioftabjuencies of the adsorbed molecules
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are generally unaffected by SERS, their Raman gities increases enormously. This
results in dramatic changes in the intensitieshef ébserved spectrum, especially the
non-totally symmetric modes of the molecule, whiea tharge transfer resonances are
the major contributor to the overall enhanceri@ntTypical enhancement factors
obtained on a roughened Ag surface are on the afd@f®, although extremely large
Raman enhancements estimated at’ lftave been reported with rhodamine 6G
(R6G)**!7on small, single Ag nanoparticles and nanowifes

Recently we have observed SERS from IlI-V (InAs/GER and II-VI
(CdSe/ZnBeSé¥° semiconductor quantum dots. PyridingHEN) was chosen as probe
molecule for these SERS studies because its Rarmpectrsm is sensitive to the
environment. Enhancement factors of approximatedy and 16 respectively were
observed. The successful use of SERS as a verulusehnique for sensitive, high-
resolution study of the interaction of adsorbatdemges with quantum dot surfaces has
prompted us to investigate other molecules on Igiantum dot systems with promising
results?®. However, some of these surfaces suffer from aixidand ripening effects due
to exposure to the atmosphere. 4-tert-butyl-pyad{@tBP) was the probe molecule
chosen, since it is SERS active in the environnaentit was originally believed that the
bulky t-butyl addendum would tend to slow the pblgsiipening effedt! of the quantum
dots, and protect against oxidation. In additidngdes also have shown that the addition

fr22123.124125126121n creases the open-

of 4tBP to the electrolyte in dye-sensitized saclkal
circuit voltage and improves the long term stapilf the cell. More recently using

resonance Raman scattering and transient absogpeetroscopy, it was observed that
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the photoinduced electron injection efficiency emocrystalline TiQfilms sensitized by
black dyé?®1?° decreases with the addition of 4tBP.

It is therefore worthwhile to investigate the SEBSA-t-butylpyridine on silver
electrode. In this work, we report on the obseorabf surface enhanced Raman spectra
of 4tBP are compared with its normal solution Ramspactra. We present for the first
time a comprehensive assignment of the normal mofi#8s molecule. We also discuss
the relative intensities, and shift of observedditons.

Using laser excitation at 488 nm, chosen to be iiegion of silver nanoparticle
plasmon resonance, we have found a large enhantéactor, and strong enhancement
of & and b modes of 4tBP on silver. The appearance of thesetatally symmetric a
and B modes are typically diagnostic of a charge tranpfecess. This phenomenon
could possibly explain the effect of 4tBP obsereedphotoinduced electron injection
efficiency in nanocrystalline TiOfilms sensitized by black dy&. Investigations to

support this evidence are currently underway is ldboratory.

4.2.Experimental

Raman spectra of the sample were obtained usimeeti@ Physics Model 2560
argon ion laser in conjunction with a SPEX 1401ldewspectrometer. The samples were
mounted near the entrance slit of the spectromietean electrochemical cell with
electrode and configuration, as discussed in pusvipublication$**® The normal
solution Raman spectra (NR), was measured usingEaXSiquid cell. A stock solution
of commercial 4-t-butylpyridine was prepared att®dlOconcentration in 0.1M KCI using

deionized-distilled water. Potassium chloride (KGHeagent grade 99%) and 4-t-
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butylpyridine (reagent grade 96%) was supplied bym&-Aldrich. The silver (Ag)
electrode was of 99% purity.

Prior to electrochemical pretreatment the Ag etatdrsurface was first polished
with emery paper to a bright shiny luster, thenicated with distilled water for 15
minutes and finally rinsed with distilled water. ihg the electrochemical pretreatment,
the electrochemical cell was filled with 0.05M 4tBP0.1M KCI solution. The polished
Ag electrode (working electrode), was then fitteehd the potentials of the working
electrode was set at -0.5V. A potential step was thpplied for 2s to +0.3V and then
back to the original potential at -0.5V. The eled#& potential was held at -0.5V and light
from a Spectra Physics Model 2560 argon ion lases fitered to remove interference
from plasma lines and focused on to the electradie cell with 10um spot size. The
experiment was repeated with the electrode potem¢ila at -0.3V. All potentials were
measured against a saturated calomel electrode)(SCE

The scattered Raman emission, which is reflecte@0atfrom the sample, was
collimated using a collecting lens and focused dhwoslit of the spectrometer. The slit
widths were set at 150 pm, providing a resolutiéralout 3 crit. Normal solution
Raman spectra (NR) of 4tBP was observed repladwegetectrochemical cell in the
experiment a 1cm high SPEX liquid cell through whidtered light from the Spectra
Physics Model 2560 argon ion laser was focusedRardan emission collected as was
previously done.

All spectra reported below were taken at 488 nnpidal power levels at the

sample were measured to be approximately 30 mW.
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4.3 Results

Figure 4.1 shows the NR and SERS spectra for 4ytiuridine with working
electrode potential held at -0.5V, excited at 488 im the region of 200-1700 ¢hm
Measured wavenumbers are listed in table 1 along their relative intensities and
Wilson assignmentd'**? of their vibrational modes and symmetry in,.CThese
assignments were made by analogy with the spedsdignments of methyl

300101 55 well as that of t-butly benzéffe Since the relative intensities of the

pyridine
Raman spectra arise from the surface of the Agtrelde coated with 4tBP is much
greater than that of liquid, it is clear that theletular spectral lines are considerably
enhanced by proximity to the roughened silver swrfaFigure 4.2 shows the SERS
spectrum of the 4-tert-butylpyridine molecules alisd on the silver, with electrode
potential at -0.3V and -0.5V. It is evident thatemithe same experiment was carried out
with the electrode potential decreasing to -0.3\Weg@rease in Raman intensities was
observed, however there was no change in the iobadtfrequencies of the bands.

In figure 4.1 numerous bands characteristic ofrtbtaylpyridine appear, as seen
by comparison with the normal Raman spectrum ofdpye liquid. It should be noted
that in addition to the expected enhancement aére¢g modes (678, 1022, 1212, 1236,
1482 and 1618 cil), the bands at 732 {b 1078 (b), 1144 (b) and 1284 (¥ cm* are
also considerably enhanced relative to the ligpectum. In addition to changes in the
relative intensities, considerable Raman shift wéserved in the 1022 ¢hring
breathing @ mode. The same is true for the 732),(Imnolecular band. A single band at

944 cm' is attributed to a mode of aymmetry. When comparing the band intensities of

NR with SERS of 4tBP, it should be noted that tN® was prepared in an electrolytic
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solution to produce the best condition as in th&SEThis may result in suppression in
the intensity of some peaks that would be morensgdn pure commercial grade 4tBP.
The observation of relatively intense non-totajynsnetric modes is usually diagnostic
of a charge-transfer contribution to the observeldaeacement, most probably from the
silver metal to the molecule and from the 4tBP roole to the metal®*''? Intensity
borrowing from the relatively intense ultraviol#8, transition in 4-t-butylpyridine is
likely responsible for the enhancement of the Vibrational bands. However, no
molecular transition to 8, band is allowed. In a recent DFT study on pyridittached
to Agio it was found that the,dands observed in the pyridine spectrum were chbge
borrowing from an A electronic transition in the metal clustéf. This is a likely

explanation of the observed intensity of the sirgglanode.

4.4 Discussion

The observed SERS spectrum of 4tBP on Ag showsaesfifts in vibrational
modes from the normal Raman spectrum, and is sinolahe SERS of 4-methly-
pyridine or other monosubstituted pyridif&'%2 As previously mentioned,
electromagnetic theories predict that the inteoactf the exciting laser frequency of 488
nm with the Ag conduction band electrons, will pwmod surface plasmon resonances.
This phenonomenon occurs, since excitation is tplpface within surface plasmon
resonances of the Ag nanoparticle surface, addsigraficant contribution to the overall
enhancements in Raman signals, when these narbgarinteract with nearby 4tBP
molecules. This effect has been shown to enhanbetotally symmetric modes {(p

However the abundance of non-totally symmetric msod@ble 4.1) indicates the
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importance of charge-transfer contributions todierall enhancement. This is typical of
Ag nanoparticle SERS, where both the charge-trarzid surface plasmon resonances

have been shown to be responsible for the éffect

4.5 Calculation of the Enhancement Factor

It is now worthwhile to estimate the enhancemestdia As previously noted,
typical enhancement factors for roughened Ag areghenorder of 1810, but under
some circumstances have been reported to be asdard®’. The enhancement factor
(Ep) is the ratio of Raman intensity per adsorbed md&divided by that of the free (or
solid phase) molecule, and can be determined biptlosving relationship:

EF = LufNsoflsoNsurf

Where | and N are the intensities and number oemés on the surface and in
the solution. We consider total surface coveragdtBP molecules on the roughened
silver electrode surface after electrochemicalrpegtnent

The 998 crit line of the NR spectrum of 4-t-butylpyridine lim@s chosen for our
intensity measurement. This line was chosen becduse moderately intense when
compared to the other spectral lines, and well re¢pd from its neighbors. After
subtracting the background intensity, the intengitthe normal Raman spectrum of this
line is approximately 241 counts, while from theface enhanced Raman scattering on
silver electrode at an electrode potential of -0\8% obtain about 1624 counts for the
1022 cni band. In both spectra the laser intensity and Sowas kept the same. The
intensity ratio (dulso) IS therefore approximately 6.74. Using the prspet size of the

laser which is 10um in diameter, the path lengtlthm liquid of about 1 cm, and the
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concentration of 0.05M 4tBP of 3.01 x*¥@nolecules/criwe determine that §y is 2.38
x 10" molecules. In order to determing )y we take the surface coverage of molecules
to be about 18 molecules/cth The laser spot size is 7.9 x 1@n¥?, so that, for
molecules on the roughened silver surface, thisitei Ny,; = 7.9 x 16 molecules, and
the enhancement factor is then 0.2 X This value is comparable to that obtained with

pyridine on silver nanoparticles.

4.6 Conclusions

We have examined the surface-enhanced Raman sped®BERS) of 4-t-
butylpyridine. A large enhancement of the Ramaernisity is obtained, and we present
an assignment of the Raman bands based on thosevethsn pyridine, methyl pyridine
and t-butylbenzene. The prominence of several ntaily symmetric modes {kand a)
is taken to be evidence of charge-transfer cortiohs to the surface plasmon resonance
usually observed in SERS. Applications to studiésd-a-butylpyridine adsorbed on

semiconductor quantum dots and dye sensitized B&Sed solar cells are discussed.
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Figure 4.1. Normal Raman and SERS spectrum of 4-t-butylpyridine on Ag at
-0.5 volts.
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Figure 4.2. SERS spectrum of 4-t-butylpyridine on Ag at -0.3 and -0.5 volts.
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Wilson no | C,, | Herzberg | 4-Me pyr | t-but benz | t butpy t butpy
Sym| no liquid liquid liquid (NR) | Ag (SERS)
V10 530 530 534 (w) 548(s)
574(w) 578(m)
6a a Vig 673 625 674(s) 678(m)
6b b | vas(oop) | 725 710 716(m) 732(vs)
4 by 753(w)
V24, Vg 812 845 846(vw) 830(m)
17a a vg (O0Op) 930 936(m) 944(w)
1 a Vg 1011 1002 998(s) 1022(vs)
18a a 1030
18b b vz Mg 1074 1078 (w) 1078(vs)
1115 1126 (w) 1132(s)
15 b Me(by) 1160 1144(sh)
1190
9a a 1205 1204(m) 1212(w)
9a a My, Ve 1222, 1231 1230(m) 1236(s)
3 b, M3 1270 1284(m)
3 b, Ms 1387 1332(w) 1374(vw)
19b b My 1424 1445 1442(m) 1452(vw)
19a a Vs 1475 1472(m) 14782(vw
8a a W 1617 1600 1598(s) 1618(vs)

Table 4.1: Assignment of t butylpyridine peaks as observed in Normal Raman
SERS on a Ag surface when compared with 4-Methylpyridine and t-butylbezene

liquid. The notation My referrs to normal modes centered on the t-butyl part of the

molecule.Lombardi, J.R.; Birke, R.L Foucault R; Vivoni 8,Phys.Chem. 003, 107, 5547-5557. and
Dollish, F.R.; Fateley, W.G.; Bentley, R.Eharacteristic Raman Frequencies of Organic Comjgiaun

John Wiley & Sons, Ind974, pp 170-175
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Chapter 5: SERS of 4-t-Butylpyridine, Adenine, Tryptophan
and Tyrosine on MBE Grown ZnCdMgSe /CdSe Quantum
Dots

5.1 Introduction

The recent development in the application of sendootor quantum dots to
novel electronic as well as photonic devices, saslsingle-electron transistors, LEDs
and biosensors emphasizes the need to developdaebrfor characterizing the surface
of the quantum dots. Raman spectroscopy has prowaluable for detection and
identifying important molecules and has been swsfultg applied to these quantum dot
systems (chapter 3).

In this chapter, the observation of surface enhaect of a Raman signal from 4-
t-butylpyridine molecules adsorbed on a self-assethicdSe/ ZnCdMgSe, uncapped
guantum dots grown by molecular beam epitaxy (MBE)eported. 4-T-butyl pyridine
was chosen to take advantage of the bulky t-butylig to suppress possible oxidation of
the quantum dots during observation. Other spept@berties, however, are similar to
those of pyridine, which is use for comparison. &ese it was proven (in chapter 3), that
the higher degree of surface enhancement obsemethe II-VI (CdSe/ZnBeSé&J
system, was due to the fact that the excitationelength is in the vicinity of several
interband transitions located both in the quantuts dnd the wetting layer, the effect of
varying the quaternary bandgap on Raman signathbgging the deposition temperature
of magnesium will be examine. Laser excitation &8 4m, chosen to be in a region of
QD absorption was used, yielding a large enhancefaetor. However changes in the

guaternary bandgap were found to show a dramdgctedn the Raman signal as well.
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5.2.Experimental

5.2.1 Molecular Beam Epitaxial Growth of Samples

The quantum dot (QDs) samples were grown by ModdBéam Epitaxy (MBE) on InP
(001) substrates in an ultrahigh vacuum (UHV) Riestem that has two Riber 2300
growth chambers, one dedicated to IlI-V materiald another for 11-VI materials. First,
the oxide layer of the InP substrate is removetdnting the substrate with an As flux
impingent on the substrate surface. The oxide gésorof the substrate was monitored
using reflection high-energy electron diffractid®HEED). The removal of the oxide
layer was established by the transition from a @ t0 a (4 x 4) surface reconstruction at
about 495 °C. Immediately after the deoxidationgerature was reached, the substrate
temperature was decreased to 470 °C to recov€ thd) surface reconstruction and
then, a 150 nm lattice-matched InGaAs buffer layas grown in order to obtain an
atomically flat surface for the growth of the Il-\8yers. The substrate temperature was
gradually increased to about 485 °C during the Ak&Jayer growth. The RHEED

showed a streaky (2 x 4) surface reconstructiomdugrowth, indicating a good quality
of the epilayer and the formation of an As-termaabsurface, which is essential to obtain
a good II-VI/III-V interface. After the 1lI-V buffelayer growth, the samples were
transferred into the 11-VI chamber in UHV. Priorttze growth of 1I-VI layers, a Zn
exposure for 40 sec at 170 °C was performed taceedafect density of the ZnCdMgSe
epilayer, which is related to the formation of usided compounds between Se atoms and

134 This Zn exposure was followed by ~60 A ZnCdSe to

In/Ga atoms, such as ¢&xe;
promote the two dimensional nucleation and to akbowordered deposition of the

ZnCdMgSe layer. Then the substrate temperaturangesased to 255 °C and a 13 nm
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ZnCdMgSe buffer layer was grown. After this, thestuate temperature was set at 270
°C for the remainder of the structure growth. Tdtaltthickness of the quaternary barrier
is 400 nm, the RHEED showed a streaky Se-termin@tedl) surface reconstruction
indicating a good quality epilayer formatfdn To initiate the CdSe deposition, the Zn
and Mg shutters were closed. The CdSe QDs wereetibon the ZnCdMgSe barrier by
10 sec-CdSe deposition time followed by a growtaription time of 30 s with only the
Se shutter open. The nominal thickness correspmtidg deposition time is 2.5
monolayers (ML). Growth finished decreasing thegermature to 225 °C under Se flux
rich conditions. Samples were removed from the dleamnmmediately following the QD
formation. Two other samples were grown under idahtonditions except during the
deposition of the ZnCdMgSe layer, the substratgeFature was increased to 255 °C and
275 °C for each respective sample. In order to shmwipening effe¢t’, thesamples
were immediately immersed in liquid nitrogen afttez growth and kept in this condition

until the moment of taking the surface topographiRaman spectra.

5.2.2 Atomic Force Microscopy

Atomic Force Microscope (AFM) images were recoraiedontact mode using a
ThermoMicroscopes Explorer™ system (Veeco Instrugjedanta Barbara, CA, USA),
operated in air and at room temperature. Silicocrofibricated cantilevers (Veeco nano-
probe tips Model # 1650-00) possessing a springtean of 13-100 N/m and a resonance
frequency of 260 kHz were used. The integral amgh@itional gains ranged between 0.5
and 1.2. Images were recorded in the range ofuBx%vith a 300 x 300 pixel resolution

and a scan rate of 3.68n/s. The microscope was placed on a pneumatio/dmration
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table, under a damping cover. The processing wadumted using the SPMLab

software.

5.2.3 Raman Spectroscopy

A stock solution of commercial 4-t-butylpyridine svprepared at 1mM
concentration in deionized-distilled water. Ondhadf cut pieces of the quantum dot
samples were then removed, allowed to attain r@nperature conditions, and then
immersed in a small portion (10ml) of the liquideftbutylpyridine for 20 minutes. The
sample was sonicated in commercial acetonitrilatsmi for 5 minutes to remove excess
liquid and mounted near the entrance slit of a SREXS meter) model 1401 double
monochromator. Light from a Spectra Physics M@%€0 argon ion laser was filtered
to remove interference from plasma lines and fodwseto the sample with 5um spot
size. The scattered Raman emission, which is tefieat 90° from the sample, was
collimated using a collecting lens and focused dinéoslit of the spectrometer. The slit
widths were set at 156n, providing a resolution of about 3 ¢mAll spectra reported
below were taken at 488 nm. Typical power levelhatsample were measured to be

approximately 30 mW.

5.3. Results

The atomic force micrograph (AFM) images in figtéa and 51b show the three-
dimensional images of two uncapped samples wiferéiit MgSe content in the barrier.

The variation in MgSe content was carried out itkeoto examine the effect of the size
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and density of the QDs on the Raman signal. Battipsss were grown with the same
CdSe deposition time 10 sec, which correspondnonainal thickness of 2ML. The
MgSe concentration of the sample in fig 5.1a, %38/ weight of the total ZnCdMgSe
barrier and was deposited at 255 °C. These fabricabnditions give rise to a quaternary
ZnCdMgSe structure with a band gap of 2.6 eV (480), nvhile the MgSe content of the
sample in figure 5.1b is 59% and was depositedat’Z, with a quaternary bandgap of
2.9 eV. The higher concentration of Mg results mae uniform size distribution of
QDs in the sample. This result can be explained thermodynamic influence of Mg in
the CdSe QDs formation. A higher Mg concentratibarnges the surface energy of the
ZnCdMgSe which influences the wetting charactarsstbinding energy between the
substrate and the material deposited on the tah)a@msequently, the size of the QDs.

The AFM images of both figure 5.1a and 5.1b recoidehe area of 5xpm
indicates that the QDs have a hemi-ellipsoidal ehaiph a height of 4.5 + 0.5 nm being
the most abundant value in fig 5.1a. The averagieisaf the QDs base is 47 nm and
average QDs density was 7%10r%. However, in figure 5.1b, the most abundant QD
height was 1.6 + 0.5 nm, the lateral size was redat 30 nm and the average density of
QDs was increased to 1.02 X It was observed that not only height, radius and
density were affected by amcrease of MgSe contentZnCdMgSebarrier but also
resulted in more uniform size distribution in the sample.

Contactless electroreflectance (CER) studfesn similar samples, in which the
guantum dots are capped by another ZnCdMgSe lgyewn under same condition as
the quaternary barrier, provide evidence for a thetting layer. Calculation of the

volume of the quantum dots indicates that the ngtiayer is approximately 1.0-1.5 ML
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and this is consistent with the CER studies. Thmaiader forms the hemi-ellipsoid
guantum dots.

Figure 5.2 shows the SERS spectrum of the 4-t-putigine molecules adsorbed
on the CdSe quantum dots grown on quaternary bandf2.6 eV, together with the
Raman spectrum of the quantum dots sample befereehosition of the molecule and
the Raman spectrum of the 4-t-butylpyridine solutibaser excitation was at 488nm and
in the region of 450-1400 ¢mWe observed numerous lines characteristic of 4-t-
butylpyridine, as can be seen by comparison withrtbrmal Raman spectrum of 4-t-
butylpyridine liquid and listed in table 5.1. Themee listed in the table, along with the
lines observed on Ag, as well as a summary of #isggament of the normal modésof
4-t-butylpyridine, including their Wilson number dasymmetry in G, The molecular
spectral lines are considerably enhanced by proxitoi the quantum dots, since when
the same experiment was done one on a thick ZnCdNa®r with no quantum dots, no
Raman signals from the molecule was observed.

In figure 5.3, we show the SERS spectrum of thebdtylpyridine molecules
adsorbed on the CdSe quantum dots, grown on theergaay layer with different
bandgaps. The bandgaps of the quaternary layernwsed 2.6 eV (480 nm), 2.9 eV (430
nm) and 3.0 eV (400nm). It is worthwhile to notattlas the bandgap of the quaternary
layer shifts to the blue, the Raman intensitiehefmolecule decrease dramatically.

The enhanced spectral lines observed on the quadtinsurface in figure 5.2
correlates well to most of the lines previously eved either in the liquid or on a Ag
surface. However, in addition to the enhancemers; ofiodes (678, 1034 ch, several

b, bands (738, 1073, 1268, 1377 tm(by), 738 and (8 960 cm' are also considerably
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enhanced relative to the liquid spectrum. The olagEm of relatively intense non-totally
symmetric modes is usually diagnostic of a chargesfer contribution to the observed
enhancement, which is probably from the CdSe QOkdanolecule and from the 4tBP
molecule to the metdf**? Intensity borrowing from the relatively intenseraitiolet'B,
and'B; optical transition in 4-t-butylpyridine are likehgsponsible for the enhancement
of the b and h vibrational bands. However, no molecular transitio a*A, band is
allowed in t-butyl-pyridine. In a recent DFT study pyridine attached to Agit was
found that the abands observed in the pyridine spectrum were cabgeborrowing
from an A electronic transition in the metal clustér This is a possible explanation of

the observed intensity of the singlenaode in this system.

5.4. Discussion

The observed SERS spectrum of 4-t-butylpyridineCai$e quantum dots grown
on a ZnCdMgSe barrier (2.6 eV), shows several shiftvibrational modes from the
normal Raman spectrum, and is similar to the tcSB®S observed on Ag nanopatrticles.
The abundance of non-totally symmetric lines (tahlg) indicates the importance of
charge-transfer contributions to the overall enkbament. As previously mentioned in
chapter 3, electromagnetic theories predict that ititeraction of the exciting laser
frequency with the conduction band electrons inatsetwill produce surface plasmon
resonances. This is typical in Ag nanoparticles antlin semiconductors, where the
excitation wavelengths are far from the region wfface plasmon resonance as seen in
CdSe and so the magnitude of enhancement must tbbutd to other possible

resonances. It is highly suggestive that one dmuion is likely a charge transfer
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resonance between the molecule and the quantumsdarteviously described in chapter
3, where it was shown that in a recent study ofetules on ZnO quantum dbts
demonstrated that a size dependent resonance beutibserved, and that a surface-
bound ionized acceptor-exciton compféxwas implicated in the mechanism. This
mechanism has since been prdv&rand was suggested in our recent Vititk Bookmark

not defined.Error! Bookmark not defined. \\ith nyridine using a Be doped barrier. Additidgathe
CER spectrunf® at room temperature for the CdSe/ZnSe QD (growth wsimilar
bandgap 2.56 eV to the sample in table 5.1 anddidgula) structure shows, several
interband or excitonic transitions in the quantuoh id the optical region, which may be
assigned to peaks observed near the laser exuitatio2.54 eV. These interband
transitions are at 2.32 eV (QDand 2.46 eV (QB), corresponding to the CdSe/ZnSe
QDs wetting layer bandgap of 2.56. This bandgaprggnés similar to quaternary
ZnCdMgSe used in this study which is 2.6 eV. Thrdgap energy for the bulk CdSe is
approximately 1.6 eV. As previously indicated imapter 3, since the laser excitation
energy is closest to the wetting layer transitithgre is a great possibility that one or
more of the quantum dot transtitions are excitedhigylaser. This is evident in figure 5.3
where the Raman intensities of the samples demeadsamnatically, as the bandgap

energies 2.9 eV (430 nm) and 3.0 eV (400 nm) mawéehér away from the laser

excitation frequency of 2.54 eV (488nm).
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5.5 Calculation of the Enhancement Factor

The enhancement factor was calculated based oedghation used in chapter
3.4.1 and similar treatment of the quantum doshttuld be noted however that the dots
have a height of 4.5 nm and a radius of 47 nm.

The intensity measurements was taken at the 1078lio@ of 4-t-butylpyridine
on the quantum dots which were fabricated on 2.Gje&ternary ZnCdMgSe. This line
was chosen because it is moderately intense whapared to the other spectral lines,
and well separated from its neighbors. After sutbioa of the background intensity, the
intensity in the normal Raman spectrum of this ime@bout 61 counts, while from the
surface enhanced quantum dot spectrum, we obtaunt &66 counts. In both spectra the
laser intensity and focus was kept the same. Ttensity ratio (duflso) iS therefore
approximately 4.36. Using the probe spot size efltser which is 10um in diameter, the
path length in the liquid of about 1 cm, and thaaamtration of 0.01M 4-t-butylpyridine
of 6.0 x 16° molecules/crhwe determine that )} is 4.7 x 16* molecules. In order to
determine N, we take the surface coverage of molecules to beutati®”
molecules/crh The laser spot size is 7.9 x™6n7, so that, for molecules on the flat
wetting layer, this results in = 7.9 x 16 molecules, and the wetting layer
enhancement factor is then 0.3 X.1I@instead we consider that only molecules adsorb
on the hemi-ellipsoidal quantum dote € 4.5 nm,r = 47 nm) contribute to the
enhancement, we then find that each dot has adrfaised area to the laser per dot of
6.94 x 10'* cnf. Multiplying by the dot density (7 x $@lots/cni) the laser spot size (7.9

x 10 cnf) and the number of molecules per unit area, waiobhs,;= 4 x 10
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molecules interrogated by the laser. This resuitsan enhancement factor due to
molecules only on the dots of approximately 0.50% Although it is possible that the
enhancement is due to molecules adsorbed on th&uwmedots, for which the higher
enhancement (£pis indicated, we cannot fully rule out the pogiipthat some or all of
the enhancement arises from molecules adsorbelleowdtting layer instead, in which
case the lower value for the enhancement factol) &buld be used. These values are
similar to those obtained on Ag nanoparticles aredame or two orders of magnitude

rl Bookmark not defined.Error! Bookmark not def ined.

larger than previously reporte® on

semiconductor quantum dot systems.

5.6 Conclusions

In this work we have obtained highly enhanced Ramspectra for 4-t-butyl
pyridine adsorbed on MBE-grown quantum dots of Cd8ea ZnCdMgSe barrier. The
measured enhancements are among the highest ytvetbsor semiconductor systems,
and are close to those observed on metals surfibesbandgap dependence indicates
that transitions to the bandgap are important dautors to this enhancement, and may
possibly be regarded as a replacement for thecgugdsmon resonance so important in
metallic SERS. As in SERS, however, the observatibnon-totally symmetric bands
indicates additional contributions from charge-sfen resonances. It is most likely a
combination of these two effects which is respdesfbr the rather large enhancements

observed here.
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Figure 5.1a. Three dimensional AFM image for uncapped QD with 2ML-CdSe
nominal thickness and 39% MgSe content in the ZnCdMgSe barrier
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Figure 5.1b. Three dimensional AFM image for uncapped QD with 2ML-CdSe
nominal thickness and 59% MgSe content in the ZnCdMgSe barrier
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Figure 5.2. Normal Raman and SERS spectrum of 4-tbutylpyridine on Ag and CdSe
guantum dots (quaternary bandgap ~2.6 eV) excited at 488 nm
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— raman spectra of qd with thutpy, Quaternary Bandgap ~2.9 eV (430nm)
— raman spectra of qd with thutpy, Quaternary Bandgap ~3.0 eV (400nm)

400 —— raman spectra of qd with thutpy, Quaternary Bandgap ~2.6 eV (480nm)
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Fig 5.3 SERS spectrum of 4-t-butylpyridine on CdSe quantum dots, grownitia
different quaternary bandgap and excited at 488 nm
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Wilson no| Cyy Hberg Assmt t butpy t butpy t butpy
Symm Liquid (NR) | Ag (SERS)| CdSe/
ZnMgSe
Vic 536 (W) 548(5)

576(w) 578(m) 564(w)
6a a Vie 676(s) 678(m) 678(vw)
6b 0 V2500p 718(m) 732(vs) 738(vw)
4 b 753(W) 794(w)

V24, Vg 846(vw) 830(m) 859(mw)

& vg (O0Op) 936(m) 940(w) 960(s)

1 a Vg 1002(s) 1022(vs)
12 a 1034 (vw) 1034(vw)
18b ¢} vz Mg 1080 (w) 1078(vs) 1073(s)
9b 0) 1128 (w) 1132(s) 1131(m)
15 0) Me(b,) 1142(sh)
9a a 1206(m) 1212(w)
9a a My, Ve 1232(m) 1236(s)
3 b, M3 1278(w) 1284(m) 1268(m)
3 b, M3 1334(w) 1374(vw) | 1377(m)
19b b Mg 1450(m) 1452(vw)
19a a Vs 1472(m) 1472(vw)

1554(vw) 1554(vw)
8a a V4 1602(s) 1618(vs)

Table 5.1: Assignment of tert butylpyridine lines as observed in Normal &man,
SERS on a Ag surface and on ZnCdMgSe /CdSe self-assembled quantum dots.

Quaternary bandgap ~ 2.6 eV
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5.7 SERS of Adenine Tyrosine and Tryptophan on Zn@MgSe

/CdSe self-assembled quantum dots

5.7.1 Introduction

Recent developments in SERS and applications oicsaaiuctor quantum dots as
indicated in the previous chapters led to the ingason of several molecules of
biological interest, namely adenine (figure 5.4yptophan (figure 5.5) and tyrosine
(figure 5.6) in order to ascertain whether the radtmight be of use in the growing field
of biosensors. Using laser excitation at 488 nmuah larger enhancement factor can be
obtained in II-VI semiconductors than in Ill-V sgats was observed, and by detailed
analysis of the observed Raman spectra, determmafihow the molecule is attached to
the surface, can be ascertained, at least in sasescFurthermore, the high degree of
spectral selectivity, coupled with the high sengyi afforded by the rather large
enhancement factors, makes such systems good eseslidr possible use in detecting

and identifying biological molecules.
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Figure 5.5 showing the molecular structure of Tryptophan
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Figure 5.6 showing the molecular structure of Tyrosine

5.7.2 Experimental

TheZnCdMgSe /CdSe self-assembled quantum dots ugldsiexperiment were
grown under similar MBE condition to the samplesacttion 5.2.1. This results in a
sample with quaternary bandgap energy of approeinat6 eV. Both AFM and Raman
measurements were also taken under similar condifis outlined in sections 5.2.2 and
5.2.3. Prior to taking the Raman measurement®ck sblution of 1¢ M solution of
adenine, tryptophan and tyrosine was prepared w&rignize water. The samples were
then removed from liquid nitrogen, allowed to atteaom temperature then placed in 10
mls portion of solution for 15 minutes. The sampbes then sonicated for 5 minutes in
acetonitrile to remove the excess layer, and theaned near the entrance slit of a
SPEX (1 meter) model 1401 double monochromator.elperiment was then carried

out as outline in previous sections.
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5.7.3 Results

Figure 5.7 shows a representative AFM image of dgoantum dot sample. This
demonstrates individual dots with the geometricalameters typical for QDs: average
height 8 nm, interparticle distance ~0.6th and surface density 2.04x18 dots/cnf.
The lateral diameter is determined only approxitgatebe 0.11(10um. The reason for
the large degree of inaccuracy is the fact thagameatures are roughly the same size as
the probe tip used for imaging. This distorts tle®rmetry of the probe tip during the
imaging process and thus renders measured latealirsaccurate However, if we
consider the total amount of CdSe deposited (2., ldihd use the accurate values for the
dot density and height, we may calculate the dainéter assuming a cylindrical shape
(as seen in section 5.3). This result is @, in reasonable agreement with the AFM
measurement. The ratio of height to diameter iriditdnere deviates considerably from
either a sphere or hemisphere, which might be xpeaed shape for a dot. It might be
more appropriate to call these quantum islands.

Figure 5.8 shows the Raman spectrum of the samglereb coating with a
molecule. It is important to note that several draut weak features, which are most
likely overtones of the phonon modes of the quandats, which are not observed when
the substrate was examined, without the CdSe defosited (figure 5.9). When
molecules are deposited on these samples, in additd the Raman lines discussed
below, we observe the appearance of several shmalpnéense photo-emission bands.
Some of these appear to coincide closely with tlealkwbroad bands from the bare

quantum dots (about 650, 950, and 1260"crihat these are due to emission, rather than
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Raman shifts is confirmed by observation of speeka@ted at 514.5 nm, in which these
lines appear at the same absolute frequency. Howang Raman intensity, which may
appear excited at this wavelength is too weak t@smes. Neither Raman lines nor
luminescence were observed using the Krypton iserline at 647 nm.

Figures 5.10-5.12 shows the Raman spectra of Cd8etym dots coated with
adenine, tryptophan, and tyrosine. Included in eafcthe plots is the spectrum of the
uncoated dots (figure 5.8) on the same intenstyjesas the coated spectra. It is clear that
the molecular spectral lines are considerably ecddiby proximity to the quantum dots.
When the same experiment was carried out on thstraie without quantum dots
deposited, no spectra of these molecules couldbereed. The lower frequency regions
of these spectra are dominated by intense semivctoidphonon modes, obscuring any
possible molecular lines, and are not shown hereesfurther analysis will be needed
especially to develop a technique for lowering ititensity of the phonon modes so that
any enhanced molecular lines can be observed.

The adenine spectrum in the region 500-1500,ds1shown in figure 5.10, with
measured frequencies listed in table 5.2. Numelinas characteristic of adenine appear,
as can be seen by comparison to the normal Rami@h gpkctrum of the solid and the
surface enhanced Raman spectrum (SERS) of adeniAg taken at 632 nm. We have
also included a brief description of the normal emdssigned®. With the exception of a
line at 862 crit, and the abovementioned emission peaks, allties iorrespond to lines
previously observed either in the solid or on asigface. Note the absence of the ring

breathing mode,; at 731 cril, as well as lack of most of the bands attributeeNiH,

motions. Only thevi, -NH, rocking mode appears in this spectrum at 1235".cm
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However, prominent in the spectra are numerous dithes (27, voo, vio @andvie) at 539,
789, 839, and 973 ¢l These have in common the fact that they represanof-plane
vibrations. In surface enhanced Raman spectrosc¢bisy,along with the absence of the
ring-breathing mode, is usually indicative of a ewlle in which the plane lies parallel to
the surface, and this is our interpretation. Ipassible that in this configuration, the —
NH. lies sufficiently close to surface atoms to hawemodes associated with this part of
the molecule either strongly shifted or decreasddtensity.

The tryptophan spectrum in the region 500-1500 dsishown in figure 5.8, with
measured frequencies listed in table 5.3. Alsedish table 5.3 are the lines obtained for
the resonance Raman spectrum of liquid tryptoph&ert at 200nf1> as well as the IR
spectrum of the liquid zwitteridf®. Once again it can be seen that almost all ofitles
observed in the CdSe quantum dot spectrum corrdspmreither Raman or IR lines
observed. In some cases possible Raman lines deimdth emission lines, resulting in
some ambiguity. Since both ring breathing modeg6& and 1011 cthappear on the
guantum dot samples, it is likely that the molecisleoriented edge-on. Furthermore,
since several prominent bands associated with reftiee-NHs" or the B-CO, (in the
zwitterionic form) are also observed relatively hifted, it is unlikely that these species
are the mode of attachment to the surface. Althdbghe is no direct evidence, the only
remaining site for adsorption to the surface ig tifathe nitrogen lone pair in the five-
member ring.

. It is also possible that the molecule is attactiedugh the indole nitrogen, as
with pyridine on silver. The usual diagnostic fdmst is the appearance of a metal-

nitrogen line (at about 239 ¢hon Ag). However, this spectral region is obsctiredur
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samples by the intense phonon lines of the sendwor substrate, so this possibility
cannot be confirmed in the present experiments.

The tyrosine spectrum in the region 500-1200"cia shown in figure 5.12, with
measured frequencies listed in table 5.4. Alsedisire the observed resonance Raman
frequencie¥™ obtained from the liquid at 200 nm at pH-7. Alscliided are the results
of a recent Raman spectrtfthof the solid at 532 nm, which is listed just beftme CdSe
results. It can be seen that there is a strongespondence between the quantum dot
spectrum and the solid and liquid Raman spectra rBsonance Raman spectrum is
relatively sparse, due to the fact that it is d@resionly to totally symmetric vibrations.
Prominent in the Raman liquid spectrum is the \abwn doublet at 834 and 857 ¢m
This is due to the coincidence of thering-breathing mode with the first overtone of an
out-of-plane bending motion of the rings, and the relative intensities and frequencies
may be attributed to a Fermi resondfiteThis doublet is not observed in the quantum
dot spectrum. Despite the fact that the —OH bernt?&l is not observed, we do see the
p-substituent stretch (C-QYa at 1218 crit. Thevsa ring stretch is observed considerably
down-shifted at 1163 cth while the C-N stretch is up-shifted to 1068 triwith these
exceptions, all other bands observed in the quankningpectrum and assigned to out-of-
plane vibrations. These include they, at 532 crif, thev,, at 716 crit, thevs, at 928
cm?, and thevizaat 961 crit. The prominence of the usually unobserved (in SERS
of-plane vibrations is indicative of a moleculaieotation with plane parallel to the

guantum dot surface.
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5.7.4 Discussion

The atomic force micrograph images of our surfaee (figure 5.7) indicate that
the average height of a dot is 8 nm, while thediatneter is approximately 100 nm. This
presents a picture of dots which have a cylindrishé&pe rather than spherical or
hemispherical as previously discussed. The appearahthe micrograph is somewhat
misleading since the vertical scale is not the sawethat of the horizontal scale.
Furthermore, due to the fact that the tip size @sngarable to the dot size, the
measurements of the horizontal dot diameter areveog accurate. However, using
knowledge of the measured dot density (2.04 % ddts/cni), assuming all the mass
deposited in 2.5 ML (resulting in a total depositeslume of about 5 x 19 cnr)
contributes to the dots, and with the assumptiahtte dots have a cylindrical shape, we
may make an independent estimate of the dot diaméthe deposited CdSe layers are
distributed evenly among the dots, we obtain aipted diameter of 200 nm, which is
consistent with the AFM measurement. This calcdladeameter would be smaller if
some of the CdSe deposited forms a wetting laydeuneath the quantum dots. It is clear
from the above results that the dots are neithieersgal nor hemispherical, as the name
might imply, but rather flat conical shapes withhaight of 8 nm and diameter of
approximately 110 nm. Any quantum confinement éffesould be expected to take
place in the short dimension, perpendicular tostiméace, while parallel to the surface, it
is likely that the properties of the dots are ctdsehose of the bulk semiconductor.

The further likelihood that the surface has beemlip&d on removal from the
molecular beam must be considered. Studies onaa,cenooth CdSe {001} surfaéd

indicate that initially oxygen adsorbs only on $enas, and then with breaking of back
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bonds, both selenium and cadmium oxides are fornfedt of the selenium oxide
sublimes away (presumably in the form of SgQeaving the surface rich in Cd=0.
Bowen Katari, Colvin and Alivastatt¥ have examined this problem for quantum dot
surfaces using X-ray photoelectron spectroscopy SpXPBoth the XPS data and
thermodynamic considerations lead to the conclusi@t CdSe®@ is formed on the
surface, although some Cd=0 might also be prebentr case since the last layer is rich
in Se, we expect that our quantum dots are cappdawayer of selenite, although it is
possible that over time, as in the clean surfae&€, Sublimes leaving a surface richer in
Cd=0. All the spectra shown here were obtained ithately after removal of our
guantum dot samples from liquid nitrogen. In angeci is clear that to the extent that the
molecules are adsorbed onto the CdSe surfacesjitite possible that they are adsorbed
by means of the oxygenated species. Certainlgaast for adenine and tryptophan, where
there is evidence for attachment through the $NH is reasonable that this is through
bonding with negatively charged oxygen atoms.

The enhancement factor can now be estimated apreasusly done (section
5.5). The intensity measurements were taken ataf@21016 cri lines of tryptophan.
These are chosen because they are relatively entand isolated from other spectral
lines. The intensity of the normal Raman spectrdnthese lines are 10,000 and 7000
counts respectively, while from the surface enhdrggectra, we obtain 600 and 400
counts respectively. In both spectra the lasemsitg was kept constant. The intensity
ratio (lsurflso) 1S therefore approximately 0.06 in both lines. ¥sume a laser diameter

of 10 um and that about 1 cm of the path in the liquidosused into the slit of the
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spectrometer. In solution, this leads to a volurhatmut 1¢ cnt, and therefore N
=7.5 x 16° molecules scattering within this volume.

On the surface there are several possibilitiese@dng on the distribution of
molecules, and their contributions to the enhanegnide two most likely situations are
that only molecules adsorbed on the dots contridotehe enhancement, or that
molecules adsorbed between the dots on the wédtyeg, contribute as well, due to their
proximity to the dots and quantum confinement effexf the wetting layer. In the latter
case, the calculation is similar to that of a ndriB&RS surface. Assuming in a
monolayer there are 2.5 x f@nolecules/crhin an area of 100m? we obtain Ny = 2.5
x 10° molecules. This results in an enhancement fadtar®x 16. On the other hand if
we assume only molecules adsorbed on the cyliddgigantum dots contribute to the
enhancement, we then give each dot a total arefzaf® + ndh (including the circular
top and the side) where d = 100 nm and h = 8 nm,atea per dot is fonnt.
Multiplying by the dot density and the number ofletules per unit area, we obtaig,N
= 5x10 molecules interrogated by the laser. This resunltan enhancement factor of
approximately 18 The factor of approximately 50 difference betwettre two
calculations merely reflects the difference in aoef area presented by the dots alone, as
opposed to the total surface. Even if we take tbeeroonservative value of 1.8 x°libe
enhancement for the 1I-VI CdSe quantum dots obserkiere is many orders of
magnitude greater than that obtained for the II-&A& quantum dot system. Similar
calculation of the enhancement factor in adenirth wmtensity measurements taken at the

1382 cnt line of adenine vyields an enhancement factor gfr@pmately 3x16
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assuming the enhancement observed is from the mleladsorbed on the quanum dots

and 3 x 18 if enhancement is due to the wetting layer.

5.7.5 The Enhancement Mechanism

The calculated enhancement factor for CdSe quartois grown by MBE is
quite large, and comparable to the enhancemeragnebitin noble metals. However, it is
difficult to invoke the enhancement mechanism ugugiven for metals, namely the
increased electric field near the metal surfacesediby plasmon resonance excited by
the laser light. As previously note in precedingtiems, typical plasmon frequencies for
semi-conductors lie too far in the infrared to be tause of the effect seen here. Another
contributing factor to metallic Raman enhancemeas been identified as a charge
transfer between molecule and metal. This is mediby an interaction of the molecular
electronic states with those of the metal conductiand®**> The charge transfer
resonance between the molecule and the quantunvidoa surface-bound ionized
acceptor-exciton complex and interband or excitdraasitions due to proximity to the
laser excition energy on the wetting layer, desttilm section 5.4 is also implicated here

as well.
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5.7.6 Conclusion

We have demonstrated that CdSe quantum dot asssmbtown by molecular
beam epitaxy (MBE) can provide efficient enhancemeh a Raman signal from
molecules adsorbed on the surface. This surfacaneeiment is estimated to be in the
range of 10 to 1, comparable to that of noble metals. We have afsalyzed the
Raman spectra of several molecule of biologicaragt and been able to make certain
inferences as to the mode of adsorption to theasarfin addition we have observed
several sharp, narrow photoluminescence bands,hwdnie attributed to the quantum
dots, but are only observed by addition of the maker layer. These results indicate that
CdSe guantum dot system enable a high degree @colal specificity and large Raman
enhancement factor. This suggests a possible tpehnior sensitive detection and

identification of biological molecules.
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Figure 5.7. Three dimensional AFM image for uncapped QD with 2ML-CdSe
nominal thickness and ZnCdMgSe barrier of approx. 2.6eV
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Figure 5.8 Raman spectrum of QD sample before coating with a molecule
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Figure 5.10 SERS spectrum of Adenine on MBE grown CdSe quantum dots
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Table 5.2: Raman spectrum of Adenine on CdSe quantum dots excited at 488 nm.

SERS- CdSe-
NR-solid Mode # Description 632nm 488nm
NH wag-
536 27,28 oop 536 539
560 25 CH wag 553 556
623 24 Ring def 621 611
690
723 21 Ring breath 731
Ring def-
797 20 oop 788 789
CH wag-
839 19 oop 839
862
899 18 NCN def 903
942 17 NCN def 958 956(
CH wag-
974(calc) 16 oop 973
1025 15 rock -NH 1029
1070
1126 14 CN str 1117 1142
1162 13 CH bend
1234 12 rock -NH 1245
1248 11 CH bend 1251
1270 1278
1308 10 CN str 1303
1333 8,9 CH bend 1326
1372 7 CH bend 1372 1382
1419 6 CN str 1399
1463 5 sciss -NH 1460
1483 4 sciss -NH
1597 3 sciss -NH
1613 2 CN str
1674 1 sciss -NH

Normal Raman (NR) of solid, Mode assignments and SERS at 632nm from: Giese,
B. McNaughton, D., J. Phys. Chem. B, 2002, 106, 101-112.
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Figure 5.11 SERS spectrum of tryptophan on MBE grown CdSe quantum dots
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Table 5.3: Raman spectra of Tryptophan on CdSe quantum dots excited at 488 nm.

Raman- Raman- CdSe
lig Solid IR-lig 488nm
200 nm 488 nm Description  Zwitterion  Description
529 def,r,R
562 555 B-NH(r) 554
580 581 B-NH(r)
608 613 B-CH 599
640 def,r
660
694 def,r
716 725 def,r,R 722
762 764 ring-brth 763 B-CO, 766
786 794 B-CO, 802
830 821 def,r,R 828
856 843 B-H,R 852
880 883 skel+NH 875 B-NH3" 895
938 928 B-CH,
970 955 calc 957(f)
990 990 calc 991
1016 1017 ring-brth 1007 vensB-NH3* 1011
1060 1045 B-NH3"
1127 1100 9b 1111 B-H,R
1148 1148 15 or 6NH 1153 Vee 1141
1238 1234 3 1226 B-CH,vR
1256 1262 1273 vR 1266
1283 VR 1270(f)
1305 5n 1316 B-CH,
1342 1340 14 1331
1352 B-CH
1361 1362 14n
1434 1438 6m 1432 B-CH,vR
1462 1470 19b 1457 B-NH3"
1496 19a 1489 VR
1540 1526 vT
1555 1558 ring-str 1569 B-NH3"
1578 1584 8b 1578 VR
1622 1626 8a 1625 Vas-COy

Spectrum from: Rava, R.P.; Spiro, T.G.,J.Phys.Chem., 1985, 89, 1856-1861. IR
spectrum of Zwitterion from: Cao, X.; Fischer, G.,J.Phys.Chem.A, 1999, 103, 9995-
10003. R-benzene ring, r-pyrrole ringy-stretch, p-bend
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Figure 5.12 showing SERS of Tyrosine on MBE grown CdSe quantum dots
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Table 5.4: Raman spectrum of Tyrosine on CdSe quantum dots excited at 488 nm.

Raman-liq Raman-
pH-7 solid
200 nm Assmt 532 nm Assmt CdSe 488 nm
535 16b (oop) 532
641 6b
714 4 (oop) 716
739(IR) 12
797 -NH wag 804
831 2X16a(oop) 828 1 (ring br)
853 1 (ring br) 845 2X16a(oop)
891(f)
939 (IR) 5 (oop) 928
971 17a (oop) 961
982 CH rock
989 CH rock
1046 C-N str 1041
1180 9a 1179 9a (ring str) 1163
1200
1210 p-subst-str 1213 7a 1218
1251 -OH bend
1263 7a 1263 14
1276(f)
1329 13 1323
1370 CH bend
1443 19b 1437 19b
1519 19a 1513 (IR) 19a
1601 8b 1598 8b
1617 8a 1616 8a

Liquid Raman Spectrum from: Rava, R.P.; Spiro, T.G.,J.Phys.Chem., 1985, 89,
1856-1861. Raman solid 532 nm: Grace, L.; Cohen, R.; Dunn,T.; Lubman, D.M.; de
Vries, A.S.,J. Molec. Spectry., 2002, 215, 204-219
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Chapter 6. Raman and Surface-Enhanced Raman Specti
Flavone and several Hydroxy derivatives

6.1 Introduction

Almost all flavone derivatives have been identiffezm botanical sourcé¥. They are
commonly found in vascular plants as phenyl-benmmpgs with different basic
structures. Many of the flavonoids found in plagxsst as sugar derivatives
(glycosides)>® Owing to their active role in photosensitizatiengrgy transport and
cellular metabolism, many of flavone derivatives eagredients for biochemical and
pharmacological products used as human diet suptet?f>°

Flavones and flavonols found in plants are yellempounds and are the main
components of a number of natural dyes used ild¢ekteing since antiquity. Fustic,
young fustic, quercitron, Persian berries, weldgréby/broom and sawwort, which are
important yellow dyes, all contain flavonoids swashquercetin, luteolin, fisetin,
rhamnetin, genistein and motifi Extracted from plants, they are easily hydrolyfrech
the glycosides to their parent flavonoid and caajmaied to textiles as mordant dyes.

Despite the fact that flavone forms the parentcstme to most flavonoids, there is
no Raman or surface-enhanced Raman spectral (SERS)eported for flavone itself;
one of the reasons for this may be the fact tlaabfhoid derivatives are more abundant in
nature and are more extensively used in both nezlennd dye industry than plain
flavone. Low aqueous solubility may also be a factbe structures of flavone and of
some derivatives are shown in Fig. 6.1: for coneeoe in analysis and discussion, we
designate the benzo ring in the chromone systeRirasA, the phenyl ring as Ring B

and the pyrone ring as Ring C. Some of the prewaur&s provide the infrared spectra
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of flavone in carbon tetrachloride, dioxane andnedsolutions, and in Nujol boron
tetraflouride compleX™. Studies confirm that the higher wavenumber bardisivone
are dominated by the C=0 and C=C vibrations, withds at 1650, 1621, and 1605tm
in CCl, and CCJ-1, solutions. The BF4-nujol and plain nujol specimafemed the 1638
cm*band assignment to C=0 and C=C vibrations.

As a member of flavonoid family, 3-hydroxyflavorKIF, flavonol) has been
extensively studied for chemical and structuraperties by UV,NMR, IR and
PMR'"#%3and used in extensive studies of excited-statarmilecular proton transfer
and photoisomerization by means of electronic $pscbpy and time-resolved
fluorescence measuremefifs®® Infrared spectroscopy has been widely appliestudy
the vibrational modes of 3-HE "% Unlike in flavone where the carbonyl absorptisn i
at 1649 cr, in 3-HF its wavenumber is lowered to 1610 awhich overlaps with the
C=C band. The IR spectra in the C—H &reH stretching region were reported
differently in various work$*°°®7in which researchers concluded that there is no
strong hydrogen bonding in 3-HF, as opposed t&thgdroxyflavone (5-HF) molecule.
The hydroxyl stretching absorption was found at(B&5i™.

Many studies have been reported on 5-HF, inclutidJV, NMR and proton-
transfer fluorescence specfta®®1"#1"*The published IR spectra show that although in
5-HF the hydroxyl stretching band is broadeneddisglaced to lower wavenumbers
(3000—2500 cr) to an extent that it has almost disappeared, nbtiee compounds
examined shows a marked lowering of the carbonylemamber. Two possible
canonical forms of 5-HF were reported, which expidi the electronic behavior of the

molecule and confirmed that the hydroxyl group feranstrong hydrogen bond between
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the phenolic hydrogen atom and the negatively @dogrbonyl oxygen atom. Carbonyl
IR absorptions of 5-HF on KBr disk, Nujol mull, CGInd dioxane solution were
reported at 1653, 1651, 1652 and 1654 craspectively. Solid-state IR spectroscopy
revealed 5-HF vibrational modes with wavenumbei6a7, 1590, 1550, 1473, 1457 and
1417 cni', which are possibly associated with in-plane skéldbration$®®. Common
bands in the 1400—1000 &megion have also been studied. Examination of thubk

bond region revealed C=C and C=0O wavenumbers & 46@& 1612 cihrespectivel}*.

O

m?w‘

Figure 6.1. Flavone (upper left), 3-hydroxyflavone (upper right), 5-hydroxyflavone
(lower left), and quercitin (3,5,7,3',4' pentahydroxyflavone (lower right). For
convenience, the benzo ring in the chromone system was designate as Rinth&
phenyl ring as Ring B and the pyrone ring as Ring C.
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One of the most biologically active and commonaitgpolyhydroxy-substituted
derivative of flavonol, quercetin (3,5,7,30,40 @ntdroxyflavone Fig. 6.1), has been
studied more extensively than any other flavonaithg to its complex chemical
structure and unique properties. Quercetin anglytsoside quercitrin are the main
components of the natural dyestuff quercitron,aeoted from the bark of the quercitron,
or black oak Quercus velutindam.); quercetin is also found in Persian berr@egdye
derived from the berries of shrubs of Reamnugienus®’. Raman, IR and pulse
radiolysis techniques were successfully used tystioe chelation properties of quercetin
with Cu(ll) ions™. The double bond region showed the C=0 band & t6# and the
C=C band at 1607 cfn X-ray diffraction investigations reported the ddengths, bond
angles and torsional angles of quercetin, whiclyssiggd that the conformational
changes with the physical state of the moleculdimiéed to an inter-ring link'®. FT-
Raman spectra of quercetin in the solid state arsdlution have shown structural
changes in themolecule depending on its physias.s€Calculated and experimental
wavenumbers® were compared after scaling the calculated vadyes factor of 0.85 in
the region between 600 and 1800°crdV spectra also supported the calculated
wavenumbers of quercetin.

Besides the wide studies on quercetin, there issimo Raman or SERS work
reported on flavone and 3- and 5-HF. A referenagnfaublished work by Petros&t
al*”". reported 3-HF Raman bands at 1650 and 1625 Time reason for the lack of
Raman work may be the fact that these moleculepaudy soluble in water and show
strong fluorescence upon excitation, which tendsb&cure the normally weak Raman

spectra. Recent studies suggest valuable applicatiSERS to microscopic samples in
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the detection of molecules at extremely low conegian, which is particularly valuable
in continuing research on biosensdtsforensics’ and art preservatioff. Collaborative
studies with the Metropolitan Museum of Art, of Ramspectroscopy of several natural
dye constituents, with shows possible applicatiarthe analysis of works of art. It is
likely that Raman spectroscopy will be an efficithnique in the measurement of
vibrational modes of flavone, 3-HF, 5-HF and querncat milli-, micro- and even
nanomolar solutions. Furthermore, a detailed vibnal study and comparative analysis
of these molecules could be useful to reveal tfectf of hydroxy group substituents on
structural and chemical changes of flavones. Redart this chapter is the Fourier-
transform Raman (FTR) spectra of all four molecinethe solid state as well as their
SERS spectra in solution on an Ag colloid and, wigssible, on an Ag electrode. All
spectral assignments were aided by density furaitibieory (DFT) calculations. A
comparative analysis of the spectra of all molexolethis study in relation to each other
is also presented. These analysis became the drafsgure studies of other flavonoids,
with the eventual aim of building a reference dasabof spectral assignments for most of
the important derivatives. This database shouldflggeat value in the development of
pharmacological and art conservation studies.

Presented in the next section are details of tperaxental procedure, as well as
DFT calculations, followed by the analysis of flaeg 3-HF, 5-HF and quercetin spectra.
The normal mode spectral assignments were aid&Fdycalculations, and we compare
the results of both the normal Raman (NR) specanthSERS spectra. A comparative
analysis of several of the normal modes of eacleout¢, showing the effect of various

hydroxy substituents on the basic flavone wavenuswél then provide. Finally a
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proof-of-concept experiment to demonstrate theilbdag of employing SERS in the
analysis of a textile dyed with the natural dydsReérsian berries, which consists mainly
of quercetin will be provided. This concept hassibeen proven and applied to several

natural dye pigments in art.

6.2 Experimental

The experimental setup for NR and electrochemiERS studies has been
described in previous pap&ts A Spectra PhysicsModel 2020 BeamLock argon isarla
line at 488 nm was used as the Raman excitatiotsolihe spectra were recorded with
a Spex Model 1401 double monochromator with a i of 2 cni'. Photon-counting
detection was used. The laser power was approxXiyr@@en\W in the SERS experiment
but only 5 mW in the NR experiment. Chemicals wanechased from the Aldrich
Chemical Company Inc., and used as received.

The NR spectra of the solids were obtained in ¢ggon 100—-4000 cihdirectly
from the pure powder samples. When possible, tBevi8laser and Raman spectroscopy
setup described above were used. In cases whefledhescence of the dyes prevented
the acquisition of a Raman spectrum, FT-Raman gpsaxipy was carried out using a
Bruker Ram Il FT-Raman-Vertex 70 FT-IR microspestater. The 1064 nm line of a
Nd: YAG laser was used as the excitation line. f@slution was set to 4 ¢hin the
backscattering mode. A liquid-nitrogen-cooled Ged®r was used to collect 100 scans
for obtaining a good Raman spectrum. The laserubwips kept at 150 mW for the

SERS spectra and 50 mW for the solid samples.
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Additionally, some SERS work on Ag colloids wasr@d out using a Bruker
Senterra Raman microscope using 785 nm excitatithpewer at the sample ranging
from 10 to 100 mW, a 1200 rulings/mm holographiatigjlg and a CCD detector. The
SERS spectra in an electrochemical cell were obtbat different applied potentials with
an activated Ag electrode, which had various madéscadsorbed on it. In the SERS
experiments, the sample cell consisted of a 99.9998% silver working electrode, a Pt
counter electrode and a saturated calomel elec{®0E) as the reference. All potentials
reported in this paper are quoteetsusthe SCE. For activating a Ag electrode, the
polished Ag electrode was roughened by an oxidateatuction cycle (ORC)
pretreatment, which was accomplished in the saiuticthe flavone molecules (2 x£0
M) in 0.1 M K;SO, aqueous solution by applying a potential pulsenfr0.4 to 0.5V for
2 s. These solutions were made with doubly deighigaartz distilled water. The
molecule was adsorbed on the Ag electrode surfagcegithe ORC. Non-adsorbed
molecules were then washed from the electrode stilldd water. After thex situORC
pretreatment, the activated Ag electrode was plat@dl M K;SO, aqueous solution for
carrying out SERS experiments at various potentidle same spectra were also
obtained withn situORC and direct recording of the SERS spectra irlévene
solutions. The ORC pretreatment and potential cbdtrring the SERS experiments
were carried out by using an EG&G PARC Model 17tversal programmer and an
EG&G PARC Model 173 potentiostat.

The Ag colloid was prepared following the method_eé and Meiséf? by
reduction of silver nitrate (Aldrich 209139 silvaitrate 99.9%) with sodium citrate

(Aldrich W302600 sodium citrate dihydrate). Theloml thus prepared shows an
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absorption maximum at 406 nm and FWHM of 106 nnmaasured with a Cary 50 UV—
vis spectrophotometer (after a 1 : 4 dilution wittrapure water to keep the maximum
absorbance within the instrumental range). To &rrttoncentrate 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 por@@r@suspended in 1 ml of ultrapure
water. All glassware was cleaned with Pierce Pd&dning solution and rinsed with
ultrapure water and finally in acetone and methahiils method proved to be as
effective as the use of aggressive cleaning agertts as aqua regia or piranha solution,
and was preferred for health and safety reasony. ltrapure water was used for the
preparation of the various solutions. SERS measemémere made simply by adding 1
ul of the dye solution to a @ drop of the colloid deposited on a gold coatedrogcope
slide, followed by addition of gl of a 0.2 M KNQ solution. Raman measurements were
made directly from the drop using a 10 or 20d ngcape objective and focusing on the
microscope slide surface. SERS spectra could @&t 2 or 3 min after addition of the
KNO3 and remained constant in quality until thepsration of the liquid.

DFT calculations were performed with Gaussiatf & the B3LYP level of
theory and employing the 6-31CGL basis set. Thengdy optimization resulted in a
planar geometry, and no imaginary wavenumbers woleserved in the calculated
spectrum. This basis set was chosen to be consgitbnearlier work, in which the fit
obtained was excellent (see below). The basisl&s8lwas also tried, which gave an
equally good wavenumber fit but with lesser abildyreproduce intensities, which shows
the effect of the diffuse functions in the calcidat This was especially true, for

example, with the 1544 chiine of quercitin, which is intense in the spectrand using
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the former calculation, but is quite weak in thigelacalculation. A further exploration
using the hybrid functional PBEO and 6-31CGL basiswas carried out for quercitin.
This gave essentially the same results as the BA-8PCGL calculation, but required
considerably more computer time and memory. In ggntne vibrational normal mode
assignments were based on the best-fit comparisthre @alculated Raman spectrum
with the observed NR spectrum. Where needed, htdaaling of the calculated
spectrum was utilized (usually 0.96—-0.99). In ins&s where there was spectral
congestion, such as in the carbonyl stretch re@iear 1600 ci), the relative intensities
of the calculated spectra were matched to thosieeobbserved spectra, so that the most

intense calculated lines were assigned to the miestse observed lines.

6.3 Results

6.3.1 Flavone

The NR spectrum of solid flavone along with thecaddted DFT spectrum is
shown in Fig.6.2 (200—1800 ¢t The wavenumber scale of the DFT spectrum was
scaled by a factor of 0.98 in order to obtain thstlit of the calculated spectrum with
the experimental one. The observed and calculatsgmumbers are listed in Table 6.1.
In the low wavenumber region, we observe an extelteatch of the spectrum with the
calculated modes. The most intense peaks are ittetl {such as the modess, v,7 and
v22). Only a few of the calculated wavenumbers domatch the observed ones in the
low wavenumber region, such as at 745 and 888 dihis may be explained by the fact
that the signal-to-noise ratio in this region i& land therefore the assignments are

uncertain. In the higher wavenumber region, almtighe intense lines correspond to the
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calculated features. The most intense peak ingletsim at 1634 crhcorresponds to
theves mode calculated at 1627 dmriNearby is also an intense line at 1663)(cni™.
Both these are assigned to a combination of C=CCari@} stretching vibrations. The
intense lines at 1621dz) and 1570s) cmi*are due to in-plane ring stretching
combined with a &-O stretch.

The colloid spectrum of flavone is shown in Fids 200—1800 ci) along with
the NR spectrum. Recorded also is a spectrum gflthe reduced citrate colloid
(Fig. 6.4) as a backgroutfl This shows that several of the bands observéukin
flavone-colloidal spectrum, namely, peaks at 222, 4030 and 1403 chcorrespond
to citrate vibrations. Despite the background iigiemce, the peaks of flavone vibrations
are still intense enough to show a good fit with Baman spectrum of the solid
compound. Some of the best matches are at 675,adr@2195 cm. As mentioned
above, in the carbonyl region, however, weakenkdive intensity of C=0 and £C;
stretch in the colloid spectrum of flavone compaxed higher intensity of solid flavone,
was observed. In the NR spectrum, it will be resghlthese are the most intense peaks,
while on the colloid, they are not significantlyastger than many other observed peaks.
This is probably due to a weak attachment of thgsriof the flavone molecule to
colloidal particles. However, observation for ttteey molecules in this study, shows
much stronger SERS spectra than for the flavoney &ne in fact so strong that the
colloid background lines observed in the flavore@vscured. Furthermore, after
repeated attempts, no spectrum of the flavoneoiver electrode could be observed,
although this was easily observed in the other oubés. This was interpreted to mean

that the presence of an OH group in the 3- or Stpadacilitates strong chemical
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binding to the Ag surface, which is not possibl¢he unsubstituted flavone, leading to a

relatively weak SERS spectrum.
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Figure 6.2. Normal Raman spectrum of flavone powder (dark) and density
functional theory calculation (light).



Table 6.1. Wavenumbers (in cm_1) and assignments of the Raman and SERS
spectrum of flavone. The DFT wavenumbers are scaled by a factor of 0.98

Mode | Description of modes (flavone) DFT Calc. Int. NR Colloid
no (0.98) (cm-1) | (cm?)
(cm™)

6 Ring C, C-C deformation (oop) 202 0.1 - -
7 Rings B, A and C stretch (ip) 262 6 - -
8 Rings A, G def; Ring C=0 def (oop 282 0.9 - -
9 Ring C; C-O bending (ip) 290 2 295 -
10 Ring B, bending; Ring C: C-) 321 2 - 346

bending (ip)
11 Ring B, def (oop) 411 0.7 - -
12 Ring C, C —C def (oop) 434 0.4 - 449
13 Ring A, B and C, def (oop) 467 0.5 - -
14 Ring C, def (ip) 498 5 501 -
15 | Ring A, B, C, C-C def 509 12 511 -
16 Ring A and C def (oop) 526 0.5 - 520
17 | Ring A, B. C. C-C def 585 12 577 564
18 | Ring A, B and C def (ip) 606 0.8 621 614
19 Ring B, def (ip) 638 7 652 -
20 Ring A and B, CH bending; Ring C| 649 4 - -

C2 bending (oop)
21 Ring C, CH bending; Ring Aand C| 667 3 - -

def (oop)
22 Ring A, B and C, def (ip) 684 15 675 680
23 | Ring CB, C-C def 703 1 - -
24 | Ring A, B, C, C-C def 745 6 - 746
25 Ring A, B, C-H (oop) bend 761 0.9 - -
26 Ring A, B and C, C-H bending 785 0.8 - -
27 Ring A, B, C-H (oop) bend 792 0.7 - 802
28 | Ring A, B, C, C-C def 846 2 - 838
29 | RingB, C2,C3, C5, C6; Ring C, 857 3 856 -

C3 bending (oop)
30 Ring A, B and C def (oop) 878 2 - -
31 Ring C, C2-O stretch; Ring Aand B 888 5 - -

def (ip)
32 Ring A, C-H (oop) bend 891 3 - -
33 Ring B, bending (oop) 947 1 - 929/952
34 Ring A, C-H bending (oop) 984 0.2 - -
35 Ring B, C-H (oop) bend 992 2 - -
36 | Ring A, B and C, C-C stretch 998 74 1002 1005
37 Ring A, c-H (oop) bend 1012 0 - -
38 Ring B, def; Ring A and C, C-C 1014 27 1013 -

stretch
39 Ring B, C-H bending (oop) 1016 3 - -
40 Ring A and B, C-C stretch (ip) 1032 16 1032 1030
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41 Ring B, C-H (ip) bend 1041 30 1048 -
42 Ring B, C-C stretch (ip) 1094 0.4 - 1098
43 Ring A, def; Ring B, C-C stretch (ip 1101 5 1100 -
44 | Ring A, C-H (ip) bend 1138 11 1143 -
45 Ring A, C-C stretch (ip) 1174 9 1162 1170
46 Ring B, C-H (ip) bend 1191 10 - -
47 Ring B, C-H (ip) bend 1207 74 1195 -
48 Ring A and B, C-C stretch,; Ring C| 1209 22 - -
C-01 stretch
49 Rings A and C, C-C (ip) def 1247 174 1235 1244
50 Ring A, B and C, C-H bending (ip) 1271 232 1270 1256
51 Ring A and B, C-H (ip) bend,; 1292 34 - -
52 Ring A and B, C-H (ip) bend, 1318 2 - -
53 Ring A, B and C, C-C stretch 133% 40 1336 1322
54 Ring A and B, C-H (ip) bend; 1348 22 - -
55 Ring A, CC trigonal stretch 1365 54 1377 1359
56 | Ring B, CH (ip) bend; 1466 16 1452 1403
57 | Ring A, CH (ip) bend 1473 15 1470 -
58 Ring A, CH (ip) bend 1486 13 - -
59 Ring B, CH (ip) bend; 1509 13 - 1522
60 | Ring A, B, and C, C-C and C4-O 1573 28 - -
stretch (ip)
61 Ring A, quinoid stretch; C=0 stretch 1576 195 157 1556
62 C=0 stretch; in-phase-C2=C3 stretch 1589 10 - .
63 Ring B, quinoid stretch 1589 664 1603 1603
64 | Ring A, B, and C, C-C and C4-O 1621 12 1621 1625
stretch (ip)
65 | C=0O stretch; out-of-phase C2=C3 | 1627 994 1634 1636
stretch
66 Ring A and B, CH stretch 3105 - 3075 2920
67 Ring A and B, CH stretch 3113 - 3075 2929
68 Ring A and B, CH stretch 3115 - 3075 2929
69 Ring A and B, CH stretch 3119 - 3075 2929
70 Ring A and B, CH stretch 3130 - 3075 2929
71 Ring A and B, CH stretch 3130 - 3075 2929
72 | Ring A, CH stretch (ip) 3143 - 3075 2929
73 Ring B, CH stretch 3143 - 3075 2929
74 Ring B, CH stretch (ip) 3154 - 3075 2929
75 Ring C, C3-H stretch (ip) 3160 - - -

ip: in-plane; oop: out-of-plane.
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6.3.2 3-Hydroxyflavone

According to previous IR result8*"® the presence of a hydroxy group in the 3-
position lowers the wavenumbers of both the carbang G C; stretching modes, so
that the band at 1610 ¢hin FT-IR (1594 critin NR and SERS) represents the decreased
double bond character of the carbonyl group anétbmatic character of the pyrone
ring, i.e. the overlapping of C=0 with C=C. The Haat 3070 cnin the NR spectrum
can be attributed to an unsaturated C—H stretchbBind at 1351 citin FT-IR
(1352 cm‘in NR and 1354 crhin SERS) is attributed to aH in-plane deformation.
The bands in the region from 1400 to 1600’@re associated with aromatic in-plane
skeletal vibrations, double bond character of tmbanyl group and the aromatic
character of the pyrone ring, i.e. the overlapmh@=0 with C=C.The Raman spectra
of 3-HF have been considered in more detail in iprey/studie$>*® To facilitate
comparison with the other molecules, we have atistlasome of the results here. In Fig.
6.5 we compare the results of the NR spectrumeptiwder sample with the spectrum
calculated from the DFT results. Detailed measaraticalculated wavenumbers are
listed in Columns 3 of Table 6.2. The raw wavenuralfi®m the calculation have been
adjusted by a factor of 0.98.

It can be noticed that the calculated spectrumigesvan excellent fit to the
observed result. This indicates that the assignsmgiaén in the first two columns of the
table are most likely correct. Column 1 is the n@rmode identification number from
the DFT calculation, and in Column 2 is a briefatggion of the largest vibrational
contributions to the normal mode. Most of the libesween 1305 and 1509 ¢timvolve

the in-plane CH bending vibration.
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Figure 6.4. SERS of colloid-citrate background without adsorbed molecule

Note also that, except for the band at 1594 esgy), all the bands between 1562
and 1619 citinvolve the C=0 stretch and the Csstretch, with some degree ©£H
bend. In order to examine the differences betwberSERS spectrum on a colloid and
that on the electrode, the spectra of both is ptead-ig. 6.6. By and large, the spectra
are quite similar, except that the line at 1527"¢oay) is very intense on the colloid and

weak on the electrode. Furthermore, the 1403 @m) and 516 cnt (v17) bands are
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Figure 6.5 Comparison of normal Raman spectrum and density functional thegr
calculation for 3-hydroxyflavone in the region 200—1800 cm.

similarly much stronger on the colloid. The lattdsration involves C—C in-plane
deformation of the three rings, while the two ah@r wavenumbers are due to C—H in-
plane bending motions. These higher wavenumber snalde involve CO—-H bending,
and a much stronger interaction on the electrodepuisitively charged Ag ad-ion with

the oxygen atom of the C—O bond in Ring C might pdne Ring C motion.
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Table 5.2. Wavenumbers (in crit) and assignments of the Raman and SERS
spectrum of 3-hydroxyflavone. The DFT wavenumbers are scaled by a factor of 0.98

NR SERS | SERS
Density functional calculations em™ | (em™ | (em™) | FT-
(cm™) IR
Mode (Solid) | at-0.45 | Colloid
no. Description Y, (KBr
)
10 Ring B, C-OH (ip) rock 321 296 304 307 -
12 C - OH bend; C=0 bend 367 38( 390 390 -
15 Ring C, C-C deformation 431 434 454 455
17 Ring A, B, C, C-C deformation 504 514 516 516 -
19 Ring A, B, C. C-C deformation 576 580 578 5756 -
21 Ring B, C-C deformation 619 624 618 620
24 Rings A, B, C, C-C deformation 670 674 672 671 -
27 Rings A, C, C-C def; C-O-C 698 - 712 711 704
stretch
28 Rings A, B, C-H (oop) bend 731 - - - -
30 Rings A, B, C-H (oop) bend 766 780 - 789 775
31 Rings A, B, C, C-C deformation 834 838 842 842 839
33 Ring A, C-H (oop) wag 859 - - - 864
34 OH Bend; Rings A, B. C. C-C def 890 899 900| 900 898
35 Ring B, C-H (oop) wag 923 - - - -
36 Ring A, C-H (oop) wag 956 - 946 - 93Q,
40 Rings A, B. C, C-C def 994 9921 992 994 1034
m
41 Rings A, B, C, C-C def 996 1000 100Q - -
43 Ring B, C-H (ip) wag 1041 1034 1028, 1032 | 1034
m
44 Ring B, C-H (ip) wag 1091 - 1048 - 1078
m
46 Ring A, C-H (ip) wag 1137 1134| 1116, 1117 | 1130
48 Ring B, C-H (ip) wag 1170 1148| 115Q 1153 | 1155
49 C-OH stretch; Ring B, C-H (ip) | 1194 1188 1186 1186 | 1184
wag w
50 C-OH stretch; Ring B, C-H (ip) 1208 1212 1218, 1213 | 1211
wag
51 Ring C, C-C stretch 1233 1226 - 1233 | 1224
w
52 Rings B and C, C-C (ip) def 1248 1246 1248 - 1247
1278, w
1286
53 Rings A and B, C-H (ip) wag; Ot 1305 1308 1298, 1299 | 1306
H bend
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54 Rings A and B, C-H (ip) wag; Ot 1321 1320, 1316 1316 | 1321
H bend w
55 O-H (ip) bend 1332 - - - -
57 OH (ip) Bend; Ring A, CC 1360 1352 1354, 1355 | 1351
trigonal Stretch
58 Rings A and B, CH (ip) wag; OH 1421 1412 1404 1405 | 1416
Bend 1444 1430Q 1430 | 1445
m
59 Ring B, CH (ip) wag; OH Bend 146( 1470 1457 1461 | 1471
60 Ring A, CH (ip) wag 1481 1482| 1482 - 1481
61 Ring A, CH (ip) wag 1489 1490 1498 1491 | 1491
h
62 Ring B, CH (ip) wag, OH Bend 1509 - - 1527 1
63 Ring A, ip def; C=0 Stretch; OH 1581 1566 - 1574, | 1562
Bend
64 Ring B, quinoid Stretch; OH 1590 1594 1594 1592 | 1602
Bend; G=C; Stretch
65 C=0 Stretch; &C; Stretch 161Z | 1619, - - 1610
66 Rings A, b, C ip def 1627 - - - 1627
W
68 C=0 Stretch, OH Bend;,€C; 1651 - - - 1647
Stretch W
69 Ring B, CH stretch 3119 - 2860 - -
70,71 | Rings A and B, CH stretch 3130 - 2910 - -
72,73 | Rings A and B, CH stretch 31483 3070 307Q. - -
75 Ring B, CH stretch 3160 - 3200 - 3211
78 OH stretch 3420 - - - -

ip: in-plane; oop: out-of-plane

The most interesting result is illustrated in Fgl, where the NR spectrum of 3-
HF is compared with that of the SERS on the colinithe spectral region between 1000
and 1800 crl. It was observed that the intense NR bands at, TE8% and 1619 ¢
(ve3 ves) Were immediately suppressed on the surface, whehe lines at 1405, 1491 and
1527 cni (vss, Ve1, Vs2) become the most intense lines in the spectrura.stippressed
lines have either a strong C=0 stretch coupled aith C; stretch or ait©—H bend,
while the surface-enhanced lines all involve théi@-plane wag. These results (in
addition to the concomitant results on the Ag etet) indicate strongly that the

molecule is attached to an Ag ad-atom on the nsetéce, reducing the intensity of the
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modes involving C=0 and s stretch. The strong enhancement of the C—H ineplan
wags indicates that the planar rings involved aiented perpendicular to the metal
surface. This is consistent with the suppressigh®fl527 ciiband in the SERS on the
Ag electrode, where an Ag ad-ion could be involirethe bonding of the — OH molecule
to the surface. Note also that the lines at 458,(516 (17), 671 (24) and 711427) cni*
are greatly enhanced on the colloid in comparisahé most intense lines of the NR
spectrum. These lines involve in-plane ring C—@udaktions. A similar result for the

remaining two molecules studied here was observed.
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Figure 6.6. Comparison of SERS spectrum of 3-hydroxyflavone on a silver colloid
with that on a silver electrode at -0.45 V.
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Figure 6.7. Comparison of the SERS spectrum of 3-hydroxyflavone with the normal
Raman spectrum in the region 1000-1800 ¢

6.3.3 5-Hydroxyflavone

Fig. 6.8 show the NR spectrum of the powder forrb-6fF, along with the results of the
DFT calculation scaled by a factor of 0.97. Foomplete summary of the observed and
calculated lines, refer to Table 6.3. An excell@nwas observed with this scaling. The
most intense lines at 1569, 1602, 1610 and 165b are assigned to the C=0, C;

stretch and the Ring B quinoid stretch, as in flevand 3-HF. Figure 6.9 displays a
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Figure 6.8. FT-Raman spectrum of 5-hydroxyflavone and comparison with density
functional calculation in the region 800-1800 cih

comparison of the results on a silver electrod@ 4t V with those on a colloid. For
additional clarity, the DFT results are also inéddAs with flavone and 3-HF, the
intensity of the lines near 1600 ¢rare reduced relative to the other lines, especially

those near 450—650 €459 (o16), 524 (19), 560 {20), 619 {21) and 659,,) cm™),
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which rival all the other lines in the spectrum iistensity. These are some of the same

modes that were strongly enhanced in 3-HF. In tReaNd DFT, these lines are very
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Figure 6.9. Comparison of SERS of 5-hydroxyflavone on electrode (top), colloid
(middle) and DFT (bottom) in the region 200—-1800 cth

weak. It is clear that proximity to the surfacestly affects both spectral regions but in
opposite directions. The loss of intensity in theOCstretching region indicates strong
attachment of the molecule to the surface for th® @nd OH moieties, while the in-
plane C—C deformations, farther from the surface céearly enhanced by the fact that

their vibrational modes involve motions perpendacub the surface.
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Table 3. Wavenumbers (cm_1) and assignments of the Raman and SERS spectrum
of 5-hydroxyflavone. The DFT wavenumbers are scaled by a factor of 0.97

DFT 5-HF | 5-HF | 5-HF | 5-HF
Int | ecm™ | em™) | em™) | (em™) | (cm™)
Mode| DFT description of modes | calc.| 0.97 | FT-NR| FT-IR | Colloid | SERS-
0.45
6 Ring C. C-C deformation (oop) - - 224 - - -
7 Ring A, C-OH def (oop) 1 237 - - 220 -
8 Ring A, B and C stretch (ip) 2 242 - - - -
9 Rings A, B and C stretch (ip) 2 261 254 - - -
10 | Rings A, B def;RingC; Odefl 1 284 291 - 266 -
(00p)
11 | Ring C and B, C-O stretch 2 341 34 - 302
12 | Ring A, O-H bending (oop); 4 400 - - - -
Ring C and B, C-C stretch
13 | Ring A, O-H bending (oop) 4 402 - - - -
14 | Ring B, def (oop) 1 406 - - - -
15 | Ring A, B, and C. def (oop) 0 456 456 - - -
16 | Ring C and B, C-C bending 2 a77 - - 451 459
(ip)
17 | Ring A and C, def (oop) 1 488 484 - - -
18 | Ring A, B, C. C-C def 5 493 502 - 500 -
19 | Ring A, B, C. C-C def 4 561 561 - 519 524
20 | Ring A, B and C, C-C bending 16 598 618 - 555 560
(ip)
21 | Ring A and B, CH bending, 1 599 - 615 611 619
Ring C deformation (ip)
22 | Ring A, B, C, C-C def (ip) 21 629 - - - -
23 | Ring B, def (ip) 9 632 - - - -
24 | Ring A, B, C, C-C def 3 640 - - - -
25 | Ring A, B, C-H (oop) bend 3 654 65] 650 65 659
26 | Ring A, and C, C-H bending 2 695 708 675 707 -
27 | Ring A, B, C-H (oop) bend 2 697 - 684 - -
28 | Ring A, B, C-H (oop) bend 0 751 - 754 - -
29 | Ring A, B, C-H (oop) bend 1 775 776 - - -
30 Ring A, B and C, C-H bending 1 783 - - - -
31 | Ring A, B, C, C-C def 3 800 - 802 814 814
32 | RingB, G’ G’ G’ G” Ring 3 849 - 843 - 848
C, G bending (oop)
33 | Ring A, C-H (oop) bend 1 861 - - - -
34 | Ring C, G-H bending (oop) 3 872 - - - -
35 | Ring A, B and C def (oop) 3 882 - - - -
36 | Ring B, C-H (oop) bend 2 936 - 90( - -
37 | Ring A, B and CC-C stretch 11 944 - 931 - 910
38 | Ring A, C-H (oop) bend 0 964 - - - -
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39 | Ring B, C-H bending (oop) 1 982 - - - 971

40 | Ring B, def; Ring Aand C,Cq{ 96 999 997 997 998 1000
C stretch

41 | Ring B, C-H bending (oop) 1 100% - - - -

42 | Ring A and B, C-C stretch (ip 1 1021 - - - -

43 | Ring B, C-H (ip) bend 2 1034 1032 1032 1030

44 | Ring A, C-C stretch (ip); Ring| 40 1061 1057 1057 1062 10656
B and C, C-H bending (ip)

45 | Ring A, def; Ring B, C-C 1 1083 - 1083 1091
stretch (ip)

46 | Ring A, C-H (ip) bend 3 1108 - 1120 1120 1115

47 | Ring A, C-C stretch (ip) 5 1164 1163 1157 1162 1163

48 | C-OH stretch; Ring B, C-H (ip) 9 1179 - - - -
bend

49 | Ring A, C-H, C-OH bending 3 1183 - - - -
(ip)

50 | C-Oh stretch; Ring B, C-H (ip) 57 1194 1195 - 1189 1190
bend

51 | Ring A, B and C def (ip) 49 1209 1227 - - -

52 | Ring A, B and C, C-H bending 365 1252 1253 1257 1255 1254
(ip)

53 | Ring A, C-H bending (ip) 21 1262 - - - -

54 | Ring A and B, C-H (ip) bend; 19 127y - - - -

55 | Ring A and B, C-H (ip) bend; 11 1305 1291 1300 1208 1808

56 | Ring A,B and C, def (ip); C- 5 1319 1318 1319 - -
OH bending (ip)

57 | Ring A, B and C, C-C stretch 46 1334 - - - 1332

58 | Ring A and B, C-H (ip) bend,; 48 1349 1357 1365 . -

59 | Ring A, C-C stretch (ip) 25 144( - 1417 1431 1431

60 | Ring B, CH (ip) bend,; 18 14572 1451 1452 1453 1458

61 | Ring A, CH (ip) bend 7 1478 147% 1475 - -

62 | Ring B, CH (ip) bend 17 1497 1498 - 1494 1409

63 | RingA, B,and C, C-Cand,C| 56 1557 - - 1557 1579
O stretch (ip)

64 | Ring A, quinoid stretch; C=0| 66 1568 1569 - 1577 1579
stretch

65 C=0 stretch; in-phases£C; 37 1580 - 1589 - -
stretch

66 | Ring B, quinoid stretch 50( 1603 1602 - 1593

67 | RingA,B,andC, C-Cand,C| 69 1613 1610 1622 1600 1600
O stretch (ip)

68 | C=O0 stretch; out-of-phase- 105 1646 1650 1657 1629 1626
C,=C;stretch

69 | Ring A, G, G-H stretch (ip) 120 3069 3062 3060 - -

70 | Ring A and B, CH stretch 47, 3073 3062 3060 :

71 Ring A and B, CH stretch 132 3088 3062 3060 -

72 | Ring A and B, CH stretch 108 3096 3062 3060 -

73 | Ring A and B, CH stretch 154 3096 3062 3060 -

74 | Ring B, C-H stretch (ip) 193 3106 3062 3060 -
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75 | Ring B, CH stretch 118 3124 306R 3060 -

76 | Ring B, CH stretch (ip) 80 3125 306R 3060 -

77 | Ring C, G-H stretch (ip) - - - - - -
78 | O-H stretch (ip) 248 3566 - - -

ip: in-plane; oop: out-of-plane

6.3.4 Quercetin

The FT-Raman spectrum of solid quercetin is disgdlap Figs 6.10 (200-1000
cm™) and 11 (1000—2000 chhalong with the results of the DFT calculationsthe low
wavenumber region, it was unnecessary to apphalngcfactor to the DFT results in
order to obtain a good fit. In the higher wavenungeetion of the spectrum, it was found
necessary to multiply the raw DFT wavenumbers faceor of 0.97 in order to properly
fit the observed spectrum. Such piecewise scalinigeoDFT results has been found
necessary in numerous previous studfié€®. The observed wavenumbers and their
corresponding assignments are listed in TableThd.assignments were readily obtained
owing to the excellent matching of the DFT caldolag with the observed spectrum.

176 who first obtained the FT-Raman and

Also include is the table results of Cornatchl
IR spectra of quercetin both in solid and solutibney used a single point Hartree-Fock
SCF calculation as aid in the assignments. A gaocelation was observed in this
experiment when compared with their results. Howebese result presents the
additional information of normal mode assignmeratsdal on more accurate and
optimized DFT calculations, several of which dissgwith the earlier results. In the low
wavenumber region (Fig. 6. 10), each of the intéim&s corresponds somewhat closely
to a calculated feature, and the assignment is fde#hese lines. In order to obtain a

good fit in the region above 1000 ¢pas mentioned above, it was necessary to scale the

DFT results by a factor of 0.97. Once again, is tase an excellent fit is obtained. The
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most intense region of the spectrum is around D&Y which usually involves the C=0
stretching modes among others. At still higher wawebers (3000 ctf), only a single
line is observed at 3081 Ehwhich is the C—H stretching region (predicted écbletween
3058 and 3158 cih(scaled) in the DFT). This line is set atop a Hrfemtureless band.
Despite the DFT predictions of vario@s-H stretching bands between 3283 and 3675
cm*, none was observed in the spectrum, possibly otirigteractions with adjacent

molecules in the crystal.
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Figure 6.10. FT-Raman spectrum (200—1000 ¢t of solid quercitin compared with
DFT calculated spectrum (unscaled).

114



Table 6.4. Wavenumbers (in crit) and assignments of the Raman and SERS
spectrum of quercitin. DFT calculations are scaled by 0.97 unless marked hy for

unscaled
FT- FT-
Raman| Raman | Raman| Raman| SERS
-0.50
Solid® | Solutiorf | Solid® | Colloid® | V°
Mode em™) | (em™) | (cm™) | (cm™) | (cm™)
no. DFT Description
21 404u | Rings A, C ip rock;sGOH - - - 420 433
bend
24 460u | Rings A, C ip rock;G OH - - - 460 452
bend
25 488u | Ring B, CC ip rock,:G OH - - 495 481 -
bend
26 528u| Ring A, CC ip def - - 526 - 521
28 576u| Ring A, B, CC ip def - - 582 586 58P
32 612u| Ring A, B, Cip CC def 604 601 609 605 608
34 643u| Ring A, B ip CC def 640 638 643 636 -
35 667u| Ring A, B, C oop CC, CH 661 666 665 - 662
bend
36 689u| Ring A, B, C oop CC, CH 686 687 - - 676
bend
38 719u| Ring A, B ip CC def 721 - 724 722 711
42 794u| Ring B, ip C=C str 785 789 788 772 .
46 851u| Rings A, B, Cip CC str 843 845 846 846 845
49 952u| Rings A, B, Cip CC str 942 938 946 954 -
50 | 1013u| CH ip bend, C-O-C bend 1013 - 999 - 1002
53 | 1130u| 3,3,4 O-H, CH blend - - 1116 1100 1116
54 | 1139u| CH, OH, ip bend - - 1139 - 1149
55 | 1179u| C,OH, GH ip bend 1175 1170 1178 1199 1186
59 | 1219u| CH ip bend 1216 1209 1227 - -
60 | 1263u| CH, OH ip bend - - 1266 1255 12583
61 | 1266ul CH, OH ip bend 1268 1267 - - -
64 1310| 3,5,30H ip bend 1315 1321 - - 1319
66 1321 | 3 OH bend 132§ 1333 1332 1338 1338
67 1343 | 4PJbend, CH ip bend 1357 1346 - - 1365
68 1362 | 3,5,7 OH ip bend 1371 1376 1372 -
69 1386 | 3,5,7 OH ip bend 1398 1402 1403 1401 1406
70 1414 | OH, CH ip bend, Rings A, B, 1410 1419 - - -
C
CcC
71 1432 | 3,5,7 OH bend, Ring A, CC|, - 1431 - - 1433
B
Cc=C
72 1466 | 3,5 OH, CH ip bend, C=0 1440 144 1444 1 -
73 1489 | 3,5,7 OH ip bendsgH ip 1463 | 1464 - 1459 1461
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bend

74 1517 | Ring B, CH ip bend 1531 1501 - 150 1500

75 1551 | C=O str, 5 OH bend, Ring B 1548 1569 1544 - -
CC str

76 1585 | C=O str, OH ip bend, Ring A 1596 1577 1588 1594 1598
B CC

78 1599 | C=0, ¢=C;str, 3,5 OH 1604 1613 1604 - -
bend

79 1617 | G=C;str, 3,5 OH bend 1609 1627 - - -

80 1638 | 5 OH bend, Ring A quinoid| 1662 1656 1660 1644 -
str

81 3058 | C5-H str - - 3042 - 3042

82 3084 | C4—Hstr - - 3081 - 307R

83 3094 | C2-H str - - 3114 - -

84 3123 | C8 —H str - - - - -

85 3158 | C6—H str - - - - -

86 3283 | 5 OH str - - - - -

87 3475| 3 OH str - - - - -

88 3670 | 34 OH str (asym) - - - - 3699

89 3671| 7 OH str - - - - 3714

90 3675| 34 OH str (sym) - - - - 3784

ip: in-plane; oop: out-of-plane;
® This work.
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Figure 6.11. FT-Raman spectrum (1000—2000 cthof solid quercitin (upper)
compared with DFT calculated spectrum (lower) with wavenumbers sded by 0.97.
The most intense line in the FT-Raman spectrurh@blid is that at 1604 ¢
which is assigned to thes mode (1599 cihin the calculation). This may be described
as mainly a combination of the C=0 stretchGg stretch and in-plane 3 and6-H
bends. The nearhy:s (at 1544 crit) is somewhat weaker and is assigned as the C O
stretch, the ®-H (in-plane) bend and the Ring B, C=C deformatidmevgo mode (at
1660 cnt) involves the 30-H bend and the Ring A, quinoid stretch. This ragitsely

resembles that of the most intense lines in theesponding spectrum of flavone and its
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3- and 5-hydroxy derivatives discussed above. dsdlspectra, the most intense lines
also tend to involve the C=0 stretch. By examirtimgassignments of quercetin, it is
clear that the in-plan@—H bends are responsible for a plurality of theeobsd spectral
lines. Part of this is clearly just due to the féett there are five hydroxy substituents,

and these would be expected to have a noticedielet eh the spectrum.
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Figure 6.12. FT-Raman spectra of quercitin in solid (lower) on Ag colloid stace
(middle) and on Ag electrode at -0.50 V (upper).
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Fig. 6.12 shows a comparison of the spectrum adl splercetin with that of the
molecules adsorbed on a silver colloid and on arlagtrode at -0.50 V. The measured
wavenumbers are listed in Table 6.4. Note thatmreenumbers of a majority of the
lines are the same, while the intensities of mamgslare changed by proximity to the
metal surface, as is common in SERS. Especialgwathy is the observation of the
shift of the 1660 ciline (vso) to 1644 critin the colloid, with little loss of relative
intensity. The rather large shift indicates thad th a likely site for adsorption to the
surface. On the electrode this line is not noticeds perhaps hidden in the rather large
shoulder that is commonly observed on Ag electraaldisis region. The line at 1544 tm
! (v7), also involving the C=0 stretch, disappears, bsor the same reason. On the
other hand, the band at 1588 tin-¢) is only slightly shifted to 1594 cfron the colloid
and 1598 cion the electrode, also with little loss in intepsote also that several
lines involving various in-plane OH and CH bendsc{sas 1100v63), 1199 (55), 1255
(veo) and 13381ge) are strongly enhanced on the colloid surfaceth@relectrode, still
other lines are strongly enhanced (i.e. at 108g,(845 (46), 676 (35) and 4521¢,4) cm
1)_

Note, however, that the most intense lines, i@s¢hat 420, 460, 481, 1459 and
1500 cn, in the SERS spectrum on the colloid are stroeglyanced compared to those
in the NR spectrum. These lines are also predicté@ weak by the DFT calculations.
The lowest three are assigned to in-plane ringrdedtions, but with a strong component
of C—OH in-plane bending. For example, the lind2a cm’ (v»1) has a strong §$OH and
C;OH bend, while the line at 481 &nfw,s) has strong contributions froms§OH and

Cs0OH bends. The line at 1459 &rfv7s) involves 3, 5 and 7 OH in-plane bends, while
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that at 1500 cih(v74) is composed of Ring B in-plane CH bends. Thengfiyenhanced
intensity of these lines is clearly a result oknaiction with the surface. However, the

most strongly enhanced lines on the Ag electrodalgnavolve in-plane ring stretches..

Flavone (cr) 3-HF(cniY) 5-HF(cm) Mode description

1570v61 1566v63 1569vg4 Ring A ip def, C=0 stretch
1603v63 15944, 1602v66 Ring B quinoid stretch
1621ve4 1627ve6 1610vs7 Rings A, B, C deformation (ip)
1634vg5 1619ves 1650ves C=0, G C;s stretch

ip: in-plane.

Table 6.5 Comparison of C O stretching region for flavone, 3-hydroxyflavone and 5-
hydroxyflavone (Fig.5.13).

3-HF (cnib) Mode no. | 5-HF (cr) Mode no. | Description (DFT)

711 27 707 26 Ring B, C def, CH ip beng
671 24 757 23 Ring A, B def

620 21 611 21 Ring C, def

575 19 555 20 Ring A, B, and/or C def
516 17 519 19 Ring A, B, and/or C, def
488 16 500 18 Ring A, and/or C, def
455 15 451 16 Ring A, B, and/or C def
ip: in-plane

Table 6.6. Modes of 3- and 5-hydroxyflavone, which are strongly enhanced on the
colloid surface (Fig.5.15)
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It is possible that the potential on the colloidjiste different from that on the
electrode. We also note that the colloid has a abaitrate remaining. These may
account for the differences, and a study of thepteta potential dependence of the
SERS would be in order. Furthermore, we cannotautdhe possibility of a
photoproduct. For example, Sanchez-Coetesf*®’, in studies of diphenols on Ag
colloids, found several new Raman bands, which #gteiputed to production of dimers
through formation of C—C and either G—C bonds between pairs of diphenols.
However, further investigations are most likely see to establish the detailed reasons

for the spectral observations.

6.3.5 Comparison of normal wavenumbers

It is worthwhile to compare the effects of succes€DH substitution on the
observed wavenumbers of flavone. However, a comgletparison of all modes for all
the molecules examined here would be a lengthycanplex exercise. Instead, The
focus will be on a few regions of the spectrum,clkimight be of special interest. First, it
shpuld be noted that tl@&-H stretching region would be of considerable ieérif it
were observed experimentally. For 3-HF a line edjmted at 3420 cihby DFT, while
the 5-HF counterpart is indicated at 3566cim quercetin, there are five predicted
wavenumbers between 3283 and 3675 cAll are predicted to have sufficient intensity
to be observed in NR spectroscopy, but none amdfdtiis possible that molecule—
molecule interactions in the solid either supprdsroaden these bands, making them

invisible. They are not observed in our experimamtsolution, or on Ag surfaces either.

121



Also of considerable interest are the most intdines near 1600 cihy which are

usually termed the carbonyl stretching region.i 5.13 comparison of the normal FT
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40000 5
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Figure 6.13. Comparison FT-Raman spectra in the C=0 stretching region (1400—
1800 cm’) of flavone, 3-hydroxyflavone and 5-hydroxyflavone powder.

Raman spectra of flavone, 3-HF and 5-HF powdeshosvn. The spectra of all the
species consist of three or four intense linesagpkar quite similar. However, the
density functional calculation enables the comparisf like vibrational modes, in a way
not accessible just by observation of the spectriiable 6.5 summarize the observed

wavenumbers, and their spectral assignments obtéiom application of DFT. The
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lowest line in this region in each spectrum (1566, and 1569 ci respectively)
maybe assigned to the simultaneous Ring A, in-ptefermation, coupled to C=0
stretch. Consequently, there is almost no shithisfline from flavone on OH
substitution. However, the line at 1603 tin flavone is nearly unchanged in 5-HF, but
drops slightly to 1594 cthin the 3-hydroxy substituent. This vibration cotsimainly of
the Ring B quinoid-like C=C stretch, and is therefalso likely to have only a slight
variation with substitution. The series starting @21 cn'in flavone is assigned to the
in-plane deformation of all three rings (A, B any @nd is strongly influenced by
substitution. Note thess mode in 3-HF is not observed in the spectrum,thacefore it
is substituted by the calculated (scaled) wavenunmygarentheses. The most strongly
perturbed line is the 1634 Erflavone line attributed to C=0 and Cs stretching. This
drops to 1619 cihin 3-HF (below the ring deformationgg) but increases up to 1650
cm*in the 5-hydroxy derivative. The drop on 3-hydreupstitution is caused by
attachment of the —OH to the &om, which is an important part of the unpertdrbe
vibration in flavone, while attachment of the —QdHthe G position has the opposite
effect, adding a strong component of —OH bendintp¢onormal mode. As mentioned
in the previous section, all of these modes arsidenably weakened in intensity on
attachment to a silver surface, relative to severaér lying vibrations.

It is difficult to compare the spectrum of quernatiith all the other molecules
owing to the fact that the normal modes of quencate dominated by the large number
of OH bending modes. Despite this difficulty, theestrum of quercetin resembles those
of the other molecules. Fig. 6.14, shows a compares the spectrum of quercetin with

that of 5-HF in the region 1200—1800 ¢nThis is the region that most closely resembles
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that of quercetin. From the strong resemblance ag infer that the modass, v7e, v7s

andvgg of quercetin may be associated with, ves, V67 aNdugs, respectively, of 5-HF.
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Figure 6.14. Comparison of the FT-Raman spectrum of solid 5-hydroxyflavone and
quercitin in the region 1200-1800 crt.

Several of the modes observed in 3- and 5-HF ate guwongly enhanced on the
colloid or silver surface. Fig. 6.15, shows a corgma of these modes, which appear in
the region of 200—800 ¢ The observed increase in intensity of these modeserts
them from some of the weakest bands in the solabtoinant bands on the colloid. The
measured wavenumbers and assignments are listexbla 6.6. It can be noticed that

these lines are predominantly the ring Céplane deformations. This indicates that the

124



molecules are by and large (or at least have & leogponent) perpendicular to the
metal surface. This is consistent with the simtars decrease in intensity of the higher

frequency modes representing the C=0 apn@4{stretch.
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Figure 6.15. Modes of 3- and 5-hydroxy flavone, which are strongly enhanced on the
colloid surface. The 200-800 cthregion is shown.
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6.4 Persian berries — A case study of possible apation of
SERS in art

In order to demonstrate the potential of SERS adtassensitive analytical tool
in the identification of natural flavonoid dyesworks of art, a microscopic sample from
a modern silk fabric dyed using a Persian bernéset in the Department of Textile
Conservation at The Metropolitan Museum of Art w&amined. Persian berries is the
name for a yellow dye obtained since antiquity fritve dried unripe berries of plants in
the buckthorn familyRhamnus™°. Previous work done by our group on a variety of
natural dye¥%? has shown that microscopic textile samples cambé/aed by SERS
following a vapor phase treatment with hydrofluaad (HF) to hydrolyze the mordant
dye complex. In this case, a 2 mm fragment oflateilead from a modern textile dyed
with Persian berries following traditional practiwas treated for 15 min in a micro
chamber saturated with HF vapor. Following HF treait, the sample was treated with a
2 ul drop of Ag colloid (diluted 20d) andd of a 0.2 M KNQ solution and the SERS
spectrum measured directly from the microscopitoatdl aggregates deposited on the
fiber. The spectrum obtained from the micro sanfbig. 6.16) using 10 mW of 785 nm
laser excitation clearly shows some of the quandedinds, although the dye sample lines
are somewhat broader and poorly resolved comparedrtreference spectra. Note
especially the prominent 1592 ¢tband {76) and the nearby shoulder at 1641cm
Furthermore, the intense line in the colloid speatof quercetin at 481 chshows up
considerably weaker in the fabric microsample. dther bands present are probably due
to other flavonoids such as rhamnetin and kaempfaiso contained in Persian berries.

It should be noted that although high-quality SESR8ctra of the pure dyes have been
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obtained for all flavonoids, the current resultewtihat further work on the treatment
protocol for actual textile samples is needed aeoto develop SERS into a routine
technique for dye analysis. Nonetheless, the ishlbwn here and the success we had
with the same technique in the case of other nladlyess such as alizarin and berberine
and some synthetic dy@3suggest that SERS has an enormous potential &bytaal

applications in which sampling is restricted to magcopic amounts.
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Figure 6.16. A comparison of the spectrum of quercitin on Ag colloid with tht of
the dye Persian berries, also on colloid. Spectra were obtained using 10 m\\tlod
785 nm excitation wavelength.
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6.5 Conclusions

The Raman spectra of flavone and several hydroxkyateses in powder form, as well as
on Ag colloid, and where possible on Ag electroglese obtained. The latter are
enhanced by the technique of SERS, and producedsiatspectra from a small quantity
of material while simultaneously suppressing flsoence. Comparison to the relative
intensities from the NR spectra with both colloidat potential-dependent SERS and
with DFT calculations were made. It is concludeat fDFT calculations provide a source
of accurate normal mode assignments, as well asia bf comparison of the effects of
successive OH substitutions on the normal modésegbarent flavone. A more detailed
understanding of these environments should ansuestigns such as why the normal
modes with CO-H bending components are suppressed in the SER8spf the
substituted flavones. Finally, a case study inalication of this technique to the
identification of the active ingredient of a dydrexted from a textile in art was provided

and yielded promising results
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Figure 1a. Three dimensional AFM image for uncapped QD with 2ML-CdSe
nominal thickness and 39% MgSe content in the ZnCdMgSe barrier
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Figure 1b. Three dimensional AFM image for uncapped QD with 2ML-CdSe
nominal thickness and 59% MgSe content in the ZnCdMgSe barrier
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—— SERS Tertbutylpyridine on CdSe/CdMgSe Qds
—— Normal Raman Tertbutylpyridine solution.
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Figure2. Normal Raman and SERS spectrum of 4-tbutylpyridine on Ag and C8e
guantum dots (quaternary bandgap ~2.6 eV) excited at 488 nm. Richard: In the text
you mention a spectrum of substrate alone w/o molecule—this should be added
Also move the top two to the bottom, or else make all the spectra comparalie
maximum intensity by scaling.
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—— raman spectra of qd with tbutpy, Quaternary Bandgap ~2.9 eV (430nm)
—— raman spectra of qd with tbutpy, Quaternary Bandgap ~3.0 eV (400nm)

400 —— raman spectra of qd with tbutpy, Quaternary Bandgap ~2.6 eV (480nm)
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Fig 3 SERS spectrum of 4-t-butylpyridine on CdSe quantum dots, grown iti
different quaternary bandgap and excited at 488 nm. Richard: Do we have a
spectrum with bandgap >3.0, perhaps without any lines to add to this? Also call
you separate the lines a bit more, so that we can more easily see the spectra?
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Wilson no| Cy, Hberg Assmt t butpy t butpy t butpy
Symm Liquid (NR) | Ag (SERS)| CdSe/
ZnMgSe
Vic 536 (W) 548(5)

576(w) 578(m) 564(w)
6a a Vig 676(s) 678(m) 678(vw)
6b 0 V2500p 718(m) 732(vs) 738(vw)
4 b 753(wW) 794(w)

V24, Vg 846(vw) 830(m) 859(mw

& vg (O0Op) 936(m) 940(w) 960(s)

1 a Vg 1002(s) 1022(vs)
12 a 1034 (vw) 1034(vw
18b b vz Me 1080 (w) 1078(vs) 1073(s)
9b 0 1128 (w) 1132(s) 1131(m
15 0) Me(b,) 1142(sh)
9a a 1206(m) 1212(w)
9a a My, Ve 1232(m) 1236(s)
3 b, M3 1278(w) 1284(m) 1268(m)
3 b, M3 1334(w) 1374(vw) | 1377(m)
19b b Mg 1450(m) 1452(vw)
19a a Vs 1472(m) 1472(vw)

1554(vw) 1554(vw)
8a a 1 1602(s) 1618(vs)

Table 1: Assignment of tert butylpyridine lines as observed in Normal Bman,

SERS on a Ag surface and on ZnCdMgSe /CdSe self-assembled quantum dots.
Quaternary bandgap ~ 2.6 eV

Livingstone, R; Lombardi, J. R; submitted for paation.Richard: See our t-butyl SERS
Ag paper—there are some corrections to the assigntesn-you should add explanation
of notation—e.g. what does M mean? Give refenédss, there are a few large shifts on
going to the CdSe surface—can we justifiy these?Wa@pens to nul? (Isn’t this also
the same as with the previous spectrum in pyridiy are some of the normal modes
assignments doubled? (i.e. nu 9a and nu3).
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Table 1: Raman spectra of Adenine on CdSe quantum dots excited at 488 nm.

NR-solid Mode # Description SERS-632nm CdSe-488nm

536 27,28  NHwag 536 541
560 25 CH wag 553 556
572

623 24 Ring def 621 621
690 707

723 21 Ring breath 731 731
797 20 Ring def 788 787
839 19 CH wag 836
870

899 18 NCN def 893
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942 17 NCN def 958 956

974(calc) 16 CH wag 976
987
1025 15 rock -NH, 1029
1048
1065
1077
1095
1126 14 CN str 1117
1162 13 CH bend 1152
1234 12 rock -NH, 1245
1248 11 CH bend 1253
1270 1277
1293
1308 10 CN str 1305
1333 8,9 CH bend 1326 1320
1360
1372 7 CH bend 1372 1387
1419 6 CN str 1399 1421
1463 5 sciss -NH, 1460
1483 4 sciss -NH,
1597 3 sciss -NH,
1613 2 CN str
1674 1 sciss -NH,

Normal Raman (NR) of solid, Mode assignments an@S Bt 632nm from: Giese, B.
McNaughton, D, J. Phys. Chem.,2002, 106, 101-112.

Table 2: Raman spectra of Tryptophan on CdSe quantum dots excited at 488 nm.

Raman- CdSe
liq IR-lig 488nm
200nm Description ~ Zwitterion Description
529 def,r,R 531
555 B-NH(r) 555
581 B-NH(r) 586
613 B-CH 600
624
640 def,r 647
660 674

151



694 def,r 691

725 def,r,R 715
762 ring-brth 763 B-COy 761
782
794 B-COy 808
821 def,r,R 832
843 B-H,R 853
880 skel+NH 875 B-NH;" 873
928 B-CH, 945
955 calc 966
990 calc 990
1016 ring-brth 1007 vensB-NH5" 1008
1045 B-NH3"
1127 9 1111 B-H,R 1110
1148 15 or 6NH 1153 Vee 1134
1155
1238 3 1226 B-CH,vR 1240
1256 1273 VR 1269
1283 vR 1281
1305 57 1316 B-CH; 1308
1342 14 1331
1352 B-CH
1361 14n
1434 67 1432 B-CH,vR
1462 19b 1457 B-NH;"
1496 19a 1489 vR
1526 vT 1532
1555 ring-str 1569 B-NH5" 1558
1578 8b 1578 vR
1622 8a 1625 Vas~COy 1650

Liguid Raman Spectrum from: Rava, R.P.; Spiro, TJ&hys.Chem 1985, 89, 1856-
1861.

IR spectrum of Zwitterion from: Cao, X.; Fischer.,, GPhys.Chem.AL999, 103, 9995-
10003.

R-benzene ring, r-pyrrole ring;stretch,3-bend

Table 3: Raman spectra of Tyrosine on CdSe quantum dots excited at 488 nm.

Raman-lig Raman-

pH-7 solid CdSe
200 nm Assmt 532 nm Assmt 488 nm

535 16b 529

558 Chain 542

614

641 6b 651

662

714 4 706

739(IR) 12 732

748

775
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797 -NH, wag 791

807 812
831 2X16a(oop) 828 1 834
853 1 (ring br) 845 2X16a(oop) 857
939 5 930
971 17a 957
982 CH, rock 983
989 CH, rock 1002
1016 18a 1029
1046 C-N str 1068
1153 1154
1168
1180 9a 1179 9a 1181
1200
1210 p-subst-str 1213 7a
1251 -OH bend 1252
1263 7a 1263 14 1281
1306
1329 13
1370 CH bend
1443 19b 1437 19b
1519 19a 1513 19a
1601 8a 1598 8b
1617 10 1616 8a

Liguid Raman Spectrum from: Rava, R.P.; Spiro, TJ&hys.Chem 1985, 89, 1856-
1861.

Raman solid 532 nm: Grace, L.; Cohen, R.; DunrL,dbman, D.M.; de Vries, A.SJ.
Molec. Spectry 2002, 215, 204-219

151 ombardi, J.R.; Birke, R.L.; Lu, T.; Xu,dl, Chem. Phy$986 84, 4174.
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