Supporting Information
1. Kramers-Kronig Transformation and Refractive Index of Ru(bpy)s>*
The LSPR shift is dependent on the refractive index of the surrounding medium of the

nanoparticle. For non-resonant adsorbates, the LSPR wavelength shift (A4 ) can be estimated

from the following empirical equation:'™

AA_, =m(n,

welly, e oy (S1)

where m is the refractive index sensitivity of the nanoparticles (~200 nm/RIU),l’ 3 Ny 1S the real

part of the refractive index of the adsorbate, ny, is the refractive index of the N, surroundings

(1.0), d is the molecular thickness (1.5 nm for Ru(bpy)32+), and 1y is the characteristic
electromagnetic field decay length of the nanoparticles (approximately 6 nm)."

For resonant adsorbates, it has been demonstrated that A4 _near molecular resonance

can be estimated from the real part of the refractive index (using a Kramers-Kronig
transformation6) and Eq. S1. Using the same treatment as in the previous studies, n,gs is
expressed as the sum of the nonresonant part of the refractive index (nponadgs) and the resonant
contribution (Anyes a4s). From Eq. S1, the refractive index of the adsorbate layer can be estimated.
Since the average Almax at off-molecular resonance wavelengths is 10 nm, the npopags Of
Ru(bpy),”* is calculated to be ~ 1.1.

Using a Kramers-Kronig transformation, Anyeaqgs of Ru(bpy)23+ was transformed from its
solution absorption spectrum using the following equation:®’

c J-w Aa(w")
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T
where Ao is the change in the absorption coefficient (2.303* A(4)/T in which A(A) is the

molecular absorbance at a given wavelength and T is the effective molecular thickness), ¢ is the
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speed of light, 4 is the wavelength of light, and @ is the angular frequency (2zc/A). The

Kramers-Kronig transformation expresses the

real part of the refractive indices as an integral
of the absorption coefficients. From the LSPR
shift ~measurements, only the -electronic

transition of Ru(bpy);** at 452 nm couples

Absorbance

strongly to the LSPR. To get the dielectric

constant corresponding to electronic transition

of Ru(bpy)s>* at 452 nm, the absorption

400 440 480 520 560 600
Wavelength (nm)

Figure S1 Deconvolution of the absorption
band of Ru(bpy)s**,

spectrum was deconvoluted with two Gaussian
curves at 452 nm and 425 nm. Kramers-Kronig
transformation was performed with the 452 nm Gaussian curve (Figure S1). Notice that the
integral in this formula has a singularity, which was treated numerically by excluding the
singular point in the integral. And in the Kramers-Kronig transformation, the integration is from
0 to infinite frequency where in the experiments, only information over certain frequency ranges
is available. In addition, Ru(bpy),’* has strong electronic resonances in the UV which will
contribute significantly to its dielectric constants but are neglected in the current application.
This treatment will lead to some uncertainty in the absolute value of the refractive indices.

2. Extinction Cross-Section of Bare and Layered Spheroid, Including Radiation Damping

Effects

2 2 2
For a prolate spheroid oriented along the z direction ( al +2y +2—2 =1, a<b), parallel to
a

the direction of the applied electric field, in the quasistatic limit where the dimension of a
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spheroid is much smaller than the incident wavelength, the parallel component of polarizability

of the spheroid is’”’

1 5 & & ¢,
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where g is the dielectric constant of the medium outside the spheroid (N, in this work), &; is the

dielectric function of the spheroid (Ag in this work), and f'is the focus of the spheroid given by:

f:(bz_aZ)I/Z (S4)

&, 1is the value of £ at the spheroid surface where:

1
& =—— (S5)
a
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Qi 1s a Legendre function of the second kind where:
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and the function y is given by:
1
y=—1+ (S7)
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The extinction cross section (Cey;) of a spheroid is proportional to the imaginary part of its

porlarizability:

1 1 -
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For a spheroid coated with a layer, the parallel component of its polarizability becomes®
3 —
o= f—{—‘fl (G-1)-—0_ G4 G} (S9)
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where
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Here ¢, is the dielectric constant of the layer (Ru(bpy)s** for this work), &, and £ are the value of

& at the inner and outer surface of the layered spheroid using spheroidal coordinates. G is a

correction factor that comes from solving the LaPlace equation for the layered spheriod. The

extinction cross section becomes:

Cmocllm{i(G—l)—iﬂG} (S11)
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To correct the static result for radiation damping and depolarization, we used the approach

developed by Meier et.al.' for spheres and generalized by Zeman et. al. for spheroids."".

D= (1—§ik3a—k2a/b)'1 (S12)
1/2 & —&, . & —&
where k=g, °w/c. Let y, = for the bare spheroid and y, = for the layered
&+ Xe, &+ X

spheroid. The incorporation of Eq. S12 is accomplished by replacing y, and y, by Dy, and
Dy, wherever it appears. Using Eq. S8 and S11, we calculate the extinction of a bare Ag spheroid

and that coated with a layer of Ru(bpy)32+ in N,. Figure S2 shows the calculated extinction
spectra of bare (solid lines) and Ru(bpy)32+—coated (dashed lines) Ag spheroids. Here the
extinction wavelength of the Ag spheroid is varied by varying y. Each pair of spectra with the
same colors is calculated using the same y. Notice that there is a dip in the extinction spectrum of

the layered Ag spheroid due to Ru(bpy)s>* absorption, and the extinction splits into two bands.
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This extinction lineshape change has been

reported by several groups with the
experimental and theoretical studies for a
resonant molecule interacting with Au

12-14

nanospheres or nanorods. However, in our

experiments, no significant change is observed

Normalized Extinction (a.u.)

in the extinction of the Ag nanoparticles after

Ru(bpy)32+ adsorption other than a wavelength
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Figure S2. Calculated extinction spectra of
bare Ag spheroid (solid lines) and Ag
spheroid with Ru(bpy)32+ (dashed lines)
with varying y parameters. Each pair of
spectra of the same color was calculated
with the same .

shift. This indicates that in the experiments,
the absorbance of Ru(bpy)s** is relatively
small compared to the extinction of the Ag
nanoparticles; therefore, the effect of the
Ru(bpy)32+ layer on the LSPR is to produce a spectral shift but not a lineshape change. In the
modeling, this effect is much more significant in both the spectra shift and line shape change.
3. Square of the Average Electric Field of Bare and Layered Spheroid

For a spheroid, the average of the square of the electric field over the spheroid surface is
expressed by the following equation

i 5 —\/m + 502 sin™! i
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For the layered spheroid, the average of the square of the electric field over the surface within the

layer (&, < E< &) is®
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When the layer is thin, the electric field within the
layer does not change with different & values.

Therefore, we use the electric field at the outer

surface to represent the average electric field in

. 2 2
the layer. Flgure S3 shows <|E| >/|E0| versus 400 500 600 700 800 900
Wavelength (nm)

. 2 2
wavelength at the surface of the spheroid without ~¥igure S3. Calculated <|E| >/ |E,[" of a

o . _ bare Ag spheroid (solid lines) and Ag
(solid line) and with (dashed line) a layer of  gpheroid with Ru(bpy)s** (dashed lines)

0y . . _ with the same y parameter.
Ru(bpy);”™ with the same size and aspect ratio.

The absorption of the layer of Ru(bpy)s>* leads to a decrease in the magnitude of <|E |2>/ |E0|2 and

a dip in the <|E|2>/|EO|2 profile. As stated in the second section of the Supporting Information,

this model overestimates the effect of the resonant layer in both extinction spectral shape and the
electric field profile. Therefore, a bare spheroid model is used to simulate the average electric
field around the nanoparticles that are used in the experiments.

4. An Example SERRS EF Calculation

Since the intensity observed in the SERRS spectrum of Ru(bpy)s** can be interpreted as the
normal Raman scattering cross section multiplied by the resonance Raman and EM enhancement

factors, it is possible to write an expression for a decoupled SERRS enhancement factor.
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McFarland et al' gives an expression for the non-resonant EF for the case where the SERS and
normal Raman analyte are the same molecule, eliminating the need to normalize by differing
cross-sections. In the present work, it is difficult to observe the magnitude of the resonance
Raman intensity due to fluorescence. Therefore, the normal Raman intensity is given for a non-
resonant molecule and the EF expression must include a cross-section normalization. The

expression for the overall decoupled SERRS EF is:

M spres /( N seres ru * Ong u ) (S17)

EF =
SERRS Lip o / ( Nk Ong cye )

where I, N and c are the intensities, number of and cross-sections of the resonance Raman (RR)

and normal Raman (NR) analytes, respectively. By normalizing the observed SERRS intensity
to the resonant Ru(bpy)32+ cross-section, the EFsgrrs term only corresponds to EM enhancement.
The measured intensities for the sample in Figure 5.8E were Isgrrs = 30.82 cts mW! s for
Ru(bpy)32+ 1487 ¢cm™ mode and Ing = 20.82 cts mW! s for cyclohexane 1444.4 cm’! mode at
Lex = 465 nm. Comparing the intensity of the 1487 cm™ Ru(bpy)s** mode to the 983 cm™ SO,**
mode measured by Mallick et. al. 16, and using the SO42Jr cross section of 14.8 x 107" at Aex =
465 nm as internal standard,'” the resonant cross section of Ru(bpy)s;** was determined to be
Orrs = 4.4 x 10%° ¢cm? molecule™ at Aex = 465 nm. The normal Raman cross section for the
1444.4 cm™ cyclohexane mode was determined to be oxg = 9.37 x 10 ¢m® molecule™ at Aex =
465 nm after correcting for v*!® The number of Ru(bpy)32+ molecules present in the probe
volume was determined to be Nggrrs = 1.8 X 10° assuming a surface coverage of 0.65x10"
molecules cm™ from the electrochemistry measurement, a 4 pm? laser spot size and only 7%
coverage of nanoparticles resulting from NSL."”  The number of cyclohexane molecules was

estimated to be Nyg = 2.4 x 10'2. This was found by assuming that the probe volume was a
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cylinder of 100 pm in length with 4 um2 cross-section and using its bulk density of 6.0 x 10"
molecules cm™ pm™'. Using these numbers, the EM EF was determined to be 4.16 x 10°.
Assuming that the resonant Raman EF is on the order of 40,% the overall EF observed here is
1.66 x 10°.
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