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Abstract
We show that by modifying the chemical interface of silver nanoparticles (AgNPs) with halide ions, it is possible to tune the total decay rate of adsorbed excited molecules and the plasmon damping rate. Through single molecule surface-enhanced Raman scattering (SERS) and surface-enhanced fluorescence (SEF) enhancement factors of Crystal Violet (CV) and Rhodamine 6G (R6G), we show that I--modified silver nanoparticles (AgNPs@I) and Br--modified silver nanoparticles (AgNPs@Br) lead to an increase of the total decay rate of excited CV and R6G by a factor between 1.6-2.6, compared to Cl-- modified silver nanoparticles (AgNPs@Cl). In addition, we found that the chemical interface damping (CID), which characterizes the plasmon resonance decay into surface states, is stronger on AgNPs@I and AgNPs@Br when compared to AgNPs@Cl. These results point towards the formation of metal-halide surface complexes. These new interfacial states can accept electrons from both excited molecular orbitals and surface plasmons excitations, completely altering the electronic dynamic and reactivity of plasmonic interfaces. 
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Introduction
The optical properties of molecules change drastically when they are adsorbed onto metal nanoparticles (NPs). The radiative emission (Raman or fluorescence) of adsorbed molecules can be enhanced, with typical enhancement factors of Raman scattering of the order of 108, or quenched due to de-excitation of molecules to non-radiative states in the metal NP. Physically, the changes of the radiative and non-radiative decay rates are due to the coupling of molecular transitions to the various plasmon modes of the metal NPs.1-7
A persistent mystery in the realm of surface-enhanced Raman scattering (SERS) and nanoparticle-molecule interaction is the role of halide ions, which goes beyond the simple aggregation of the colloidal solution8-13. Doering and Nie showed that even on fixed, single AgNPs, halide ions turn-on the SERS signal of Rhodamine 6G (R6G)14. In fact, single molecule SERS (SM-SERS) of cationic dyes has only rarely been achieved13 without the use of halide ions (most commonly Cl-). More recently, the optical absorption of molecules directly adsorbed on AgNPs was measured, for under-monolayer coverages.15-16 Although the physical interpretation differs, the measurements clearly show that the optical absorbance of the dyes shifts significantly only in the presence of halide ions; in the lack of halide ions no change in the molecular absorption being observed. This suggests that halide ions determine a stronger interaction of molecules with the AgNPs surface, leading either to the shift of molecular electronic levels and change of polarizability or to the formation of a surface complex (halide - Ag+ - dye complex)17-18.
Furthermore, differences among the halide ions themselves (i.e., Cl-, Br- and I-) were often reported in terms of enhancing the Raman signal of adsorbed molecules or their absorbance. More specifically, the effects of halide ions in surface science seem to follow the sequence: Cl- - Br- - I-, in increasing or decreasing order. For example, the affinity of adsorption to the metal surface of the three halide ions increases in the sequence Cl-<Br-<I-, which leads to the same sequence for the halide – metal (partial) charge transfer upon adsorption. Because of this, the Fermi level of metal NPs increases in the same sequence, influencing their interaction with adsorbed molecules19. In terms of Raman enhancement, the effect of the three halide ions seems to depend on the specific target analyte. In some cases, the Raman enhancement was found to increase in the sequence20-21: Cl-<Br-<I-, whereas in some cases, I- quenched the SERS signal21-22. Although these differences in Raman enhancement are usually attributed to the displacement of target analyte from the NPs surface22-23 by I-, we show here for R6G and CV that I- and Br- can change the total decay rate of excited molecules, which affects the Raman or fluorescence enhancement close to metal NPs.
By analyzing the SERS and surface-enhanced fluorescence (SEF) enhancement factors of Crystal Violet (CV) and R6G in the single (or few) molecule regime, we bring new evidence that Br- and I- influence the total decay rate of adsorbed, excited, molecules close to the AgNPs surface. Although similar results were reported before24-25 for CV and R6G by using Cl-, there are no reports analyzing the role of Br- or I- in the metal-molecule interactions, to the best of our knowledge. 
The standard electromagnetic (EM) theory26, which is based on the distance between the molecule and metal surface, fails to explain these experimental results. As we will show in this study, we observe the opposite trend in the total decay rate of excited CV and R6G adsorbed on AgNPs than the one predicted by the EM theory, which is not due to the change in the metal-molecule distance, but due to the chemical change of the metal-molecule interface (i.e., metal-halide complexes). Based on measurements of the chemical interface damping (CID) of AgNPs@Cl, AgNPs@Br and AgNPs@I, we propose a new physical model which explains both the CID and changes in the SERS/SEF emission of adsorbed molecules close to the surface of AgNPs, by stipulating the formation of hybrid metal-halide states into which electrons (from excited molecular orbitals or from the plasmon resonance) can decay. 

Results and discussion
The changes in the decay rate of molecules adsorbed on AgNPs have been studied extensively in the past1, 24, 27-28. Thus, we will briefly reiterate here only the basic theoretical aspects.
Consider first the effect of fluorescence of a free (not adsorbed) molecule. When the molecule is excited to a real vibrational state of the first excited electronic state (S1), the relaxation to the first vibrational level of S1 takes place by internal conversion, which typically lasts 10-10 seconds29. Further, the relaxation to the ground electronic state can take place radiatively or non-radiatively, the fraction of the radiative decay among the total decay rate being given by the quantum yield of the molecule. 
When the molecule is brought close to the surface of a AgNP, the coupling of molecular transitions with plasmon modes quenches (in addition to fluorescence quenching on a non-plasmonic metal surface) or enhances distinct radiative or non-radiative relaxation pathways of the molecule30. Since in the case of fluorescence the electronic transition takes place from a real state, there will always be a competition between radiative and non-radiative decay rate (see eq. 3), resulting in a strong quenching of the radiative fluorescence emission and consequently low SEF enhancement factors.
Contrary, in the case of the Raman effect, the transitions take place from a virtual state, instantaneously. Thus, only the radiative rates are enhanced by the local electromagnetic fields and there is no competition (or a very weak competition in the case of resonant Raman scattering) between the radiative and non-radiative decay. For this reason, the plasmon resonances always enhance the Raman signal, with little to no quenching, leading to typical enhancement factors of the order of 108.
Modified total decay rate of Crystal Violet in colloidal solution
Next, we will use SM-SERS and SEF enhancement factors to quantify the total decay rate of adsorbed CV at different metal-molecule interfaces (i.e., with Cl-, Br- and I-). The average SM-SERS spectra of CV (Figure 1B) clearly show a decrease in the SEF emission of CV on AgNPs@Br and AgNPs@I compared to AgNPs@Cl, consistent throughout all measurements. The intensity decrease suggests an increase in the non-radiative decay rate (i.e., relaxation of CV by energy transfer to AgNPs instead of emitting a Stokes-shifted photon). Based on this observation, we aimed to quantify the changes in the radiative and non-radiative decay rates of CV in single-molecule conditions (as shown through the bi-analyte method in Supporting Information, Figure S3) on the three metal surfaces: AgNPs@Cl, AgNPs@Br and AgNPs@I. We need to go to the single molecule regime to avoid averaging the SEF emission over different metal-molecule distances for the same metal cluster.
Figure 1A shows the Raman spectrum of a CV solution (1 mM) taken in the same experimental conditions as the SM-SERS spectra (average spectra presented in Figure 1B) and illustrates the methodology for obtaining the radiative and non-radiative decay rates of CV from its Raman and SM-SERS spectra, adapted from the work of Galloway et. al.24
The ratio,  (), of Raman (SERS) to fluorescence (SEF) intensity is extracted for four Raman bands of CV (i.e., 799, 1170, 1385 and 1616 cm-1) (Figure 1A and B). Then, the ratio of to  is computed for each of the four Raman bands. This method has the advantages that is self-normalizing, since it is based not on the ratio of SERS and SEF intensities but on the ratio of the Raman and fluorescence enhancement factors, and is not sensitive to photobleaching of the dye24.
This method of extracting the radiative and non-radiative decay rates can be applied to CV, since CV is one of the few dyes with a low enough quantum yield,  (in water, at 633 nm excitation),24 to allow its direct resonant Raman detection. For most other dyes, their high quantum yield leads to the complete cover of Raman peaks in the broad fluorescence emission.
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Figure 1. Resonant Raman and SM-SERS spectra of CV used to calculate the decay rate of CV. (A) Resonant Raman spectrum of a 1 mM solution of CV. The spectrum was background corrected to extract the fluorescence and Raman intensities. The ratio of the Raman and fluorescence intensities, , is computed for the starred peaks (799, 1170, 1385 and 1616 cm-1). (B) The average SM-SERS spectra of CV obtained on AgNPs@Cl, AgNPs@Br and AgNPs@I. From the background corrected SM-SERS spectrum, the SERS and SEF intensities are extracted and their ratio, , is computed for the same four peaks as in the Raman spectrum (starred peaks). (C) A scheme of the experimental protocol (not to scale) used to measure the SM-SERS and SEF spectra of CV, with different metal-CV interfaces: AgNPs@Cl, AgNPs@Br and AgNPs@I (additional details can be found in the Experimental section). (D) The total decay rate, , of CV adsorbed on AgNPs@Cl, AgNPs@Br and AgNPs@I, plotted against the radiative decay rate enhancement, . Each point in the figure represents a SM-SERS event of CV on AgNPs@Cl, AgNPs@Br and AgNPs@I, respectively. The shaded regions represent the 2-dimensional standard deviations. (E) The statistical significance of the change of  on AgNPs@Cl, AgNPs@Br and AgNPs@I. The normality of the distribution was checked by D’Agostino and Pearson omnibus normality test and the significance was assessed by one-way ANOVA test ().

The Raman spectrum of CV allows us to extract the SERS and SEF enhancement factors (through  and ) and subsequently the ratio of SERS and SEF enhancement factors (through the  ratio):24, 29
,			eq. 1
where the SERS enhancement factor, , and fluorescence enhancement factor, , are given by29:
				eq. 2
				eq. 3
Here,  is the radiative decay rate enhancement,  is the average total decay rate,  is the quantum yield and  is the local enhancement factor.  depends on the excitation wavelength, ; however, for the sake of clarity, we will omit to write this in equations and the dependence should be implicit.
Knowing the quantum yield of CV (), we can extract the total decay rate as:
						eq. 4
Within the  approximation, the SERS enhancement factor is an-order-of-magnitude approximation for the radiative decay rate enhancement, :29, 31
			eq. 5
Figure 1C shows the average total decay rate of CV, , calculated from each SM-SERS event, based on four Raman peaks (the averaging being done with respect to the aforementioned four peaks for each SM-SERS event), plotted against the radiative decay rate enhancement, . For AgNPs@Br and AgNPs@I, a decrease of the radiative decay rate enhancement can be observed, together with an increase of the total decay rate, .
Table 1 shows for AgNPs@Cl, AgNPs@Br and AgNPs@I the total decay rate, , of excited CV molecules, determined experimentally from the SM-SERS events, based on the four Raman peaks, and their average value, . All four Raman peaks show an increase in the total decay rate of CV going from AgNPs@Cl to AgNPs@I. The variations of  between the four Raman peaks in each case are small, within 30% of the average value, excepting the peak at 799 cm-1 which shows a higher-than-average decay rate in all three cases (i.e., AgNPs@Cl, AgNPs@Br and AgNPs@I). This variation could be explained based on the EM theory of SERS. The SERS enhancement factors have two multiplicative contributions: one from the coupling of the plasmon resonance with the excitation wavelength and another from the coupling of the plasmon resonance with the Stokes-shifted photons. Due to the finite spectral width of the plasmon resonance, it is impossible for both resonances to be fulfilled simultaneously, resulting in a weaker SERS enhancement factor for modes around 1600 cm-1 compared to lower-energy modes32. To check that no fluorescence signal is emitted by free, unadsorbed molecules in the colloidal solutions, we performed time-series measurements on the supernatant separated from AgNPs@Cl, AgNPs@Br and AgNPs@I with CV. The results shown in Supporting Information, Figure S4 prove that all the fluorescence signal comes from adsorbed CV molecules.

Table 1. The total decay rate, , of CV extracted from four Raman peaks, and their average, , in the case of AgNPs@Cl, AgNPs@Br and AgNPs@I.
	
	
	


	
	Raman peak (cm-1)
	

	
	799
	1170
	1385
	1616
	

	AgNPs@Cl
	3.14
	2.25
	2.41
	3.71
	2.88

	AgNPs@Br
	4.3
	2.87
	2.72
	3.36
	3.31

	AgNPs@I
	7.95
	3.72
	3.4
	5.23
	5.07



Modified total decay rate of Rhodamine 6G on solid SERS substrate
The results presented in Figure 1 suggest that the chemical interaction of Br- and I- halide ions with the Ag surface, forming thus metal-halide surface complexes, creates new energy dissipation pathways for adsorbed excited molecules. To explore this hypothesis, we will analyze through surface-enhanced Raman and fluorescence a different molecule, R6G, in a similar fashion to CV. As we show below (Figure 2), the total decay rate of R6G increases by a factor of 2.6, similarly to the case of CV. Additionally, the similar SERS enhancement factors of both molecules suggest that both molecules interact similarly with the plasmon modes of AgNPs, and the same physical mechanism is responsible for the increase in the non-radiative decay rate in the presence of Br- and I-.
For R6G, its resonant Raman spectrum was not reported before in literature due to its high quantum yield and high fluorescence. Thus, we cannot apply the same experimental methodology as above, for CV.
Instead, we can use the method introduced by Itoh et. al.,25 which is similar to the one used above for CV. The method is based on the ratio of the SERS and SEF enhancement factors. However, since we cannot extract these enhancement factors directly as for CV, we have to use the resonant Raman cross-section, , and fluorescence cross-section, , which were reported in the literature for R6G by stimulated Raman spectroscopy33.
The SERS and SEF cross-sections (intensities) are given by:
			eq. 6
,				eq. 7
where  is the metal – molecule distance.
From here, we can extract analytically the total decay rate,  as:
						eq. 8
Note the similarity between (eq. 8) and (eq. 4) used for CV. Finding the total decay rate is based on the ratio of SERS and SEF enhancement factors, the difference being that for R6G the enhancement factors cannot be determined directly experimentally as for CV and we must introduce the resonant Raman and fluorescence cross-sections, given by:
			eq. 9
Also note that the SERS and SEF intensities in (eq. 8) have been converted from counts to cross-sections () with a conversion factor of , by comparing the Rayleigh scattering intensity of single gold nanoparticles (80 nm diameter) with scattering cross-sections of the NP calculated from Mie theory.25, 34
Once again, we can approximate the radiative decay rate enhancement through the SERS enhancement factor within the  approximation: .
Figure 2A presents the SERS/SEF signal of R6G acquired on the solid SERS substrate (AgNPs@Cl, AgNPs@Br and AgNPs@I). We used solid SERS substrate since we observed that SM-SERS measurements show a higher SEF emission, compared to the SEF intensity in colloidal solution (like the one used for CV in Figure 1). Figure S5 in Supporting Information shows the optical image of the measured area, together with the SERS colormaps.
On a solid SERS substrate, we must relax the assumption of single molecule, since R6G molecules could adsorb close to each other and have more than one molecule in the focal spot. However, given the low concentration of R6G (5 nM) and the high magnification of the used microscope objective (100x), we can safely assume that we are in the few-dyes-limit. Moreover, in Supporting Information, Figure S6, we show that for CV we obtain remarkably similar results on solid SERS substrates as for colloidal SM-SERS spectra (Figure 1), suggesting that for both substrate geometries we have a low enough number of molecules in the focal spot.
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Figure 2. SERS spectra of R6G used to calculate the decay rate of R6G on AgNPs@Cl, AgNPs@Br and AgNPs@I. (A) A scheme of the experimental protocol (not to scale) used to measure the SERS and SEF spectra of R6G, with different metal-R6G interfaces: AgNPs@Cl, AgNPs@Br and AgNPs@I (additional details can be found in the Experimental section). (B) Average SERS spectra of R6G on AgNPs@Cl, AgNPs@Br, and AgNPs@I. The SERS and SEF intensities were extracted from the background corrected SERS spectra for the starred peaks. (C) The total decay rate, , of R6G adsorbed on solid AgNPs@Cl, AgNPs@Br and AgNPs@I substrates, plotted against the radiative decay rate enhancement, . Each point in the figure represents a SERS event of R6G on solid AgNPs@Cl, AgNPs@Br, and AgNPs@I. The shaded regions represent the 2-dimentional standard deviation. (D) The statistical significance of the change of  of excited, adsorbed R6G molecules, respectively, on AgNPs@Cl, AgNPs@Br and AgNPs@I. The normality of the distribution was checked by D’Agostino and Pearson omnibus normality test and the significance was assessed by one-way ANOVA test ().

Figure 2B presents the increase of the total decay rate, , of R6G on AgNPs@Br and AgNPs@I compared to AgNPs@Cl, plotted against the corresponding radiative decay rate enhancement, . Interestingly, in the case of R6G adsorbed on AgNPs@I, the total decay rate, , increases with a factor of 2.6 compared to AgNPs@Cl, similarly to the case of CV. The similar trend of  for CV and R6G when adsorbed to the three halide-modified AgNPs suggests that for both CV and R6G the same physical mechanism leads to the increase of the total decay rate.
Table 2 presents the total decay rate, , of excited R6G molecules, determined experimentally from the SM-SERS events, based on four Raman peaks: 611, 770, 1500 and 1650 cm-1, and their average value, , for AgNPs@Cl, AgNPs@Br and AgNPs@I, respectively. All four Raman peaks show an increase in the total decay rate of R6G going from AgNPs@Cl to AgNPs@I. As in the case of CV, the variations of  between the four Raman peaks in each case are small, within 30% of the average value, excepting the peak at 611 cm-1 which shows a higher-than-average decay rate in all three cases (i.e., AgNPs@Cl, AgNPs@Br and AgNPs@I). As in the case of CV, we suspect that this deviation in the data is due to the finite spectral width of the plasmon resonance of the SERS substrate, which cannot enhance equally all Raman bands, and the incoming laser wavelength, as predicted by the EM model of SERS.

Table 2. The total decay rate, , of R6G extracted from four Raman peaks, and their average, , in the case of AgNPs@Cl, AgNPs@Br and AgNPs@I.
	
	
	


	
	Raman shift (cm-1)
	

	
	611
	770
	1500
	1650
	

	AgNPs@Cl
	6.3
	2.63
	2.47
	4.23
	3.91

	AgNPs@Br
	7.98
	3.46
	3.48
	5.78
	5.17

	AgNPs@I
	16.9
	7
	7.8
	11.1
	10.7



Although variations in the total decay rate within a factor of  were reported before for both CV and R6G on AgNPs@Cl24-25, 28, the variations of the total decay rate were completely random whereas in our case we observed a clear separation of the total decay rate of both CV and R6G on the three metal surfaces, i.e., AgNPs@Cl, AgNPs@Br and AgNPs@I (Figures 1 and 2), as determined statistically through the ANOVA significance test. 
To highlight that the changes in the total decay rate,  of excited, adsorbed CV and R6G molecules are indeed significant, and not randomly distributed, we performed similar measurements as for CV but for a negative-control molecule, Malachite Green (MG) (Supporting Information, Figure S7). Interestingly, although the chemical structure of MG is remarkably similar to CV with a similar absorption spectrum, we observed only a weak SEF emission from adsorbed MG in all three cases (i.e., AgNPs@Cl, AgNPs@Br and AgNPs@I). As shown in Figure S5, the total decay rate of excited, adsorbed, MG resulted from the three groups (AgNPs@Cl, AgNPs@Br and AgNPs@I) overlap significantly, unlike in Figures 1 and 2 for CV and R6G. Moreover, it is clear visually, as well, from the average SM-SERS spectra (Figure S6, B) that there is no significant difference between the SERS/SEF emission in the case of AgNPs@Cl, AgNPs@Br and AgNPs@I. We believe this happens because MG has such a weak SEF emission ( times weaker than CV on AgNPs@Cl by comparing Figure 1B with Figure S7, B) that the new energy dissipation pathways have little influence on de-excitation of the molecule. Nonetheless, this example helps in clearly showing that for CV and R6G there are significant differences between the three groups (AgNPs@Cl, AgNPs@Br and AgNPs@I). 
[bookmark: _Hlk89849372]We want to highlight once again that the EM theory, which is usually employed to explain SEF (and which is very successful), does not explain our results presented in Figures 1 and 2. Let us briefly analyze the prediction of EM theory (keeping in mind that this is just a ‘back-of-the-envelope’ calculation) and why our results are not in line with it. The observed increase of the total decay rate of CV and R6G on the surface of AgNPs@Br and AgNP@I compared to AgNPs@Cl is attributed by the EM model to a decrease in the metal-molecule separation. For R6G for example, the separation from the metal surface is  for a , which is observed on AgNPs@Cl (using  1, 25). On the other hand, for a , corresponding to the case of AgNPs@I, . Contrarily, we know that the ionic radius of halide ions increases in the sequence Cl-<Br-<I-. Thus, the metal-molecule separation should increase in the same sequence which according to the aforementioned approach results in a decrease of , whereas we observe the opposite trend. Moreover, if the orientation of the dies (CV or R6G) would change, causing in turn changes in the total decay rate, we would expect to see significant differences in the SERS spectra on the three metal surfaces6. However, in our case, we did not observe any significant differences (Figures 1B and 2B). This forces us to propose a new mechanism that can explain these results, considering the chemical nature of the metal-molecule interface (i.e., metal-halide complexes). Nonetheless, the EM model can play a very important role in other metal-molecule systems, but this is beyond the scope of the present study.

Metal-halide surface energy states
Since the EM model does not account for these experimental observations for the reason described above, we have to propose a model which takes into account the chemical nature of the metal-molecule interface (i.e., Cl-, Br- and I-). For this, in this section we will take a closer look at the interaction of the halide ions with the plasmonic surface (without adsorbed CV or R6G) through chemical interface damping (CID) and SERS. CID represents the scattering of electrons participating in the plasmon resonance from surface molecular orbitals. Therefore, CID is a perfect tool to investigate the chemical interaction of molecules (or in our case halide ions) with the plasmon resonance of AgNPs and the possible formation of hybrid metal-adsorbate surface states close to the Fermi level of AgNPs from which electrons can scatter, giving rise to a damping (loss in intensity and broadening) of the plasmon resonance spectrum35-38.
By analyzing the SPR of single AgNPs with Cl-, Br- and I-, we found that the increase in the CID of the plasmon resonance of AgNPs@Br and AgNPs@I compared to AgNPs@Cl (Figure 3B) is correlated with the increase in the total decay rate of CV and R6G on AgNPs@Br and AgNPs@I compared to AgNPs@Cl. A quantitative analysis of the CID measurements is provided in Supporting Information, Table S1.
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Figure 3. Correlation of the SERS intensity of the Ag-halide band and the chemical interface damping (CID) of AgNPs with halide ions. (A) The Ag-Cl, Ag-Br and Ag-I SERS bands on AgNPs substrate deposited by convective self-assembly (CSA), obtained with 633 nm excitation. An increased of the SERS intensity can be observed in the sequence: Ag-Cl<Ag-Br<Ag-I. (B) The averaged full-width at half maximum (FWHM) and SPR position for AgNPs, AgNPs@Cl, AgNPs@Br and AgNPs@I for 15 single particles, showing an increase in the plasmon resonance decoherence after the sequential addition of Cl-, Br- and I- ions. The same sequence as for the SERS intensities of silver-halide is observed: Ag-Cl<Ag-Br<Ag-I. (C) A representative example of the CID upon the adsorption of Cl- and I- ions on AgNPs. The plot shows the dark field scattering (DFS) spectra of the same AgNP initially, and after the sequential addition of NaCl and KI through the microfluidic cell. The tell-tale signs of a CID effect can be observed after the addition of Cl- and I-: a decrease in intensity and red-shift of the SPR band, together with its broadening. The spectral noise around 900 nm results from the decreased sensitivity of the CCD detector towards the edge of the spectral range. (D) Schematic representation of the interaction of molecular orbitals and of the plasmon resonance with hybrid metal-halide states.

To accommodate all these experimental observations, we propose an alternative interpretation to the variation of the metal-molecule separation, which can explain both the decrease of the SEF emission of excited, adsorbed CV and R6G molecules, and the increase of the CID of AgNPs@Br and AgNPs@I. 
We hypothesize that hybrid, metal-halide energy states are formed due to halide ion adsorption, which can, transiently, accept electrons, either from the plasmon resonance (increasing the decoherence of the SPR) or from excited CV or R6G molecules (increasing the non-radiative decay rate). This is schematically shown in Figure 3D. Similar (hybrid) metal-ligand states have been proposed recently to explain the luminescence of AuNPs39 and have been widely speculated to explain the chemical enhancement in SERS. As Hubenthal pointed out40, the CID and the chemical enhancement of SERS are based on the same physical mechanism: the transient charge transfer from the metal NPs to molecular (hybridized) energy states9, 36, 41-42. The interaction of halide ions with metal surfaces is extremely complex. However, several experimental and theoretical studies43-46, including one recent study of our group19, showed that partial charge transfer takes place from the halide ions to the metal surface during adsorption in the sequence Cl-<Br-<I-. Thus, a covalent-type bond forms, where the charge is shared between the halide ion and the metal atom/adatom, leading to the formation of metal ligand complexes on the AgNPs surface. As we showed in our recent study19, this charge redistribution due to the halide ion adsorption can influence the surface potential of AgNPs, and subsequently the Fermi level energy. In the present study, we show that such metal-halide surface complexes can influence the electron dynamics in metal-molecule systems.
[bookmark: _Hlk89757536][bookmark: _Hlk89698121]Our results presented in this study suggest that the addition of Br- and I- to AgNPs results in new metal-molecule hybrid energy states being formed. These states can interact both with the molecular orbitals of adsorbed CV and R6G, providing new, non-radiative, de-excitation pathways for excited CV and R6G, and with the SPR, providing acceptor energy states into which the SPR can be scattered. We note that although the nanostructures used for the DFS experiments are larger and more monodisperse than the nanoparticles used for the SERS measurements, the surface chemistry of all nanostructures is very similar. All the nanoparticles have trisodium citrate as the reducing/surfactant agent, the only difference being that for the larger NPs used in the DFS measurements, glycerol was used during the synthesis process to control the rate of growth (additional details in the Experimental section). Moreover, the total decay rate change for CV is very similar on colloidal AgNPs (Figure 1) and on solid SERS substrate (Figure S6) synthesized with the convective self-assembly method (details in the Experimental section), suggesting that the interface chemistry at the local adsorption site is more important for the decay rate than the global geometry of the nanostructures.
Our proposed mechanism provides a unified picture of both CID and SEF emission of molecules adsorbed on plasmonic surfaces. For example, it was reported by the Link group47-48 that CID increases for more electronegative molecules. In our case, the electronegativity of halide ions increases in the order Cl->Br->I-, but what matters here is not the electronegativity of the halide ions isolated, but that of the adsorbed halide ions (in the form of Ag – halide surface complexes), as proved by the CID trend shown in Figure 3C. It is well-known that halide ions are strongly adsorbed to metal surfaces with a partial charge transfer in the sequence Cl-<Br-<I-.43, 49-50 Thus, electron-acceptor (Ag-halide)+ surface complexes are formed, which can transiently accept electrons. Since I- ions have the highest degree of partial charge transfer to AgNPs, the resulting (Ag-I)+ surface complexes have the highest electrophilic (electron-accepting) character (i.e., they are the emptiest). Consequently, the Ag-I surface complexes have the highest probability of being populated by electrons, either from molecular orbitals (of excited CV or R6G), or from the plasmon resonance (as CID). This explains the sequence AgNPs@Cl- < AgNPs@Br- < AgNPs@I- observed both for the total decay rate of CV and R6G (Figures 1 and 2) and CID (Figure 3B). 
Additional evidence towards this mechanism is given by the SERS intensities of the Ag-Cl, Ag-Br and Ag-I bands measured on solid Ag SERS substrates deposited by CSA (Figure 3A). The SERS intensity of the three bands increases in the same sequence as the CID: Ag-Cl<Ag-Br<Ag-I both at 532 (Supporting Information, Figure S8) and 633 nm excitation wavelengths. Since the spectra were measured on solid SERS substrates with fixed geometry and plasmon resonance and the same concentration was used for all halide ions, the increase in the SERS intensity of Ag-Br and Ag-I cannot be fully explained based on the electromagnetic model of SERS (i.e., through changes in the plasmon resonance of the SERS substrate). Instead, we suggest that the intensity difference of Ag-Cl, Ag-Br and Ag-I is given by a chemical enhancement51, through transient metal-halide charge transfer, the same mechanism which gives rise to the CID (Figure 3B). As we suggested above, the Ag-I surface complexes have the highest electron-accepting character; therefore, it is no surprise that the Ag-I has the highest SERS intensity, given by the chemical enhancement of its Raman signal. Although a qualitative assessment of the EM and chemical enhancement requires a more detailed analysis, this represents the focus for future studies. In the present study, we show a qualitative trend for the chemical enhancement of the SERS bands of halide ions and CID, both following the sequence: Ag-Cl<Ag-Br<Ag-I.

Conclusions
We investigated the intricate relation between the chemical nature of the plasmonic metal-adsorbate interface and the plasmon-assisted optical processes on the surface of AgNPs. Through SM-SERS measurements we show that Br- and I- lead to an increase in the total decay rate of excited, adsorbed CV and R6G by a factor of 3, compared to AgNPs@Cl, while the radiative decay rate enhancement remains approximately constant on all three metal surfaces (AgNPs@Cl, AgNPs@Br and AgNPs@I). Moreover, we found that the CID (plasmon resonance decay into surface states) is stronger on AgNPs@Br and AgNPs@I compared to AgNPs@Cl. Both effects, the increase of the total decay rate of molecular species and the chemical interface damping of the plasmon, follow the same trend: Cl-<Br-<I-.
Our results can be rationalized by the formation of hybrid (Ag-halide)+ energy states which can accept electrons, either from the plasmon, explaining the increase in CID, or from the molecular orbitals, explaining the increase in the total decay rate of excited CV and R6G. This mechanism is additionally supported by the SERS intensity of the Ag-halide bands, measured on solid Ag SERS substrates, which follows the same sequence as the CID: Ag-Cl<Ag-Br<Ag-I. We attribute this intensity increase to a chemical enhancement of the Raman signal of the Ag-X bands (X=Cl-, Br-, I-), which is most pronounced for the Ag-I surface complexes, as they have the highest electron-accepting character.
Finally, we hope that our study will spark a fruitful debate on the role of halide ions, and of metal-halide surface complexes, and will encourage other groups to search for a unified model, which could explain the rich optical effects that take place at the nano-interface between plasmonic materials and molecules (a recent example being the study of Oksenberg et. al.52). Moreover, we hope that our results will serve as a benchmark for theoretical studies on the relatively simple Ag-halide system, which should be less computationally daunting than other metal-molecule interfaces.

Experimental
All chemicals were of analytical purity and were used without further purification. All solutions were prepared in ultrapure water with a resistivity higher than 18 MΩ, obtained from a Millipore Direct-Q3 UV purification system.
Colloidal AgNPs synthesis (SM-SERS measurements). AgNPs capped with citrate anions (cit-AgNPs), synthesized by Lee and Meisel method53 were used throughout this study. Briefly, the AgNPs were synthesized as follows: in 98 mL ultrapure water, 17 mg AgNO3 were dissolved. The solution was boiled under constant magnetic stirring. At boiling, 2 mL of a trisodium citrate solution (1%) were added dropwise and the solution was left to boil for another hour.
Deposition of cit-AgNPs by convective self-assembly (CSA). Firstly, 2 mL of the cit-AgNPs colloidal solution was concentrated by centrifugation at 7300 g, for 15 minutes. The supernatant was discarded by pipetting and the AgNPs were resuspended in 50 µL ultrapure water. For all films, regular microscopy cover glass was used as substrate. The CSA coater was comprised of a motorized translational stage that is using a linear actuator from Zaber Technologies and that is capable to move with speeds ranging between ~ 4.7 μm/s and 8 mm/s. A cover glass that acted as a blade was fixed in the near vicinity of the substrate at the desired angle, while the concentrated AgNPs solution was placed on the substrate, underneath and nearby the edge of the blade. More details about this technique can also be found elsewhere.54 A representative SEM image of the resulting SERS substrate is shown in Supporting Information, Figure S1.
All Raman and SERS measurements were done using an InVia Raman Renishaw spectrometer, coupled with an upright Leica microscope.
SM-SERS measurements in liquid drop (CV). For the SM-SERS measurements in colloidal AgNPs, 270 µL AgNPs were mixed with 30 µL of NaCl, KBr or KI (0.1 M) and 300 µL CV solution (10 nM). The solution was mixed and left at room temperature for approximately 30 minutes. 10 µL from this mixture was placed under the microscope and time-series SERS measurements (500 spectra) were acquired from the liquid drop, using an 100x long working distance microscope objective (Olympus, N.A 0.8). The SERS spectra were acquired with a 632.8 nm laser line (He-Ne), with a laser power of 3 mW on the sample and a diffraction grating with 600 l/mm was used to acquire a wide wavenumber range. The acquisition time was 1 sec for each spectrum, with 1.5 sec dwell time between acquisitions. Three different time-series were measured, resulting in 1500 spectra (3500 spectra) from each colloidal solution (AgNPs@Cl, AgNPs@Br and AgNPs@I).
For the statistical analysis, the spectra were first checked automatically for any cosmic rays (or spikes), which were automatically removed. From all spectra, only the most intense SERS spectra were automatically selected, based on an intensity threshold (the averages of the selected spectra are shown in Figure 1B). Next, the background of the recorded spectra was automatically subtracted using a polynomial function to extract the SERS and fluorescence intensities. Four marker bands were chosen (799, 1170, 1385 and 1616 cm-1) and to extract their intensity, the SERS peaks were fitted with a mixed Gaussian/ Lorentzian function. All the statistical processing was done in Matlab R2019 (Mathworks).
SERS measurements on solid substrate (R6G). For the SERS measurements on the AgNP film, the solid substrate was immersed in 2 mL CV (10 nM) or R6G (5nM) solution and placed under the microscope. Then, NaCl, KBr and KI (final concentration 10 mM) was added sequentially to the aqueous dye solution in which the SERS substrate was immersed by pipetting, and 10 min were allowed for the adsorption of the halide ions and the dye. Due to the sequential adsorption affinity of halide ions: Cl- <Br- <I-, they displace each other from the Ag surface in this sequence, as proved by the SERS spectra in Supporting Information, Figure S2. Note that the SERS substrate was not moved during the addition of halide ions, so that the same region was mapped by SERS for all three halide ions. For the SERS mapping, a spectrum was acquired every 1 µm in x- and y-direction using the 100x long working distance microscope objective (Olympus, N.A 0.8). The acquisition time was 1 second and the laser power was set to 3 mW (for the 632.8 nm laser line) or 2.2 mW for the 532 nm laser line (doubled-frequency Nd:YAG laser line). For the CV measurements, the 632.8 nm laser line was used, together with a 600 l/mm diffraction grating, whereas for R6G, the 532 nm laser line was employed, together with an 1800 l/mm diffraction grating.
The SERS maps were first checked automatically for any cosmic rays (or spikes), which were automatically removed. From all spectra, only the most intense SERS spectra were automatically selected, based on an intensity threshold, resulting in 24 SERS spectra for each case, i.e., AgNPs@Cl, AgNPs@Br and AgNPs@I for R6G (the resulting average spectra are shown in Figure 2A). Once the SERS spectra were extracted, the same procedure as above for liquid SM-SERS measurements was employed to extract the SERS and SEF intensities and to calculate the decay rate.
Dark field scattering (DFS) measurements. Since our dark field scattering setup works in the 400-1000 nm range, we synthesized larger and more monodisperse spherical AgNPs with a diameter of around 100 nm, for which we can measure their SPR, at around 470 nm. The AgNPs were synthesized according to a previously reported method55. Briefly, 30 nm AgNPs were synthesized by mixing 50 mL of water – glycerol mixture (40 vol% glycerol), to which 9 mg of AgNO3 were added and the solution was heated to 95°C, under vigorous stirring (1000 rpm). When the 95 °C was reached, 1 mL sodium citrate solution (3%) was added, and the solution was heated at 95 °C for 1 hour. The obtained 30 nm AgNPs were used as seeds for growing 100 nm AgNPs. In 138 mL H2O, 23 mL of glycerol were added and 0.58 g PVP. Then, 2.6 mL of the AgNPs seeds (30 nm) were added, followed shortly (20-30 seconds) by the addition of 1.15 mL of diamine silver complex (20 mg AgNO3 in 1 mL H2O and 220 µL ammonium hydroxide 30%) and 92 mL ascorbic acid (36.8 mg). The mixture was mixed at room temperature for 1 hour.
The AgNPs were centrifuged at 7300 g, for 15 minutes, resuspended in ultrapure water and diluted 100 times (10 µL of colloidal solution in 1 mL ultrapure water). Then, approximately 300 µL of the diluted colloidal solution was pipetted into a microfluidic cell (µ-Slide I Lauer, uncoated microfluidic cell with a channel height of 0.8 mm, purchased from Ibidi, Germany). The microfluidic cell was heated at 50-60 degrees Celsius until the colloidal solution dried inside the microfluidic channel (approximately 4-5 hours). For the DFS measurements, we used a home-built microfluidic pump to add, sequentially ultrapure water, NaCl, KBr and KI (1 mM), in this sequence, through the microfluidic cell. After each solution pumped through the microfluidic cell, we measured the dark field spectra of the same AgNPs (see Supporting Information, Figure S9). The DFS measurements were performed on a Cytoviva Hyperspectral Imaging system, using a 10X Olympus microscope objective. After the measurements, the spectra were normalized to the lamp spectrum. The resulting DFS spectra were then fitted in Python, by using the curve_fit function (Scipy package) with a Lorentzian curve, and the position of the maximum and FWHM were extracted for each spectrum.

Acknowledgements
Stefania Iancu is highly acknowledged for helpful discussions and help with the statistical analysis. The authors are thankful to dr. Borbély Sándor for providing help with the 3D printer.
Funding sources
We acknowledge funding and support from the Romanian Ministry of Research and Innovation, CCCDI-UEFISCDI, project numbers PN-III-P4-ID-PCCF-2016-0112, PN-III-P2-2.1-PED-2019-3268, PN-III-P4-ID-PCE-2020-1292. We also acknowledge funding by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany´s Excellence Strategy – EXC 2089/1 – 390776260, the Bavarian program Solar Technologies Go Hybrid (SolTech), the Center for NanoScience (CeNS) and the European Commission through the ERC Starting Grant CATALIGHT (802989).

This material is available free of charge via the internet at http://pubs.acs.org. The Supporting Information contains a detailed characterization of the solid SERS substrates used; the halide ion displacement in-situ, tracked by SERS; supplementary single molecule SERS measurements of CV and MG; characterization of the dark field scattering set-up and analysis.

References
1.	Johansson, P.; Xu, H.; Käll, M., Surface-enhanced Raman scattering and fluorescence near metal nanoparticles. Phys Rev B 2005, 72 (3), 035427.
2.	Dulkeith, E.; Morteani, A. C.; Niedereichholz, T.; Klar, T. A.; Feldmann, J.; Levi, S. A.; van Veggel, F. C. J. M.; Reinhoudt, D. N.; Möller, M.; Gittins, D. I., Fluorescence Quenching of Dye Molecules near Gold Nanoparticles: Radiative and Nonradiative Effects. Phys Rev Lett 2002, 89 (20), 203002.
3.	Dulkeith, E.; Ringler, M.; Klar, T. A.; Feldmann, J.; Muñoz Javier, A.; Parak, W. J., Gold Nanoparticles Quench Fluorescence by Phase Induced Radiative Rate Suppression. Nano Lett 2005, 5 (4), 585-589.
4.	Ringler, M.; Schwemer, A.; Wunderlich, M.; Nichtl, A.; Kürzinger, K.; Klar, T. A.; Feldmann, J., Shaping Emission Spectra of Fluorescent Molecules with Single Plasmonic Nanoresonators. Phys Rev Lett 2008, 100 (20), 203002.
5.	Itoh, T.; Yamamoto, Y. S.; Okamoto, T., Anti-crossing property of strong coupling system of silver nanoparticle dimers coated with thin dye molecular films analyzed by electromagnetism. J Chem Phys 2020, 152 (5), 054710.
6.	Cortés, E.; Etchegoin, P. G.; Le Ru, E. C.; Fainstein, A.; Vela, M. E.; Salvarezza, R. C., Strong Correlation between Molecular Configurations and Charge-Transfer Processes Probed at the Single-Molecule Level by Surface-Enhanced Raman Scattering. JACS 2013, 135 (7), 2809-2815.
7.	Mack, D. L.; Cortés, E.; Giannini, V.; Török, P.; Roschuk, T.; Maier, S. A., Decoupling absorption and emission processes in super-resolution localization of emitters in a plasmonic hotspot. Nat Comm 2017, 8 (1), 14513.
8.	Otto, A., What is observed in single molecule SERS, and why? J Raman Spectrosc 2002, 33 (8), 593-598.
9.	Otto, A., The ‘chemical’ (electronic) contribution to surface-enhanced Raman scattering. J Raman Spectrosc 2005, 36 (6‐7), 497-509.
10.	Leopold, N.; Stefancu, A.; Herman, K.; Tódor, I. S.; Iancu, S. D.; Moisoiu, V.; Leopold, L. F., The role of adatoms in chloride-activated colloidal silver nanoparticles for surface-enhanced Raman scattering enhancement. Beilstein J Nanotechnol 2018, 9, 2236-2247.
11.	Muniz-Miranda, M.; Sbrana, G., Evidence for Surface Ag+ Complex Formation by an Anion-Induced Effect in the SER Spectra of Phthalazine Adsorbed on Silver Sols. J Raman Spectrosc 1996, 27 (2), 105-110.
12.	Stefancu, A.; Iancu, S. D.; Moisoiu, V.; Leopold, N., Specific and selective sers active sites generation on silver nanoparticles by cationic and anionic adatoms. Rom Rep Phys 2018, 70 (4).
13.	Stefancu, A.; Iancu, S. D.; Leopold, N., Selective Single Molecule SERRS of Cationic and Anionic Dyes by Cl– and Mg2+ Adions: An Old New Idea. J Phys Chem C 2021, 125 (23), 12802-12810.
14.	Doering, W. E.; Nie, S., Single-Molecule and Single-Nanoparticle SERS:  Examining the Roles of Surface Active Sites and Chemical Enhancement. J Phys Chem B 2002, 106 (2), 311-317.
15.	Darby, B. L.; Auguié, B.; Meyer, M.; Pantoja, A. E.; Le Ru, E. C., Modified optical absorption of molecules on metallic nanoparticles at sub-monolayer coverage. Nat Phot 2016, 10 (1), 40-45.
16.	Petráková, V.; Sampaio, I. C.; Reich, S., Optical Absorption of Dye Molecules Remains Unaffected by Submonolayer Complex Formation with Metal Nanoparticles. J Phys Chem C 2019, 123 (28), 17498-17504.
17.	Otto, A.; Bruckbauer, A.; Chen, Y. X., On the chloride activation in SERS and single molecule SERS. J Mol Struct 2003, 661-662, 501-514.
18.	Valdivia, S.; Aranda, D.; Ferrer, F. J. A.; Soto, J.; López-Tocón, I.; Otero, J. C., Proving the Dual Electronic Structure of Charged Metal-Molecule Interfaces: Surface-Enhanced Raman Scattering of Cyanide Adsorbed on a Nanostructured Silver Electrode. J Phys Chem C 2020, 124 (32), 17632-17639.
19.	Stefancu, A.; Lee, S.; Zhu, L.; Liu, M.; Lucacel, R. C.; Cortés, E.; Leopold, N., Fermi Level Equilibration at the Metal–Molecule Interface in Plasmonic Systems. Nano Lett 2021, 21 (15), 6592-6599.
20.	Pang, R.; Zhang, X.-G.; Zhou, J.-Z.; Wu, D.-Y.; Tian, Z.-Q., SERS Chemical Enhancement of Water Molecules from Halide Ion Coadsorption and Photoinduced Charge Transfer on Silver Electrodes. J Phys Chem C 2017, 121 (19), 10445-10454.
21.	Xie, L.; Lu, J.; Liu, T.; Chen, G.; Liu, G.; Ren, B.; Tian, Z., Key Role of Direct Adsorption on SERS Sensitivity: Synergistic Effect among Target, Aggregating Agent, and Surface with Au or Ag Colloid as Surface-Enhanced Raman Spectroscopy Substrate. J Phys Chem Lett 2020, 11 (3), 1022-1029.
22.	Perera, G. S.; LaCour, A.; Zhou, Y.; Henderson, K. L.; Zou, S.; Perez, F.; Emerson, J. P.; Zhang, D., Iodide-Induced Organothiol Desorption and Photochemical Reaction, Gold Nanoparticle (AuNP) Fusion, and SERS Signal Reduction in Organothiol-Containing AuNP Aggregates. J Phys Chem C 2015, 119 (8), 4261-4267.
23.	Ansar, S. M.; Ameer, F. S.; Hu, W.; Zou, S.; Pittman, C. U.; Zhang, D., Removal of Molecular Adsorbates on Gold Nanoparticles Using Sodium Borohydride in Water. Nano Lett 2013, 13 (3), 1226-1229.
24.	Galloway, C. M.; Etchegoin, P. G.; Le Ru, E. C., Ultrafast Nonradiative Decay Rates on Metallic Surfaces by Comparing Surface-Enhanced Raman and Fluorescence Signals of Single Molecules. Phys Rev Lett 2009, 103 (6), 063003.
25.	Itoh, T.; Iga, M.; Tamaru, H.; Yoshida, K.-i.; Biju, V.; Ishikawa, M., Quantitative evaluation of blinking in surface enhanced resonance Raman scattering and fluorescence by electromagnetic mechanism. J Chem Phys 2012, 136 (2), 024703.
26.	Novotny, L. H. B., Principles of Nano-Optics. Cambridge University Press: 2006.
27.	Itoh, T.; Yamamoto, Y. S.; Tamaru, H.; Biju, V.; Murase, N.; Ozaki, Y., Excitation laser energy dependence of surface-enhanced fluorescence showing plasmon-induced ultrafast electronic dynamics in dye molecules. Phys Rev B 2013, 87 (23), 235408.
28.	Le Ru, E. C.; Etchegoin, P. G.; Grand, J.; Félidj, N.; Aubard, J.; Lévi, G., Mechanisms of Spectral Profile Modification in Surface-Enhanced Fluorescence. J Phys Chem C 2007, 111 (44), 16076-16079.
29.	Le Ru, E. C.; Etchegoin, P. G., Principles of surface-enhanced raman spectroscopy : and related plasmonic effects. Elsevier: Amsterdam; Heidelberg, 2011.
30.	Sun, G.; Khurgin, J. B., Origin of giant difference between fluorescence, resonance, and nonresonance Raman scattering enhancement by surface plasmons. Phys Rev A 2012, 85 (6), 063410.
31.	Le Ru, E. C.; Etchegoin, P. G., Rigorous justification of the |E|4 enhancement factor in Surface Enhanced Raman Spectroscopy. Chem Phys Lett 2006, 423 (1), 63-66.
32.	Etchegoin, P. G.; Meyer, M.; Blackie, E.; Le Ru, E. C., Statistics of Single-Molecule Surface Enhanced Raman Scattering Signals:  Fluctuation Analysis with Multiple Analyte Techniques. Anal Chem 2007, 79 (21), 8411-8415.
33.	Shim, S.; Stuart, C. M.; Mathies, R. A., Resonance Raman Cross-Sections and Vibronic Analysis of Rhodamine 6G from Broadband Stimulated Raman Spectroscopy. ChemPhysChem 2008, 9 (5), 697-699.
34.	Kreibig, U.; Vollmer, M., Theoretical Considerations. In Optical Properties of Metal Clusters, Kreibig, U.; Vollmer, M., Eds. Springer Berlin Heidelberg: Berlin, Heidelberg, 1995; pp 13-201.
35.	Lee, S. A.; Link, S., Chemical Interface Damping of Surface Plasmon Resonances. Acc Chem Res 2021, 54 (8), 1950-1960.
36.	Persson, B. N. J., Polarizability of small spherical metal particles: influence of the matrix environment. Surf Sci 1993, 281 (1), 153-162.
37.	Khurgin, J. B.; Petrov, A.; Eich, M.; Uskov, A. V., Direct Plasmonic Excitation of the Hybridized Surface States in Metal Nanoparticles. ACS Phot 2021, 8 (7), 2041-2049.
38.	Stefancu, A.; Iancu, S.; Leopold, L.; Leopold, N., Contribution of chemical interface damping to the shift of surface plasmon resonance energy of gold nanoparticles. Rom Rep Phys 2020, 72 (1), 402.
39.	Chen, W.; Roelli, P.; Ahmed, A.; Verlekar, S.; Hu, H.; Banjac, K.; Lingenfelder, M.; Kippenberg, T. J.; Tagliabue, G.; Galland, C., Intrinsic luminescence blinking from plasmonic nanojunctions. Nat Comm 2021, 12 (1), 2731.
40.	Hubenthal, F., Does the excitation of a plasmon resonance induce a strong chemical enhancement in SERS? On the relation between chemical interface damping and chemical enhancement in SERS. App Phys B 2014, 117 (1), 1-5.
41.	Otto, A.; Futamata, M., Electronic Mechanisms of SERS. In Surface-Enhanced Raman Scattering: Physics and Applications, Kneipp, K.; Moskovits, M.; Kneipp, H., Eds. Springer Berlin Heidelberg: Berlin, Heidelberg, 2006; pp 147-182.
42.	Lee, S.; Hwang, H.; Lee, W.; Schebarchov, D.; Wy, Y.; Grand, J.; Auguié, B.; Wi, D. H.; Cortés, E.; Han, S. W., Core–Shell Bimetallic Nanoparticle Trimers for Efficient Light-to-Chemical Energy Conversion. ACS Energy Lett 2020, 5 (12), 3881-3890.
43.	Marichev, V. A., First experimental evaluation of partial charge transfer during anion adsorption. Colloid Surf A: Physicochem Eng Asp 2009, 348 (1), 28-34.
44.	Foresti, M. L.; Innocenti, M.; Forni, F.; Guidelli, R., Electrosorption Valency and Partial Charge Transfer in Halide and Sulfide Adsorption on Ag(111). Langmuir 1998, 14 (24), 7008-7016.
45.	Marichev, V. A., Methodological Aspects of the Partial Charge Transfer in the Adsorption of Anions. Part I. Protect Met 2003, 39 (6), 505-520.
46.	Marichev, V. A., Methodological Aspects of the Partial Charge Transfer in the Adsorption of Anions. Part II. Protect Met 2004, 40 (2), 169-186.
47.	Foerster, B.; Spata, V. A.; Carter, E. A.; Sönnichsen, C.; Link, S., Plasmon damping depends on the chemical nature of the nanoparticle interface. Sci Adv 2019, 5 (3), eaav0704.
48.	Lee, S. A.; Link, S., Chemical Interface Damping of Surface Plasmon Resonances. Accounts of Chemical Research 2021.
49.	Linnert, T.; Mulvaney, P.; Henglein, A., Surface chemistry of colloidal silver: surface plasmon damping by chemisorbed iodide, hydrosulfide (SH-), and phenylthiolate. J Phys Chem 1993, 97 (3), 679-682.
50.	Stefancu, A.; Iancu, S. D.; Coman, V.; Leopold, L. F.; Leopold, N., Tuning the potential of nanoelectrodes to maximum: Ag and Au nanoparticles dissolution by I- adsorption via Mg2+ adions. Rom Rep Phys 2021, 73 (2).
51.	Seo, M. J.; Kim, G. W.; Tsalu, P. V.; Moon, S. W.; Ha, J. W., Role of chemical interface damping for tuning chemical enhancement in resonance surface-enhanced Raman scattering of plasmonic gold nanorods. Nanoscale Horiz 2020, 5 (2), 345-349.
52.	Oksenberg, E.; Shlesinger, I.; Xomalis, A.; Baldi, A.; Baumberg, J. J.; Koenderink, A. F.; Garnett, E. C., Energy-resolved plasmonic chemistry in individual nanoreactors. Nat Nanotechnol 2021.
53.	Lee, P. C.; Meisel, D., Adsorption and surface-enhanced Raman of dyes on silver and gold sols. J Phys Chem 1982, 86 (17), 3391-3395.
54.	Botiz, I.; Codescu, M.-A.; Farcau, C.; Leordean, C.; Astilean, S.; Silva, C.; Stingelin, N., Convective self-assembly of π-conjugated oligomers and polymers. J Mat Chem C 2017, 5 (10), 2513-2518.
55.	Steinigeweg, D.; Schlücker, S., Monodispersity and size control in the synthesis of 20–100 nm quasi-spherical silver nanoparticles by citrate and ascorbic acid reduction in glycerol–water mixtures. Chem Comm 2012, 48 (69), 8682-8684.



For Table of contents use only
[image: Diagram

Description automatically generated]
20
image1.png
Intensity/ cts.
N

N

RBare= IRaman/IFIuo

—— Raman
—— Background fit

—— Corrected spectrum

IRaman

AW NS IV PR

AgNPs (liquid)

Glass coverslide

(x10°)

| ® AQNPs@Cl ¢ AgNPs@Br m AgNPs@lI

| | |
500 1500 2500
Raman shift/ cm™?

(x103) B

—— AgNPs@ClI
*—AgNPs@Br
15 —AgNPs@|
9
O
E‘ 1 *kkk
8 *kkk
W N B I —
= | : 1
0.5 F W WLl £ %
0 1 1 | 1
500 1500 2500
Raman shift/ cm™? AgNPs@Cl AgNPs@Br AgNPs@I





image2.png
A (x10) B
7.2

— —— AgNPs@ClI

- —— AgNPs@Br

£ 5.76r —— AgNPs@|

-

L

S~

DN

-

7)

c

Q

c

- f SEF int.
Glass coverslide Ou ! | !

500 1500
Raman shift/ cm™?

(x10%) C (x10°) D

e AgNPs@CI
¢ AgNPs@Br
1.5+ ® AgNPs@lI

1
T T T
9x10°3 AgNPs@Cl AgNPs@Br AgNPs@I




image3.png
90
A A 633nm —— AINPs@CI
= | —— AgNPs@Br

|
—— AgNPs@I

N c 80
=
2 =
Q = 70
c =
0 =
a'd 60
LLI
N

50
100 200 300 400 500

Raman shift/ cm™?

C D
© AgNPs@CI
] 750 © AgNPs@I
hd ® AgNPs
O
S~
2500
‘©
(e
)
c 250

0 L m."-‘ Y"‘!/" o
800

500 600 700
Wavelength/ nm

AgNPs@Br

475 480 485 490
SPR position/ nm

Molecular orbitals

495





image4.png
CID




