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1. Discussions:

The UV-vis spectrum of the as-synthesized complex was characterized by intense ligand centered
7 — 1 * absorption bands (E - bands) at 230 and 264 nm with a broad band at 315 nm attributed to B-
band corresponding to the aromatic ring of phenanthroline and 4-mercaptobenzoic acid ligands.
(Figure 1A, manuscript). The bright red luminescent complex exhibited multiple emission bands in
the range 550-750 nm (A= 320 nm) as shown in Figure 1A. This is attributed to the ligand sensitized
emission associated with 4f—4f transition involving the °Dy excited state and the low-lying 'F;(J = 0 -
4) levels of Eu(lll) ions. The weak emission band centered at 580 and 650 nm appeared due to
forbidden °Do—'Fg 5 transition; whereas the band at 593 nm was relatively strong, occurring due to
magnetic *Dy—'F transition and is independent of co-ordination environment. On the other hand, the
sharp peak centered at 614 nm due to °Do—'F, transition arising from induced electric dipole
transition was indicative of slightly polarizable chemical environment around the Eu(lll) site.*
However, the considerably low intensity ratio of the electric dipole transition to the magnetic dipole

transition was suggestive of symmetric environment around the co-ordination sphere.
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Figure S1. 'H-NMR (400 MHz) spectra of [Eu(phen),(MBA),]Cl in CDCls. Top inset: shows
the expanded view in the range 7-9.5 ppm comprising the aromatic protons. The peak at 3.42
ppm corresponds to sulphydryl group of p-mercaptobenzoic acid. The green asterisked peak
corresponds to solvent peak (CDCI3) and the red asterisked one corresponds to solvent water.
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Figure S2. FTIR spectra of (A) phenanthroline (i) and 4-MBA (ii), (B) as synthesized
[Eu(phen),(MBA),]CI complex and (C) expanded view of Figure S2B in the range 400-1800 cm™.

FTIR and Raman spectra analysis:

The bonding and co-ordination mode in so-synthesized Eu-complex based on FTIR and Raman
spectral analysis are as follows: The disappearance of characteristic C=0 stretching vibration at 1678
cm™ upon complexation and appearance of peaks due asymmetric (v(COOY)) and symmetric
(v{(COO)) stretching vibrations of carboxylate group at 1543 cm™ and 1406 cm™, respectively, as
shown in Figure S2B, indicated the participation of carboxyl group of 4-MBA ligand in metal co-
ordination. In addition, the direction of their frequency shift and the corresponding shift difference
(AV = Vas(coo) - Vsicooy = 137 cm'l) with respect to free ligand (4-MBA) indicated the bidentate co-
ordination mode of the carboxyl group with the metal ion.? The peak at 2550 cm™ corresponds to the
stretching vibration of the -SH group in 4-MBA ligated to the metal centre through carboxyl group.
The shift in the quadrupole vibrational bands appearing at 1682, 1635, 1518 and 1465 cm™ due to ring

vibration in phenanthroline along with weak band in the range 466-690 cm™ indicated the metal ion
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co-ordination to the phenanthroline ring * (Figure S2C) A sharp peak appearing at 416 cm™ and 1594
cm™ was attributed to Eu — O stretching vibration and € = € aromatic stretch of the benzene ring.
Further the peak appearing at 721 cm™ and 850 cm™ can be assigned to out of plane motion of
hydrogen atoms on the heterocyclic ring of phenanthroline and hydrogen on the centre of the ring,

respectively. *

Further, Raman peaks appearing at 276 and 2566 cm™ (Figure 1D, Manuscript) correspond to
Eu — N and —SH stretching vibration of free thiol group, respectively. In addition, a sharp peak
appearing at 417 cm™ due to polarised Raman line of phenanthroline supported the co-ordination with
metal and that at 553 cm™ corresponds to Eu-O-C-C vibration. The complex spectra exhibited a weak
bands at 843 cm™ and 1183 cm™ due to Ypeng(COO’) and C-COOH stretching vibration of 4-MBA
group; whereas strong peaks at 1591 cm™ and 1099 cm™ were assigned to C=C stretching and ring
breathing vibration corresponding to the aromatic ring in 4-MBA. Strong peak appearing at 724 cm™
corresponds to out of plane y(C-C) vibration comprising both phenanthroline and 4-MBA ligand.’
Additionally, peak appearing at 1420 cm™ is attributed to (ve=c, Vc-n) Vibration and that peak at 1298

cm™ and 1455 cm™ corresponds to (ve-c+ 8cp) Vibration of aromatic ring in phenanthroline.®’
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Figure S3. (A) A typical TEM image of gold nano dimer, (B) corresponding HR-TEM image of Au
nano-dimer in Figure S3A. (C) IFFT image obtained from HRTEM image analysis of a select region
(white box) from Figure S3B reveals gold lattice fringes with d-value = 0.2 nm corresponding to

(200) plane.
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Figure S4. SAED pattern obtained from a representative Au nano-dimer showing diffraction

corresponding to various planes of gold identified in the image by dotted circles.
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Figure S5. UV-vis spectra of (A) (i) as-synthesized cit-Au NP dispersion and cit-Au NP dispersions
at different concentration of complex ([Eu(phen),(MBA),]Cl) (ii) 15 uM, (iii) 30 uM and (iv) 90 uM
respectively, (B) expanded view of the UV-vis spectra in the range 500-600 nm showing red-shift and

broadening with increasing concentration of metal complex (ii-iv) in cit-Au NP dispersion.
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Figure S6. TEM images of as synthesised (A) and (B) Au nano-dimers; (C) and (D) Au NP discrete

assemblies obtained at (A) and (B) 15 uM; (C) and (D) 90 uM of [Eu(phen),(MBA),]Cl respectively.
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Figure S7. Representative TEM images of Au nano-dimer (A-F) obtained at complex concentration

of 30 uM in cit-Au NP dispersion.
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Figure S8. (A) Raman spectrum of cit-Au NPs obtained after centrifugation at 20627 rcf for 15 min at
15 °C. SERS spectra of metal complex bridged Au nano-dimer at laser excitation wavelength (B) 532

and (C) 632.8 nm. (Objective -100x%, time - 20 s)

2. Calculation of SERS Enhancement Factor (EF):

The average enhancement factor ® is given by,

EF = ISERS Nbulk (1)

Inormal NSERS

where Npuk and Nsgrs are the number of molecules of the metal complex in bulk and the number of
metal complex in the Au nano-dimers under the laser excitation beam; whereas Inom and Isgrs are the
measured intensities for normal Raman scattering from the bulk complex and SERS intensity of the
metal complex in Au nano-dimers, measured with 632.8 nm laser source. The measurement was
carried out with 100x objective (numerical aperture = 0.9) with an acqusition time of 20 s for each
measurement. We considered the average Raman scattering intensities - I,om and Isgrs - Obtained from
the average of at least 10 different Raman measurements, for acquisition carried over different probed
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area under 632.8 nm laser illumination. We assumed in our calculation that one hot-site contained

only one complex molecule.

Concentration of as synthesized Cit-Au NPs = 0.95 nM®

Therefore number of moles of Cit-Au NPs in the 5 mL reaction volume = 0.95x 102

Therefore, total number of NPs in 5 mL reaction volume = 0.95x 10™2 x N

=5.721 x 101"

The percentage yield of dimer, trimer and tetramer as obtained after reaction of Cit-Au NP dispersion

with Eu-complex in the reaction mixture was found to be 51.8 %, 7.2 % and 0.28 % respectively.

Therefore,

Number (population) of dimers in 5 mL reaction volume = 1.4817x10"

Number (population) of trimers in 5 mL reaction volume = 0.2059x10"

Number (population) of tetramers in 5 mL reaction volume = 0.0085x10™

Now,

Total number of ligating complex molecules in the 5 mL Au NP dispersion undergoing reaction to
yield 51.8 % dimers, 7.2 % trimer and 0.28 % tetramer - neglecting the contribution from multimers -

can be calculated as follows:

Number of complex molecule in 5 mL reaction volume forming dimer = Number of dimer in 5 mL

reaction volume = 1.4817x10"
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Number of complex molecule in 5 mL reaction volume forming trimer = 2 x Number of trimer in 5

mL reaction volume = 2 x 0.2059x10* =0.4118x10"

Number of complex molecule in 5 mL reaction volume forming tetramer = 4 x Number of tetramer in

5 mL reaction volume = 4 x 0.0085x10" = 0.0340x10"
Total number of complex molecules ligating Au NPs in 5 mL dispersion

= (1.4817+ 0.4118+0.0340) x10"* =2 x10"
VVolume of the Au NP dimer dispersion dropcast (probed under laser illumination) = 0.1 mL

Therefore, total number of complex molecule ligating Au NPs in probed volume, Ngggs

2x10'x0.1
5

4x10°

Average SERS intensity = lsggs = 9459.7

Now,

Concentration of the Eu-complex molecule considered for normal Raman measurement =3 mM

Volume of Eu-complex molecule dropcasted = 0.1mL

Total number of Eu-complex molecule in the probed volume, Ny, can be calculated as follows:

Moles of Eu-complex in 0.1 mL solution = 3x10~

Therefore total number of complex molecule probed = 3x107'xN, = 18.069x10°
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Normal Raman scattering intensity, lnorm =267

Considering equation (1), average enhancement factor was estimated to be,

_9459.7x18.069 x10"°

= 1.6x10°
267 x4x10° 8

EF

3. Calculation of TERS Enhancement Factor (EF):

The TERS enhancement factor is calculated taking into account the contrast factor obtained from the
ratio of near-field and far-field Raman scattering intensity and their corresponding scattering area.'**!

The enhancement factor is calculated using equation 1 and 2 as below:

Inearfield __ Utipdown

Contrast= tpup @)
far field Itip up
Afocus d $ocus
Enhancement Factor = Contrast x —— = Contrastx —= (2)
ip tip

where ! ncar it andlfa”“e'd refers to the tip-enhanced near-field and tip-retracted far-field Raman

signal intensity , * %sand Aip refers to far- field laser scattering area and near-field laser scattering

. d . d, . .
area at the tip-apex, %S refers to diameter of laser focus and U refers to two times the radius of

curvature of the tip. It is to be noted that during TER spectra collection, far field signal may be present

as background. Therefore, the near-field Raman scattering intensity "2rfield s defined as difference

between the Raman scattering intensity in tip-down and tip-up mode whereas far-field Raman

scattering intensity ~ farfeld refers to Raman intensity at tip-up mode. The EF is calculated with

respect to peak at 1078 cm™ and 1588 cm™ obtained using SFM(TF)-TERS. The calculated diameter
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of laser focal spot is 1838 nm and tip radius of TF-TERS probe (Bruker) = 20 nm. The Raman peak

intensity values obtained using TF-TERS set-up are tabulated below (Table S1):

Table S1: Raman peak intensity values corresponding to wavenumbers 1078 cm™ and 1588 cm™ at

tip-down and tip-up modes as obtained from SFM (TF)-TER spectra.

1078 196 12 15.3

1588 258 14 17.4

Therefore,

TERS-EF with respect to peak at 1078 cm™:

2
focus

d
Enhancement Factor = Contrastx —>— = 3.2x10°

tip

and TERS-EF with respect to peak at 1588 cm™:

2
focus

d
Enhancement Factor = Contrastx —>~ = 3.67 x10°

tip

Dicussions:

In TERS, when a laser is focussed into the tip-apex, a large area encompassing the molecule of
interest (positioned in the hot-site of the dimeric structure) is likely to be illuminated due to laser

focus spot resulting in the generation of far-field in addition to near-field at the tip-apex. Therefore,
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far-field Raman signal (SERS) originating from all molecules within the laser spot will always
contributes to the total TERS signal. Therefore, overall TERS signal (tip-in) is a cumulative effect of
Raman scattering in the near vicinity of the tip (near-field) and from the rest of the laser illuminated
area (far-field).
TERS signal = Liear-fietd + Lrar-fietd

However, in case of monolayer or single molecule coverage, the far-field signal is barely
noticeable. In that case, the noise level can be considered as an upper bound for the far-field intensity,
which would lead to the underestimation of the EF. This clearly suggested that TERS signal

enhancement would be more than SERS enhancement.

Now, let us consider various possible geometries for TERS measurements,

Q) An ideal TERS (-only) signal could be obtained when an appropriate laser, is focussed at
the metal (preferably Au) tip aligned with the axis of the molecular bond. The enhanced electric
field generated at the tip apex would then lead to the high enhancement of Raman scattering of the
molecule placed underneath it, provided the field polarisation is aligned with the tip-molecular
bond axis.

(i)  Now when the molecule of interest is placed in the junction between tip—metal substrate
(molecule adsorbed on metal surface), within close proximity (~1-2 nm), the gap-mode effect
between the tip and metal substrate would lead to the largest field enhancement,’? the Raman
scattering intensity of which would be significant.

(iii)  Now, let us consider a molecule positioned in the hot-spot between two plasmon active
metal nanoparticles (Au) as is the case in our study, then tip-induced Raman enhancement would
depend on the polarisation of vibrational bonds of the molecule with respect to the coupled particle
surface and that of tip. If it is aligned such that the vibrational mode is polarized along the
direction perpendicular to the axis joining the two nanoparticles and thus parallel to the tip then the
enhancement can be expected (in an ideal scenario) to be maximum with little reduction in
enhancement would be found for the tilted geometry of the same. Additionally, there can be

redistribution of hot spots in the presence of the tip as interaction between fields generated by the
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tip and each nanoparticle may also become part of the system (Schematic S1). Thus the
enhancement at the hot-spot in the presence of the tip would be more complex than simple
interaction between the field generated by the tip and the molecular bond. In a side illumination
geometry, the direction of field polarization is found to be nearly parallel to the tip axis. Therefore,
in addition to above mentioned factor, the enhancement due to the tip will depend upon the
alignment of the metal complex positioned in the hot-spot of dimeric nanostructure with respect to
the tip-axis. Thus, despite redistribution of the plasmon enhanced electric field generated at the tip
sample junction one can still consider the overall enhancement as to have occurred in the presence

of the tip.

Schematic S1. Plausible schematic showing the side illumination geometry in TERS set-up and the

redistribution of hot-spot upon tip approach to the sample (metal complex ligated Au nano-dimer).

However, the actual field enhancement depends upon many other factors, which include tip-size,
tip material, tip radius, tip-sample distance, tip-sample alignment and dielectric properties of the
probe molecule. In addition, laser focus aberration may also lead to a decrease in near field signal
while leaving the spectral background maximum. Thus considering all the above factors, TERS

enhancement factor of 10* can be considered as lower bound value.

This is in contrast to SERS enhancement factor of 10° which is calculated from signals derived
from an ensemble average of large number of molecules (metal complex positioned in a hot spot) for

diffraction limited laser focus. SERS signal arises from enhanced electric field at the hot-spot due to
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the coupled plasmon arising out of dimeric Au nanostructures for incident light polarised along the
dimer axis considering top illumination geometry. Additionally, polarization of the vibrational modes

normal to the metal surface plane would also lead to the preferential enhancement.
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Figure S9. (A) TF amplitude feedback topograph (scale = 0.15um) showing representative individual
Au NP (area 1), dimeric Au NP (area 2) and corresponding TER spectra as in (B) and (C),

respectively, (D) featureless Raman spectrum corresponding to area 3 in Figure S9A.
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