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Abstract

Nonresonant Surface Enhanced Raman Optical Activity

by

Bruce E. Brinson

Nanoshells (NS) and nanoparticles (NP) are tunable plasmonic particles that can
be precisely engineered for specific applications ‘including surface enhanced
spectroscopies. A new, general method for the synthesis of core-shell and solid
nanoparticles has been developed and is presented. Based on the CO reduction of Au®",
this new process yields the highest quality' gold nanoshells synthesized to date. The
constraints on precursor lifetime have been relaxed and posf—synthesis purification has
been eliminated.

Nonresonant surface enhanced Ratnan optical activity (SEROA) has been
investigated using biomolecular analytes deppsited on Au nanoshell or nanoparticle
substrates. The first, and currently the only, near-infrared (780 nm) excited scattered
circular polafization Raman optical activity spectrometer (NIROAS) has been
constructed. Surface enhanced Ranian optical activity spectroscopy has been validgted by
the collection of symmetricai, sgrfaée énhancéd, signed circular polarization intensity
difference ’spec“[ra’ from several test molecules including, (S)- and (R)-tryptophan, and

(S8)- and (RR)- phenylalanine-cysteine.
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Chapter 1. Introduction and Literature Review

1.1 Introduction

The field of vibrational optical activity is composed of two spectroscopies, Raman
optical activity (ROA) and infrared anélog vibrational circular dichroism (VCD)! ROA
and VCD spectra relay the molecular stereochemical information of optically active
chiral molecules. VCD is a measurement of the absorption difference between incident
right- and left-handed circular polarized light. While ROA, an inelastic scattering
process, is a measurement of the difference in the change of the degree of polarization in
the scattered light from a sample relative to the excitation (incident) source.

With the advent of the gas filled ion laser, Raman spectroscopy precise enough to
measure the minute changes predicted in the Raman scattering of circularly polarized
light? So small are these circular intensity differences, that dust, thermal Schlieren
effects, and background fluorescence can result in spectral intensity variations much
larger than the ROA signal itself.

P. W. Atkins presented the polarization density matrix formalism for change in
the polarization of incident light,‘ induced by the analyte, and observed in scattered light.’
L. D. Barron and A. D. Buckingham extended the theory and produced the first ROA
spectrum.4’ 5 It was Laurence D. Barron of Glasgow University, who pioneered ROA
spectroscopy. Since the inception of ROA measurements, the greatest obstacle has been
that of systematic spectral artifacts.® Theory developed by W. Hug and validated by
experiment7‘ led to the first commercially available scattered circular polarization Raman

optical activity spectrometer (SCP-ROA).®



ROA cross-sections are E> to E*, less than the cross-section of conventional
Raman, while signal-to-noise ratios can be E>-E* orders greater than that of Raman
spectra. The ROA figure of merit, known as the circular iﬁtensity difference (CID), is the
difference in right- and léft-circulalf polarization intensities to their sum. Typical CID
values range from 10 to 10

Correct interpretation of ROA spectra is dependent on a thorough understanding
of systematic artifacts and their origin. An instrument can be characterized by comparing
experimental data to theoretical (simulated) spectra of a known (standard) system, such
as (R)- and (S)-(-)-oc-pinene.10 Even so, the spectra of an individual sample (not just the
same kind of sample) must be carefully scrutinized.

Surface enhanced Raman spectroscopy (SERS) is a very sensitive and well-
established spectroscopic t‘echnique.11 Using aggregated Ag particles in solution as
plasmonic substrates, the first experimental evidence of resonant surface enhanced
Raman optical activity (SEROA) has been presentéd by Abdali et al. 1*** Johannessen,
Abdali, and Blanch are currently investigating the resonant surface enhanced Raman
optical activity of naturally occurring biological molecules. As with most of nature, all
these works are applicable to molecules exhibiting left-handed chirality. Until SEROA
spectra of complimentary molecular enantiomers can be produced and compared, the.

validity of SEROA remains in question.'>
The objective of this work is the validation of nonresonant SEROA by the
elucidation of surface enhanced CID spectra from complimentary and biologically

significant enantiomers. New protocols for the synthesis of Au nanoshells and the



synthesis of Au and Ag solid nanoparticles, where carbon monoxide (CO) is the
reductant, will be présented in Chapters 2.

Brinson et al., developed the first near-infrared excited scattered circular
polarization Raman optical activity spectrometer (NIROAS) 16, The NIROAS is the
centerpiece of this thesis and will be discussed extensiveiy in Chapters 3 and Appendix 1.
The validity of SEROA has been established by the acquisition of mirror image CID
spectra from the biologically significant (S)- and (R)- enantiomers, of tryptophan, and
(SS) and (RR) amine-terminated glycine-glycine-phenylalanine-cysteine (phe-cys).
SEROA sample preparation and corresponding spectra are presented and discussed in

Chapter 4.



1.2 Raman Scattering

Raman scattering is a molecular vibrational phenomena discovered by Sir
Chémdrasekhara Venkata Raman. For this work, he was awarded a Nobel Prizé.”’ 18 ‘The
- 'Raman effect, - also | known as Stokes emission, is the inelastic scattering of
electromagnetic radiation by the vibrational states of a molecule. Consider the Ng and N

vibrational energy levels shown in Figure 1-1.

Stokes AntifStokes

Figure 1-1. Raman energy level diagram;

If the photon incident bn a rhaterial has a much larger energy than the transition
energy between the Ny and N states, AE, it can be e\ithef elastically scattered byv emitting
a photon of the same frequency; a process termed Rayleigh vscatterin:g, or it can be
inelastically $cattered,, via linear processes such as fluorescence and Raman scattering.
When an incidcnt photon interécts with a molecﬁle in the ground ,vibrational state No, and
the mbleculé aBsorBs the phbton, it is raised to eitllle'rka, real (;e_sonan_t, eleétronic)i ora . .
virtual (nonresonant, vibrational) sitatve.' Relvaxatiobnvfrom either st.at'e:can release éne;gy iﬁ ‘
the form of a photon. However, a‘YC(I)mpérétively stnaanurribef of the molecules may
: felax into a different state of .th‘eb vibrational man'if('),lld. When the final Stat_e of the

4.



1

molecule is in a higher vibrational leve‘l.than the initial state, the scattered photon has less
energy thé.n the incident photon,' the difference being AE. This process is known as
Stokes emission. Altéfnatively,vthe molecule can be in the N state wheh it absorbs the
incident phdton, and then relaxes tQ‘t:he Ny ground state. In‘thisv case, the enérgy of the
scattered photon is greater than the enefgy of thé incident phofon. This‘ prbcess is known
as anti-Stokes ‘Raman scattering. Under ambient conditions, the majority of molecules are
in the ground state, No. Thus, anti-Stokes scattering intensity can be several orders of -
magnitude less bthanbthe Stokes scattering.'® In this wérk, only Stokes modes will be

evaluated



1.3 Raman Optical Activity

Raman optical activity is induced by the interaction of an electromagnétic wave
with -the molecular electronic dipole,  quadrupole and magnetic dipole of a chiral

‘molecule.?®

As a function of circular polariZabilify, a résulting Stokes emission,
representative of Iholecular vibrations inaccessible be conventional Raman spectroscopy,
can be measured. ROA is an inelastic scattering process by -a chiral molecule that
includes right- and left-handed circularly polarized light. A ROA spectrum results from a
measurement of the»diffe’rence in the change of the degree éf polm*ization induced by the
analyte, relative to the excitation source. From ROA ‘e'xperi'ments, biomolecular back
bone structure, conformation, and absolute stereochemical structure can be determined.?®
21 ROA Spectra inélude: bending, wagging, ring deformation,ﬁng breatﬁing, rotation, and
tOrsion modes.?" 2? |

Within the array of ROA spectrometers developed over the years, techniques
include sample excitafion by incident, random, right- and left-handed circularly and
linearly polarized light. Each system must also be capable of measuring the chahge to the
input polarization induced by the sample and thus, produce a pdlarization dependent
spectrum. A minimum of two spectral measurements are required, one from each arm of
a polarizatiqn analyzer. With the excei)tion of partiCularly’bright‘molecules such as a-
pinene, contemporary data collection requires collecﬁén periods measured in hours, often
| over ‘av périod of déys;zo |

An R’OAl spéctrometer simﬁlfaneously produces éonvehtidnal Raman spéctra by

summing the two polarization dependent spectra and the ROA spectra by taking the



difference between the two spectra. The circular intensity difference (CID), a

measurement of the relative strength of an ROA signal, is given by Equation 1.

CID=I’_I’
I, +1

Equation 1. Circular intensity difference.
. where I and I; represent the interisity of left and right handed circularly polarized light

respectively.



1.4 Introduction to Nanoshells

A metal nanoshell is a plasmonic device consisting of a dielectric core surrounded
by a thin, metallic shell. The core is typically a 46 to 250 nm radius spherical silica
nanoparticle, surrounded by a 5 to 3‘0 nm thick Au or Ag shell.”> 2 Nanoshells have a
tunable plasmon resonance, which is a function of relative size of the core, core index of
refraction, shell, and local environment. (Figure 1-2) Their :plasmon resonances can be
tuned from the visible out into the ﬁear— and mid-infrared regiens of the electromagnetic

spectrum.?

¢ The nanoshell resonant - frequencies, lineshape, and the relative
contributions of scattering and absorption to the extinction spectra (plasmon line shape)*”
28 cén be qUantitatiVely modeled with Mie "seatte‘ringvtheory”. Nanoshells have found
applications as extinetion, SERS® , and SEIRA% subStrates, photo-oxidatien iﬁhibitors in
conductiﬁg polyr‘ner‘sjo,» optically _trig‘geredv drug »delivery substrates®', optomechanical

materials’> 3

, a diagnostic prebe in whole blood*, and a tissue specific, photo-thermal
tumor therapy.* | | |

" The nanoshell geometry controls the far-field electromagnetic response of a
nanosheli, and the local elecfromagnetie near-field at the nanoshell surface is also
controlled by its geemetry. The large, lecal electromagnetie fields of this simple,

symmetric nanoparticle system can be aeeurately calculated and related to the measured

SERS enhancements.” >



Extinction (a.u.)
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1 5 ] [ : '] . [l
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Figure 1-2Theoretically calculated (Mie scattering) optical resonances. demonstrating
plasmon tunabili'ty for nanoshells '

Nanoshells with an inner silica core radius r, = 60 nm and an overall particle
radius r, = 65, 67, 70, and 80 nm (corresponding to 5, 7, 10, and 20 nm thick Au shells).
The plasmon resonance (extinction) of the particles red-shifts as r,/r, increases. Modified
from Oldenburg ef al.ren to exclude the broadening mechanism.

An altemative plasmonic near-infrared resonant strﬁcture to the'nanoshéll is thé
gold nanopafticl_e (NP)-aggregate. Al‘.lv chioid éonsists of solid NPs, typicélly spheﬁcal or .
- faceted in shape ‘The 's_urface plasmoh resonance of the smaller spherical Au NP in
: aqubebus‘ solutioln ‘occurs at approximatély 520 vnm. (Figures 1‘7-,3 and 4a) Fdr larger,-
nonsphefical barticles,kthis péak has been obse'rved ‘t(’) red-éhift as much: as 100 nm

9



(Figuré 1-3) While the plasmon peak of individual Au nanoparticles is off-resonance
reiétive_ to 780 nm, as the distance between NPs apprdaches a few nanometers, a red-
shiftéd aggregate plasﬁlon appeais at the expensé of the isolated nanoparticle plasmon.*’
The degree to which the plasmon fed-shifts, ihversevlyv With distance between adjacent
particl-es. When-rriinirﬁa_l particle dfstance fs determinéd by élcctrbstatic repulsion, the
aggregate peak can be shifted to ~700 nm. (Figure 1-4b) When the interparticle distance
is further reduced by surface charge reduction or molecular ‘b'(-)nding, in this case by
phenylalanihe-cysteine; the resulting‘ smaller interpartiélc disfanée further red-shifts the
plasmon peak into the near infréred NIR where it »isﬂbrésonan‘t ‘with 780 nm, excitatiéﬁ

(Figure 1-4¢). This effect holdé;for nanoshells as well.*8

[ =
S
°
£
=
w
* 400 600 800 1000

| Wavelength (nm)

| Figure 1-3 Normalized theofetically calculated (Mie scattering) optical resonances. ‘
Illustration of the plasmon red-shift with increasing particle size for Au nanoparticles
with a radius of 30, 60, 90 and 120 nm. o ‘
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Extinction (a.u.)

400 660 8—60 = 1600 ‘120‘0
Wavelength (nm)

- Figure 1 -4, Optical extmctlon spectra of nanopartlcles and nanopartlcle ﬁlms
(a) aqueous gold nanoparticles, (b) a 2D aggregated nanoparticle film, and (c) a 3D NP

film bound by amine-terminated glycine-glycine -phenylalanine-cysteine molecules.
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1.5 Surface Enhanced Raman Scattering

The enhancement of tlie Raman spectra of molecules immobilized on a metal
substrate is collectively known as surface enhanced Raman scattering (SERS).' 3 0 In
these studies, Raman scattering intensities were enhanced by several orders of magnitude.
The use of aggregated Au nanoparticles as SERS substrates has resulted in detection
limits approaching the single molecule limit.*" 42. 43 When reabsorption is negated, for
example, ’by the use of a NS film in air as opposed to an aqueous suspension,
enhancernents as high as 10" have been reported.”®

Raman spectra are chemically specific to the vibrational modes and electronic
transitions (Which can contribute to the spectral background) of an analyte. It is common
for SERS spectra to differ from the parent Raman spectra, but in many ' instances,
excellent repeatability can be observed -or ideternlined by digital processing rnethods.g
The combination of low level delectability and specificity, lend SERS to biological,
chemical, and environrnental sensing applications;37’ 45,46

Now, over 40 years after Jeanmaire and Van Duyne published their first SERS
paper, the nature of the electromagnetic and chemical‘ mechanisms that lead to the SERS
phenomena are still debated.*": *”» ** Reasons mitigating a unified SERS model include,

but are not limited to, the nature of surfaces, particle-particle interactions, molecular

binding ~geometry, molecular conformation, isomer distributions,. and local

environment.*" 4% 3
The use of nanoshells and nanoparticles that are resonant with a NIR laser, which

is off-resonance with the analyte, has been shown to increase detection limits by 8-10

12



orders of magnitude.3 731 plasmonic structures developed and applied to the validation of

NIR surface enhanced Raman optical spectroscopy will be presented in Chapter 2.

13



1.6 Polarization

The term polarization' in the field of elcctromagnetic (EM) wéve radiation
‘describes the orientation of the elecfrié ﬁeldi iv‘ecﬁ)r (E), as defined by the phase
relationship of orthogonal coniponents. Inan isotrdpic medium, this phase relatio‘nship’ is
constant. The phasé -relationshi'p can be altered by reflection or when the EM wave is
transmitted’ through a medium where a difference in the index of refraction for the
orthogonal (x, y) components exists. Equation 2 describes 'fhe path drawn by the electric

vector over a distance of one wavelength.

E = Acos(kx - o) — Bsin(kt — or)

Equation 2. Path drawn by the electric vector.

Whe’revA, B are th'ev amplitudés of thc orthogonal x and y vectors, k (the r'eciprocall of
wéveleﬁgth) is the wavenumber, wis the frequency of the wavelength, and ¢ is time.

The change in the orientation of the unit vector (£) about the direction of
propagétibn (k) over a distance of one ‘wavel‘ength, determines the degree of polarization

(DP).

| | \./ 24U + V2
DP = 0 : :

- Equation 3.Degree of polarization (DP).

where O, U, and> V are the applicable Stokes vector and I the polarization independe’nt:

~ optical intensity.

v14,



With the exception of laser radiation, light exists in an elliptical or randomly
polarized state. Linear and circular polarization can be special cases of elliptical
~ polarization. As seen in Equation 2, thn |A| or [B| = zero, the light is linearly polarized
‘ andebhen Al = |B| = 1 (A ¢ B = 0), the light is circularly polarized}. Included. in a
complete description of polérization is the “sense” of polarization, which describes the
dire¢tion of rotation, sCribed about the optical axis (k) by the E-vector. The sense is
described ‘as right- or left-handed circular polarizétioﬁ, and can be visualiéed as
clockwise or counter clockwise rétation, respectivély. ‘Obviously, the direction of
obséwation will‘ determine how the _rotétion vis descfibed.‘ After a review of optical
'textbobkssz'54, by cbﬁvcntion, the sense of elliptical p:olarivzation is interpreted as if
looking to the sotirce. Figurc 1-5 illustrates> in three dimensions the rotation of the electric
vector about the direction of propagation for right-handed'(ﬁsing the right-hand rule in
the direction of propagation) circularly polarized lig‘ht;53 Figme 1-6 illustrates the sense
of, and ‘the change of the sense and degtee of polérization fof phasé shift increments of

n/4.3

15



Figure 1-6. The sense and degree of polarization vs. phase shift.



1.7 Conclusion

The prihciples pf Raman scattering, Raman optical activify, plasmonic nanoshells,
sﬁrface enhanced Raman spectrbScdpy, and the degree of circular polarization have béen
preseﬂteci. In chapters 3 and 4, these building blocks will be épp]ied to the validation of

surface enhanced Raman optical activity.

17



 Chapter 2. Synthesis of Au core-shell and solid Nan0particles

2.1 Introduction

Nanoshells are particles consisfing of a dielectric core sﬁrréundéd by a thin
metallic shell, form a class of vnanostructures with remarkable optical properties.56'5 8 Au
nanoshells, consisting of sphérical silica nanoparticle cores surrounded by a uniform
nanoscale gold shell layer, and Au nanoricé, pfolate hematite nanoparticles surrounded
by a gold shell layer, aré two examples bf this general nanoparticle morphology. The
unique optical properties of these nanoparticles are due to their geometry dependent,
plasmon-derived optical resonances whose frequencies depend sensitivély on the innér
‘and outef dirhensions of their métailic shell layers. The intense 'optical absorptionﬁhd
scattering properties of this class of nanoparticbles can be made to span a remarkably large
regiOn‘df the elecfromagnetic spectrum, from visible frequencies to the far infrared.>® >
This property has led fo the use of these types of nanopai't_icles in numérous applications,
from fluorescence enhancement of weak molecular emitters,'60 substrates for surface
plasmon resonance sensing,® biosensing,34 surface enhanced Raman and surface

26, 38, 62

enhanced infrared absorption spectroscopies, ,tov‘ contrast enhancement in

bioimaging and photothermal cancer therapy.®*

The plasmon-derived 'opticaI pfoperties. of metallic shell particles have been
explicitly veriﬁed u's‘ing fully: quantum meghanjcal' calculatiorvlsG5 57 but can bé understood
in simple physical ’tefms ﬁsing 'the‘ plasmoﬁv hybridization concep‘t.68'70 In plasmon
hybridization, the tunability of the plasmon resonances of dielectric-core metal-shell
»nan'obparticles érises ‘fron‘l__th‘e interaction of éavity plasmons associated with the inner

shell surface with sph_ere plasmbns aSsdciated with the oﬁtef shell surface. The plasmons

18



associated' with the inner and outer surface of the shell mix and hybridize, resulting in a
- loyver.energy, “bright” or “bonding” plasmon that couples strongly to 1nc1dent light, and a |
higher energy “dark™ or ant1-bond1ng plasmon that couples weakly to incident lrght
The hybridization 1nteractron is stronger for th1nner shell layers, leading to a strongly red
- shifted resonance for the “bright” plasmon at a wavelength determined hy the thickness
of the shell and the overall particle radius. Therefore, to position the plasmon resonance
at a wavelength of interest it is crucial to be able to synthesize- metallic shell particles
with thin, uniform shells.

Synthesis of dielectric core;Au shell nanostructures is a multistep process. It is
1n1trated by ﬁmcuonallzmg oxrde nanopart1cles with ammopropyltnethoxy— or -
methoxysilane, followed by the binding of very small (1- 2 nm diameter) Au
nanoparticles onto the nanoparticle surfac’e to a saturation coverage of norninally 25-
30%.%” "' Core-decoration is followed by the chemical reduction of Au’*(q—>Au’) onto
the nanoparticle precursor surface. In this lastreduct'ron step, the tiny Au islands grow
larger and ulti-mately merge, resulting in the formation of a continuous, multicrystalline
bmetallic shell layer‘. Once formation of the shell layer is complete, the optical properties
~of the plasmonic nanoparticles correspond quantitatively to classical electromagnetic
theory.” Although the plasmon‘resonance of a nanoshell is robust with respect to small
defects or variations in surface roughness ™ for the electromagnet1c response of
plasmonic nanoparticles to agree quantrtatrvely with theory, it is critically important that
~ the shell layer forrnatlon on the" nanopartIcle surface have a continuous and uniform
morphology A str1k1ng example of a nanoshell defect” that can g1ve r1se‘ to drast1c

'changes of the optlcal propertres is the nanoegg, a metall1c nanoshell w1th a
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homogeneous metallic shell of nonuniform thickness. This particle can be fabricated in a
controlled manner’” and is described as a nanoshell With a'displaced (nonconcentric)
dielectrie core. ‘The symmetry breaking of core displacement modiﬁes the optical
properties quite dramatically, giving rise to additional hybiidized plasmon resonances in
the extinction spectrum ef the nanopvarticle.75’ 76 |

Plasmon tunable, Au nanoshells, Au nanoparticles and nanoparticle aggregates

have been established as excellent SERS substrates.'” 2 ¥, When a molecule is
: resonantly excited, specimen fluoresce may obscure vibrational spectra. The molecules to
- be evaluated for SEROA are transparent in the NIR. ‘For biological applications,
designing a SEROA substrate that is nonreSonant in the visible spectrum and resonant in
: the NIR should enhance the vibrational spectra while eliminating specirnen fluorescence.
The plasmon peak profile of An nanoshells and nanoparticle films can be tuned to this
specification. Nanoshell and nanoparticle- sample structuies have been develop and
successfully applied to- Surface enhaneed Raman optical ‘activity experiments. The
SEROA sample structures will be elaberated on in chapter 4.

‘The aqueous phase synthesis of gold nanOparticles depends on the reduction of
tetrachloroaurieacid in the presence of a ieducin’g_agent. _Several reciucing agents have
been repeited for the synthesis of 'metallic nanoparticles, and typically have a signiﬁcant

-influence on the merphology of the final nanoparticle prodnct. For the growth ef gold or
silver shell layers on silica nanospheres, the shell layer morphology depends on the
redueing agent used in the nietallizatiOn process.ﬂ.’ 77 For.ex‘ample, in the case of Au
nanoshells, the reduCing agents formaldehyde (H,CO), hydroxylamine-hydrochloride,

band sodiiun borehydfide do not preduce equiifalent results in otherwise comparable
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oynthesis protocols.”! Also associated with the use of certain reductants have been
Variations in shell layer morphology due to specifics of reagent preparation. Both
collOicvlal solutions and reductant solUtions are known _to_change slowly over time,
resulting in the growth of | nanostructures with morphologies deviating from those
achieved with freshly prepared solutions. These slow variations are moSt likely due to
changos in equilibrium concentrations of tho various ionic constituents or of dissolved
gases, and are quite ohallenging to monitor, as is their precise-influence on shell layer
growth.' A reducing agent method immune to such variations would provide ’consiste‘nt
reproducibility in shell formation andimprov}e the reliability of -pliasmorlic nanoparticle
fabrication.ﬂv | | |

In this chapter a robust ano reliable method is reported for the growth of ‘an Au
layer on a prépared‘ dielectric nanoparticle surface based on the use of carbon monoxide
gas (CO) as the reducirrg agent.”® " Tho shell growth is demonstrated on silica core-Au
shell - rlanoshells and hernatite core-Au sheli ‘nanoric:e structures. We 'compore
nanoparticles prepared with this new method to nanoparticlos prepared using the
conventional liquid phase reductant, formaldehyde (H2VCO), For both nanoparticles, the
growth of a continuous Ali shell layer is achievable at smaller'thicknosses with CO as the
rédUcing agent. The CO ‘reduction method is also _a_lr)plicable'to Au and Ag colloid
syntheéis. Based on CO ﬂow rates, flow times and k-carb ége the nature of the Au

colloids can be controlled.
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2.2 Synthesis of gold Nanoshells '

Ensemble extinctionspectra, single particle scattering spectra and SEM images of
specific single nanoshells and nanorice grewn by both methods provide clear evidence
ithat thinner, more uniform shell layer morphologies on nanoshells and nanorice can:be
fabricated with this approach. When precursor chemicals are prepared within a few days
of nanopanicle synthesis both CO and H,CO reduction methods produce comparable high
quality nanoparticles. However, the reduction of Au*>* ny CO results in the growth of high
“quality shell layers independent of the age of preeursor reagents.

2.3 Preparation of precursor solutions

A multistep procedure was performed to prepare the various precursors,”®

followed by reduction of aqueous Au3+ to Au’ , resulting in nanoshell or nanorice
formation. With the excepti(_)n of core ﬁmctionaliZation_by APTES or APTMS in ethanol,
all components of the nanoparticle precursor solutions and suspensions were prepared
using Milli—QTMVWater.

Unless otheiWise specified, all cheinicals were supplied by Sigma-Aldrich or
Fisher Scientific and used without further modification. Deionized water (18 M0O) was
provided byva Milli-Q™ Systeni. l)'Chloroauric acid: gold (l_II) chloride (HAuCly-3H,0,
99%), '2) THPC colloidal gold suspension: Tetrakis(hydroxymethyl)phosphoniumb

chloride (THPC, 80% solution in WATER), sodiumbhyd'ro‘xide (1 M), and chloroauric
: acid, 3) Plating Solution: potassium - earbdnate (certiﬁed A.C.S., Fisher Sci.) and
“chléroauric acid, 4) ‘SiOi core vfuvn‘etionalizvation: bco‘ndensed “silica core particles -
(Ammonid stabilized, 30% ycolloid_silica, Precision Colloids,' Cartersville, Geoigia) and 3-

mninopropyltiiethoxysil‘ane (APTES,V minimurn 98% Sigma), 5) Hematite cores: ferric '
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chloride (FeCl3-6H,0) and potassium vphosphate (KH,POy), 6) Precursor nanoparticle
synthesis: functionalized silica or hematite cores, THPC gold solution, sodium chloride,
200_proof ethanol (Pharmco-bAaper), 7) Reducing agents: carbon monoxide (CO, 99.0%)
(Matheson-Trigas) or formaldehyde (H,CO, 37%) 8) electron microscopy sample
preparation silicon substrates (Add1son Engineering, Inc ), glass microscope slide cover
slips, poly(4-vinylpyridine) (PVP, MW 160,000).
~ Caution: ethanol, H,CO, CO,‘chloroauric acid, THPC, APTMS, APTES and piranha
- present potential health and or fire hazards. Appropriate precautions should be observed
~at ali times. - |
Chloroauric acid

A 1% by weight (2.54 mM) aqueous chloroauric acid solution was prepared and
stored in an amber glass container for a minimum of tliree days before use.
Ferric Chloride soluii’on | | |

An aqueous: soliution containing“2(‘) mM FeCl; — 400 puM KH,PO, was prepared
prior to the precipitation of hematite particles.
S}inthesis of T HPC Gold Suspension

A THPC gold solutlon composed of 1-2 nm Au collold was prepared according to
Duff et al.® Under rapid stlrrlng, 1.2 mL of 1 M NaOH was added to 180 mL of
WATER, followed by the addition of 4 mL of a 1.2 mM aqueous THPC solution to yield
a final THPC concentration of 2.6 uM After ﬁve minutes of continuous stirring, 6.75 mL
of 1 wt % »aqueous chloroauric acid was added in one quick motion, afterwhich the
solution immediately turns to a medium brown color. The final solution was refrigerated

for at least 2 weeks before use. The product has a shelf life of ~ 6 months when stored at

23



4 °C. The suspension quality, which degrades with increasing Au colloid size, can be
monitored by watching for a prohouhced Au‘ colloid peak in Vthe optical -extinction
spectrum, which appears upon nanoparticle restructuring or aggregation.8°; #1
Syntheszs of Au Platmg Solution |

A 44 pM aqueous HAuCl4 plating solution was produced by the addition of 3 mL
of 1 wt % chloroauric acid to 200 mLs of a 1.8 mM aqueous K,COs. The solution is then
stored for a minimum of 24 hours. Typically, when the plating solution is reduced by
H,CO, the highest quality nanosheils, as assessed by SEM imaging and optical
properties, were obtained when uSed between 24 and 72 hours after preparation. In the
case of ”re‘ductiQn byvCQ(g) the shelf life time is ektended beyend 6 weeks.
- Synthesis of Ag p(vlrti‘clev(colloid) precur;cof : |

An AgNOs saturated aqueous solution was produced by the addition AgNO; to
WATER :until after Vigorous’agitation, precipitates cenfinued to. formed on the bottom of
the bdttle.' The solution was aged under: ambient conditione for 2 houré to several days.
Clear liquid was rem:oved‘ and passed thr'ough‘ 0.2 uM ﬁlter paper into a brown bottle.
The solution was aerated with Ar before use.
S'ynthesjs of Hematite Core Particlas

| Spindle-éhaped hematite pai'ticles with an aspect fatio of 6.3 (340 £ 20 nm x 55+

5 nm) were prepared by forced hydroly51s of ferric chloride salts in an alkalme med1a
Brleﬂy, 100 mL of reactlon mlxture contammg 20 mM of FeCl; and 400 uM of KH2P04

solutlon were sealed in a round bottom flask and heated at 100 °C for 72 h. The resulting

dark orange precipitate consisting of a-Fe,0; particles were washed several times in
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water and ethanol at 3900 RCF for 25 minutes per centrifugation cycle. The ﬁnel
precipitate was redispersed in 25 th ethanol and used as stock solution”.57’ 82

APT ES Functionalization of Silica Cores |

| The pfotocol used fof 126 nm diameter cores is presented here. This general
procedure is applicable for &arieus silica core Si_zes; however, the volume of APTES
scales with the available silica core surface area and the relative centrifugal force is
inversely:related to particle size. For e){aniple, silica core panicles with a 36, 95, and 190
o radii were centrifuged at 6000, 1000, and 400 RCF, respectively. As-purchased Si0,
pa'1ﬁcles were diluted fromr 30 wt % »tob 1 wt % in water. Ammonia stabilization of the
particles was 'removed by: washing the functionalized cores three times via centrifugetion
et 4000 RCF for 30 minutes; remevaI' of fhe superhataﬁt', ‘followed by redispersi.on in 40
mL of Water using an ultrasonic probe. Aftér the final removal of the supernatant, the
particles were redispersed iﬁ ‘ethanol. This proces-s (in ethanol) was repeated an additional
three tir’nes.' The ﬁnal suspensioh wasu redispersed in 40 th of ethanol, placed in a
polypropylene flask, and stirred rapidly. Fresh APTES (300 pL) was added to the
suspenSion with coﬁtinuous stining for 10 minutes. The sbluﬁon was sealed and slole
stirred overnight undef ambieﬁf conditions.

Next, the mixture was boiled in "a borosilicate "eontainer for two hrs. Total
evaporation of the solvent during the sﬁtheSis ef the funCtionalized cores was prevented v
by the continueus ad'dibtion of ethanol. Again, the fuhcti(‘)nali‘zed core particles vwere'
washed three fimes in ethanol by centrifugation at 3500 RCF for 30 minutes as described
in the previous section. After the last ‘eentri‘fuge cycle and removal of Supemafant, the

functionalized par_ticles were rediéperéed in 20 mL of ethanol. This pfoeeSs resulted in
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- Ammonia (NH4)-terminated nanoparticles that may be stored and reliably used to
fabricate high quality nanoshell precursor particl.es for at least a year. However, the actual
shelf life has not been characterized beyond one year. An ultrasonic probe was used to
redisperse the core§_immediately before the synthesis of the nanoshell precursor particles
in thé next step. | |
APTMS-Functionalized Hematite Particles
(by Rizia Bardhan) 5 ml of as-prepared hematite nanoparticles were stirred to a

rapid vortex, after which 600 pL APTMS WaS added. The stirring velocity was vreduced
ahd continﬁed for 12 l‘lours.v Excess A'PTMS‘w‘as removed by several Ceﬁtrifugafion /
ethanol cyclés after -Which the core pérticlés .werev'redisprersed in ethaﬁol.’;
Syﬁihésis of Nanoshell Precurs»orb Particles

‘ First; 40 mL of a THPC ‘gt)ld solution (see‘ab’(,)ve)’ was sonicated for 1 mifuﬁe.
During ‘sonication;‘4 mL of 1 M NaCl was added, followed irﬁmediatély by the addition
of 300 uL of the APTES functionalized vsilica 6r APTMS functionalized herﬁaﬁte
nanoparticle suSpénéion. After continuous sonication for an additional 1-2 minutes, the
sélution was allowed to reach eQuilibrium over a ‘12 hr period. This step was followed by
centrifugation at 1400 RCF (or} 1150-RCF for né.nQrice) for 20 rﬁinutes to remove excess
THPC. Theb precursor nanbparticles formed a pellet at the bottor n of theceﬂt‘rifﬁge tube.
After remoyal of the supernatant, the partiéles were resuspended in 30 mL of WATER
wifh a sonicating pr‘obe;‘centrifuged a second time and_redispérsed in'5 mL of "WATER.
The nandpv'arvti'cl‘e' pre‘cur,sorts,usp‘ension \évasvkbr:efrigera‘ted when"r'lot in use. The highest
quality and thinnest compléte vshells are produ;ed within é fC;N days Qf synthesié, yet

co'nvlplete nanoshells may still be obtained after 1-2 months.
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2.4 Synthesis of Nanoshells émd Nanorice

The synfhesis of nanoshells and nanorice ‘follv0>w a corﬁmon bprotocol‘. Under
ambient conditiohs, two Au* o) redﬁcing agenfs: CO and HCOgq wer'eb compared in
nanoshell and inanori(:e synthesis. For rianoshe.lls,,the‘ plating solution (aged 5 and 6 days,
ﬁsed with H,CO and CO reductioh'methods, respecti;/ely) and nanoparticle precursor
suspension (aged 9 and 49 days, H>CO and CO, respectively) Iheasured by volume, were
combined to produce a seque‘nCe‘ of 6 mL -suépensions with Au iori to particle ratios
between 2.5 x 107 ‘and 2 x 10_8. Pairs of 3‘ mL al»i»quots of each nanoshell or nanorice
precursor solution were preparéd in glass vials. (Nanoshells were successfully
synthesizéd using plating soblution‘s‘a_s‘ ol
nanopartidés used in the expeﬁthents reportcd iﬁ“thi‘s paper.) Nanopérticle cohcéhtrations
Cé.n vary significantly batch-‘to-batch betwee:n nanoshell pfecufsor solufioﬁs. |

‘The Au** reduction technique by H,CO (Equation. 1-3) includes the rapid
dischargc éf 15 uL of H,CO fromv a 100 p.Lv pipette into 3 mL of the precursor
suspension, after which the sample vial is gently vortexed By hahd for about 10 seconds.
(When the process is scaled to produce larger quantities of nanoshells, typically 200 mL
of plating sblution would be uséd. In this case, the nanoshell precursor material is stirred
rapidly, th produce a strong vdrtex befofe the addition‘ of H,CO.) Tﬁe nanoshell and
nanorice - suspensions prodﬁcéd by H,CO reduction Wefe subsequently aged for a
fnirﬁmum of 10 ‘minutés, alloWihg for complete‘cohsumption of the Au** stock solution
béfore the colle'ctionv of optic‘al ‘spectra‘.i SEM sﬁmples’: wéré pfepafed within the hour.
H;CO-reductant nanoshells mﬁst be promptly washed by centrifugation at 300 RCF (or

 1 50 RCF for nanorice) for 10-15 miﬁutes"and' redispersed 1n WATER or aﬁ_aque(_)'lis
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1.8mM K>CO; solution to remove residual H,CO. Failure to wash fhe H,CO-nanoshells
will result in particle aggregation within a few hours.

Redﬁction of Au* by CO’(quuativon’. 4-6) was performed either by aeration or by
exposure of solution to a CO aUndéphere. For thev aerated samples, CO was delivered
through a glass diffusion tubé (C’hemglass)vimmersed in the bottom of the vial at a flow
rate (Cole Pafmer) of 25 sccm for periods.of 10 to 15 seconds. In the atmospheric CO
‘technique, the volume in the sample vial above the suspension was filled with CO, after
which' the vial was capped and gently rocked for five to ten seconds. CO-reductant
nanoshell and nanbrice voptical exfinction‘ spectra were collected immediately. SEM
s_ample,sv wefe pfepared within the hour. CO-nanoshells db'not’ require post reduction

“washing.
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2.5 Characterization and Comparison of Nanoshells and Nanorice
reduced using H,CO and CO

Optical extinction spectra of aqueous samples in 1 cm- path length polystyrene
cuvettes (Fisher Scientific) were collected using a‘ Varian Cary 5000 UV-VIS-NIR
scanning spectrophotometer. Scanning electron micrographs and energy dispersive x-ray
(EDS) spectra were obtained with an. FEI Quanta 400 Scanning Electron’ Microscope
(SEM) operated at 30 kV in the environmental (ESEM™) rnode with an WATER vapor
pressure of ~2 Torr. For high-resolution3SEM imaging Si substrates were cleaned by |
immersion in a 3 1 H2$O4 H202 (piranha) for 20 mlnutes thoroughly rinsed with Mllll Q
water and dned w1th ﬁltered Na. Pzranha and the components of pzranha are hzghly |
corrosive chemicals that ‘pre'sent numerous’fhealth hazards. When H,0; and H2S04 are
combined, an exothermic, potentially explosive réaction will resitlt. Prior to _wb’rking with
piranhd solutions, the rédder is encourdged to’revie’w OSHA form 174, 'Sépt.' 1 ‘985;and to
take all necessdry precautions. The substrates were then coated with a PVP‘adhesion
layer as described above. They were subsequently rinsed with ethanol, dried with filtered
N,, and allowed to cure under ambient conditions :for 12 hours. Nanoparticl'es were
immobilized on the substrate surface ‘by the sedi‘mentary deposition for a pericd of 1-2
hours after which they were gently rinsed with water and dried with filtered No. ’

Optical scattering spectra: Single particles scattering experiments were conducted
by J. Britt Lassiter. Optical scattering spectra were collected for individual ‘nanoshells
| deposited cver' Sbi02"using an inverted rnicrcscope (Zeiss Axi(‘)vert 200 MA‘T) in the dark-
: ﬁeld conﬁguratlon A reﬂection dark-field obJective (100x NA 0.9) was used to focus

the i 1mage of each s1ngle nanopartlcle at the entrance slit of the spectrograph (SP-2156
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Acton Research,» Acton, MA). Data were collected with a Charge-.coui)led device array
(PhotonMax 512; Prince.ton' Instruments, Trenton, NJ).”2 |
" To facilitate fhe; analysis of the same particle by both vESEM and optical

scattering experiménts, acetohc-éleaned glass substrateé were patterned by the deposition
of an bAu film through an bakl}v)han,umerically indexed transmission electron microscope
grid (e.g., a mask; Ted Pella, Inc.) in contact with the SiO, surface. An adhesion layer
was added to the sub_stréte by immersion in a 1 wt. % PVP-ethanol solution for 8-12
“hours after which they were rinséd with ethanol and dried with filtered N,. Nanoshells
were allowed to deposit on the surface for 20 svecv:onds, which resulted in an interparticle
Spaéing of nominally 5 pm. »

- - For the single' p’afticle' optical séattering spectra cbllcction, ESEM' imagéé and the
optical microscope dark field of view were correlaféci to locate a specific nanoshell. By
-designing samples with an éppropriate VpartriCIe-t‘o-particle separation, an adjustable slif
san bé used fo opticélly isolaté an individual nanostructure; Spectral data were acquired
using fhé previously described spectroscopic system and processed by our own analysis
software (MatLab).

Characterization of Nanoshells

o _ Theoretical spéétra whichi agree well with‘ the ervrilpirical’optical exfinctidn spectra
were calculated using generalized M‘ibe theory.36 Both experimental and theoretical
‘ spectra were norxﬁaliZed at the maximum éxtinctidri véiues_. Ann valﬁe of 63> nm was
détenhined by 'cpmbined s:ca‘.nnihg‘ electron miéroscoby (SEM) and Mié scattering théory.
Using this valué of 1, (63nm) and the dielectrié chsfanf of the medium, (HZO; 1.77), the

Au shell® and the dielectric core (Si0, 2.04), the value of rp (85 nm) and the theoretical
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extinction efficiency (Atneoreticat, '4.98) was determined using Mie theory.36’ 8.8 To

determine the concentration of the nanoparticle precursor suspension, the Beer-Lambert

law was used;

2.303% Ao,

NS/mL=—— '
Aiheoritical X Lx 2H XFr 22

Equation 2-1 The Beer-Lambert law

Whefe L is the bptical cell path length (L = 1 cm), r; is the overall nanoshéli
radius in cm, Athgoreﬁcal is fhe peak extinctioh efﬁciehcy extraéted from the theoretical
extinction spectra for [ri, r2] nanoshells, and Ap, isbthe' experimentélly measured peak
absorbance. | |

- The CO(g-reductant [63,85] nm nanoshellé »(F‘ig'ure 2-2A vi) were chosen as the

point of refercnce for the précursor Auv* to nanoparticle ratio, baéed on SEM, Optical
extinction, and Mie theory. The nanoshell denéity was determined .to be 2.86 x 10°/mL
thus the precursor Au’* / nanoparticle ratio was 3.05 x 10’. The sample set was scaled
relative to this vaiue.
2.6 Results én‘d DiScussioh

The grthh"of a continuous, uniform Au layer _Oﬁ‘a dielectric nanoparticle is the
critical step in the siyﬁthesis of nanoparticles such as nanoshells of ﬁanorice, giv.ingv rise to
their unique ggometry-dependent plasmon resohant properties. Hefe we report a ﬁovel,
}streémline_dv methbd for Au layer mefallizétion on pfepared nanoparticle surfaces using
carb(‘)nb' mdnoxidc as the ‘feduCing ageht. This approacl:hvconsi-stently yields : plasmonic
.nanopé;Ticles with highly regular shéli layers and‘ is immunento Variationé in pfecursor_or
.feagent preparéﬁon | B
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A schematic of a nanoshell precursor nanoparticle consisting of ultrasmall Au
nanoparticles bound to a silica nanoparticle surface, two reductant methods used for shell
layer growth, and the morphological differences in the final metalized nanoparticle are
shown in Figure 2-1. This schematic represents the final reduction step where the silica
nanoparticle-bound Au nanoparticles coalesce into a continuous, multicrystalline metallic
layer on the nanoparticle surface. In particular, this schematic illustrates the thin shell
layer limit, where just enough Au’ is deposited on the nanostructure to result in the
formation of a continuous shell layer. In general, different reductants may require
different concentrations in Au** to achieve continuous coverage of the nanoparticle: a
complete shell layer that forms at lower Au®" concentrations would be thinner, and the

resulting nanoparticle would have a longer wavelength plasmon resonance.

CO

H 2CO(|)

Figure 2-1 Schematic of shell layer deposition for NS synthesis in the thin shell limit.
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The SiO; core decorated with Au nanoparticles, in a HAuCl, solution, serves as
the deposition Substrate,v upon which a shell layér is grown using either carbon monoxide
or formaldehyde ,r}edu‘ctan‘ts. Variations in shell morphology, obsefved when using the
H2CO reduction method, can be avoided using CO as the reducing agent. |

The evolution of the opticél éxtinction of the hanoshell precursor nanoparticles
during shell layer growth as a function of Au®" concentration, for the CO¢) and H,CO
reductants, is shown in F i‘gure‘?v_-?_v. At low Au** cdnccntrations, vmefal deposition onto the
precursor nanoparticle enlarges  the discrete Au nancfpérticles on the nanostructure
surféce. In this concehtration-rcgime, the eXtihction peakv shifts to longef Wavelengths due
to the increased size of the nanoscale Au islands on the nanc;particle surface and
decreased distance between these islvan’ds, resulting in increased. interparticle bplasmon
coupling and a red shifted plasmon resonance. This red shifting continues With. increasing

' Aﬁ3+ until a cbncentratidn résﬁlﬁng 1n the ‘formation of a cdmplete shell layer. Once a
complete shell layer is formedhighef Abu3+ conéentra’tibns; result in increased thickness
of the metal shell layer and a shift of the nanoshell plasmon to shorter wavelengths. The
long wéi‘velength linﬁit therefore corresponds to :the minimum Au®* concentration required
to form a continuous sheil layer. The longer the Wavel¢ngth; the thinner the shell layer of

the nanoparticlé:foﬁned.

In Figur_e 2-2A we see this transition of the extinctioﬁ peak to longer wavelengths,
then shorter waQelengths, with increasing Au®" coﬁcerit_ratibﬁ. The maximum wavelength
depends _Signiﬁcantly on the type of 'reducta;nt. In vthivs'ca'se:, the CO reductant yiéids

~_nanoparticles with- ab' péak extinction waveléngth shifted té a Ihéasurably longef

‘wavelength (780 nm) than the formaldehyde reductant (745 nm) for the thinnest shells.
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Flgu.re 2-2 Plasmon resonance shift and extinction spectra of nanoshells synthes1zed
- using the CO and H>CO reduction methods.

(A) Surface plasmon resonance wavelength as a function of available Au ionis per particle’
for nanoshells grown with CO (red) and H,CO (blue) reducing agents. (B, C) Selected
extinction spectra corresponding to the data points (i-vi) in (A) for nanoshells grown with
(B) HoCO and (C) CO reducing agents. Extinction spectra (i) and (iv) are corresponding
to incomplete shell layer growth. Extinction spectra (ii) and (v) correspond to nanoshells
near the thin shell limit, and extinction spectra (iii) and (vi) correspond to nanoshells with
thicker shell layers. . : :
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The large wavelength difference seen here, between nanoshells grown using the
CO and H,CO reducing agents, correSpbnds to the use bf older nanoshell precﬁrsor and
H,CO reductant solutions, and is generally a funétidn of the age of these solutions. The
longer peak wavélength achieved for nanoshells‘ formed usihg thé CO reductént ‘occurs at
a ~40% lower Au** concentration per nanoparticle than for shell layefs grown using the
formaldehyde ‘reductant, consistent with the formation of thinner continuous shell layers.
These two characteristics indicate that less -Au3 * is required to form a complete shell layer
for the CO reductant than for the forymalc‘lehydevre‘ductant in this case.

Extinct_ién spectré fepresentative of \}arious sta'ge‘s in the growth of the éhell layer
(F ig:ure ‘2-2 (1)~(vi)) are shown in Figure 2-2 (B,C). Spectra corresponding to thé regime
of incomplete shell layer growth, (i) and (iv), shdw- a broad and relatively featureless
curve, while the other curves show evidence of both dipole and quadrupole resonances in
the ,épectral linéShape, corre‘sp(‘)nding‘to the extinction spe'ctrﬁm of a nanoshell with a
continuous shell layer. Compari_soﬁ w1th 'Mie scattering theory‘ indicates that the =
difference in sh¢ll ‘thickness for the two-redﬁctant methods, in the. thin shell limit ‘is
approximately 3-5 nm However, a closer examination of the nanoparticlés in the thin
- shell limit réveals significant reductant-dependent differences in morphology for
nanoshells fabricated with these two reducing agenfs.

v An examination of nanoshells grown with bAu3+ concentraﬁon cOrrésponding to
the maximum wavelength ,shift reveals the largest differenges in nénOSHell m0rphblogies
obtainable with these two féductants'(F igure 2-3). In the case where nanoshells ére‘
~ synthesized from rédUCtant and nanoparticle precursor solutions aged 5 and 9' days

- respectively, comparable nanoshell morphologies result, with continuous uniform layers,
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Figure 2-3 A,C. Occasional pinhole defects can be detected on the nanoshells grown
using the H>CO reducing agent solution (Figure 2-3C) but are generally not visible for

the nanoshells grown with the CO reductant (Figure 2f3B). ,
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- Figure 2-3 Nanoshell and Nanorice Extmctlon spectra and SEM images.
(A) Optical extinction spectra of nanoshells synthesized under opt1ma1 conditions
(reductant solution aged 5 days and precursor nanoparticle suspension aged 9 days) (i)
[63,83] H,CO-nanoshells, (ii) [63,83] CO-nanoshells. Scanning electron micrograph
(SEM) images of (B) CO and (C) H,CO-nanoshells corresponding to the spectra are
shown in (A). (D) Optical extinction spectra of nanoshells synthesized using aged -
precursor solutions (reductant solution aged 6 days and precursor nanoparticle suspension
aged 49 days) (iii) H;CO-nanoshells, (iv) [63,75] CO-nanoshells and the Mie theory fit
orrespondmg to (iv). (E, F) SEM images of nanoshells grown usmg (E) CO and (F)
H,CO. reductant solutions correspondlng to the spectra shown in (D). G) Optical
extlnctlon spectra of nanorice grown using (v) HCO and (vi) CO reductant solutions.
SEM images of nanorice grown using (H) ‘CO and (I) H,CO reductant solutions whose

, spectra are shown in (G)
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Figure 2-4 Normalized scattering spectra and corresponding SEM images of individual

nanoshells. LT ' ‘

- Nanoshells were grown using (A) CO and (B) H,CO reducing agents in the thin
Au layer limit, using the same Au’" ion concentration. (C) nanoshell grown with H,CO
reductant (not in the thin Au layer limit).

For the case where the reducing agent and precursor.solutions have been aged for
6 and 49 days respe'c_tively, a greater variation in nanoshell morphblogy'between the two

‘reduéing agents results. The extinction spectra and representative SEM images are shown
in Figure 2-3 D,F. Nanoshells grown with the CO reductant are observed to have

” Contjnuous and uniform shell ‘layers, Figure 2-3 E. ‘Nanoshells'obtained»u:sing the “HZC(V)

reductant show incomplete shell layer growth with extended,‘ interconnecting fissures in
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the shell layer. The extinction spectrum of the nanoshells prepared with the CO reducing
agent agreed quantitatively with Mie scattering theory.

An extension of the thin shell limit by CvO‘reduction was also observed for
nanoshells synthesized with silica core radii of 36, 95, and 190 nm (data not shown). This
variation m sheH quahty also extends to .the synthesis of nanorice, which incorporates
spindle shaped hematite core nanoparticles. In the synthesis of nanorice, similar changes
in morphology that depend upon the type of reducing agent used are obtained. For a thin
- shell layer, nanorice ‘grown using CO as the reducing agent have signiﬁcantly more

continuous shell layers with fewer defeets than is typical of nanorice synthesized using

H,CO as the reducing agent (Figure 2:3 (G-I). |

Single partielescattering snectra of the specific individual nanoshells, correlated

with the ESEM images of 'eaeh nanoparticle, provide the most detailed picture of how the

nanoparticle morphology affects the plasmon response of the nanoparticle.20,35 Typical

scattering spectra obtained for' individual nanoshells in the thinv shell ‘livmit, prepared with

the same Au®" concentration but using the two different reductants, are shown in Figure

2-4. The nanoshell grown using CO as the reductant (Figure 2-4 A) has both a highly

uniform shell morphology and a high quality ’nanoshell ‘plasmon line shape. A

representative nanoshell grown at the'same AW concentration but with H,CO as the

reducing agent has an incomplete shell layer and a correspondingly poorly defined

_plaSmon line shape and peak wavelength in its scattering spectrum, Figure 2-4 B. The
‘particle-to_-narticle spectral variation'for the nanoshells grown using theHZCOreduCtant
| was far greater than that for the nanoshells grown. using ‘C_O as the reouctant, which iS

directly a result of a greater:particle-to-particle variation in shell ,morphology. In addition,
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the higher energy “dark” plasmon mode at 450 nm, only weakly allowed for a spherically
. symmetric nanoshell, appears much more prominently in the scattering spectrum of the
incompleteHzco’éreduetant nanoshells, in some eases having an‘arxiplitude approaching
the “bright” plasmon at ~700 nm. The H,CO reductant does, however yield high quality
nanoshe1le when thicker shell layers are grown, as seen in the spectrum and image kof av

representative nanoshell in Figure 2-4 C.

- 2.7 Synthesis of Gold and Silver Nahdparticles,by CO Reductioni

| Gold nanoparticles (NP) maybe produced by the reduction of Au plating solution
using H,CO aild CO, as descfibed for the synthesis of NS;“By the CO aeration method,

silver NP maybe pioduced by the reduction of a sliver piating selution (AgNOy). .
Au nanoparticles (eelloid) synthesis by H,CO redueﬁeri’is perferm_ed in the same
manner as in fhe synthesis of core-shell particles. H,CO ’partieles must be washed in the
manor pre.viously describeci (250(i RCF, 20-30 min.).' In the case of HyCO, the colloids
become larger and the SPR line widens with increasing Au plating solution age. It is
preferred that the minimum volume of H;CO should be introduced to the system, so that

bthe Au plating solution age is the variabie in the synthesis of Au .'NP by H>CO reduction.
E Visually; a 'typicaI H2CO-Au pfodtict has an iridescent orange-brOWn color. 1n
'_reﬂeefion and is purplish in ttansmis’Sion. The dynamic »rangefor the SPR peak position is
520 - "~v600.ii1m, wuh OBServed: colloid sizes »r.anging‘ from 50-100 nm. inithe kwashi_ng
process, an iriitial yolMe of 40 mL is cenfrifuged, after \;zvhich' all l‘)'utb 100-200 uL' of |

| ‘supernatant is removed. The NPs were resuspended 1n 10-30 mL of WATER. As With;all
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" H,CO reduced Au** products, after the washing process, H;CO I is observed in aqueous
SERS spectra of the Au colloid.

The synthesis of Au NP (Ag NP) using COisa Siinple process; aerate the plating
solution with CO in the- same manner used for NS. As w_ith CO-NS, CO-NPs do not
require post synthesis puriﬁcation (washing). CO An NP solutions range from clear ruby

red to clear violet color.

a.u.

200 400 600 800 1000

' Wavelength (nm)
Figure 2-5 Optical absorption spectra of aqueous (A) CcO Ag NP (395 nm), and (B) CO
AuNP (535 nm)

In contrast to H,CO as the reductant, the use of CO provides tunable parameters
in the synthesis»'of Au-NP. These include the aeration rate, time and age of the plating
solution. 'The Au pioducts with the narrowest size distribution result when using a slow
- CO flow rate and a small reaction Vessel For example place 6 ml of Au plating solution
in a 13mm diameter vial and a CO flow rate of 20 scem from a 5 mm diameter gas

diffusion tube. Parameters of Ag NP synthesis have not been evaluated
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2.8 Conclusion

An improved method for the growth of continuous Au shell layers on dielectric
oxide nanoparticles and by a common reductant, the synthesis of Au and Ag colloid is
reported. The reduction of Au®" by CO results in the formation of thin, uniform shell
layers on these dielectric core nanoparticles at lower Au’’concentrations, where
continuous shell layers are not achievable with current liquid phase reduction methods.
This appreach relies only on the introduction of CO(g) into the solution of prepared
preeurser nanoparticles and Au™, anci is not susceptible to variations in shell layer
n‘lorpholo:gy, inﬂﬁeHCed by preparation of réductant or ‘precursor slolut'ions, a limitation of -
,cufrentl shell '-lay:errgrOWth methode. Extension of the CO reduction method to Auand Ag
nénopanieles exempliﬁes the “general” néture of the proeeSs.

In the absence of the post synthesis puriﬁcatidn required for other reductants, the
use of CO as a reductant has transformed the manufacturing F(')f ﬁaﬁosﬁells from a batch to
a continuous ﬂow'process with potential for mass production.

Aqueoué nanoshells andi stfuctured nanoparticle films will be the plasmonic’
substrates }u“sed to vé_lidation of Surface Enhanced Near Infrared Raman Optical Activity - |

spectroscopy -
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 Chapter 3. Over View of Raman Optical Activity Spectroscopy

Raman optical activity (ROA) is a vibrational spectroscopic technique that is reliant
‘on the intensity difference between the right and left handed, éirculér polarized
coﬁponents of the scattered beam.

This chapter describes the development of a Near Infrared Raman Optical activity
spectrometer (NIROAS) that ovércbmes the limitations of the ROA spectrometers that
rely onvresénant (488-532 nm) excitation lasers. The NIROAS allows for nbnresonant
excitatién of biovlogical analytes where thev intrinsic fluorescence is mininﬁal,' and the use
of NIR resohént Au nanoparticlé substrates in,thé study of surfécé enhanced Raman | '
- optical écﬁtiVity.: The"r_eader will be familiarized with concepts of the enéntiomer,

chirality,vand the near infrared Raman optical activity spectrometer.

3.1 Enantiomers

Molecular enantiomer(s) are cbmmoﬁly referred to as stereoisomers of a
moleéule. Compliméritary enantiomers usuélly “have common chemiéai and physical
properties except féf their ability to rotaté plané-polarized light 1n opposite directions. %
| Stmctura;lly',.' eriantiofners are mir‘rdrvimages of each other wifh the caveat that one -
cannot bé Superimpbséd on the other. The classical real-woﬂd example of this vl‘(ind of
Symm¢Uy 'is:‘t'hé' hand. Note that a :pair-of-hands has fninor éymrhefry, However; one
hand cannot be positioried: w1th the othef SO thét they are"idcnticai in all'éspécts from any

point of VICW This is illustrated in Figure 3-1.
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Electronic optical activity relates to the absorption differences (electronic
transitions) between right- and left-handed circularly polarized light. This is known as
circular dichroism (CD). CD can have origins in both electronic activity and the
secondary structure of the molecules. Molecules exhibiting CD do not necessarily exhibit
ROA, which requires a chiral center nor do molecules that exhibit ROA necessarily
exhibit CD.*® ¥ Notation that indicates the direction a molecule will rotate plane
polarized light is (+) and (-), for clockwise and counter-clockwise respectively.

A mixture of enantiomers of equal concentration is known as a racemic mixture.
Logically it follows that racemic mixtures have a net electronic and / or Raman optical

activity of zero.

g 8

Figure 3-1. Generic amino acid Enantiomeric pair overlaid on hands

Chirality is the term used to describe the handedness. Three naming conventions
are in common use. In their common nomenclature they are, (R) (rectus) and (S)
(sinister), (+) and (-), and (L) and (D). Alternately, lower case (d) and (1) are used in

place of (+) and (-). Capital (D) and (L) nomenclature is usually typeset in small capital
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letters (L, p). The assignments of (R)V'and' (S) are based on molecular structure and
assigned a priority vaccovrding to the Chan Ingold Prelog rules.%® . (R) and (S) do not have
a fixed relationship to either, *) (dextrorotary) and () (levorotary) or () and (1)
nomenclature. (L, D) aré referehced-to the niolecule ig}"ceralrdéhyde and based on the
spatial conﬁguration of its at;)ms. Indeed, a mole‘culeb pbséeséing (S) or (R) chirality may
exhibit (+) or (-) electronic optical activity.

Often ROA éignals-are very weak, E® E* that of Raman. If a molecule is optically
éctive, Raman 6pti¢al aétivity is indicated by the measurement of the intensify difference

- between incoherently scattefe’d right- and left-handed circulva-rly polarized light.
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3.2 Raman optical activity

Raman optical actiyvity’ in small chiral molecules was first observed by
Barron et al.22’ % Hecht, Bérron, and Hu‘gv developed a new generation of laser-based
ROA instrumentation at the University of Glasgow. The new designs were based on the
theory that relative to right-angle collection, the ROA signal to noise ratios of numerous
ROA Bands should improve signiﬁcaﬂtly in the backscatter collection georhetry. Hecht
and Barron pointed out that under most conditions, ROA scattering intensity in the

forward direction is zero, or at least the forward ROA signal is lost to isotropic scatter.”

13,50

Advances iﬁcluding simultaneous dual charinel collection, and the virtual enantiomer
contributed to a systeinatic aﬂifact c_vorhpensation and the current state of the ban Scattered
Circul’ar‘ quarization’ Raman " Optical Activivtyv Spectrometer (SCPfROA).7_’ 851 An
improved Veréion of this system has since been 'commer'c’ialized by BieToolS; Inc. Prof.
Barron, the developer of the GUROASH#, purchased the first production Chiral RAMAN™
spectrometer. He remarked, “We have recently taken delivery of the first production
model. Tt is around five times faster than our homemade instruments and much eaSier to
use.” ¥ Fundamental ebncepts developed by Barron, Hug and Nafie are the basis of the

NIR SCP-ROA spectrometer (NIROAS) described in this document.
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3.3 Scattered Circular Polarization (SCP-ROA)

- The concept of incident linear polarized light that has béén circulérly polarized to
‘some degfee by chiral molecules was suggested by'La'urenkcve Barron®'. It was put forth;
that the degree of circularity should .not vbe zero when incident linear polarized light is
scattered by chiral molecules.9‘l This was demonstrated‘e:xpevrimentally by Spencer et al.’
In the case of SCP-ROA experiments, linear or preferably random polarized radiation is
incidenf on the sample.’" 91'Backs'catterbed light is cbl'l‘ected and collimated, after which it
is ph‘ase modulated to produce right- and left-handed circular pblarization relative to the
beam incident on thev sample. kHiSto'rically, SCP ROA had a decisive intensity
disadvanfage ovef_ o'fhér ROA teéhniques. This ceases to be the caée if the tWo circular
éomponents of fhe ‘scattered light are measured si'multanebousiy.s.l The Hug-‘Héngartner
‘ROA d‘esigh, inclusive of siﬁlﬁltanéous dual bchannel édl_lection, reciuCed the eXcitation
~ power required to obtain a SCP signal intensity by 50% compared to previou’s instrument

designs.” !
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3.4 The Near Infrared SCP Raman Optical Activity Spectrometer

As previously mentioned, ROA ineasurémenis are the study of the right- and left-
circuiar polarizability of chiral structures. The ratio of the intensity :difference to the sum
of the right- and leﬁ-handed signals is a consequence of the relative strength of the
molcciilar electronic quadrupole, magnetic dipole and the dipole moment’s interaction
with an electrdmagne_tic wave. >’ The ROA / Raman cioss section is small, on the order of
10to 108, Complicating issues include splirious artifacts due to stray birefringence and
: asymmctiy.: Shot noisé, ‘and low frequency ﬂicker (det_ection limits) have frustrated
spéCtiQsé(ipists for decades. ROA instrumentaii(in pi(inéer's' have devoted substantial
portions of their careers to understanding and eliminating vthese deceptively genuine

looking spectral artifacts

=
QT;L:;M' | I=L.R
NRR ~ SCP-ROA

Figure 3-2 Nonresonant Raman and scattered circularization Raman optical activity
energy diagrams ST
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Like classical Raman spectrometers, the ROA systems illuminate the sample with
- near field monochromatic coherent light, €.g., a focased laser beam. Thé flmdalneatal.
difference frorﬁ- other Raman sYstémS is that ROA systems ihterfogate a samplé by
monitofing the bchan'ge in the degree of polaﬁiation, relative to the incident beam and
thus,‘vthe optical couplihg difference between :right- and left-handed :Raman optically
active modes. The energy flow diagrams in figure 3-2 illustrate the difference between
the measurements‘of Raman and ROA. Both processed occur ’simultaneously. Intensities,
of the circularly polarized corhponent, relative to Raman signals are small, on th¢ order of
E? to E. This is Why systemafic bifefringence,i ,at- levels  often imperceptible by
conventional polari‘yvzation'analvysis techniques,'aari‘ daminate an‘,R(i)A »spect‘rum. On a
scale for phasé shift in materials considered ir‘sotro‘pic, even h‘igh quality fused silica can

elevate the background to a level that obscures the ROA information.
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3.5 ROA Spectrometer Design

The near infrared Raman opﬁcal actiyity Spectrometer (NIROAS) is based on the
design of the ChiralRAAMI\ﬁM speétrometér. Principlé changés to the instrument design
are the incorporation of NIR Laser, optiinized- éptical components and software
enhéncements. All of the optical elements are commercially available. Advances in
machihe confrol electronics, digital signal processing (DSP), and the user interface
- developed by Dave Rice et al. (Critical Link, LLC), have gréatly reduced ‘acquisition time
and improved the ease of use. During the development of the NIROAS numerous
| 'upgradeé vhave been’ made to the origiﬁai_ VROA.:applicatior‘l (Brinsbn and Rice). Many of
the upgrades will be transparent td bth'ev user while others provide additional tools and
diagnostic capability. The'readef 1s rcferred vto’ the NIROAS user’s manual in Appendix II

for information supborting the following discuSs_i_on.
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Figure 3-3 Schematic of the near infrared excited vscattered circularization polarization
Raman optical activity spectrometer.
The incident light path

b'Refe,riring‘t'o} ‘Figurevs 3-3‘, 3-4: ‘The NIROAS excitation lasér is a wavelength
tﬁnéble laser diode Liﬁrow oscillator / tébered énipliﬁe: 'cdnﬁguraﬁon réted at 1.4 watts
of optical power at 780 nm. (Sacher Laserteéhnik; Inc.) The laser is equ'i.ppe'd‘w‘ith an.
intemal‘fafaday rotvator,"i‘s followed by a ‘7\;/2 :p‘late (Melles Griot) and a lasér line (780

nm, FWHM 5nm) spike filter (CVI)
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The incident beam shutter (NM Laser Products), positioned in the confocal plane
between L1 an L2, is followed by a Glan-Thompson Polarizer (GTP) (ThorLabs),

To deliver a randomly polarized excitation, two counter rotating zero order A/2
plates (Halle, Berlin, Germany), referred to as linear rotators (LR1 and LR2), are

positioned between the Glan-Thompson polarizer and the sample.

Figure 3-4. Optical components of the NIROAS incident light rail

The incident beam is turned by a second periscope mirror set (M2), after which it
is focused onto the sample. Scattered light is collected, and transformed to the far field,
by; an ultraviolet light grade, fused silica, +30 mm, F1, aspheric objective lens (Archer

OpTx, Inc.).
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Figure 3-5 Optical components of the NIROAS scattered light rail.

The scattered light path

Referring to Figures 3.3 and 3.5: Scattered light is collected by the objective lines
and transmitted through a rotating 30 mm diameter zero-order A/2 plate (LR3) (CVI Inc.).
LR3 has a constanf phase shift for circularly polarized light. Thus, the CID experiences
concurrent sign changes while linearly polarized light intensities are time averaging.
LR3 is followed by a 780 nm notch filter (OD 5.5, FWHM 10 nm) (Kaiser Inc.), and a
Liquid Crystal Variable Retarder (LCR) (Meadowlark Optics). The LCR behaves as a
dynamic quarter waveplate that can be rapidly switched (<50 mS) to produce a A/4 and
3A/4 (-A/4) phase shift. The LCR is that it converts incident right- and left;handed
cifcularly polarizéd light into S and P linearly polarized light. Unique to thé NIROAA is
the integrated assembly that includes the notch filter, LCR, polarization analyzer, L4 and

L5, and the FO coupler. This arrangement simplifies assembly and serves to protect
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fourteen (10) surfaces from atmospheric contamination. Scatted light from the S and P
arms are subsequently ‘coup'led to the spectrometer and incident on upper and lower

‘halves of the CCD arréy‘.v

ROA spectra of Phenylethylamine

M +1r

Il -Ir

800 1000 1200 1400 1600

Wavenumber(cm”) .

Flgure 3-6. Phenylethylamme Raman and ROA spectra. = : '
~ (A) Scaled and offset Raman, (B) (S)-phenylethylamine ROA, and (C) (R)
phenylethylamme ROA spectra recorded by the NIROA spectrometer
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Phenylethylamine is a bright ROA molecul¢ exhibiting well-defined vibrational
modes. The Raman and cnmpliinentary ROA spectra of phenylethylamine are éhOWn in
Figuré 3-6. Collection of Elo counts @ 1000 cm™ required 500 mW @ 780 nm of
excitation poyve_r and an exposure period oi’ 180 minutes.

Thé ROA spectra exhibit mirior Symmetry across the spectrum including regions
where the Raman spectrum is‘featu‘r_eless. Recalling the ROA cross-section can be E to
E® of the Raman bross-éection, the point to be carried forth is that ROA vibrations
producé very weak'signals‘ reiative to the parent Raman spectra, but can be resolved by

the NIROA spectrometer.

A(ivances in Softwn're

Tne"st)ftware' used for the Chiral RAMAN™ speéirometer has been extensively
é.dapte'd é‘nd,upgraded for the NIROA spectrnmeter. Challenges included spectral artifacts
induned by cosmic rnys, scattered iight inténsity variafinns;' lost data files, and the
inability to precisely monitor Raman intensities and peak ratios during a scan.

The cosmic ray issue was resolved by a real time spectral analysis routine, which
discards and replaces data that includes a pixel coluinn intensity signiﬁcantly greater than
the twoiadjac‘ent pix'éls. The discard threshold is user defined.

| The scattering intensity of NP film SERS Sainples can increase and decrease over
timé due to phntochemical _stimulationjor decomposition. This also applies to anucous
SERS samples With,limited;snspenSinn life times. A plotting routine inc'o’rpo'rnted, into the
user-interfacé, diéplays Six renl-timé plots, inclusivé of nbsdlute inténSity, SfN fatio;'and

~ peak-to-peak ratios. Applications  include time-resolved experiments, monitoring
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_ photochemiéal decomposition, molecular conformation changes band instrument
diagnostics.

‘Until now, scattered light intensity variations induced by the virtual enantiomer
| artifact compensation System have been ignored. Concurrent with the polarization artifact
cancellaﬁon sbheme, four sets of eighf difference spectra are digitally processed. The CID
differenced within the eight scans in each state will be constant, but the absolute
difference in counts between states will not be constant. The Path Correction code has
beenAmodiﬁed to compensate fof the discrepancy based on the parent spectra. The new
path correction coefﬁcieﬁts are updétedvat the end of each set of 32 scans.‘

Numerous ‘rr_iodi‘ﬁcations, transparent to .the:usevr,v enhanced the softwarc stability.

and ease of use. The reader is referred to Appendix II for additional details.
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‘The SX stage: a Solution to the Repeatability Challenges of SERS

Historically, due to the extreme sensitivity of the SERS measurement, the SERS
spectra snffered from a lack of reproducibility SERS elucidate genuingly representative'
SERS spectra, the instrument and user time intensive step and repeat approach is often
employed (Figure 3-7 a). -This technidue often involves collecting tens of spectra from as
many locations, and post processing by methods ranging from signal averaging to

. 92 Additionally, the step and repeat technique

statistical probability calculations.
requlres cont1nuous 1rrad1ation of each probed location thereln a higher probabrlrty of

photochemrcal modrﬁcation or decomposition prevails.

Figure 3-7. The SX Stage

(A) the areas sample by (a) step and repeat ) rotation and (c) rotation and translation
- of the sample Violet shading hlghhghts the interrogation area. (B) Photograph of the SX
stage.

We have developed a stage to hold and move the sample that allev1ated some of
 the issues with the exposure of a small area of the sample for extended times. The SX
Stage F1gure 3 -7B, rotates a 12" or 1” diameter solid-state sample at 250 RPM (Figure
1b) and / or translates the sample perpendrcular to the spectrometer’s optical axis (Figure

3.-7c). This: prov1des for sample averaglng over large areas and h1gher laser power. For

example, given a beam waist (20°) of 100 um and a rotation radius of 1 mm, scattered
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light from 62.5 times the single point a:ea contributes to the spectra. Relative to step and

. repeat, higher excitation power can be-used when the SX stage is implemented.

} Cohclusion

The near infrared excited Raman optical activity spectrometer has been
constructed and qualified by the collection of ROA spectra from enantiomers of
| phenylethylaniine and oi,-pihené_ (not shown). In the folloWihg chapter, the NIROAS, and
plasmo_nic nanoparticleb éui)strat,és will be used to determine the merits of honresonant

surface enhanced Raman optical activity spectroscopy.
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Chapter 4. Nonresonant Surfavcve Enhanced Raman Optical Activity
4.1 Introduction I |

Thus far, Raman optical activity, plasmonic nanostrliétﬁres, and the NIROAS
have been ’discussed. In this chapter, these concepts will be combined with descriptions
of analytes,‘sa‘mple preparations, and SEROA experiment.

Symmetrical CID spectra were collected from the enantiomers of tryptophan, and
aminefterminatéd ‘phenylaia_nine-cysteine;glycine-glycine (bhe-cys); SEROA sample
structures consisted of analyte functionalized, three dimensional, aggregated Au
nanoparticle ﬁhﬁs. After the‘ ‘a‘.nalyte, ‘ihstrumentatio'n, and the sample structures are
presénted,,the experimental feéulté wiﬂ be disbcussed |

: Nomesoﬁant SEROA has beeﬁ Validéted By the display of mirror symmétry
circular intensity difference spectr.a‘; SEROA modeé héve Béen ‘elucidated'fromkvspectral :
x ranges were the SERS S/N ratio appfoacheé 1. (Section '4.3.3) A particularly strong

argument will be demonstrated for the tryptophan functionalized NP film.
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4.2 Experimental: Materials, Methods, and Calculations
- 4.2.1 Analytes |

Th'e étated purity of all ‘analytes was > 98%. All analytes were used kwithout
furthe‘r modiﬁéation. Powder (S)- ahd (R)-tryptophan, and liquid (R) and (S) oc-pinene |
were purchased ﬁom Sigma-Aldrich. Powder (SS)- and '(RR)-phenylalanine-cysteine-
glycine-glycines) oligorher were synthesized by aaddtec™, Inc. Liquid phenyléthylé.mine
was purchased from TCI Meﬂca. ‘Water (18 MQ) was supplied by a Milli-QT™
pﬁriﬁcation bsybstem. Au nanoparticle synthesis and common laboratory chemicals were |

previously déscribed in Chapter 2.

4.2.2 Instrilmentafion_

Opticzil ‘ab‘sor‘pti"ovn- speéifa of équeous samples in either a 1 cm path length
polystyrene (Fisher Sciehﬁﬁc) or quartz (Sterna) cuveﬁe, were collected using a Varian
Cary™ 5000 UV-VIS-NIR scanning spectrophotometer.b These measurements conﬁ‘rmed
equivalcnt concentrations of the stock solutions. O.ptical extihction spectra were
collected erm NP films ,aﬁd aqueous NP. |

Circular " dichroism spectra of aqueous control solutions and dry NP film
samples was cdllected usingv aJasco J 8'10 Spe'cvtropoblari‘rr»leter, or similar instrurhé‘nt, fitted
with either 10 mm path _lengthv quartz cuvette (Sterha) or a custoﬁﬁ mount ,fo:r' film

samples. |
: Nonjreso‘nanvt vibritional svp‘e'ctra}(aq‘uéous 780 nm) 'incl:udin‘g Raman, ROA,
SERS and SEROA wéfc colleéted by the NIROAS. The NIROAS optical alignment ahd v

electronic  calibrations were optimi_zéd monthly, as described in Appendix 2. A
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micfoscope equipped a 50x or 63x objectivé lens, and 780 nm excited Renishaw InVia™
Raman spectrometer wés used fo cOlleét vibratioﬁal spectra from as delivered analytes,
- and vfrom ‘functiona»lized NP and NS films on PVP coated quartz substrates.

| Scanning elethon miéroscopy (SEM) micrographs were collected using an FEI

Quantum 400 SEM operated in the high vacuum or ESEM mode.

4.2.3 Analyte Characterization

Enantiomcr chemical equivalencies were verified by opt‘ical. absorption (0A),
circular vdichroism‘(CD), Raman, and SERS speétroscopy’. Mass spectrofnetry (MS) and
higﬁ performance liquid 'chro'matography »(HPLC) data were provided by the vendor,
aaddTek™, (data nobtv'shovs.'n). : | |

Optical Absorption ‘Spectr-a Equivalent concentrations of stock solution were
| éonﬁrméd by optical a'BSorptiOn spectra Equal amounts of thé analﬁes, by weighf, were
dissolved 1n water. Sérial dilutioh séts made from the stock solﬁtidn(s),-Were extended in
water until the optical density across the wavelen'gth‘,range of 250 - 280 ‘nm, was
observed within the opticél density range of O.2f tov 1. Molecﬁlar concentration v‘vasv
detehnihed by the Beer-Lambert law (Equation 4-1). Absorption data not will not be

shown.

~ Equation 4-1 Beer-Lambert l_aw‘
where: 4 is the measured absorbance, o is the‘absorption coefficient, and L is th'e cell

path length (cin). Absorption coefficients apiplied' in these experiments were: Tryptophan
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5610 M'em™ @ 278 nm, and Phenylalanine 195 M"'em™ @ 257 nm or 144 M'em™ @
260 nm.

Circular Dichroism CD measurements \}eriﬁed 1) electronic activity sign
symmetry of the analyte solution; and'2j retg:nfion of molecular chirélity when bound to a
plasrhonic substrate. The analytes aré monofner tryptophan ‘and phé—cys-gky-gly. Since‘
there is no secondary structure of the émalytes probed, any observable sign changes in the
CD spectra are due solely to molecular chirality.

Vibrational Spect‘roscopyv Raman and SERS data were compared to verify
common ViBrationél modes of the analytes; énd thus, common vmolecular' structure. For

v enantiofner | pairs; : Raman aﬁd SERS ‘spectra wefe respéCtively by ' réasonable
appr0ximatipn, éqﬁiv'aleht; B | -

" ROA ROA calibration spectra were collected from as delivered (S)- and (R)-
pﬁenyléthylémine; Signals from saturated cysteine, phenylalanine, and tryptophan were

too weak to be measured.
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- 4.2.4  Film Sample Preparation

An Au NP suspensi‘(‘)n was prepared by reducing 40 mL of potassium catbonate
(K-carb solution) with 250 | pL of formaldehyde (H,CO), followed by centrifugation of
the particles (2500 RCF, 10 min.) and redispersion in‘2 tnL of water. -

A schematic ofv the sample development process is shown in Figure 4-3A. SEM
Micrographs of the NP film structures are shown in Figure FY A

150 pL aliquote of the dense NP suspension were deposited onto 0.5” diameter,
PVP coated fused silica substrates. The NP ﬁlnts Were not allowed to dry. Immediately-
before analyte ﬁlnctionaltzation, the NP ﬁlm»wa's. gently rinsed with water and dried with
vﬁltered N,.

AQti_eouSSO pM analyte soluticns Were depcsited ort the NP films and'alllcwed to
incubate overnight. The sanipleswere >g:et1tl‘y rinsed»With Water and dr‘iedv with filtered N,
To ensﬁre mole‘cular monolayer coverage of a second layer of v'rian'oparticles,‘ ina 15 mL
centrifuge tube, the‘ applicable analyte was‘ added in excess to a 2 mL aliquot of the dense.
aqueous NP suspension. The solutions ‘were allowed tc incubate overnight. The
functidnalized NPs settled at the conical bottom of the vial. The supetnatant was
decanted, followeci by gentle redispersion of the functionalized NPs in water. The NPs
Were allowed to settle to the bottom of the .vial.

The film substrates were gently rinsed with water and'dried:v:vith ﬁltered N, 150
~pL Qf the ﬁltlcttonaiiied pat'ticles vt(ere theh depcsited cnto‘ the ftltlctionalized NP ‘ﬁlm.
Tryptot)han santpiés' wefe alloy\‘/edto dry, then gently rinsed with WATER and dried with
t"ilteredv N,. A SEM .micrcgraph representatiVe»of analyzed vsamplesvis: shown it1 Figure 4-

5.
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Phe-cys samples were allowed to incubate for three hours, gently rinsed with
water and dried with filtered N;. An SEM micrograph representative of analyzed samples
is shown in Figure 4-1 C. All samples were isolated and stored in an N, environment

before use.

Figure 4 1 SEM 1mages of Au NP films.

(A) Analyte functionalized NP-dense NP ﬁlm (B) thin NP ﬁlm (C) 3D ﬁlm after the
overnight deposition of phe- cys functionalized NP, onto (A), and (D) 2D NP film after a
one-hour deposmon of phe cys functlonahzed NP onto (B) All scale bars are 1 um
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4.3 Nonresonant Tryptophan SEROA

Ti'yptophan is one of 20 standard amino acids »and an essential amiho écid in the
human diet. Tryptophanliis disfinguiehed from vother amino acids by fhe presence of the
indole: functional group.93 In this section, samples consisted of a 3D Au nanoparticle film
functionalized by monomer tryptophan 'm§le'cules. The samples were characterized and
evaluated for evidence of SEROA. Clear cir_cﬁlar intensity differences were obseryed and
correlated With the parent Raman and SEROA spectra. Significantly, the diagnosticélly
importantzn % indole _W3: ROA peak ‘at 1550 cm™ was ielucidated from a nearly

featureless background.

S-Tryptephan . ‘R;Tryptophén
} C11H12N202

Figure 4-2 Chemical structures of (S)- and (R)-tryptophan with the chiral centers (Ca)
indic_ated in red and ,the torsion center (XCg) indicated in blue.
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Characterization of Tryptophan samples

- The order of sampie assembly and ﬁnal? structure are illustrated in Figure 4-3A.
The NP film extinction proﬁle inéludcs the NP plasmon resonance peak at 520‘nm, and a
broad aggregate resonance peak in the NIR region (Figure 4-3B). IntereStingly, this
cxtinction profile is ideal for a direct comparison of nonresonant and resonant SEROA. A‘
comparison of the contro‘l solution and functionalized NP ﬁlrh' CD spectra confirms the
presence of the analyte on the NP film and the retention of chirélity while bound to a
metal surface (‘Figur‘e‘4-4)._The 3D morphology of the samples was confirmed by SEM.

(Figure K2).

~extinction -

400 600 800 1000 1200
- wavelength (nm)

Figure 4-3 Tryptophan nanoparticle sample morphology and extinction spectra.

(A) Tryptophan SEROA NP film assembly -order: (i, ii) functionalization of a NP film,
(iii) deposition of functionalized NPs, and (iv) final 3D NP aggregate film structure. (B)
Optical extinction spectra of (i) (R)-tryptophan and (ii) (S)-tryptophan, which include
both NP and NP aggregate peaks.
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Flgure 4-4 Tryptophan circular dlchr01sm spectra. ’

(A) aqueous (S)-tryptophan and (B) aqueous (R)-tryptophan. Inset shows the circular
dichroism spectra of a (C) (S)- tryptophan nanopartlcle film and (D) (R)-tryptophan
“nanoparticle film. ‘
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Figure 4-5 A SEM :"ir:nage ofa 3D-tryptophai1 nal.loparticlve, ﬁ‘l‘m |

»Experimenfal »

SEROA -an‘d}SERS spéétfa Wefe collected simulftaﬁeously. Spectra were
collected at three randomly chosen. locatio'né_, on each substrate. Instrument conditions
included a lasér bowcrt_(')f 18 mW @.780 nm and a cﬁmulativc exposure time of 20
minutes. A totél of 3.4x1(‘)8 SERS counts @ 1350 cm'lv were cqll,egsted, with a SERS S/N

 ratio of 1.1 and SEROA CID of B, RS |
Shown in Figure 4-6 are scaled, tryptophén Raman ancvl‘ -NP SERS spectra and
raw (S)- and (R)eryptoﬁhah SEROA ‘sﬁecfra. Relative to the ROAv,‘ the scan pafaineters

are considered very low numbers, yetv the SEROA speétra did appear cjuickly and clearly.
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Figure 4-6 Tryptophan SEROA, SERS, and Raman spectra.
(A) SERS, (B) unenhanced powder Raman, (C) (R)- tryptophan SEROA, and (D) (S)-
tryptophan SEROA spectra.
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Figure 4-7 Gamma, the statistical probability of spectral repeatability

is calculated for three (R)- and (S)-tryptophan SERS and SEROA spectra. Gamma values
for (a) (S)-tryptophan SERS, (b) (S)-tryptophan SEROA, (c) (R)-tryptophan SERS, and
() (R)-tryptophan SEROA
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Discussion

'Vibrational modes observed in the SERS and SEROA spectra are coincident with
‘Raman peaks and peak manifolds in the spectra of neat tryptophan. (Figure 4-6) A 5-
point rolling average has been applied to the SEROA spectra to smooth high frequency
noise. Mirror symmetry yvas clearly observed in the SEROA spectra between 900 and
1600 cm'l. Below 900 cm™ both symmetry and, asymmetry were observed. The lower
region exhibits 51gn1ﬁcantly less symmetry in the high frequency regime, however, as
1llustrated in the ROA spectra of phenylethylamme (Figure 3- 6) symmetry is observed |
acrossthe‘ spectral 'baseline. The peak at 250 cm’, is present in both the SERS and |
SEROA spectra but not present in the neat Raman spectra. ,This,peak has been assigned to
a linear Au-O bond®. The 51gn1ﬁcance of this peak is that both SEROA spectra share a
~ common sign and amplitude.

Gamma (I') 'calcul'ations44 the statistical probability that multiple spectra are
equally representative of the analyte, returned F =1 for the SERS spectra while both
SEROA spectra returned T =028. (Figure 4-7) These high and equivalent values are
indicative of cons1stent molecular conformat1on on the NP surface.

| Attributes of conventional ROA and recently published resonant SEROA spectra
are observed in the nonresonant SEROA spectra % The SEROA peak resolution exceeds ,
that of the SERS | Exclusrve and 1nclu51ve of the 51gned plasmomc substrate background,
the (S)-tryptophan and (R)-tryptophan SEROA CID was E- 3, erthh is‘comparable to high
.quality ROA and silver aggregate SEROA 'spectra.%‘These“ attributes suggest that in this
expenment the nonresonant SEROA Cross. section is comparable to resonant ROA and_

SEROA experiments
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Clearly defined SEROA modes coordinate v?ell with the Raman spéctra in places
where the SERS S/N ratio approaches orie; ExCellent examples are Qbserved in the .amide
1I region between 1400 a}ndr 1600 cm™. These include weak CH, and CHs deformations
betweén '1400-1480 cm’! and the biologically significant Ré.man and ROA"marker at
1550 cm™ % |

The most interesting observation is the SEROA indole ring W3 vibration at 1550
em™ > The W3 vibration is indicative of the torsion angies about the XCp atom on the
tryptophén backboﬂe; (Figuré 4;1) This peak is clearly defined in thé Raman and SEROA
spectra, but very weak in'thé SERS ’spectra. Thi-s peak:contributes td the determination of |
- the absqlute Stercochemistry of a tryptophan residue. It can also be the bsc')Ie'and very
weak Raman ‘and ROA m}barkerI for tryptophan side chains in filamentous
bacteriophanges.2" * In a recently u'publ‘i‘shved theoretical tfyptophan Stﬁdy; Jacob and
Reiher plaC’éd the strongest tryptbphan ROA peak ca. 1540 cm'and attribute the precise
peak location torthve torsion angle about the CB vpo:siti‘on oﬁ fh’e‘ tryptophan béckboné
(C;=C;-Cp-Cy). This is illustrated‘in Figure 4-1.97’-94 Combined with information from.
thé orthbgonally ‘coupvled in plane W7 am-ideb III peak cd.‘ 1350 cm’ "r’node, the éxact

~ stereochemistry of the tryptophan residue in complex molecules can be determined.?" %

72



Conclusion |

The observation of symmetry and ‘asym'metry, where they are expected, and the
elucidation' ‘of the W3 vibratioﬁ af 1550 'Cm'l bring validit_y to nonresonant surface
enhénce_d Raman ‘optical activity spectrovscbopy. Signiﬁcéntly, the 250 cm” mode
attributed to linear Au-O boﬁding, is equal in both sign and magnitude i.e., perféctly
asymmetrical. With these attributes, the 250 cm'lv peak is an internal Symmetry reference
poiht.v | | | |

The SEROA spéctra inclu'de‘ the mi»rror image of the plasmonic substrate
photolﬁminéscent background. A plausible | explanétibn is 'tﬁat SERS substrate
photoluminescence includes a circuiar‘ intensityvdifference, influenced by the chirality of
the vanaly‘te. This implies that binding tryptophan to the Au SUIféce has induced chirality
at the particie surface and brokeﬁ the Au d-‘ban_d symr’netry;"FiJ.rthermore, tﬁe sign of the
asymmetry is dependent .on the chirality of thé conjugated molecule. This is a phenomena

that and merits further investigation.
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Assignement ref

em™?
254
380
431
442
495
533
8§70
637
670
776
863
875
930
995
1050
1117
1140
1228
1306

1640
1678

1347
1450

ri

gaa¢sm§s§@assm§sagsss§m

Raman SERS -SEROA _ SERS FWHM _

cm?!
50
25

30

30
40

30
30

16
20
60
60

40

10

comment .
Au-0 6

COO" Wagbk bone 2

sym Breath, W18 1,2

vipasym‘w1 1,2

‘W16
NH, def. 2
p W7 1
Ip W7 1
NH, def. W7 2,3
Ind W3 4,5
3

Table 1. Tryptophan Raman, SERS, and SEROA peak assignments.

Ref 1%, 1ef 21 ref 3'%1 ref4?! ref 577, ref. 6°°.
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4.4 Nnnresonant Phenylalanine-Cysteine SEROA
“A logical step follewing the snccessful tryptophan vSEROA- experiment is to
advance the technique to molecules of greater complexity. 'Phenylalanine is an essential
amino acid and a component of the controversial artificial sweetener, aspartame.'® Roles
of phenylalanine in the human body tange from feelings of well-being to a diagnostic
rna:ker for the diagnosis of phenylketonlvlria.vlo3 Gamma (), is the probability that
_ muitiple nonidentical spectra ate' genuinely tepresentative of an‘analyte. T is the average
- of off diagonal cross correlation coefficients, dete_rmined between spectral pairs.
Recently, Wei and Hai'tgernik renened al phe¥cys SERS r - 0.95.194vBased on the
| hiologicai signiﬁcance and high level of SERS -repeatability, phe-cys was 'selected as the
‘ analbyte fer the secend phase of the ‘S.E'ROA validation experiments. i |
‘ | By design, Shown in Figure 4-8, the amino» acid sequence (SS)- and (RR)-amine-
terminated phenylalanine-eysteine-glycine_-glycine v(phe-cys) prov_ides an S-Au bond and
a spacer for the phenylalanine molecule. As a molecular monolayer on a gol.d'surface
“approaches saturation, S-Au hc‘)nds afe expected to displace N-Au bonds.‘ The result is an
energetically favorable amine-terminated surface, where the packing density limits the
number of molecular"snrface ‘eonformations - |
In th1s section, 3D Au nanopartlcle ﬁlms functlonahzed by the phe-cys oligomer

are evaluated Clear ev1dence of s1gned c1rcular intensity d1fferences that correlate w1th

. the parent Raman and / or the SEROA spectra were observed Gamma calculatlons

"returned SERST =1 for both analytes and SEROA T = 0. 36 and 0.43 for (RR)- and

(SS)-phe-‘cys 'respeetwely. The dlfference was at_trlbuted to the greater ,complex1ty of the
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phe-cys-gly-gly molecule, which could result in a broader distribution of molecular

orientations on the nanoparticle surface.

Characterization of phenylalanine-cysteine

Figure 4-8. Chemical bstructure of amine-terminated (SS)- and' (RR)-phenylalanine-
cysteine-glycine-glycine. |
Phe-Cys Conjugation Kinetics '
In the case of a saturated monclayer, the SH™ group is expected to displace N-Au

bonds. This “results in an amine-terminated surface. When additional Au or phe-cys
functionalized particles are added to the sample, -molecularly ‘bound ‘aggregates are
expected to form as“illvustrated in Figures ‘4-'9 and 4-10. |

| Tc conﬁrm the niolecular Binding of NP on film subauates a study of aqueous
: NP aggregatlon by phe- cys was conducted When phe-cys was comblned with CO-Au—»

NP suspensmns the samples 1mmed1ately began to change color from red to pink to

76



violet and continued to darken. The initial tint of the sample (pink to- dark purple) is
dependent on the phe-cvy’s‘ concentration. The ﬁnal tint was both molecule and particle
concentration dependent. The color change indicates a plastn, red-shift and therefore,
NP aggregation. 'Beca:use NPs are condensed in suspension for these experiments, it is
impossible to know’ the NP density and the repeatabilityb of thev aggregate plasmon.
resonanice was low. None-the-less the trend is consistent. The rapid aggregation of NPs
into colloids, that remain suspended in Solution, ifnplies molecular binding of the NP by
both functional groupe and an amine-ter‘r‘nination of eXposed NP _suffaceé. The molecular

dimer model is illustrated in Figure 4-9.

A

Flgure 4-9 Schematlc of a phe cys in d1mer Junctlon and SEM 1mages of nanoparticle
films.

" (A) Schematic of a phe-cys in a dimer junction. SEM i images of nanopartlcle films. B)

before;, and C) after phe cys ﬁmctlonahzatlon followed by deposmon of phe-cys

functlonallzed NPs
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Figure 4-10. Phenylalanine-cysteine circular dichroism spectra.
(A) aqueous (SS)-phe-cys, (B) aqueous (RR)-phe-cys. The inset shows the circular
dichroism spectra of a (C) a (SS)-phe-cys functionalized nanoparticle film, and (D) a -
(RR)-phe-cys functionalized nanoparticle film.
Experimental

' SEROA and SERS spectra were collected simultaneously. Spectra were collected
at three randomly chosen locations on each substrate. Instrument conditions included a
‘laser pow_er of 20 mW @ 780 nm and a cumulative exposure time of 120 minutes. A total

~ of E' SERS counts @ 1000 cm™ were collected, with a SERS S/N ratio ca 3.
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Figure 4-11. Averaged spectra SERS, Raman, and SEROA phe-cys spectra.

(A) (S)-phe-cys SERS, (B) Raman spectra of crystalline phe-cys, (C) SEROA spectra of
(SS)-phe-cys, and (D) SEROA spectra of (RR)-phe-cys. SEROA peaks possessmg mirror
symmetry and correlation are indicated by dotted lines.
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Figure 4-12 Gamma, the statlstlcal probability of spectral repeatability. :
‘Gamma calculated for three (RR)- and three (SS)-phe- -cys SERS and SEROA spectra
Returned values were: (a) (RR)-phe-cys SERS, (b) (RR)-phe-cys SEROA (©) (SS)-phe-
cys SERS, and (d) (SS)-phe—cys SEROA
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Discussion

Circular dichroism measurement of control so_lntions and the functionalized NP
films are shown in Figure 4-11. The mi‘rror symmetry and line shape conﬁrrn‘ the
presence of the phe-cys analytes on the NP ﬁlm.and the retention of chirality when bound
to a metal surface. The 3D morphology of the sample structure was confirmed by 'SEM.
(Figure 4-10B)

In this experiment vnonresonant SEROA' spectra were collected from samples
consisting of} (SS)- and (RR)-phe -cys bound to Au nanopart1cles in an aggregated film
morphology ‘ |

The v1brat1onal spectra d1splayed in F1gure 4-12 are: (A) SERS (B) neat Raman

spectra, (C) the average of three (SS)-phe -cys SEROA, and (D) the average of three (RR)-

v phe-cys SEROA. Each of ‘the three ayeraged- spectra per analyte, were collected at
randomly chosen locations on the sample subStrates.‘ The vibrational modes of the SERS
and SEROA spectra are coincident with peaks and peak manifolds observed in the Raman
and / or SERS spectra. Gamma (") calculations* returned: SERS I = 1 and SEROA T =
0.36 and 0.43 for (‘SS)- and (RR)-phe-cys respectively. (Figure 4-1 3) |

The SEROA spectra exhiblt symrnetrical line shapes between 200 - 1540 cm™,
followed by an abrupt transition to well-defined asymmetry. Excluding the strong phenyl
ring modes at ~ 1000, 1200, and 1600 cm",:and the CH; roc'king modes at 830 cm', the
SERS modes display a low S/N ratio. Nonresonant SEROA 'spectroscopy has resolved
these vibrations.._ A clearly 'delineated'_ex‘ample is’ given, by the vCHz' bending mode

R centered at‘143.0cm'i. This welljpronounced Raman mode becomes a’broad shoulder_ of

the SERS peak at 1490 cm’, which' is almost - nonexistent in the Raman spectra. Both
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peaks are resolved in the SEROA spectra. A new peak given an amide 1 assignment,
éppears at 1640 cm™ in the SERS and SEROA s'pec;tra.105 . As observed in the tryptophan
experiments, the mirror image of the plasmonic substrate photoluminescent background

contributes to the SEROA spe¢tra. :

Conclusion

In this second éxpefi‘ment, 'the complimentary amino acid sequence of
phenylalanine-gystéine-glycine-giycine ‘has been evéluéted. ‘Relativ’e‘to the tryptophan
SEROA spectra,v the lower bhe-cys r valbués and br0adef peé.k widths are attributed to the
higher degree qf compleXity; thus a broader 'rénge of molecular—surfape conf@rmations
can coexiét. Obsverv‘ations’of spectral synimetrjr and 'éluc‘idation of a amide 1 vmode at
1640 cm™ exfends the application of nonresonant SEROA from ﬁlOnOmer to oligomer

amino acid sequences.
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Raman SERS

SEROA

Assignment

[ 1605
1598 1590

270

1490
1468
1430 1430
1350
1300
1200 1205
1031 1034
1000 1000
825 830
800
700 700
620 |
405 400

270

1590

1490
1468

1458
1430

1378

1350

1300

1235
1208
1034

1000

920

830
800
700

400

270

| CHé'rock, cys

‘ring CC stretch 2
CHydef 1,3
 CH,bend 1

. amidelll 1,2
CH,wag, amidelll 2,3

CH,wag 1,2)f

‘sym RBM
symringCCst 2

CH, rock
C-§ 1
COO'+ring 1,3

Table 2 Proposed Phe-Cys peak assignments. Ref 1'%, Ref 2'% ref 3?07
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Chapter 5. Conclusion

A novel, general; and simple method, based on carbon monoxide reduction of Au
and Ag plating solutions has been developed andused vsuccessfully in the synthesis of
plasmonic Au nanoshe‘lls, solid Au and Ag‘ nanoparticles. CO-NS were found to be
smoother, and could be made thinner than 'previously possible, before incurring
continuity defects. This is the first nanoshell synthesis method that can be scaled for mass
production in a continuousﬂow process.

The first near -infrared excited scattered circular polarization Raman- optical
activity spectrcmeter (NIROAS) has been designed, built,k and characterized.
Expectaticns of the conversion from' a 532 nm to a 780 nm excited ROA spectrometer
have been met. With consideration to the Raman (E ) and ROA (E'4) scattering
dependency, the NIROAS level of efﬁclency is comparable with 532 nm systems

Three-d1mens1cnal nanoparticle based SEROA substrate designs a_pphcable to
biologically signiﬁcant: molecules have been vdeveloped,‘ characterrzed, | and utilized.
Circular dichroism -measurements of functionalized nanoparticle films confirm the
retenticn of chirality by the ‘amino acid tryptophan and the amine-terminated amino acid
series phenylalanine-cysteine-glycine-glycine.

: Nonresonant surface enhanced Ramanfoptical. activity. has been validated by the
‘repeatable collectlon of circular 1ntens1ty difference spectra possess1ng extended mirror
| symmetry, and the elucidation of biological markers 1nclud1ng the structurally s1gn1ﬁcant

| W3 (ca 1550 cm’ ) SEROA peak, in the absence of deﬁnltlve SERS structure
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Appendix I

Supplemental Information

Thermodynamics of HAuCly reduction in»aqucoils solutiohs using CO) and

H>CO(ygq) as reducing agents

General properiiés: The entiré process is_performed at the »t‘emperéture of 20 °C and
pressure of 1 atmosphere. Additionally, several simplifications can‘bevaccepted. 1) The
breaction, enyirohment is a dilute (1-10 mM) éduedus solution. 2) Because of their
excessive amount, some reagent cvoncehtrafi»dbns can be considered constant. 3) This 'alsQ
applies to the :pH of the platirig solution. The pH Valﬁe remains at 5.5 during the entire

process due to the carbonate buffer.

Plating sélutionﬁ The plating solution is prepared as 0.38 mM of HAuCl4 and 1.79 mM
. of K2CO3 in water. An aqueous solution of HAuCl, contains AuCly ions as well as both
free CI’ and hydrated Au’" ions. However, the stability constant Kb.iof AuCly" derived
from the two standard potentials (Equation 1, 2) suggests that AuCly" is the dominating
form of Au(HI) in the’plating solution and that this domination increases as the reduction

Qf Au(IIl) proceedsvréléasihg free CI' idnsi '
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Au* +3e - Au® E°(V)=1.520 )

AuCl; +3e” > AU’ +4CI- E°(V)=1.002 | @
TAU*T[CI T Fn\E® . . —E°. .
X, =[Au ][C_| ] —exp| - ( AuCl; [ Au A | A ) ~1.9-107 (3)
- [AUCIg] RT ‘

wher¢ T is the absolute te‘mp:eratureb 273.2‘ °C, R thé absolute gas constant = 8.31 J/
v(mole*K), F = the Faraday constaht 96,485 C / mol, n is the nﬁmbe‘r' of € required to
~ balance the Reddx equations.

" The actual reduction of Au(lll) to Au is a two-step process; Au(lll) to Au(l) (Equation
4), and Au(l) to-Au (Equatidn 5).! The transitional state AuCla ag) do‘minates among other

Au(]) species because of the reason similar to that of Au(III) described above.

AuCl; +2e” — AuCl; +2CI° E°(V)=0.926 “
“AUCl; +e” - Au® +2CI0 E°(V)=1.154 5)

Since both processes are therrhodynarriically favorable, the combined Equation 6 can

be considered

AUCK; +3e" 5> AW +4CI  E°(V)=1.002 )
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When the reducing agent is introduced into the plating solution, electrons are donated
to the gold ions. The process develops towards the equilibrium between different gold

species, original reducing agent and its oxidized form.

Carbon mo'nbxide reductant: Carbon monoxtde (CO) contains C(II), which transforms
to C(IV) donating ‘two electrons. There are. multlple possible C(IV) products in this
reaction, such as COz(g), COzag)> H2C03(aq), HCO5 (ag), CO3% ag). The maximal amount of
COy) generated ‘in’the reduction process is below the COy, solubility limit in water,
which is insufficient for COy) liberation. Between two dissolved forms, COxaq) and
' H2C03(aq), the COxaq) dominates with a concentration 40‘tin'1esthat of H2C03(aq).2 HCO3'
{aq) and C032'(aq; are the minor species in the pH=5.5 reaction solutions as the pKa; and
pKa; of H2C03(aq) are 6.37 and 10.33 respectlvely

Therefore the major reactlon products in the case of pH=5.5 are COyyq) and HC03 (aq)»
and the concentration of COz(aq) is approximately ten times larger than that of HC03'(a‘q).

Carbon monoxide gas was introduced into the system by bubbling through the solution
at atmospheric pressure through a glass diffusion tube (Chemglass) immersed to the
bottom of the vial at ’measured flow rates (Cole Parmer) of 20 to 150 standard cubic
 centimeters per minute for periods of 10 to 15 seconds. The reducing' half reactions are

the following:'

CO(g)+H,0 > CO,(aq)+2e" +2H"  E°(#)=0.106 (7)
CO(g) +2H,0 > HCO; +2e  +3H* E°(V)==-0.101 (8)
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Redox potentials (7) and (8) are pH dependent and must be adjusted for pH=35.5 using

- the Nernst equation; The adjusted values are presented in equations (9) and (10):

pPH =55

(90%) CO(g) +H,0 —> CO,(aq) +2e” +2H* E¥)=0426 (9
(10%) CO(g)+2H,0 ->HCO; +2e” +3H* EW)=0379 (10

‘Formaldehyde reductant: Formaldehyde contains C(0) and acts as a reducing agent
transforming to formic acid, C(II), and furthef to carbOnateS and carbon dioxide, C(IV).
) The formic acid pKa%3. 77, and its dominating bform at pH=35.5 b_is' the formate anion
HCOO o). ‘Pbssi'ble formaldehyde reduction proce_sses and their potentials' at pH=5.5

are:

'HCOH(aq) +H,0 > HCOO™ +2e" +2H"  E(V)=0398 (1)
HCOO™ +H,0 »HCO; +2e +2H* = E()=0301 (12)
HCOO™ —» CO,(aq) +2e" +H" E()=0.163 13)

Equation (11 repfesents the first stage of fonnaldehyde breduction. Since the
concentration of formjé acid generated in the process is ~100 times. less than that of
formaldehydé and.tﬁat of the carbonates in vthev plating solution, equatiohs (12) and (13)
can: be ignored.} LOV\", formic bacid ‘conCch‘;ration also favors the ;eacti‘on presented in

~ equation (1 1).‘

Oxidation-reduction process:. Combining .eQuatibnS (6) with (9), (10), and (11), the
Gibbs free energy for gold, the reduction process can be evaluated. The formal values of
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the equilibrium constants of both processes turn out to be on the order of '1090, which

indicate that such reactions are extremely thermodynammally-favorable, especially at the

beginning of the process _wheﬁ the reagent cencentration is high and no products have yet

formed. Such high values 'effectively mean 100%‘reéction cempletion,‘ considering that

the total number of reacting molecules‘ is ~10>16. Sinee beth precesses are strongly favored-

by thermodynamics, the kinetic factors become the most important. From this point of
“view, the reagent delivery to the reaction zone has to be considered.

. The difference between the two reductant methods is the reducing agent delivery. An
excessive coneentration of ’fei'méldeltyde is intrpduced to the system as a solution. As the
reaction proceeds,v the concentretion in the reaetion zone decreases slightly, while at the
‘same time an oXi(iiZed fomi (formic acid) begins to fortn and increases in concentration.
Both of these factore eatlse;the actual petential of the reactiori (Equation ll) to decrease
ftoni very high Values during the time of the process, especially at the very begintling,
whichbisv the most iﬁipoi‘tant part‘of 'natnoshell growth. |

In contrast, there is no such variation in potential When carbon monoxide is utilized
(Equati()n 9, 10). First, it is supplied as a gas at a constant pressure, and therefore has a
eotistant chemical potentialt Second_, the reaeting solution contains an excess of C(IV) as
earbonate ions, which is an oxidized forin of CO), andfthevadditional amount of C(aIv)
generated in the reaction is small »in compatison.» These twe faetors may be important in
stabilizing the C(IV)/C(II) reduction potential and improving the quality of nanoshells

 fabricated with this reductant.
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Appendix 11

1 ROA v3.20 Operation, Display and Control

This manual and software have been jointly developed by Bruce Brinson at Rice
University and David Rice at Critical Link on behalf of BioTools, Inc. We would like to
gratefully acknowledge the financial support by the US Departrhent of Defense
Multidisciplinary University Research Initiative (MURI) grant W911NF-04-01-0203, and

the AFOSR (STTR P2 No. FA9550-07-C-0032 and F49620-03-C-0068)
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1.1 Introduction

The BioTools ChiralRaman software application, ROA v3.20, is a functionally
advanced and operationally streamlined version of the BioTools ChiralRaman ROA user
interface.

This document is a detailed guide to ROA v3.20. The application, manual, and
comments are generallylapplicable to the BioTools ChiralRaman™ product line. The
intent is to provide details of operation, associated procedures, and benefits of experience
to manufacturing centers, field engineers and user of C’hiralRamanTM spectrometers.

Proprietary camera configuration and diagnostic programs are maintained by
Critical Link, LLC and are available to the BioTools, Inc. manufacturing center and field
engineers.

The reader is expected to possess an advanced understanding of: geometrical and
polarization optics, the principles of Raman scattering and Raman Optical Activity
scattering, the physical components, subsystems, and the assembly of the ChiralRaman
Scattered Circular Polarization ROA spectrometer.

Information needed by the average user, to install the ROA software, and
immediately begin collecting data will initially be presented. Subsequent sections vary in
detail, depending on functions. In some cases, comments are included to provide a frame
of reference. Topics are discussed as they appear in the graphical user interface, from left
to right, with subtopics discussed in descending order. Information observed in the
Engineering section is useful in cases where diagnostic procedures are required. The user

should never attempt to alter any values in the Engineering section. The final section
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describes the Simulation modes, which are used to demonstrate the software and test the

ROA application in the absence of the spectrometer.
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1.2 Software Installation

ROA is a self-installing program typically delivered in a compressed file format
as ROA.zip. Minimum hardware and software requirements include a Pentium-3

microprocessor-based personal computer and the Microsoft Windows 2000 or XP™

operating system. Compatibility with Microsoft Vista™ has not been determined.

ROA v3.20 is expected to be backward compatible. Nonetheless, it is strongly

recommended that the user backup the current version of ROA and all supporting files

before installing the ROA application.
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1.3 Plotting Area

The plots shown in Figure 1 are A) Circular Converter [CC], B) Raman and C)
ROA spectra. When in the ROA mode, the Raman and ROA spectra are displayed in the
application window. In Raman mode, only the Raman spectrum is displayed. Optionally,
enabling Setup | Show CC Graph will display the four (4) [CC] spectra in either mode.
While on the [CC] plot, a right mouse click will toggle the [CC] legend on / off. Within

the legend window, the individual plots can be toggled on / off.

o)

00 1.800- 1,900 2000

Figure 1. ROA Display and Control window with (R) and (S) a-pinene A) [CC], B)

Raman and C) ROA spectra displayed.
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While in Raman mode, the [CC] plots are meaningless In the ROA mode, the
[CC] spectra are helpful in 1dent1fy1ng the validity of ROA peaks and the location of
artifacts due to CCD pixel saturation. The DSS routine in v3.20 minimizes the saturated
scan problem, but inv previous versions of 'ROA this becomes a critical tool in the
interpretation of ROA-spectra. Essentially', any signal coincident with a saturation euent

'shouldv be very critically scrutinized.

To the trained user the [CC] spectra can be informative about the validity of the

ROA and instrument conditions. These interpretationscould be considered an art form,

: developed as the user gains experience. The [CC] plots are useful to the field engineer as

‘a diagnostictool foralignment and calibration.

» The x-axis and':'y-‘axis by default auto-scale to present the full spectrum. By

‘ clickmg and dragging the mouse from upper-left to lower right, the user can select an
area of the plot to zoom in on.

To zoom back to the full spectrum drag the mouse 1n the oppos1te d1rection (from
lOwer-right to upper-left). Note: Tt does not matter how far the user "drags the mouse in
this direction; any drag in this direction will result in full spectrum display. The relative
size of the two or three plots can be adjusted by grabbing the bar that separates them and‘
sliding it up or down.

The bottom of the main screen includes four_but_tons that allow the user to specify
the X-axis in units of increasing or decreasing Wavenumber (cm'lv), _wauelength (nm) or

;CCD column nummr. | | :
In the lower r1ght corner of the screen, the X andv Y values as a function of the

computer mouse pos1tion on a plot are d1splayed in real time
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1.4 Instrument Operation

This éection describes the basic operétion of the ROA instrument. The camera v
power supply shoulci be turned on prior to running the ROA application. The
spectrometer can be turned on before, or after the application is run. HoWever, if thé :
ROAS is turned off, clicking an acquire button will generate errors. The program will

have to be terminated within Windows Task Manager ™,

Raman Intensity Adjus‘tment

Once the safr'iple 'is,'pfepared'and placed in the sample hblder_, the first step in
measuriﬁg an ROA spectrum is to adjusf the intensity of the Raman spectrﬁm. This initial
‘Step is very bimportant-. vIt ensures thét 'tﬁe CCD‘is not éaturating thus operating in the
linear response regime while minimizing data collection time and the signal to noise
ratio. While in Raman mode, adjust thé sample positioh_ for maximum intensity. Note: In
SERS applicatiohs, the positio-n of maximum intensity may not be the optimal position.

If, for some reason, the systém is in- Easy Calibration mode (usually for alignment

- procedures), the laser safgtv interlock is Qvefridden. so extreme care muét be taken. A red
Wavmikng message" is plaéed at the bottom of the. main screen tob reinind the user that the
system is in ,thisbm‘obd'e. X

| Be sur'evto‘v-Vear laser eye protectioh gogglés'shited for operation at your laSef
-Wavelength, typiéally 532 or 780 nm »Jewevllry, including wristwatches, should be
removed when working in the sample compartment with the safety lock disabled.

Additionally, wh:en'wo‘rking with the ROAS enclosure removed, specular surfaces such
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as belt buckles should be removed Any cha1r(s) in which a person s1tt1ng would be at, or
~ close to, eye level with the spectrometer should be removed from the room. Alignment
procedures can 1 be performed w1th the laser at low power, i.e., a few mW. If the laser
intensity is-high, the user must also take care not to put his hands or any ﬂammable
material in the path of the beam! |

Now press Qulck Scan to assess the Raman 1ntens1ty Roughly adjust the laser
1ntens1ty to get the Max CCD Output meter in n the green range and within 2 blocks of
the yellow range. If 'necessary, stop the Quick Scan and adjust the Illumination Period on

the Acquisition Setup‘S'creenﬂ.

Sample Placement Optirnization

Oncethe Raman intensity is within the green range, ’use the horizontal adjustment
wheel”on the sample holder to move the sample closer to or farther from the objective
lens. While making this adjustment, watch the Raman intensity. Adjust this position for
- maximum Raman 1ntens1ty Once this is complete adjust the laser power or illumination
time to get the Max CCD Output meter into the high end of the green range Halt the

~ acquisition and if applicable turn off the Easy Calibration Mode..

| Collecting Spectra'

The user is now ready to collect an ROA spectrum. Press the Accumulate ROA
 button on the main screen to begin this process. Withina :few seconds, data will appear in
the Raman plot. The CC2, CCl and LCR indicators w111 start changmg color

: Furthermore the number of scans and exposure counters should begm 1ncrement1ng
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The instrument can be léft to collect data. In the Chénge Halt Criteria window,
- the acquisition period can be set to end éﬁér 1) a number of scans, 2) a speciﬁed amount
of accumulated expésu:e time, 3) a number of counts at a predetermined position on the
‘x-axis' or, 4) to run until stopped by the user. When satisﬁed with the specfrum, the user

can simply press the Halt After Cycle or Halt button to stop the acquisition.
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1.5 Main Screen

The ROA Display and Control window, see Figure 1, is the primary user

interface. The interface consists of the control panel, pull down menus, and the plotting

area. All user controls are accessible through this screen. A fair warning: unless advised

by Biotools, Inc,. it is strongly recommended that the customer not attempt to make any

changes within the Engineering menu windows.

1.5.1 Control Panel

Figure 2. ROA control panel.

I ROA Display and Control -- C:
File Setup Calbration Engineering H

Acquisition Type:
ROA

rSlatug———"

Exposuwre: 0183:30

Scans 43937
2 CO1 LR
O O O

r-Haeft Criteria—
After 60 minutes

Change Hatt Ciiteria I

Halt After Cycle l
Quick Scan I

[V Show Reference
[V Scele to measwed

Max CCD Output

CCD Tempesatise

L O O T
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Acquisition Type will indicate the kind of spectra being acquired as selected in the

Setup | Acquisition Sétup window, which will be discussed later.

Status (Figure 2A) indicates the currenﬂy aécurhlilatéd Expdsure time (MMMM:SS),
and the number of valid Raman Scans '(expdsures) accumulated in all [CC] states. The
accumulated exposure time is the total amount of time that the CCD camera is exposed to
scattered light, not real time. Realvt'ime will vary depending on éxposure tirhe and CCD
read out time. | | | |

;Three indi_cators display the state pf the circﬁlarity converters (CC1, CC2).and the
liqﬁid crystal refé.rder (LCR). These »indibcavtors are meant to providé the user with a visual

ihdicétion that the correction cycles of the ROA iﬂstrurhent are operatir‘lg‘ normally.

Halt Criteria (Figu‘re 2B) displays the user-deﬁned conditions 1v1nvde'r’ which the data
collection period (scan) will end. This can be speciﬁed in total exposure ﬁme or the
number of exposures. The Change Half Criteria button will open the Halt Criteria
window"(‘Figure 3). Conditions under which a spectral scan will. tébrminatei ars displayed
in and controlled through this window. |

A scan can »be' halted rﬁanually whén the Control | Halt or the Control | Halt
hftej' Cycie button is selected, or automaticélly aftsr 1) a specified numbér of scans, 2)
, spe'siﬁed ‘amountlof accumﬁlated illumination time,  o'r 3) a specified number of counts at | .‘
| s specified ﬁosition vor‘i the x-axis (crr‘l-ll). Alfefnatively; .when- saﬁsﬁed with the spectrdm,

the user can sifnply press'ihe Halt After Cycle;buttbh to stdp the acquisitibn.The Halt
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when the Halt button is pressed option does not have to be enabled to use the Halt or
Halt after Cycle buttons in the Control panel. In the case of a preset number of scans or

exposure time, the preset value will be displayed in the Halt Criteria panel.

r-Set Halt Crtesiar

€~ Halt when the Hal button is pressed

€ Halt aftes this many scans : |I0

¢ Halt after this many minutes of sxposure timer |1

@ i on Raman Intensiy]

Lacation (cm-1} |1000 Omﬂvla-lll,ﬂﬂmlll
x| gee |

™ AutoRlestartCheckBox

Figure 3. Halt Criteria control window.

The Control panel (Figure 2C) includes four (4) buttons for starting and
stopping the acquisition of ROA and / or Raman data.

Buttons may be actuated by clicking the left mouse button or the underlined letter
on keyboard. Accumulate ROA will initiate an ROA scan, conventional Raman scan or
a Degree of Circularity scan. When this button is pressed, the instrument begins all of
the operations required to accumulate the chosen spectra. The user is presented with a

dialog box, which asks if the user wants the data cleared before starting. (Figure 4)

Figure 4. Clear data option / confirmation window.
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If this is a new sample scan, answer “Yes”, so that previous data will be cleared.
If the user is continuing a run that has been halted, or would like to add data to a run that
was previously saved (File | load filename.dat), answer “No”, to have the system add

new data to the existing data.

The Halt button is used to halt the acquisition immediately. The instrument will
not complete a correction cycle, but will stop when the current exposure period ends. The
Halt button should only be used when collecting only Raman spectra or when performing
calibration and setup operations, not when collecting ROA spectra. When selected, a

Confirm window will appear (Figure 5).

Figure 5. The Halt or Halt After Cycle button confirmation window.

The Halt After Cycle button is used to halt the acquisition after completing the
correction cycle (a set of 32 exposures) in progress. By using this button, the user ensures
that the collection of data will include equal numbers of spectra in each of the correction

states. When selected a Confirm window will appear (see Figure 5).

The Quick Scan button is used while calibrating the instrument, setting up a scan,

or to view spectral exposures individually; that is, without accumulating counts from
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multiple exposures. In this mode, the system will acquire, display, and clear data until the
user Halts the process or the Halt Criteria have been met. In this mode, the user can
view the effects of changing the laser intensity, _eXposure time or sanlple position in near

real time. The displayed exposure appears two (2) exposure periods after it is acquired.

Reference

If enabled (File | Load Reference), the Reference panel (Figure 2D) appears
below the Control Panel (Figure 2C). The reference data dlspl_ayed (orange) can be
toggled on / off by checking the Shorv'Reference box. When ,the Scale to Measure box
: ‘is cheched, the reference Raman spectra is scaled to the displayed data at the point along
the x-axis,‘ where the y-axis has the greatest intensity. The reference ROA spectrum is

scaled proportionately.

Max CCD Output ‘

" The Max CCD Output meter (Figure 2E) monitors the CCD pixel of highest
intensity during a single exposure, not to be confused with the intensity of a spectral peak
or sum of counts along a column of pixels.

‘- Optimally, the laéer poWer and. exposure :period should be adjusted so that the
1nd1cat1ng bar is 1n the green range, a block or two to the left of the yellow range.
’ Improper ad]ustment can result in an 1ncrease in the number of spectra discarded by the
DSS routine (see Setup | Acqu1s1tlon Set up | Discard Saturated Spectra) due to p1xe1,
saturation. Ahgnment issues (see Image Allgnment and anmg) can 51gn1ﬁcantly

affect the overall collection efflci_ency of the CCD array.
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. Recall that:

1) The output from the polarization analyzer is coﬁpled to the spectrometef via
the he*agonal cldse packed (HCP) ﬁbef arfaﬁgement at the input of the ﬁber—r ‘
optic bundles ahd the fibers at the output are arranged in an arc that
compensates for spherical aberration induced by the spectrpgraph.

2)  The image, on the CCD arréy is that of fiber-optic bundlé.

3) The intensity d_isbl_ayed vin the Raman speétra is thé sum of charge in each
columnvvof i)ixels. Iﬁ principle, it may be that ovn>e' or all pixels in a column
: Contribdte to the sum. | |

4)‘ The response bof a ‘sat‘urated CCD npixel is ﬂon-linear and thus any single

saturated bixel' will corrupt the collective value of the binned of pixels.

| When coupling the outpuf of the polarizatibn analyier to the inputs of the fiber-
optic bundles, the optimal pdsition of the fiber bundle produces uniform illumination,
along a column of pixels. At best, afcl(:)se approximaﬁon to this condition can be
achieved. In the worst-case scenario, but }n'ot pdssible in ‘thejROAS design, all light is
inCidenf on oneli(l) piXel; Neither is there any reason to expecf the illuminated pixels to
be a cdntinuous line of pixels. This is due to the _ge‘ometricalv conversion from the 2D
(HCP) a’rrangen‘ient‘ at the input of the ﬁbéf bundle to vt}‘ie 1D anaﬁgement at the (b)utput,‘
e.g. in thé ‘sp'ectr‘ometer’s' object plane. Th_e_objective'when alig_nihg tﬁe fiber bundles x,
Yy, z) to the pélérizati’on analyzer oufpuf is to maximizé fhé total photon cquni along a

‘column(s) 6f pixél_s; |
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Although cornpensated for by the radial slit design of the fiber bundle, due to the
effects of spherical aberration, it is possible that the image .of the fibers on the CCD array
~ can be slightly defocused toward_the’upper and lower edges of the CCD array relative to
the middle of CCD array. Therefore, preferentially,.:the higher intensity pixels should be
positioned close to the edge of the'CCi) array. If the energy distribution along the column
is reasonably uniform and the image of the object is slightly defocused as in Figure 15C,
due to the design of the instrument, this becomes an insignificant pointT

bRecalling that the system resolution is ‘8 cm” and that this equates to about four
.(4) horizontal pixels the sharpest focus of the FO bundle is not necessarily the best
condition for maximizing the number of photons that can be counted within a given
exposure period. A slight defocus that spreads the central inten51ty in the image of a fiber
across 1.5 to 2 pixels is ideal for maximizing signal intensity. The defocus of the ﬁber
| w111 also reduce spectral n01se e.g. smoothe the spectra

It'i is 1mportant that the CCD binmng is correctly ca11brated This should be done
following any ahgnment work or physical disturbance of the instrument. (Calibration |

Image Alignment and Binning).

CCD Temp‘erature

The CCiD te’myperature meter (Figure lF) indicates the relative temperature of '
the CCD array. The camera power supply must be turned on before running the ROA
appllcation The camera will not begin cooling down until the ROA apphcation is open v

In practice‘, the ROAS and camera should be turned on at the same time. When collecting-
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spectra, the meter should be in the fange of 3-5 blocks from the left of the screen. It will
take ~15 minutes to reach the cofréct tempéranue.

In some versions of ROA 'prior to v3.20, the aﬁplicati’on has to be started with the
camera turned on and while fhe éamera is still on, the application must be closed and

restarted.

Messages

The area above and below the Max CCD Outpuf jand thé CCD Temperature.
meters are ﬁsed ‘to dispiay messages. The messages afe self-explanatory and vary with
versions. In the‘ case of v3.20 the cémnion meSSage optionsn include 1) ‘-‘Carﬁe'ra Cool'in‘gv
Ooff1” 2) “LCR Not Calibrated” 3)> “Easy Calibration M‘od‘e'” 4) “Sample cover is open’;,

5) “Waiting for Lock” (LR synchronizati()n)”, and 6) a DSS “Saturated Scan” counter.
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1.5.2 Pull down menus

Irport

Ldad Data
Load Reference

Print ROA Graph )
Print RAMAN Spectrum Graph -
Print Screen -
Printer Setup...

Set Data Directory...

Exit

Figure 6. File pull down menu. :

1521  Files
- Export will export the data diSplay in the main screen into four (4) file formats:
.dat, .plt, .txt and .all. Filenames include ther Sample Name from the set up window, the

date, and the time the file was saved.

~ Filename.plt is a ASCII file containing'tyhe'_x-axis, Raman and ROA data strings. This is
“the 6utput file generally intended for the user to import into spreadsheet and plottiﬁg

programs.

Filename.dat is a system file readable by the ROA application. This is the file loaded by

the Load Data or Load Referénc_e command.
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Filename.txt is a tab and comma delimited ASCII file containing the information written
in the Setup | Acquisition Setup | Comments window, Raman, ROA, and spectra

recorded inall [CC] and LCR states.

Filenanie.all is an ASCII file containing the x-axis and spectra recorded in all [CC] and

'LCR states.

In previous versions of ROA, it was neceésary fo eXport the data at the conclusion
of the scan. As of | ROA V3.20 'within fhe Setup | Acqﬁisition Setup window checking
the Save at the}-End of Collection box will automatically éxpoﬁ the four (4) files at the
end of the sca;nj as deﬁﬁed in theAHalt Criteria, If the scan is stoppe’dbt;ef(')re 'fhe Halt
‘Crit'evria”é.nd Save at the End of Collectioh is not cnabled, the data must be exported

using this command.
Load Data loads a previously saved filename.dat file.

Load Reference loads the Raman and ROA spectra (orange) from a previously saved

filename.dat file, for comparison to the displayed data (green).
BUG Alert: In some previous versions of the ROA when a reference spectrum was

loaded, the contents of the Setup | Comments window and the Sample Name from the

reference.dat file have been known to replace the entries for the current sample.
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Additionally, the elapse scan time will becofne that of the Reference data. This problem
has been resolved. | |

Work around: Load the last ﬁlehame.dat file created before the Referencc; File ‘that was
breviously'loadéd. When thé file is loaded, the contents of thé‘Comments‘w‘indowand
the Status windovw’s Exposure and Scans vélﬁes should‘be restored“The Sample Name
will not be restored and must be manually regntered. To prevént confusion in the future,
any files created with the Reference Data info in the setup box and incoﬁect filename
should bé promptly deleted. Verify that all settings have been returned to the desired state
'béfore proceedingv \lavit_h--t‘he next scan. Creaﬁng “a'text ﬁle: while setting up a scaﬁ is ’a
‘convenient way to compose and enter infoﬁnat_ion into thev'C'ommti:n.‘ts window, via the

" copy and paste commands.

Print Raman Graph sends the displayed Raman spectrum to the default printer.

Print ROA Graph sends the displayed ROA spectrumb plot to the default printer.

Print Screen, not to be confused with the keyboard print screen button will send the
main screen to the default‘printer.‘Altematively, the comphter"s print scréen button can
be used to copy the entire image of the computer screen to the clipboard, after which it

-+ can be pasted into a document and more easily managed.

- Printer Setup will display the typical Microsoft Windows™ printer setup window.

120



Set Data Directory opens the Set File Locations window (Figure 7) from which the
subdirectory to which data will be saved can be chosen. The data directory has to be
created outside of the ROA application, for example with MS Explorer™. If a
subdirectory is defined while the Set | Data | Directory window is open, clicking the
yellow file folder will refresh the directory tree. Within the File | Set Data Directory

window the chosen data directory must be double clicked.

Bug Alert: In some previous versions of ROA, the application will create a data
subdirectory with the selected subdirectory’s name and save the data subdirectory(s)
outside the chosen directory. Data files will be saved into a subdirectory(s) created by
ROA that resides outside the selected subdirectory.

Work around:

Select the subdirectory you want data saved to. Exit ROA and reopen the
application. The data files will now be stored in the data subdirectory(s) ROA created in
the user selected subdirectory.

The location of manually Exported files will default to the data subdirectory
created by ROA. However, an alternative subdirectory can be selected.

The SNR.cvs file will be saved by default into the user selected subdirectory, not

in the application generated data directory.
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Figure 7. Set File Location Window.

- 1.5.2.2 Setup

Show CC Graph -
Display Only Complete Cycles

{ v Path Correction
9 v Smooth
1 v Shot Noise Floor

- v Large Fonts

f  SNR Measurement... .
R GO S AR i s o B

Figure 8. Setup drop down menu.
15221  Setup window

Setup | Acqu'isitibn Setup
The Acquisition' Setup window, shown in Figure 9 is used to control the

majority of the user-definable options.

‘ Léngfh of Ilumination Period defines the duration of oné (1) exposure of the

CCD érray t(_)nthe scattered light. Thé time required for one (1) ROA sc;in includes‘ 32
I'exposurve‘ periods, pius 32‘ CCD'réad periods. The CCD fead_ period can be observed 1n
the Engineéring | Instrument Setup (Fﬁétoi‘y Séttings) window. Because of the
‘ vs:y‘nchroniza'tion / timing of the‘ iinear_ rptators, bﬁly ceﬁain iilumination times (éxposﬁre

‘périods) are allowed. Moving the slider to the left or right, or pressing the left or right
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arrows will decrease or increase the illumination time. Exposure periods range from
about 73.5 ms to 10.3 seconds.
Because reading out the CCD generates read out noise, when ‘scattered photons

are limited, longer exposures are preferential to multiple, short exposures.

Shutter Run State determines which of the two shutters will be used to collect
the data. The lncident shutter controls the light before it enters the sample cell. The
Scnttered (spectrometer) shutter controls the entry of scattered light into the
spectrometer.. The Scattered shutter must be used for calibration procedures that require
e neon lamp

Enabliné the ineident shntter will minimize the anrount of time tllat the sample is
exposed to light. This is important if thé sample is ‘snSCeptib_le ‘to photochemical
'.decernposition. Inversely, leaVing' the shutter open may serve to preferentially photo
bleach or burn oznt'ﬂuorescent ehrenophers in the sample. |

When the incident shutter is left open during a scan, the scattered shutter must be
enabled.iIt is not normally necessary to use both shutters simultaneolusly. Additionally,
leaving :Calibratien | Quick Calibration | Easy Calibration enabled will hold the
incldent shutter vopen.»Tllis is useful wnenv aligningvthe ROAS. It is also useful when
vWOrking with samples that fluoresce, since leaving the sample illuminated constantly can
~helpto burn fluorescent chronophers, prler to the beginning of the data acquisition. |
“The :elirninatien of ’ﬂuor_escent chronophers is often appllcablevwhen analyzing

biomolecular molecules in resonant Raman and ROA experiments (533 nm). However,
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for non-resonate experiments (780 nm) fluorescence by biological molecules does not
present a problem.

Note: The incident shutter will not be heard by the user, although the scattered
shutter should be clearly heard. If, when eﬂabled, the spectrometer shutter is not heard,
applying a small drop of oil to the shutter’s solenoid should resolve the problem. Do not
apply oil to the shutter blades.

In future models, the design of the spectrometer shutter mount should be changed,
so that the spectrometer shutter solenoid is positioned vertically with the solenoid rod

pointed downward.

E Acquisition Setup

Length of llhumination Period (seconds) 0.9555 ] ] 4 J—'

r-Shutter Run State
 Incident " Scattered (+ Both
Rotator Sleep Time - (seconds) l100 t
~Acqusition Type .
< ROA ¢ Ramean Only
¢ Degiee Of Ciacularity ¢ DofC Full Cycle o
¥ Discard Saturated Scans Thweshold: {56000 :

Sample Name lNPo(H)Phe-(Hles
Comments
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|Sample_ID 0831084
D iption NP+{RJPhe-(R)Cys
\Wavelength 780nm !
Amp.laser_curent(mA) 650 i
Lasemw) a0 ;
Exposure_period{sec) 10 ;
Cts/exposure_NN(1/cm) BE4(1008) ;
Bkand_Cts_NN{1/cm) 2_S5E4{1008) :
HaR_ Criteria_(min} 1440 :
Export, evely(mm] 10 N :
Auto Save ;
ey r l'. 'm H L
jd Peno&caﬂyeomortda!aeﬂelevewhs (: :emds o
I~ Clear after each save I~ Expont every ﬁ‘times .
i
T~ Save st end of collection
Enport Confige
I~ Ensble export to Grams L

Figure 9. The Acquisition Setup window.
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Rotator Sleep Time [NNN] is the amount of time that the system waits after
‘going to an idle state before shutting down the rotator motors. Normalfy leaving this set
in the range of 100 - 200 seconds will help to avoid delays on startup while the system

waits for the linear rotator motors to synchronize.

Acquisition Type allows the user to select‘ from four (4) options; 1) ROA
measurements, where ﬁlll-értifact correction is employed, 2) Raman 3) Regular DoC
puts-fhe ‘% wave plate in the beam'_but does not put the CC;s‘in thé beam path(s). This
allQWs the observation of the effect of nearly purely ciréularly polari‘zed light as the
Source.4)'D6C Full Cycle puts the % wave plate inv the beam and does the regular [CC]
dahce.r Thls allows one 't(v)‘ geta feei for how well the sysfem is cancéling in?:idenf,‘ circular

polarized light. The typical user will not use the DoC modes. |

Discard Saturatéd Scans A-sa.turatedfpixel is defined as a pixel on which the
incident intensity is sufficient to shift the detector response from linear into the non-linear
(exponential) regime. Saturated pixels are commonly attributed 'tQ 7a cosmic ray(s)
incident on the CCD arréy. Within ROA spectra, cosmic rays cé_n result'in well-deﬁned
p‘os‘itive,'negativé,v and sigmoidal peaks.‘The‘se aré pﬁrely‘ Spéctral artifact(s).
| DSS will disc-ard the eight (8) spectra in the associafed [CC] state in which the y-
~ value of a one (1) single point along the x-axis exceeds the average value of the two 2)
, adjaceht ‘columns: by"a' preset threshoid value. The system wﬂl_ ‘theri recollect eight (’8)
‘spect“ra'in that [CC] state. Additioﬂally, é méssage including a counter Will be displaye&

below the CCD Temperature fhetef.
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‘ The stronger the ROA signal, the less of a problem saturated scans present. DSS
errors appear to have three (3) origins. 1) cosmic rays, 2) excessive intensity at the CCD
array vvh1ch most hkely due to improper setup parameters and 3) leaving either of the
Simulations modes _enabled.

| The cosmic ray problem is cumulative in the ROA spectra, 'thus longer scans» are
at greater risk. If two (2) adjacent columns conta1n saturated pixels, the routine will not
discard the spectral. Due to the hlgh number of counts in the Raman spectra p1xel
saturation events will not be observed in the accumulated Raman spectra, but can easily
be observed in the [CC] spectra. The threshold-for d1scard1ng spectra can be set in the
‘window to the »right of the DSS check box.‘ Possible valuesvar the threshold range from
0-65,536, with 64,000 being the default value (no ﬁlterinvg)v. |

‘ >f If DSS 1s enabled and the scattering intensity is excessive, no data will be
displayed because it Iis all being discarded. This could be confusing when setting up the
next sample if it tums out to be much brighter thah the previous sample.

When the CCD Max meter is at the green to yellow transition region, the nominal
A to D value is ~25k,000'.‘The adjustablethreshold range is thenv between the intensity and
65,500K. The discardirlg of ‘spectra will increasethe overall collection period, so this
parameter should be optimized. A threshold value of 28,000_ seems to be a reasonable‘

~value for catching saturated scans where the intensity of the column exceeds 1E°.

'S'ample Nambe is a text through which the user can enter an identifier that will be’ B '

| included in the name:o_f all sav'ed files. |
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Bug Alert: Older versions of the ROA application are not protected from user entry of
illegal characters *\ /> < | = ? ) If an illegal character were entered, no files will be
saved. This problem has been resolved Add1t1onally, ROA w111 allow ﬁlenames that
exceed 64 characters. Th1s may result in files that Windows™ applications will not open.

This problem has not been resolved.

Comments is a text box in which the user can save information about the sample,
along with the data that is collected Information in the Comments box will be found in
the .dat files, .all and .txt file, which are created by the File | Export command and when

the Setup |Acquisition Setup | Save at end of collectlon opt1on is enabled.

' Periodi’callyeXport ‘daita afterevery:[ ] This feature will export a filename.dat
file periodically over the duration of the scan. In the event- of a power failure, sample
photochemical decomposition, or an instrurnent‘ problem; the data up to that point has
been saved. After trouble shooting a problem, the last acceptable data file (.dat) canbe
reloaded and the scan resumed. The amount of time between saves is specified in the box
to the rlght These are real time minutes, not minutes of exposure time. The time between
exports must exceed the amount of time requlred to collect 32 scans unless only Raman
spectra are be1ng collected. In this case, tlme must be allowed for 8 exposures. ‘Unlike the
" File | Export and-Setup | Acquisition Setup | Sat'e at end of c‘ollection routines, only a

ﬁlenarne.dat file will be saved. This feature’is norrnally enabled.
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Clear after Each Save clears the previous scan after the Periodically export
data routine saves a filename.dat file. ’Thbis can be used for time resolved experiments.
This feature is only applicable to Raman spectra. ROA data becomes meaniﬁgless if this

feature is enabled.

Exporfs every [ ] times exports a filename.dat every [N] scans. This feature can

be used for time-resbolv'ed experimehts, but otherwise is typically disabled.

Save at end of co‘lleétioh Will run thé File | Eiport command when the scan is

stopped by the Halt Criteria or Halt after Cycle command.

Enable export to Grams'Whehvgnabled, data is exported in a Grams data format.
'Use of this feature requires ”av Software License available from BioTools, Inc. If this
feafure is enabled, the application will not automaticaily'save ﬁlename.déf files, nor will

the File | Export functions work.

v Show CC Graph
Display Only Complete Cycles

v Path Correction
v Smooth
v shot Noise Fioor

v Large Fonts

SNR Measurement... e

Figure 10. Setup drop down menu.
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Setup | Show CC Graph
When enabled adds a plot of the | II - Ir | spectra for each of the 4 [CC] logic states

 to the application window (Figure 1A).

Setﬁp | Display Only Complete Cycle
- Wheén enabled, the Raman, [CC], and ROA spectra are only updated after a
complete set of scans have been collected in each of the [CC] logic states. This feature is

typically enabled.

Setup | Path Correction

V_I')ue tovt-hev bnatur'be of traﬁsfnissi(:)n:through "the two pathé separated by thej beam
splitting 'CUbes,'_some sYstematié _efrOrs can be introduced into »thebmeasur'ements. Ir;'
~ previous versions of ROA, the algoﬁthm attempts to quantify the difference and apply a
correctioh to the collected data. | ‘ |

The Path Correction code has been rewritten to include compensation for
| intensity differences bctween [CC] states, induced by translating waveplateé. This
modification is also beneficial under conditions where slow variatidné of laser, and / or
scaﬁéring bintensity ére ve'nc>ountered.v The new péth corfection (really, intensity correction

would be more accurate) is calculated at the end of each set of 32 scans.

Setup | Smooth
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The ROA'sthware allows the user to apply a 5-point boxcar-smoothing algorithﬁl
: fo the data. This algorithm makes each plotted point equal to the éverage:of the original
point an'd' its four closest neighbors. | |
| | The:basic resoluﬁo‘nrof the ROA instrument, ~ 8 cm™, is determined primarily by
t.he vimage size of the slit on the CCD cam‘e'ra. In this system, the slit image is four (4)‘ to
five (5) pixels wide. For this reason, 5-point ‘smoothing will have little effect on the
- system résolution, while significantly reducing the shot noise. The feature is ‘typically

enabled.

Setup-l- Photon Shot Ndise Floor |

| The quality Qf the spectra collected kon the ROA instrument is primarily limited by
the photon shot n‘oiSe. This is overcome by‘ cbllecting large nufnbers of counts, often over
long periodé of time, which reduces the shot noise floor, relative to the signal. The ROA
soﬁWaré will computé and 'plot an éstimate of the shotnoise floor, based 6n'the Raman
spectrum and display it vwithk positive and negative signs in the ROA plot. It is not
' eprrted but can easily be calculated, e.g. = + SQRT(Raman counts) .This feature is

typically enabled

Setﬁp | Large Fonts

Toggles the plot axis font size.
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1.5.2.2.2 Setup | SNR Measurement
The SNR window facilitates the plotting of the intensity ratio for 6 (six) pairs of
points along the X-axis, in real time. If Sig only and Enable are selected, the Raman

intensity will be plotted at the position indicated in the Signal window. The value in the

Reference window is ignored.
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Figure 11. SNR Measurement, Peak intensity and ratio plotting window.

Each of the six (6) data strings can be enabled or disabled and each can be titled.
A Threshold value for changes in the ratio of Y-axis values can be set. If the ratio falls
below the set value, the appropriate Threshold Crossed box will turn red. To reset the
boxes, the scan must be stopped and restarted. Note: The intensity includes background
noise. To disable the Threshold Crossed alerts, set the threshold to zero (0).

Scans (exposures) To Average should be set to 32 when collecting ROA spectra.
If other values are used, due to reflective losses when waveplates are inserted, the SNR

trace will be transformed from a line to a periodically oscillating trace, offset by the
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average SNR. In the case of a purely Raman scan any number of exposures can be
averaged The SNR plots will be updated when dat files are saved.

Mmutes Between Averages is the real time between the end of the last set of
average exposures and the beginning of the next set of exposures to be averaged. To
average cont1nuous sets of N scans, set time = 0. -

Measure CC 00 Only When enabled, only scans in the [CC] = [00] state will be
included in the SNR average. Enabling th1s optlon is 'recommended if any number of
scans other than 32 is to be averaged duringan ROA scan. |

In the case of ROA, optimally the number of Scans To Average should be 32 10r

. 8~with Me_asure CC 00 Only enabled. If the Minutes BetweenbAverages is set to a time
~ less than the -time required to collectiN + 24 spectra (or the number of Scans To
. Average), the SPR plot will average everv other set of N scans.
' When'FSave‘to file'is enabled, the data strings 'will be saved to an SNR.cvs file.
This file is updated each time a data point is 'added_.

Auto generate file name, when enabled, will add the Sample Name defined in
the Setup window to the SNR filename and written to the subdirectory specified under
- File | Set Data Directory. | | | | |

It the SNR window is clOsed and reopened during ascan, the previously collected
SNR data po1nts will not be d1splayed However the SNR cvs file will continue to’ be
updated There w1ll be a break in the data string if the scan is. stopped and restarted. This
~will have to be rnanually edited, if the user would like one plot that includes all of the

data points.
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1.5.23 Calibration

Engineering Help

Wavenumber / Wavelength Calibaration
:, LCR Cafibration
] | Image Alignment and Binning

Status i Easy Calibration Mode
Fennse . °

Figure 12. The Calibration pull down menu.

File Setup

1.5.2.3.1 Wavenumber / Wavelength Calibration

Calibration of the system for accurate measurement of wavenumber or wavelength
requires a neon lamp. Before executing the calibration routine, the application will
compare the neon lamp spectrum to the spectrum embedded in the application. In the

event that the spectra are not a close match, the software will not be recalibrated.

Wavelength/Wavenumber Catibration

Laser Wavelength: ]779.75

Figure 13. The Wavelength / Wavenumber Calibration window.

1)  Turn off the laser. Position the calibration lamp on the sample compartment
rail, far from the objective lens and insert the calibration lamp. The position
of the neon lamp will be adjusted later. The Ne lamp emits UV in addition to

visible and NIR radiation. Avoid looking directly at the lamp.
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3)

- 4)

5)

6)

Enable the Easy Calibration Mode in the calibration menu. When enabled,
the incident shutter will remain open continuously. The sample door interlock
will likely have to be bypassed using the supplied tool. The spectrometer

shutter must be enabled in Setup | Acquisition Setup window.

- Press the Quick Scan button on the main screen. The lamp position can be

adjusted so that the Max CCD Output meter is in the green, and within a

couple blocks of the yellow range. Note: If the photon 1nten51ty on the CCD

array is excessive and the DSS rout1ne is enabled, the Max CCD Output

meter may not respond because the DSS rout1ne is d1scard1ng all scans.

Adjust the- 1llum1nat10n time on the Setup | Acqunsntlon Setup w1ndow

Note: To change the 1llum1nat10n time, the user must halt the acqulsltlon

* change the value, then re-enable Quick Scan.. Repeat this until there is a

high green indicati‘on on the Max CCD Output meter ‘

Halt the.v Quick Scan acquisition and press ACcumulate ROA to start
accumulating spectra. After the Ne lamp spectrum has been collected, press
Halt.

Select Calibra‘tion‘| Wavenumber /‘Wavelength Calibration and enter the
laser wavelength Most ChirafRarnan systems nse’a solid state freqnency
doubled ND:YAG laser emitting at 532nm w1th a 20-30 GHz free spectral :

range. In this type of laser, the line position and width are well defined by

'atomlc transmons and do not change Enter 532 in the Laser Wavelength'

box and c11ck Callbrate. The apphcatlon ‘w1ll compare the spectra to an
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-embedded Ne spectrum. If they are reasonable approximations of each other,

the x-axis»will be calibrated.

At the ‘time of this wﬁfing, the‘ highest optical pbwer NIR lasers (1-1.5 W) on the
laser market are wavelength btu'riable diode lasers ina Littrow‘cohﬁguration. Differeﬁces
of 0.1nm will shift the spectrum a few wave numberé, and Véry few laser labshave the
capability to resolve laser wavélength with 0.1 nm réSolﬁtion. Laser wavelength meters
availablcj from Bristol Instruments are capablevof measuring_;;vavelengths to .002 nm of
v resolution and are a potentiai means of using a tunable laser (Bristol Instruments’ laser
instfmnents are developed jointly with Critiéal'Link). |

One w‘a{/ to addreés ambiguity -in the lasér’ line Qavelength is to use a known
Raman linek(cali‘brétion_“rln'ol'ecule) and tweak the. lai_ser or wax:'el’engtvh entered ‘in the
" calibration window. |

* To this end, collect and export‘the 'Ne‘ lamp spec_tfa. Collect the Raman spectra> of
a reference molecule and compare the peak to the position indicated on the x-axis. If the
peak position is incbrrect, load the Ne spectra, tweak the Laser Wavelength yalue, and
click Calibrate. che_ét this. progess iterativ_eiy until the peak position is in the correct
place; The ﬁnal-\‘vavel_e‘ngth Value’ rhay be in the 100ths ofa nm

The x-axis is now calibrated for wavelength and wavenumber. -

15232  LCR Calibration
a The LCR Calibratidn screen is used:to determine opti_ma'lv control voltages for

- operating the liquid crystal retarder (LCR) as a dynamic + A/4 wave plate.

135



B
A §mra;::rmg ‘.", WWW
| RatsComeVetne W -
sovame  [Ba
e B3 900 [
s [
e o ;
N n et £ \
pyon ; o c
o : ; 3
s : ; =
el AR e $ 300 A
WA W K SO W N0 MO S0 190 o \
Reip Re
o b
% N
2 \\\ § // . ] Pooesig... e 0 \
e . = 0o 2 4 6
815158 'w 7175 18 27 275 28 ze‘;us mv&»~:‘§mu = v°|tage(v)

Figure 14. A) The LCR Calibration window with typical calibration curves displayed. B)

The near infrared LCR voltage vs optical phase retardance plot.

What is physically taking place during the LCR calibration routine?

RsLp indicates that right-hand circular polarized light R is converted to S
polarization, and left-hand circular polarization L is converted to P polarization. It
indicates the desired state of the LCR.

All linear rotators are rotating and the A/4 plate on the incident rail is in the beam.
This will result in circularly polarized light being incident on the sample, which from a
highly polarizable sample such as CCls, results in circularly polarized scattered light,
with a sense common to that of the incident beam.

The orientation of the A/4 wave plate about the optical axis is determined by

placing a linear polarizer (analyzer) in front of a photo detector, positioned on the sample
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rail at the far end of the s’ample‘ compartment. While observing the photo detector éutput
. onban osciiloscope, the A/4 plate is rotated until a minimum oscillation in the waveform is
_ observed, thén locked into place. Note: Because optical elements are not perfect, the
waveform cannot bé reduced td a flat line. 'Once the A/4 plafe is aligned, unless the Glan-
Thompson polarizer is reoriented about the optical axis,‘ there should be no reasbn to
reposition the A/4 wave plate;

The LCR’s ordinary plane is orientated at 45  degrees. to the GTP and the
| pola;ization analyzer. This axis is marked on thé LCR hdusing.

A 'ram'pe;"d (square) Wéye bvolta‘ge r’esu’hs in a phase shift and the application
determines the thimum vqltéges ‘f()r 7&./4‘and .3'”4 ('-7&/4').‘ |

;'I'n ‘p‘rin"ciple, at fhésé voltages, the ;:ircuiaf polariiation is converted to purely
linear S or P polarizatioh. II;l reality, ‘thi:s: is not quﬁe truei due to 'imperfections in feal
‘world optical elements.

~ The RsLb and RpLs plo‘ts are the rétiés of the integfated intensity over the

selected pixel range fof the two halvés CCD array, as described in the LCR Calibration
sectidn'below. | | |

Some of the R(‘)AS' systems h;ive LCR's Withb integrated ‘temvperature sensors,
- while othefs do not. Proponents argue that the phase retdrdatibh vs voltage will drift with
chang‘es‘ in the temperature ‘of ‘the 'dévicé; in this case the room témperature, and that
. éomﬁensation for changes 1n temperature is needed..On systems where temperaturé
monitoring is an ie‘nabb-led option, interp’o‘lati(‘)n vo‘r extrapolaﬁon is ‘em‘ploy‘ed to optimize

- the LCR for the current temperature. Our experience has been that the ROAS is pretty
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insensitive to the exact LCR voltage, so any drift based on temperature is not really

significant.
1)
2).

3)

4)

LCR Calibration using carbon tetrachlo‘ride (CCly)
Place a CCly sample into the sample mount.

Set the sysfem into EaSy Calibration Mode by choosing Calibration | Easy

Calibration Mode from the main menu.

Go to the main screen and preSs Quick Scan. Optimize the sample position

for maximum peak amplitude, then adjust the exposure time and / or laser

5)

6)

7)

power so that the Max CCD Output meter is in the high green range.

Once the sample: infehsity is set, find the ~460 cm™ band of CCly. Set the
display to pixels and lbcate" the samé vpeak.‘ Pick two points (in pixel
numbers), one on each side of the peak, and note the starting and ending pixel

numbers.

Go to the LCR Calibration screen by choosing Calibration | LCR

Calibration on the main menu.

Enter the starting and ending piXel values noted above into the Start and End

fields of the Calibration Parameters panel. These numbers may have to be

8)

9

dithered to get a proper curve.
Enter starting values for the RpLs and RsLp voltages. If the instrument has
been previously calibrated, these numbers can be éStimated by looking in the

Calibrated Temperatures table to the right of the screen.

Set the Step Voltage‘tb 20 mV, and the Number of Steps to 20.
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10)

11)

Press the Acquire button to beg1n the cal1brat1on process. The instrument

will now step through a range of voltages centered about the two center

voltages to find the optimum LCR voltage, at the current temperature, if

applicable. The typical RsLp line shape Will be a smooth curve, while the
typical RpLs line shape is not (Figure 14A). The difference in the
smoothness betWeen the RsLp and RpLs plots is at least partially attributed
to the difference in the rate of change in the phase shift versus voltage in
Figure 14B Worth not1ng, the rate of change differs more for the NIR LCR,
than for the visible light LCR commonly used in ChzralRaman spectrometer

Once the' cal1bratron process is complete, the user will see the Rst and

RpLs windows that contain plots of intensity ratio vs. vOltage. If all is well,

- these’ should be reasonably smooth curves s with one showrng a m1n1mum ‘and

12)

the other show1ng a maximum. Furthermore the RsLp and RpLs Min
Voltage boxes should now show the interpolated optimum voltages for the
LCR. These should be close to the minimum (RsLp) an‘d:maximum (RpLs)
Voltage values'observed in the two plots. |

If ithese vOltages look reasonable,. press Add to Calibration List to accept

them. If the graphs have obvious outlying points, it is usually best to re-run

-~ the calibration process.- Adjusting the intensity level by shutter speed and

laser po'wercan'improvethe smoothness of the graph, if repeated runs prove
to‘benoisy. As of v3.20, the accepted Calibration‘ curve will replace, not be

added to the data stored in the Calibrated Temperature window. If the
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temperature compensation option is- enabled, the calibration curve will be

added to the list. This option is not presented in all versibns or ROA.

~ Comment: producing nice curves can be tedious.
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1.5.2.3.3 Image Alignment and Binning

mmg;m:nmmmﬁmm e a
[ wee somn

Coph Diegr- peasten

oo || SR

@ g || OO b b i e

© oo .
=7 1 T

dosin
==
‘r‘:m L]

Fomsaves 11 gmpmn]ed b b h eds

} 0800 . -

—_— o @ o

o | e AT

st 0 20s00: o

rﬁ- DR UTIY: TECONS FUOPOT IOUVRIN S SOOI

zg ="' JOSOY SOUOE NUURN SR SOOPNS S ,_.\,y’Y e ot H//\/"\ )
s N A NG >

rntern] Bmﬂﬂ N A \'% St

AdRatt | e,

Figure 15. Image Alignment and Binning screen. A) Top minus Bottom spectra, B)
Horizontal Sum, C) Image of CCD without the current binning displayed, D) Image of
CCD with the current binning displayed, E) Image of CCD with recalculated binning
displayed. Note: Only one image of the CCD will be displayed at one time in the ROA

application.

The Image Alignment and Binning screen is used to optimize the alignment of

the fiber optic bundle to the polarization analyzer, and the FO cable and CCD array to the
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spectrograph. This routine is also used to determine the binning pattern of the CCD. The
binning pattern may need to be repeated occasionally to optimize the light collection.
When the Image and Alignment Binning window is active, the system operates in
Raman mode, i.e., the [CC] logic state is [00]. Anytime the instrument is realigned, the
binning optimization routine should be run.

Truly, Image and Alignment Binning adjustments are an art-form developed

with experience.

Image Alignment and Binning pull down menu

SetUp options include, Acquisition SetUp and Gray Scale

Acquisition Setup brings up the Acquisition Setup window. This option is here
so that it is not necessary to close the Image Alignment and Binning window, adjust the
setup on the main screen, and then reopen the window, repetitively, to get the exposure

time set correctly for this screen. It is simply a time-saver.

[l
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= Image Settings
Image M ’o
Image Max ’o

Gray Scale Min ll]
Giay Scals Max |250!JJ
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Gl CCD | tntComera | SetCED et |

Figure 16. The Gray Scale | Image Setting window.
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Gray Scale| Image 'Sefting ‘window allows the user to effectively zoom in

amplitude on the image. The Gray Scale settings allow the user to set the max and min

pixel arhplitudés used in coloring the image. Anything above or below the max or min
value will show as red.

The Tmage Min ‘and Image Max value(s) ére displayed to assist the user in
'seiecti_ng an appropriate Gray Scale Min and Max. Th‘e Ciipping value allows the user
to set a “clipping level” which is lower than the Cray Scale Max. This is normally not
necessary. | |

| TheSe settings are helpful when lookirig at a peak (line) that is much fainter than
- the maximum intensity lv‘ine.‘ Normally the image will sczﬂe to the max intensity pixel, but
if the user is trying to 1ook at éfaint;lbine,, he / she can lower fhe_ Gray Scale Max to get it
closer to the top value in ihev faint line.

~ Set CCD Offset. This feature is obsolete and will likely be removed from later
versions of ROA. | |

Auto Gray instructs the software to automatically scale fhe intensities in the

image each time an image is acquired.
Image Alignment and Binning controls are displayed on the left side of the screen.

- Graph Displays allows for selective display of the Top-Bbttom; Horizontal Sum

and Image plots.
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The Top-Bottom and Horizontal Sum plots, Figures ‘15_A énd 15B respectively,
display a vertical axis measured in A/D converter éounts. This is a good"relative measure |
of intensity. | |

The qu-Boﬁom (pronouncgd top minus bottorﬁ) plot (Figure 15A) displays the
iﬁténsity .differenc_e bvetween' the lower and upper haives lof the vC’CD array. This display is
used to adjust fiber input tilt. When correctly adjustéd, this plot should show a fairly

‘srvnall peak amplitude. Minimizing thése peak amplitudes‘will increase the nufnber of
counts thaf can be collected before thé CCD Max. Output meter mdves out of the green
rrang'e. Ideaily, the shape of each pbeak’ shbuid be symmétficél abdu't its éenter, ie.,a“W”
~ or “V” line shape. If the peak shows an N shape (positive then hegative) or the opposite,
this is an indication that the» fiber 6ptic cable is. rotated slightly‘,v relative to the
spectrograph diffraction grafiﬁg. It may not be‘p_o‘ss'ible_ to eliminate all ndn-idéal line
- shapes across th,e’ spcétrum; Figui'e 15A represents an 'idéal alignment. |

- Thé Horizonfal Sum plc;t,' (Figure ;15:B)' displays: the horizontal sum plbts of
counts along the selected rows of the upperb and lower halves of the CCD‘ array. Put
another wéy, it quantitatively indicates the energy distribution along the upper and lowe‘r
columns of CCD pikel_s. ‘This plot is“usedb to adjﬁst fhé lauﬂching lens and fiber input.
Ideally, thé pldt should ndt'hayé strong peaks, but fathe’r, a fairly smooth"distribution of
light. - ._ | | |

To minimiz¢ sﬁeétral, coliection ‘time, it :is impdrtant that (td a reasonable

approximation), that the scattered light i;itensity be uniformly distributed along the CCD

column. This is because the minimum spectral acquisition (exposure) period is limited by
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the highest intensity pixel lirnit. The line shapes do not needto be identical. However, the
mean or average line positions shoul‘d be similar in amplitude. |

Theintensity distribliiion'is controlled by the alignment of the fiber optic bundles
fo the arms of ‘the poliafizat‘ion analyzer. To achieve the best approximation of an equal
number of counts from fhe upper and lower ‘h_a'l\"és of the CCD array, the Calculate

Binning routine determines which rows will be binned for spectra collection

Image The image of the CCD array (Figure 15C) | graphically indicates bthe
relative intensity of each CCD element. T‘he’CCD -Irnage is the best tool for 6ptimizing
 the v:ﬁber ‘optic ,bl'mdle to polaiization analyzérv-alignment, spectrorneter alignment, a‘nd _ |
' spiegitrornete'r'focus. The Imageis updated two (2) exposnres aftsi achuisitio‘n., ; li

Since the main screen includes the Max CCD Output meter, binning is not as
critical‘ as it wnuld otherwise i)e, be'calise when properly adjusted,' fhe ‘probability of
saturating . or OVerexposing the CCD has been 'minimized. HowsVef, for optimum
performance (primarily optimum collection speed), it is best to haVe the binning pattern
set reasonably well. Once the pattém is set, it is probably not necessary,to reset it, under
normal circumstnnces. Before adjusting the binning, adjust the Ne, lamp position and
intensity, as the user would for a normal ROA acquisiﬁbn. If the ImagéAlignnient and
Binning plots 'do not update, -redlice the iamp infensity by moving it away frorn the
objective lens. To set the binning pattem, go to the Calibi‘ation | ibm_agev Alignment and

Binning screen.
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Settmg the Binning - pattem The Image Alignment and anmg screen can
display three plots each of wh1ch can be displayed or h1dden by checking / clearing a
box in the Graph Displays panel Any combination of plots may be displayed In the
Image Graph panel, check the Show anmg box. Press the Acquire button to acquire
an 1mage. Once a valid image v(determ1ned by the application) has been acquired, the
current binning pattem will be displayed as white lines overlaid on top of the image
(Figure 15D) The white binning lines should be closer together in higher intensity
portions of the 1mage and further apart in lower 1ntens1ty portions

, In Fig_ure 15, the CCD'columns 0-1024 and rows 0-256 are selected. When
selecting Tows or 'columns, the beginning' Tow or ‘column number is entered in’ the
StartRow or StartC01 box. The "range of roWs, orb columns are entered into the
NumRows or NumCols box(s). For example: if StartCol =100 and NumCols = 200; the
CCD will be evaluated for pixel columns 100;300; When acquiring a spectrum, the
response time or cycle time isa function of the number of pixels to be evaluated. It may
be advantageous to reduce the number of columns or rows at times, for example, when
focus1ng the i 1mage of the fiber opt1c cable on the CCD array.

The CCD array is 1llum1nated using a Ne cal1bration lamp Position the cal1brat10n
lamp on the sample compartment rail, far ‘from the objective le_ns and insert the
calibration lamp. It may be necessary to adju'st the position of the Ne lamp ﬁx‘ture for.
optimum s1gnal strength. The Top-Bottom plot shown in Figure 15 appears as expected
in that, the predom1nant l1ne shapes are that of “W”. and “7”, as opposed to “V”, The line
shapes result from. the fact that the spectrometer focus, not‘ to ‘be confused with the

: sample focus, may not be exactly the same for the top and bottom, across the upper and

146



lower areas of the CCD array. Also, the photon counts on the upper and lower halves of
the CCD array are never exactly equal Therefore, it is expected that the Top-Bottom
plot will have peaks even when there is no ch1ral1ty in the sample, i.e, a lamp. The
alternating state of the LCR, should completely eliminate .,th1s over a scan. Th1s
cancellation ls not observable in the Image Alignment and Bi:nning window. However,
in the main application window, when Setup | Display only Complete Cycles is not
| enabled, the ROA spectra is displayed efver’y'fotherb' scan, such that the spectrum is

composed of two summed spectra from a_commcn [CC] state and opposite LCR states.

Reset Zoom resets the CCD Image x and y axis to full scale 1f and only if the
Adjust Camera Tilt and Adjust Fiber Tilt modes have not been enabled since the

-application was opened.

Adjust Camera Tilt and Adjust Fiber,’Tkilt are conven‘lent in that Adjust
Camera Tiltvdisplays the CCD image over the pixel ranges of 1-1024 and 100-150 and
Adjust Fiber Tilt displays the CCD image over the pixel ranges of ;4(‘)0-760 and 1-256.
Unfortunately, at the time of this »writing,bif either dpticn is selected, the CCD image
cannot be zoomed back to' 1024 x 256 by a mouse‘dr‘ag or entry into the ~Row or —Col
‘boxes. The ROA application wlll have to be closed and'reopened to return to the full

image. This will be addressed in new releases or ROA.

1.5.2.3.4 = Easy Calibration Mode
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Calibration | Easy Calibration Mode | _
~ Opens the incident shutter and ovérr-idés the samp‘le c()mpv artment laser safety
interlock. When enabled, a réd warnmg message is plac'ed at the bottom of the main
screen to refnind the user thét the system is in this mode.
Be sure to wear léSer eye p’rotectio’nvg()gglés suitéd fof'operation at thé laser’s
power and wavelength. If the laser intensity is high, the user must also take care not

to put his hands or any flammable material in the pafh of the beam!
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1.5.2.3.5 Engineering

In general, the Engineering windows are self-explanatory to someone who
understands the instrument, and has read this document. It serves little purpose to discuss
all the information displayed in these windows. However, there are a few points that

should be made.

1.5.2.3.6 Instruméht Setup (Factory »Settings)

| ~ Although it éan be viewed to enhaﬁce the user’s understanding of the
ChiralRaman spectrometer, the engineeriné seétion is’most useful as a diagnoétic tool. .
These pagés “should | be vlocked» to prevent alterations by anyone other than the

manufacturer

| Engineering Help

5 ' Instrument Setup (Factory Settings)

il v Invert Polarity v

| Instrument Electronics Board: Status
“Instrument Electronics Board: Setup and Control

Figlire 17. Engineering pull down menu.
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E Instrument Setup B@
LCR + spike (mV) ISOOU ‘

+ spike time (mS) |10

LCR - spike (mV) 'IJ

- spike time [(mS] {10 :
Rotator Mode lenabied vl

Length of CCD Readout Period
SpeciaMode 02340 Seconds ¢ | »|'JT

ImageMode 3.9689 Seconds ¢ | [T

s

Figure 18. Engineering | Instrument Setup window.

In the Instrument Setup (Figure 18) window, the parameter of interest that can
be user-adjusted may be the Length of CCD Readout Period | Spectra Mode. This
parameter is set by the manufacture or field engineer. It determines the amount of time
allotted for the CCD to be read out and the data transferred to the computer. If this period
is too small, CCD Overflow errors will be generated and the data will be discarded (this
is different from the DSS routine). Overflow errors (counts) will be discussed in the IEB
Status section. The correct setting is a compromise between the data transfer speed and
minimizing the time required to collect ROA spectra.

It may be possible to decrease the factory setting to reduce collection time but if
reduced too much, losses to overflow errors will quickly increase the collection time.
This parameter may also need to be optimized if a supporting computer or a computer’s
operating system changes. Changes in the camera communication format, for example,
upgrading camera communications from a Serial to USB or Ethernet, will allow the read-
out period to be decreased.
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15237  InvertPolarity
This féature compensates for the case where tﬁe inputs of the fiber bundles ’héve |
been coupled to the wrong anhs of the polarization analyzer. When eﬁabled, the ROA
data is mu_ltiplied byv—l_,'tvhus flipping the‘s‘pectré about the horizoﬁtél éxis to satisfy the -
chiral sign convention. There is no impact ‘on the quality of the data. Alternatively, the
input ends of the fiber bundle may be switched to oppbsite arms of the polarizatidn :
analyier followed byvrealigning the fiber bﬁndles aﬁd by fecalibrating the camera.

The fibers at the output of the ﬁber bundle are -arranged aléng a radius vbt(b)
éompensate sphéric_al aberration, which is inherent fo Specﬁogéphs. Rotatiﬁg the bundle
180 degrees at the spectrométer wil_l introduce a si“gniﬁciantiéurvature in the image of thé
bundle on the CCD arréy. Thus,:th‘is is not an altefnatiVe tb the‘ solutions mentioned

- above.”
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1.5.2.3.8 Instrument Electronics Board: Status

The TIEB Status (Instrument Electronics Board) window, shown in Figure 19, is
both a comprehensive real time display of instrument conditions, and a display of
conditions at the end of the last scan. The information is not written to a log file, and will
be lost, when the next scan is started or the application is closed. This virtual window into
the instrument’s interior is primarily used during installation, and for trouble shooting by

the field engineer.

9 168 Status E]@
Currerd Stets lE Incidert Shudter |wen
Corcularty Plate Inlete out Scattesed Shuttes ]aoen
CC1 (ncident Cireulaity Converter) ]0 CCD Readout Overfiow ]0
CC2 {Scattered Crcuarily Converter} IIJ CC Moving lﬂ
LCA Lant Stato I Total fBumination Windawes P
LCA Last Voltage ‘0 Vald llamination Windows lﬂ
LS Stdte &l cycles locked Time Since CCD Peadout Compiete [0
LS25tats ’al cyclss locked LCR Cell Temperatue ID
L33 State ldl cycles locked Last Ax Sequence Number ’0
-
Coumnterg— ey Setely Mode r——‘—‘n
Unlocked luoo
to lD Enor Flage 00000 Count |0
CMovng  [D 0: No Enwrs 32 Incident € not moving in place
AxSeqEmors ‘D 1: FPGA Startup Enar 64: Scattered CC not moving in place
TuSeqEnors ’o — 2:LS Mot Locking 128: Sample cover not closed
4: 1S 2Not Locking 25€: Incigent shulter net opening
Out Of Sync Messoges 9 LS 3 Not Locking 512: Scalteted shutter not aperating
Heartheats ‘0 16: Cireulsrity Plste not movig in place 1024: Receive Sequenca Enar
{ltum Complete lD
CC counters
Broken Msgs rg__—_ lﬁ_—_—
|0
Stats
Resdout Complets [0 P
fn Conglote [0 o
Haetbeats lO |0
ID
S| p
ID
@ ShowMaster Stets

Figure 19. The Instrument Electronics Board: Status window.

The upper-left section of the window displays the logic state of CC;, CC; and the

LCR. The upper-right area is associated with the camera. The information displayed and
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the significance of this information should be intuitively understood. Information in this
window of interest to the user, or input by the user is generally accessible in or through
the main application windows.

The IEB Status | Counters are most useful as a diagnostic tool.

Unlocked indicates the number of times and which LR motor loses

synchronization. These values should remain zero. -

CCD Overflows indicates that more time is needed for data trahsfef from the
CCD camera to the computer. The Overflow value‘-also increasees by eighf 8) for‘each
- DSS counti. This can occur for several reasons, ranging from hardware / sdftware ;
communication td-séturation of the ccD énay.

Wheh a,séan‘ 1is :initiated, the syStenﬁ :Will_“clear” the CCD array F‘of: charge by
reading 6ut the darlv( noise eight (>8)' fimes; During this clearing pf:ribd, the CCD
Overflows co‘unterbwill register errors. The number of | errors will scale with the single
exposure time, at ~ 10 per seCond. On the 9™ }e'_xposure the counts should cease to
increase. It is possible _that the # of counts will slowly increase during the Scah period.
Thié is Where th'é user has té make’ a jucigmént, call: to balance the quest for counts vs. the '
total collection time. Length of CCD Readout PeriOd is the only parameter adjustable
. by the user. In principle.,’ thi's value should not nee.d' to be altered frqm the factdry‘setup.
" The need to make significant changes may indicate é significant hardware or software -

~ problem.
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The system seems to be more susceptible to CCD overflow errors when the

“sample’s signal to noise ratio (SN) is low. It is not clear why this occurs.

Out Of Sync'Messages -| Heartbeats when a scan is started this value will be
reset to _zero and may initially display a few eounts, but shoulydvthen‘remain constant for
the duration of the scan. After the scan terminates, the counter will begin rincrementing‘ at
eppfoximately the rate of the Stets' | Hea’rfbeats counter because speetra are no longer

being acquired.

Stats' | FHeartbeats ‘indicates 'that the computer »:is eommunicating with the
Camera. The ceunter'.will begin ceuntihg when the ROA application begins to collect
Spectra. The COuntS'iwill continue to increase after the scan ends until a newv.scan begins,
after which, the countefs are reset to zero (0), aﬁd‘ countihg resumes.

If the heartbeats are not observed, it is likely‘ that ‘the serial communications cable

is not connected.

 Stats | Illum Complete and Stats | Readout Complete counts should be within a

few counts of the Heartbeat value during a scan.
Error Flags are self4explanatory.

CCD Tlllreshol'd‘ is the I.)SS tﬁreshold Value that has been entered ih the Setup |

Achisiti(m Setup window. It cannot be edited ﬁem the IEB ‘windovvv.
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1.6 Camera Alignment Proceduré' |

This procedure describes the aiignmgnt process for reihsialling the camera in the
ROA system; This procedure does not use the laser ‘avs a sourée, so ensure that the laser
shutter is closéd and that laser emission is disabled while performing this procedure.

Once the camera is mounted to the spectrograph, turn on the camera power supply
and the ROA electronics ;pchr. Make sure that the USB or ether net cable is connected
to the éamera, and open the ROA S6ﬂware. Bevar'in mind that thé varioﬁs adjustments to ‘
: bthe :camera :canV at times interact, sb the user‘-may need to repeat certain: adjustments

before optimum positioning is achieved.

1.6.1  Initial Focus adjustment
The initial focus adjlistmcht is pérfbrined ‘.uvsing the I:ma‘gev Alignment énd
Binning screen. Before begiﬁning, také the cover off the spectrograph and look at the
posﬁioh of thé Nikdn' lens in f:on‘t’o‘f the cafnera.f Set the focus on the Nikori lens to about
10 feet and replace the spectrograph COVer.
Select Calibration |v Image Alignment ahd Binning from the main menu. Push
“the Adjust Camera Tilt button. Pl'clu':e the ﬁeon lamp néar the sample cell position. Press
. the Acquii'e button to_Begin acquiring Sbectra If the irriage is too. inteﬁse, the user may
need to move the lamp farther from the sample p¢sition to reduce the light, or to reduce
the expoSurev time in theSett_np ] AéquiSifion-Setup‘vﬁndow. If DSS is enabled, pixel
'iritcn‘éityiexceeds: the ilsér deﬁned Tliréshoid, the CCD ir‘nagev ‘s‘creen will ﬁot update.
DSS errors 'wiil be counted on the Main Screen. Similarly, if the image is too faint,

adjust the lamp for more light, or inérease the exposure time.
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Loosen the setscreW on the fiber ferule mount at the entrance to the spectrograph
to allow the ferule to be rnOVed in or out, relative to the Spectrograph. The ferule is the
large cylinder at the end of the fiber optic cable. While’ looking at the Image screen,

tmove the ferule in or out of the spectrograph to»get the sharpest possible lines from the
neon lamp. This will be optimized later. Do not worryjat this point if the lines are not
perfectly vertical. Once the lines are as sharp, tighten the setscrew to clamp the ferule in
place. The ferule and mount should be rapped with black cloth to block light that will
leak through the ferule mount, vinto the spectrometer, causing large spectral artifacts. This

point cannot be over emphasized.

162 Camera Vertical Height and Tilt Adjustment
' .Fluorescent room light, or a Ne calibration lamp can be used to adj‘us.t the vertical
position of the camera. |
Place a white piece, of paper between the slow linear rotator (LR2) and the second
'circular converter (CC2), on the scattered rail at about 45 degrees to the ceiling, so that it
reflects some of the fluorescent lighting into the scattered rail collection optics.
In the ROA software, go to the image alignment screen by selecting Calihration |
Irnage Alignmcnt and Binning from.the main menu. .Push the Adjust Canlera Tiltv
button. Press the Acquire .hutton to begin"acciuiring frames. If the irnage is saturated,
move the paper along the ‘optica'l path to reduce the' light, or you mayneedto reduce the
“exposure time in the Setup | Acquisition 'S“etup window. Similatly, if the image is too '
' faint, adjust the paper for more light, or increasethe exposure time. ’Oncea reasonable

irnageis attained; begin to adjust the carnera'height and tilt as follows:
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1

2)

3)

4)

5

Loosen the four camera mounting screws so that the camera can be moved,
but not casily.

Notice in the CCD image of the upper, and lower sets of ﬁber optics that
there is a smail ‘gap runrling approximately hori‘zon‘tally threugh thev middle.
It may be necessary to further reduce the illumination intensity or exposure
time to see the gap. This is rhe separation between the two (2) fiber bundles

in the spectrometer’s object plane.

‘Adjust theaheightb of the camera until the gap is appreximately in the center

- of the image. The height adjustment screw is either a 6 mm cap-head or

setscrew in the center of the top of the camera mounting assembly on the

spectrometer. There is a faint green line on the CCD image screen

_indicating the exact center of the CCD array. Try to get the gap evenly

centered on this"line.

If it becomes necessary to lower the camera height, friction between 'rhe
camera andv spectrograph mounting plates ‘may prevent tlre camera from
sliding down when rhe; adjusting screw is retated counter cleckvvise (CCW)..
Bear in rrlind trrat the \rerfical target position has a tolerance of ~ 50 puM.

Normally, it is best to make the final adjustments so that you are raising the

‘camera (CW) to bring the camera into position

If the gap tilts from right to left, or from left to right, adjust the tilt of the

~ camera. This is done by l'oosening the tilt adjust setscrew on one side of the
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7

~-camera and tightening the'opposite setscrew. These set screws are located

on the left and right side of the camera mounting assembly near the top.

Steps 3 through 5 may have to be repeated, in order to properly achieve this

- adjustment.

Once the height and tilt are satisfactory, gently tighten the four camera

mounting screws to lock the camera into position. Check the alignment

‘once more to ensure that it was not disturbed while tightening the screws.

1.63  Fiber Tilt Adjustment

- The fiber tilt .procediue aligns the image of the fiber optic' cable to the.

columns of the CC array. The orientation of th_é image of the fiber cable to the

CCD array is édjusted by rotating the ﬁ_bér optic ferule, using the adjustment on

the spectrometer. This is a critically important and very meticulous task.

By

2)

3)

4)

Placé the vnevon'c‘alibraﬁon lanip in the Sample' vcdmpal"tlhent.

Press the Adj. Fiber Tilt button. Begin acquiring images by pressing
Acquire.

Adjust the lamp position to give strong 1ine$ without saturating.

When thé fiber is correctly oriented, the Top-Bottom ‘g'raph will ideaily |

show peaks that are V-shaped, invérted V-shaped, W-shaped or invertéd-W
] shapéd. These equate to specffal lines that are primarily incident on two (2)
" columns or 'Qhe column féspéctively. It is not possible to eliminate all
-sigrhoid peaks. The final tweak will result in minimval‘ values on the y-axis

; of the Top_-Bottom plot. Agaiﬁ this is a very meticulous adjustment.
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1.64 Focus Adjustment
Once the alignment is co‘mplétely adjusted, the focus can be adj’ustedas well. This
adjﬁstmenf is made from the: main ROA screen. |
- Set up thevneon lamp as the source and press Qu‘ick Scan to begin acquisition.
Adjust the focus control on the spectrometer (under the end of the spéctrometer near the

camera) to maximize the heights of the peaks in the Raman spectral display.
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1.7 COM Port Selection

Thé Selection of the COM pért used ’to cbmmunicaté wﬁh the board electronics is
normally COM port 1. If for any reason a different CbM vp(')r‘t is neede‘d for this function,
the ;oa.ini file'must be modified. To do this, open fhe' Windows Notepad application,

| Start | Progfamsl Acc‘essorieslthepad, and open the roa.ini file in the C:\Pfogfam
Files\Critical Link\ROA directqry; Near the top of the file is a line, which looks like
~ this: “com Port=1". Change the COM port number to the desired COM port and save the
file. The next time the software is run, the new COM port will be used.
When usi’ng‘ the USB-Camefa interface, thé same p_hy51_cal USB 'port' will have to
| be used, or the roa.ini file will have to be modified tb address the correct USB port.
Optionally, »the camera’s Ethernet Vin:te‘rface cah ‘-be used.‘ Relative to USB, with thé
V'Et'hérriet interface fhe camera read‘-(v)ut‘ ti'me‘cbani bve:_r‘educed;E The camera’s IP number and
serial number are written on the caméra. Contact vBi‘o.Tools for assistance with this

configuration.
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1.8 Simulation Mode

The simulation modes are used for diagnostic procedures and to allow
demonstration of the ChiralRaman. The simulation mode is accessed by a right-clicking
on the Accumulate ROA button. The Raman spectrum is that of cyclohexane. In
addition to the simulation modes, the cyclohexane spectrum will appear anytime the
ROAS is turned off, or the camera has not been cooled down to the design operating

temperature, if either Quick Scan or Accumulate ROA is enabled.

Hal Adter Cyels |

Buick Scan l

Figure 20. Simulate IEB and Instrument simulation menu.

Two (2) options will be presented:

Simulate IEB

Simulate Instrument

Either of the two, when preceded by a check mark, becomes active. Simulate IEB
simulates the operation of the Instrument Electronics Board in its entirety. If Simulate
Instrument is checked, the system can be used to communicate with an IEB without
encountering errors, due to circularity converter motors not operating correctly. For
normal operation, both of these should be disabled (unchecked) See Section 1.8.1. For

demonstrations, both items should be checked.
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When demonstrating this software on a laptop with no COM port, the roa.ini file
must be:modiﬁe‘d. To do this, open the Window§ Notepad appliqation, Staft | Programs |
AccesSories | thepad_, and open the roa.ini file 1n the ‘C:\Pro‘gral.n File’s\Criﬁcal
Link\ROA directory. Near the top of the file is a line which looks like this:

comPortAvailable=1. Change the 1 to a0 to disable the use of the serial port.

1.8.1  Grief Saving Comment

3 »Fai‘lure to disable both the Simulate IEB and the Simulateln_strument options
when (;onnecfed to aROA spectrorheter and collecting data, Will result in highlf unstable
behaViof. This 1s because the application is receiving cénﬂiétingihfoﬁnatioh from a real
and a virtual instrument; The pfoblems can incllude‘ any aspect bf operaﬁon that “should
be wofking”. False cosmic rays that ’appear_to be gétting by the DSS filter and lost data

files are classic indications of a simulation mode(s) being enabled.
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