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Abstract:

Surface enhanced Raman scattering (SERS) offers increases in chemical sensitivity
associated with the Raman signal from molecules interacting with plasmonic
nanoparticles, and with use for diverse applications. This signal enhancement is the result
of a combination of the enhanced electromagnetic field generated at the surface of the
metal nanostructures and possible chemical enhancements specific to the molecule being
detected. These chemical effects can alter the chemical identity of the analyte and
manifest as differences in the SERS spectrum relative to the spontaneous Raman
spectrum. In this work, we examine changes in the vibrational spectrum resulting from
the previously hypothesized formation of a radical anion of the amino acid tryptophan on
gold (Au) nanoparticles. Density functional theory (DFT) calculations are used to model
changes in the vibrational frequencies attendant to the tryptophan radical anion and
correlated with the experimentally observed vibrational modes in the SERS spectrum of
tryptophan (Trp) on Au nanoparticles. The calculated vibrational frequencies are in close
agreement with the experimental data. N-Acetyltryptophanamide (NATA) is shown to
have the same trends in the calculated and experimental vibrations, indicating the
captured electron is localized to the indole ring structure. Changes in the SERS spectrum
with pH are readily explained by the calculations, further indicating the observed signal
originates from the ground state radical anion in these experiments. This evidence for the
capture of a hot electron by tryptophan and the resulting changes in the vibrational
spectrum are important for molecular understanding of proteins and other molecules as
detected by SERS.



Introduction:

Surface enhanced Raman scattering (SERS) is an evolving spectroscopic technique used to
achieve the benefits of Raman while significantly enhancing the signal for trace detection.’? First
observed on electrochemically roughened silver electrodes,** the Raman enhancements have
been shown to arise from localized plasmon resonances on nanoparticles and nanostructured
materials.? ® The confinement and re-radiation of the electric field on the surface of nanoparticles
has become known as the electromagnetic enhancement mechanism, which explains the
prevalence of SERS on plasmonic nanoparticles.® In addition to the electromagnetic
enhancement, chemical enhancements are also observed, where changes in the analyte
molecule (e.g., charge-transfer resonances from adsorbed species) can provide additional signal

enhancement from specific molecules.

The analyte-specific nature of the chemical enhancement is typically invoked to explain
anomalous enhancements observed from specific analytes in the SERS field. The interaction
between the analyte and the metal can alter the observed Raman frequencies in addition to
contributing to the increased signal intensity. When analytes interact with a metal nanostructured
surface, charge-transfer states can become accessible. These charge-transfer states may
generate an additional resonance effect, dependent on the energy of the transition, resulting in
surface enhanced resonance Raman scattering (SERRS) enhancements.”® Otto et al. noted the
“first layer effect” which described the increased signal enhancement from molecules adsorbed
directly to the metal surface.? In addition to charge-transfer mechanisms, chemical enhancements
have come to represent any analyte specific mechanisms that increase the SERS signal from the

molecules.

Plasmon-excited, hot electrons can cause specific photochemical reactions on the surface of
nanoparticles that may also alter the observed SERS signal. '>"" For example, the conversion of
para-aminothiophenol (p-ATP) to 4,4’-dimercaptoazobenzene (DMAB) has been observed in
SERS analysis, resulting from the excitation of energetic charge carriers in plasmonic particles.'*
'3 The incident laser also generates high-energy electrons that promote chemical conversion.
Zenobi et al. reported photo-fragmentation of analytes as a result of plasmonic hot-electrons.™
Other reports have also shown anionic species resulting from plasmonic hot-electron transfer.'>
'® These chemical changes, while specific, have proven to be important in the interpretation and
quantification of SERS spectra. The plasmon resonance involved with the more predictable

electromagnetic enhancement can impact the chemical identity and the chemical enhancement



mechanisms. Photoproducts experience the increased electric field associated with the

electromagnetic enhancement mechanism and give rise to the observed SERS signal.

The SERS analysis of proteins is reported to arise from several distinct interactions, such as
plasmonic driven chemistry, fragmentation, and surface interactions. Studies have reported that
aromatic amino acids are responsible for the most intense signals in SERS. '*?° These large
aromatic side groups have been suggested to shield other parts of the protein in SERS. ?' The
orientation of amino acids in short peptides and their interaction with the surface has also been
investigated. ?? Differences in the SERS spectra from a specified protein on silver and gold
nanostructures have previously been observed.?*?* However, interpreting the SERS spectra of

proteins and amino acids remains challenging.

Previous SERS studies of Trp interacting with a Au surface have largely been attributed spectral
changes to surface adsorption interactions. It was reported that the indole ring has H-bonding
interactions with negatively charged AuNPs;?*® however, a computational study showed the
interation with the Au surface was favorable through either the carboxylic acid moiety or the pyrole
ring.?” A more recent work also noted SERS bands attributable to indole ring shifted, attributing

these spectral changes to interactions between the gold surface and the indole ring.?

Recently, we reported a series of experiments that suggest an alternative hypothesis for changes
in the SERS spectrum of tryptophan on AuNPs.?® We observed, using a combination of SERS,
UV-Vis spectroscopy, and dynamic light scattering experiments, that the SERS signal from
tryptophan correlated with exposure of the Trp-AuNPs suspension to the light at the plasmon
resonance energy of the AuNPs (~532 nm) while SERS was obtained at a slightly off-resonant
wavelength (633 nm). The UV-Vis and light scattering experiments, on the same samples,
showed an electronic resonance in unaggregated particles that could be explained by electron
capture by Trp molecules in close proximity to the AuNP surface, forming an anion radical. This

hypothesis, that electron transfer to Trp is observed in the SERS spectrum, remains controversial.

There are many examples of using theory to explain the spectroscopically observed Raman
signals. 2331 |n SERS, this has been complicated by important aspects of the nanoparticles and
the analyte molecule being intertwined. Indeed, efforts have attempted to provide a uniform theory
of SERS; however, these explanations remain limited to subsets of molecules and interactions. ’

It is computationally challenging to simulate the full nanoparticle and analyte molecule in a



quantum mechanical treatment, and thus approximations are required to gain understanding.
Various methods of calculating the electric field, possible field gradients, along with the molecule’s
Raman response has provided insight into how confined fields alter the observed signals.
Studies have investigated the enhanced molecular response to demonstrate the influence of
localized fields.®® Other studies have used metallic clusters to model the nanoparticle; 2% 3
however, these clusters typically lack the plasmon resonances that are key to many SERS
experiments, and still require approximations for the local electric field and dipole re-radiation
effects. In light of the chemical effects discussed above, it is important to consider how plasmonic
chemical conversion can impact the identity of the molecule being studied and its observed SERS

signal.

In the present work we use density functional theory (DFT) and experimental SERS
measurements to identify the species detected in SERS measurements from tryptophan (Trp) in
gold nanoparticle solutions. Previously we reported that formation of the radical anion resulted in
an electronic resonance that gave rise to a surface enhanced resonant Raman scattering
(SERRS) effect.?® Using DFT simulations of the vibrational modes and comparing with
experiment, we can investigate how the added electron alters the vibrational signal to determine
which modes are altered and can serve as indicators of possible radical anion formation.
Modulating the environment and altering the chemical structure enables us to investigate the
electron localization. Our results show that identifying the correct species enables interpretation
of changes in the vibrational spectrum that do not correspond to the closed-shell species in
solution. While these chemical effects are specific to the analyte, Trp is a key amino acid and of

interest for protein detection and understanding the corresponding biological activity.

Methods:
Materials. L-tryptophan (Trp), N-acetyltryptophanamide (NATA), Ce(SOa4),, HAuUCls, sodium
citrate, HCI, deuterated water (D20), and NaOH were all purchased from Sigma-Aldrich and used

as received.

Gold Nanoparticle (AuNP) Synthesis. AuNPs (50 nm) were synthesized using a citrate
reduction method. *° Briefly, HAuCls (0.063 g) was dissolved in 500 mL MilliQ H,O and heated to
boiling while stirring. Then, 7.5 mL of 30 mM sodium citrate was added to the solution, while
heating continued, and was stirred for an additional 15 minutes. At this point, the solution

developed a red color and then was left stirring until cool.



Instrumentation. Raman measurements were obtained using a Snowy Range Instruments IM-
52 benchtop Raman spectrometer with a 638 nm excitation laser. UV-Vis measurements were
obtained using VWR UV-1600PC spectrometer. Dynamic Light Scattering was performed using
a Zetasizer Nano (Malvern). Nanoparticle tracking analysis was obtained using a Nanosight
RS3000 (Malvern).

pH dependence of the SERS Signal. A 10 mM stock solution of either Trp or NATA were diluted
to 5mM using a ratio of either 100 mM HCI or 100 mM NaOH to H20 to create different pH
solutions. pH was measured of each solution using a micro-pH probe (Orion™ PerpHecT™
ROSS™ Combination pH micro electrode, Thermo Scientific). AUNPs were concentrated to
approximately 4 x10'° particles/mL by centrifugation at 6000 rpm for 20 mins followed by re-
suspension in MilliQ H20. The particle concentration was measured using nanoparticle tracking
analysis. 200uL of the 10 mM analyte solution was added to 200uL of the concentrated AuNPs
and the solutions were analyzed on a Snowy Range Spectrometer by averaging 3 acquisitions of
10 s each, with 23 mW laser excitation. Solutions were then added to 600 uL MilliQ H.O and
analyzed with an UV-Vis spectrometer (400-1000 nm) and DLS.

Density-Functional Theory (DFT) Calculations. All calculations were performed with Gaussian
16. % The initial geometries of Trp and NATA and the corresponding protonation states were
taken from PubCHEM®"*® and modified using Gaussview 6.>° Geometry optimizations followed
by frequency analyses, including the Raman intensities, were performed using the B3LYP and
CAM-B3LYP functionals with the 6-31+G(d) basis set. *>** Optimized stationary points were
confirmed to be local minima by examining the resulting vibrational frequencies to make sure all
calculated frequencies were real values. Aqueous solvation effects were simulated with the
solvation model density (SMD) method with electrostatics in terms of the integral-equation

formalism polarizable continuum model (IEF-PCM). 4446

B3LYP and CAM-B3LYP functionals were utilized for each species with the 6-31+G(d) basis set.
The simulated Raman spectra were generated in Gaussview 6 with the default 4 cm™ linewidth
parameter for peak half width at half height (HWHH), which gave a realistic spectrum for Trp.
Scaling factors for the simulated Raman spectrum were calculated by matching the corresponding
vibrations from the experiment to the simulated spectrum through displacement vector analysis

and prior literature assignments.*’ Differences in the experimental vibrational frequency and the



uncorrected simulated frequency for each mode were used to determine the scaling factor for
each simulated spectrum, as well as the root mean square (RMS) error, using the approach of
Scott and Radom*® (see Sl for details). The vibrational frequencies for closed-shell Trp, simulated
using both B3LYP and CAM-BL3YP functionals, are shown in Table S1 with the calculated scaling
factors. The vibrational frequencies and determined scaling factors for the radical cation,
simulated with both B3LYP and CAM-B3LYP functionals, are shown in Table S2. The scaling
factors for all species were found to be 0.98 and applied to generate the simulated Raman

spectra.

Time Dependent Density Functional Theory (TD-DFT) Calculations. Simulated UV-vis
spectra were generated for each system. Single-point TD-DFT calculations were performed for
all of the previously optimized conformations (CAM-B3LYP and B3LYP, along with the 6-31+G(d)
basis set) with the same solvation model (SMD) with Gaussian 16. Using the simulated UV-vis
peaks from the TD-DFT calculation, the simulated spectra were generated in Gaussview 6 with

the default (2685.83 cm™) linewidth parameter, which gave a realistic spectrum for Trp.

Spectral Data Processing. To help visualize the relative changes in the spectra, each SERS
spectrum was normalized by subtracting a constant background, such that the lowest intensity
value was set to 0, and then dividing by the highest intensity within the spectral range, such that

the most intense peak had an intensity value of 1.



Results:
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Figure 1: A) The spontaneous Raman spectrum of 50 mM Trp (black) is compared to
the SERS spectrum of a AuNP suspension containing 2 mM Trp (blue). B) Simulated
Raman spectrum at CAM-B3LYP/6-31+G(d) of the solvated (SMD) closed shell Trp (black)
compared to the Trp radical anion (blue). The spectra in both (A) and (B) are normalized
and offset for clarity.

Figure 1 shows the experimental SERS spectrum obtained from a solution of Trp with AuNP
compared to the spontaneous Raman spectrum of a 50 mM Trp solution, as well as the simulated
spectra arising from the solvated closed-shell and radical anion species of tryptophan. In Figure
1A, the experimental SERS spectrum shows new peaks observed at 799 cm™, 927 cm™, and
1524 cm™'. Other peaks appear to exhibit significant peak shifts from the normal Raman spectrum,
such as the peaks seen at 995 cm™, 1147 cm™, and 1422 cm™. The peaks observed in the
spontaneous Raman spectrum agree with established literature assignments for Trp (Table 1,
Figure S1). * The simulated SERS spectrum for the solvated closed-shell Trp molecule at the
CAM-B3LYP (Table 1) and B3LYP (Table S1) show differences. The B3LYP method has a lower
RMS error when compared to the experimental spectrum; however, the CAM-B3LYP level of
theory yields a lower RMS error for the radical species (see below). Figure 1B shows the
spectrum from the CAM-B3LYP to illustrate the changes observed with electron addition within
the same level of theory. The simulated spectra offer a molecular level explanation of the changes

in the experimentally observed Raman peaks.



Table 1: Experimental, literature, and simulated (B3LYP/6-31+G(d))
vibrational modes for the solvated closed-shell ground state of

Tryptophan
Experiment  Literature Literature Assignment*”-4° Calculation
(cm™) (cm™) (cm™)
712 744.2
757 759 W18 - Indole ring breathing 758.7
mode’
862 846.2
879 879 W17 - Benzene B12 and 869.4
N1H motion
1012 1012 W16 - Benzene ring- 1010.6
breathing
1078 1075.7
1112 1111 W14 - Pyrrole C2H bending 1118.2
mode
1134 1127 W13 - Benzene B9b-type 1127.2
CH bend
1207 1207 W11 - Benzene B14-type 1200.0
Kekulé mode
1259 1259 W9 - CH bend and C3Co 1252.8
stretch
1305 1305 W8 - C3Cg stretch and N+H 1297.4
bend
1345 1342 W7 - N1Cs stretch in indole 1354.7
doublet ring
1360 1362 W7 - N1Cg stretch in indole 1368.3
doublet ring
1411 1403.1
1434 1435 W6 - N1C2C3 symmetric 1423.7
stretch, N1H bend, and
benzene CH bending
1460 1462 W5 - Benzene B19a-type 1456.5
mode
1549 1552 W3 - C2Cs stretch in pyrrole 1554.6
ring
1579 1579 W2 - Benzene B8a-type 1628.4
mode

In our previous work,?® continuous excitation of the plasmon resonance increased the intensity
of the SERS bands, reproduced here in Figure 1, which we attributed to a stable radical anion
formed from the transfer of an electron in the excited plasmon resonance of the AuNP to a Trp in
close proximity within the Trp-AuNP suspension. The interaction with the AuNP produced an
electronic resonance from the suspension consistent with the formation of the Trp radical. To

further support this hypothesis, density functional theory (DFT) calculations were performed to

simulate the corresponding Raman vibrations.

" Numerical assignments are provided in the first panel in Figure S1



The closed-shell singlet state of Trp was calculated with the B3LYP functional in water and
compared to both the literature of known Trp Raman responses as well as the experimental
spontaneous Raman spectrum, as shown in Figure 2. The DFT calculated Raman frequencies
were corrected with a factor of 0.98, calculated as described in the methods, to correct for
anharmonic effects that are not considered with the use of the harmonic oscillator
approximation.® The experimental vibrational modes, the uncorrected calculated modes, along
with the calculated correction for each mode are shown in Table S1. Vibrational assignments
were made by matching the displacement factor from the calculation for each vibrational mode to
those reported by Harada et al.*’ The calculated displacement vectors for each vibration are
shown in Figure S1. Table 1 lists the experimental frequencies and DFT calculation for each

vibrational mode along with the known literature assignment of each band of Trp.
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Figure 2: Simulated Raman spectrum for the closed-
shell singlet state of Trp at the B3LYP/6-31+G(d) level
of theory overlayed with the spontaneous Raman
spectrum from a 50 mM Trp solution. The simulated
vibrational frequencies are scaled by a factor of 0.98
and include application of a Gaussian broadening
function (4 cm™, HWHH).

In Figure 2, the vibrational frequencies of the closed-shell Trp molecule are best represented by
the DFT calculations performed at the B3LYP/6-31+G(d) level of theory. The comparison to the
DFT calculations performed at the CAM-B3LYP/6-31+G(d) level of theory is shown in Figure S2.

To address the changes observed in the SERS spectrum (Figure 1), we calculated the Raman

spectrum expected for the open-shell radical species of Trp.



The Raman spectrum of the radical cation Trp™ has been previously reported in the literature and
shown to qualitatively agree with the SERS spectrum from a chemical oxidization of Trp with
Ce(S04)2. 2% To assess the appropriate method for simulating radical species, Figure S3 plots
the comparison between the Raman spectrum calculated using the CAM-B3LYP functional in
implicit water for Trp™ with the experimental SERS of the species formed through oxidizing Trp
with Ce(S0Os)2. The CAM-B3LYP method adds a correction to the B3LYP method for charge
transfer.®’ Indeed, the CAM-B3LYP functional exhibits a lower RMS error than B3LYP for the
charged radical species. The comparison of the experimental SERS of Trp™ to the simulated Trp™
Raman spectrum at the B3LYP method in water (SMD) is shown in Figure S4. The frequency
scaling factor of 0.98 was determined for the radical cation as described in the methods. Table
S3 lists the frequencies from the SERS experiment, literature, and uncorrected calculation. Slight
shifts in the experimental SERS frequencies, relative to the reported literature values, are
attributed to modest interaction with the AuNPs. Interestingly, the Trp cation is experimentally
observed transiently in solution; however, on the AuNPs the SERS signal of the Trp™is observed

to be more stable.

The radical anion species (Trp™) was calculated and compared with experimental SERS spectrum
of Trp to see how well this model represents the anomalous peaks observed in the Trp
experimental SERS spectrum. DFT calculations of Trp™ used the CAM-B3LYP functional in
implicit water. This comparison is shown in Figure 3 where the background is subtracted, and the
normalized experimental SERS spectrum is plotted along with the normalized calculated
spectrum. The comparison of the experimental SERS spectrum to the simulated Raman spectrum
at the B3LYP/6-31+G(d) level of theory in implicit water is shown in Figure S5. Calculations using
more extensive basis sets and additional functionals did not alter the frequencies of the Trp™
species (Figure S6). The calculated frequencies of Trp™ were again corrected using the 0.98
scaling factor determined for Trp and Trp™. The comparison of Trp™~ calculations to the
experimental SERS of Trp shows good agreement. In particular, the changes in the simulated
spectra of the closed shell and radical anion (Figure 1) show good agreement with observed

experimental changes in the SERS spectrum (Table 2).



Table 2: Experimental and Calculated (CAM-B3LYP/6-31+G(d))
vibrational modes for Trp~. The terms used for the assignments are
derived from Harada et al.*’ as noted in Table 1.
SERS Experimental Trp*~ Scaled Matched to Closed-
Frequency (cm™) Calculated Shell Trp
Frequency(cm™) Vibrations*” *° (cm™)
628.8
650.8
687.6
733.0 759 (W18)
738.3
758 757.8
799 773.7
836.7
858 867.0 879 (W17)
870 897.8
927 922.7
956.8
995 988.6 1012 (W16)
1010 1009.2
1022.4
1068 1059.2
1074.5
1086.9
1118 1128.3 1111 (W14)
1147 1139.9 1127 (W13)
1184.6
1194.9
1233 1237.0
1266.0
1303 1317.6 1305 (W8)
1332.9
1358 1348.7 1362 (W7)
1354.5
1372.7
1411.6
1422 1420.4
1432.3
1454 1459.8
1466.9
1474.2
1524 1522.4
1549 1540.2 1552 (W3)
1565.8
1581.6
1593.1
1621.3



2.0

— SERS Trp
- Trp ~ CAM-B3LYP
=]
& 1.5F
2
]
c
S 1.0p
=
T
(3]
N
= 0.5}
£
o)
4
0.0 1 1 1 1 1
600 800 1000 1200 1400 1600

Raman Shift (cm )

Figure 3: Simulated Raman spectrum for Trp™ at the
CAM-B3LYP/6-31+G(d) level of theory with an
applied scaling factor of 0.98 and application of a
Gaussian broadening function (4 cm™, HWHH),
while compared to the experimental SERS spectrum
of Trp.

To further explore the molecular origins of the anomalous SERS peaks, we compared the
simulated vibrational displacement of Trp™ modes with the known modes of Trp. This analysis
consisted of correlating the displacement vectors of the known Trp bands with the prior literature
assignments, provided by Harada et al. and matched to the simulated close shell displacement
vectors reported herein.*” Comparison of Trp™ with the known vibrational modes of close shell
Trp indicates agreement for the modes assigned to W18, W17, W13, W8, W7, and W3.*’ These
specific bands are indicated in Table 2 with the known literature assignments. The simulated
displacement vector images are provided in Figure S7. Of note, the bands consistent with closed-
shell Trp largely consist of motion associated with the hydrogens bound to the indole ring. The
remaining modes in Table 2 show unique displacement vectors (Figure S7), suggestive of

deformation in the indole ring moiety itself.

Interestingly, varying the Trp concentration in the suspension results in disproportionate changes
in the SERS spectrum at 1010 cm™ (Figure S8A). The intensity of the band at 1010 cm™ changes
more dramatically than other features in the spectrum. At 10 mM, the band at 1010 cm™ is more
intense than the adjacent band at 995 cm™, but at 2 mM, the 1010 cm™ band is observed as a

subtle shoulder on the 995 cm™ band. The spontaneous Raman limit of detection in this



experimental configuration is calculated to be approximately 5 mM (Figure S8B); however, the
intensity observed at the given concentrations suggests some degree of closed-shell Trp is also
observed in the SERS spectrum. The presence of both the closed-shell and the new species

may indicate some form of an aggregate is involved in stabilizing the captured electron.
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Figure 4: A) Electron density difference plots for the closed-
shell singlet (So) ground state of Trp being subtracted from that
of the radical anion of Trp are shown at both the B3LYP/6-
31+G(d) and CAM-B3LYP/6-31+G(d) levels of theory, using the
geometry of the S, ground state for each respective method.
For the electron density difference plots, green indicates a
positive value where the radical anion has greater electron
density and red indicates a negative value where the closed-
shell singlet (So) state has greater electron density (using an
isovalue contour of 0.001 au). B) The Trp SERS spectra
obtained from D.O (green) and H:O (blue) solutions show
agreement in the peaks observed.

Figure 4A shows electron density difference plots generated by subtracting the electron density
of the ground electronic state of the closed-shell singlet from the electron density of the radical



anion (and at the same geometry of the Sy ground state). The radical anion shows additional
electron density in the ring structure at both levels of theory investigated, supporting the
localization of the captured electron to this moiety in agreement with the distorted vibrational
modes. To further test this hypothesis, we dissolved Trp in D2O and combined with our AuNP
into suspension at a 4:1 (Trp in D-O : AuNP) volumetric ratio. Figure 4B shows the observed
SERS spectra in D,O compared with the result from H2O. All major peaks are observed at the
same frequency, with some low intensity peaks changing (e.g. 1195 and 1385 cm™ appears in
the D,O spectrum). The D,O spectrum also shows a decrease in intensity above 1600 cm™
Raman shift, likely arising from a lower spontaneous Raman background from the solvent. The
significant agreement of all the major features in the Trp SERS spectrum indicates the shifts do
not arise from hydrogen bonding, but rather agrees with the hypothesized change in the electronic

configuration.
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Figure 5: Simulated UV-vis spectra for the closed-
shell singlet state of Trp at the CAM-B3LYP/6-
31+G(d) level of theory (grey) compared to that of
Trp™ (blue). The red line indicates a 638 nm
excitation wavelength for SERS enhancement.

Figure 5 shows the calculated UV-vis spectra obtained using time-dependent density functional
theory (TD-DFT) with the CAM-B3LYP/6-31+G(d) model for the solvated radical anion and
closed-shell species. In our prior work, the gas-phase calculation showed a resonance that
agreed with an absorption band observed in the UV-Vis extinction spectrum.?® Here, adding

solvation to the model further shifts the resonance to longer wavelengths and in better agreement



with the experiment. The simulation supports a selective enhancement of the SERS peaks
specific to Trp™ by showing a change in the absorbance spectrum compared to the calculated
spectrum for closed-shell singlet state of Trp. The absorbance of Trp™ near 600 nm overlaps with
the 638 nm laser used for the SERS measurement. The overlap between the excitation laser
wavelength and the Trp™ absorbance suggests that Trp™ experiences a resonance Raman
enhancement in addition to the SERS enhancement. The excitation wavelength used to obtain
the SERS spectrum reported in Figure 1 and Figure 3 is indicated in Figure 5 using a red line.
In resonance Raman, the observed vibrational frequencies arise from the ground state species.
The Trp SERS spectra observed are consistent with the simulated spectrum of the ground state

radical anion, indicating electron transfer occurs prior to the Raman excitation.
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Figure 6: A) The spontaneous Raman spectrum of Trp is compared to the spontaneous
Raman spectrum of NATA. B) Comparison of SERS spectra of NATA and Trp at equivalent
pH values. C) NATA SERS compared to the simulated Raman spectrum at the CAM-
B3LYP/6-31+G(d) level of theory (with SMD implicit water) for NATA™. D) Comparison of
the simulated Raman spectrum at the CAM-B3LYP/6-31+G(d) level of theory and solvation
(SMD) for Trp™ and NATA™. E) The structure of NATA (purple) and Trp (red) structures are
shown. All calculated vibrational frequencies have been scaled by 0.98 and a 4 cm™
Gaussian broadening has been applied.



Our experiments on tryptophan support the observed SERS signals arise from the ground state
radical anion, and further suggest the captured electron is localized to the indole moiety. N-
acetyltryptophanamide (NATA) is often used in comparison to Trp because it contains the same
indole ring moiety. *° Modifications were made to the amino acid backbone through acetylation of
the amino group and amidation of the carboxylic acid. Due to the similar structures of NATA and
Trp, the normal Raman spectra do not vary significantly as shown in Figure 6A. Figure 6B shows
the observed SERS spectrum of NATA compared to that of Trp, which also strongly resemble
one another. It is worth noting that the SERS spectrum of NATA was obtained at an acidic pH so
the comparison shown in Figure 6B is of Trp at an equivalent pH value. The Raman spectrum of
radical anion of NATA (NATA™) was calculated and compared to the NATA SERS spectrum,
shown in Figure 6C, as well as the calculated Raman spectrum of Trp™~, shown in Figure 6D.
Both calculated spectra have the 0.98 correction previously established applied to the vibrational
frequencies. Again we observe agreement between the SERS spectra and the calculated spectra
of NATA™ and Trp™, providing further support that the electron is stabilized within the indole ring

of both molecules.

Table S4 shows the SERS experimental peaks for NATA along with the vibrational assignments
and the calculated values for NATA™. In Table S4, the experimental SERS spectrum of NATA
shows two bands that correlate with W14. The experimental band at 1053 cm™ is slightly shifted
from the spontaneous Raman spectrum frequency of 1078 cm™. There is also a second band in
the NATA SERS spectrum at 1112 cm™, indicated in the table with *, which could also correspond
with W14 and occurs at similar frequency as observed with Trp. Vibrational analysis of the
calculated NATA™ was performed to assess if NATA experiences similar vibrational distortions to
Trp with the addition of an electron. The NATA calculations show the same distorted vibrations
observed with the calculated Trp™. The similar simulated vibrations and observed SERS spectra

suggest a consistent stabilization of the electron within the indole ring for both NATA and Trp.

The pH dependence on the SERS spectra of NATA suggest changes in pH may alter the electron-
transfer process. Figure S9 shows that no significant changes to the normal Raman spectrum
are observed with varying the pH of the Trp solution. The simulated Raman spectra with the
B3LYP functional in implicit water under varying pH conditions also show minimal changes in the

Raman spectrum at different pH values.
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Figure 7: A) Differences are observed in the experimental SERS as pH changes are
highlighted with red boxes and the B) simulated Raman spectra at the CAM-B3LYP/6-
31+G(d) level of theory for the Trp radical (Trp°’) species at an acidic pH value and the Trp
radical anion (Trp™) at neutral pH values. For convenience, the changes are highlighted
with red shading. Calculated vibrational frequencies have been scaled by 0.98 and a 4
cm™ Gaussian broadening has been applied.

Figure 7 shows the comparison of the Trp SERS at pH 2 (red) and pH 4 (black), where the as-
synthesized AuNP solutions were slightly acidic and resulted in a pH of 4. An acidic pH appears
to be necessary for the formation of the radical anion species. Figure S10A shows the pH of the
Trp solution is important for observing the SERS spectrum. The pH dependence of NATA was

also tested and showed a similar dependence on pH as Trp (Figure S10B).

Figure 7A shows some notable changes near 1200 and 1400 cm™ when the solution is made
more acidic from pH 4 to pH 2. Both the experimental and calculated spectra show consistent
changes in the spectrum at 1230 cm™, 1422 cm™, and 1454 cm™. Specifically, at pH 2, the
experimental Trp spectrum shows a shoulder near 1191 cm™ and an additional peak at 1477 cm’
'. These differences are likely the result of the change in protonation state of the radical anion
with a more acidic pH, consistent with the pK, of 2.4 for the backbone of Trp. Figure S11 shows

the species expected at varying pH, based on the pK, values of Trp.*’

The calculated Raman spectrum of the radical anion at neutral pH has a peak at 1230 cm™
corresponding to the experimentally observed peak at 1237 cm™ as shown in Figure 7B. The Trp
spectrum at a pH of 2 shows a shoulder on the peak observed at 1220 cm™ that is also observed

in the calculated spectrum at equivalent pH. Furthermore, the changes in the spectrum observed



near 1400 cm™ are also consistent with the calculated spectra at different pH values. Raman
bands for the radical anion at neutral pH are observed experimentally at 1422 and 1454 cm’
calculated at 1420.4 and 1459.8 cm™, respectively. At pH values below the pKa, a third band is
observed in both the experimental SERS spectrum and calculated Trp™ Raman spectrum. In
addition to the changes in the Raman spectra, TD-DFT calculations (Figure $12) show electronic
transitions of Trp radical at neutral and acidic pH near the 638 nm excitation wavelength used in
the SERS experiment.

Trp and NATA show negligible SERS signals at pH 6 and higher. The change in the SERS signal
at pH 6 correlates with a change in protonation state of the citrate capping agent on the AuNPs.
Sodium citrate tribasic dihydrate has pKa, values of 3.18, 4.76, and 6.40. > By changing the
protonation state of the citrate at pH 4, Trp can more easily displace the citrate and interact more
directly with the surface of the AuNP, hence an increase in the SERS signal. It is reported that
both amine and carboxylic acid groups have a pH dependent affinity for binding to Au surfaces
both of which are present in Trp and NATA. 3%

Discussion:

Our results support the hypothesis that electron-transfer processes alter the observed Raman
frequencies detected in SERS experiments. This has consequences on the assignment and
interpretation of SERS spectra as well as chemical conversion processes that occur on the

surface of nanoparticles.

Traditionally, peak assignments in a SERS spectrum are based on the vibrational frequencies
observed in the spontaneous Raman spectrum. For proteins, these signals are associated with
the amino acids that comprise them. %8 |t has been previously reported that SERS spectra of
peptides and proteins mostly contain peaks associated with aromatic amino acid, such as
tryptophan, tyrosine, and phenylalanine, due to their larger Raman cross sections. %% The
known spontaneous Raman signals of these amino acids have been utilized for the SERS
detection of proteins. Our work suggests that basing the SERS assignments solely on the
spontaneous Raman spectrum of these amino acids, specifically tryptophan (Trp), does not give
an entirely accurate description for the origins of the band assignments associated with the amino

acids in the SERS spectra.



The SERS of Trp obtained in colloidal suspension of gold nanoparticles (AuNP) results in a
spectrum that has many differences from the spontaneous Raman spectrum obtained from Trp,
as shown in Figure 1A. Others have reported a similar SERS spectrum form Trp on gold
nanoparticles. In the absence of experiments to assess aggregation, they attributed changes in
the UV-Vis spectrum to nanoparticle coupling, and the changes in the SERS spectrum are
attributed to adsorptive interactions.?® % In our previous paper we performed dynamic light
scattering with UV-Vis absorption to demonstrate the nanoparticles were unaggregated and the
new resonance was associated with the presence of tryptophan.?® This supported assigning the
new SERS peaks and peak shifts to corresponding bands in the simulated Raman spectrum for
the Trp radical anion (Trp™) species.?® The calculated Trp™™ Raman spectrum, shown in Figure 3,
accounts for the differences observed between the SERS and the normal Raman spectrum of
Trp. We associate these differences with shifts in energy and distortions of vibrational modes from
DFT calculations of Trp™ (Figure 4). The calculations indicate vibrational mode distortions in the
radical anion that are localized within the indole ring sidechain of Trp™. These Trp SERS peaks
at 1010, 1118, 927, and 1454 cm™ are also observed in the SERS spectrum of the Trp-cage
protein.?® Using assignments based on the normal Raman spectra of amino acids, these shifted
bands suggest the SERS community could be missing signatures of Trp residues when studying
SERS of proteins. Indeed, the additional resonance enhancement shown, generating a SERRS
effect (Figure 5), suggests the peaks observed are likely dominated by Trp™™ and potentially other

electron-transfer products.

The presence of Trp™~ was unexpected. The Trp radical cation (Trp™) is commonly reported in
the protein literature, where Trp serves as an electron donor. *° 8% |ndeed, others have used
NATA alongside Trp to study the radical cation due to their similarities in structure and the ability
to associate changes with the indole ring moiety. The similarities in the SERS spectrum of Trp
and NATA confirm that the signal obtained results from the indole ring structure. The vibrational
modes calculated for Trp™ and NATA™ indicate the additional electron is localized in the indole
ring for both NATA and Trp, where the same vibrational mode distortions are observed in the
calculated spectra of the Trp™ and NATA™ shown in Figure 6. This localization is additionally
supported with the electron density difference plots shown in Figure 4A. Interestingly, the
formation of the radical anion (or electron capture) is consistent with recent results reported by
Zenobi et al." ®® In prior studies, the capture of a hot electron from a tip-enhanced Raman

experiment (TERS) on peptides results in bond cleavage. The indole ring of Trp appears to



stabilize the additional electron without cleavage. It is worth noting the peptides studied by Zenobi

et al. did not contain Trp residues.

Our work indicates electron transfer impacts the observed spectrum and, if a resonant electronic
state forms, can provide additional chemical enhancement. Habteyes et al. has summarized
various explanations of a plasmon-induced charge-transfer compared to hot-electron driven
chemistry. ® The SERS literature has long recognized that charge-transfer states can form from
molecules adsorbed to the metal surface. ® ¢”-® While some shifts occur due to adsorption, the
vibrations observed still correspond the ground state of the adsorbed species. The observed
SERS intensities are altered by the Frank-Condon overlap between the ground and accessed
excited electronic state. The agreement of the observe frequencies between the experimental
SERS spectrum and the calculated Raman spectrum of the Trp™~ indicates the ground state radical

anion is the species that gives rise to the observed signal.™

Indeed, other reports have shown that electron transfer, or molecular charging to form a radical
anion, can affect the observed Raman response. ™ The agreement between the experimental
SERS and calculated Raman of Trp™ suggests that plasmon-driven, hot electrons are forming
Trp~. Van Duyne et al. studied the formation of the radical anion of ftrans-1,2-bis-(4-
pyridyl)ethylene (BPE), after pumping with a 532 nm laser and probing with a 785 nm laser. They
observe variations in their SERS spectra that are associated with the radical anion of BPE. 51
Our previous work also shows the ability to pump hot electrons with a 532 nm excitation and

observe increased intensity associated with Trp™~ formation. %

Our explanation of a stable radical due to hot-electron transfer remain consistent when the pH is
modified in the experimental solution and the protonation state is modified in the calculated
species based on the pKa, of Trp (Figure 7). Prior reports have suggested lower pH increases the
interaction of Trp with citrate reduced AuNPs.?® There are some distinct differences in the
experimental SERS spectra at pH 4 and pH 2 which we have shown can be calculated and
correlated with the ground state of each species under the corresponding protonation state, or
pH. Interestingly, the pH dependence suggests additional factors impact the formation of Trp™.
Haes et al. show the impact of pH on intermolecular interactions, which in turn impact the SERS
signal of small molecules such as mercaptobenzoic acid (MBA). *® When the experimental pH is
adjusted to 6, the signals from Trp™ and NATA™ decrease (Figure S10). This is not a pH

associated with pKa values of Trp but rather the pKa values of the citrate that caps the AuNP.



When the protonation state of citrate is changed, the Trp or NATA can more easily displace the
citrate interacting more readily with the AuNP. >* 778 Alternatively, rather than impacting the
proximity of the Trp to the surface, the citrate may more readily accept the energetic electron,
effectively shielding the Trp from the electron-transfer process. Additional work is needed to
understand how competing molecules affect the observed SERS signals. It appears important to
consider everything in solution that can impact the transfer of a hot electron, which may impact
our understanding of hot-electron transfer relevant to chemical sensing but also catalysis and

chemical conversion using plasmonic materials.

Conclusion:

The combination of experiment and DFT calculations show that electron capture by the indole
ring of tryptophan (Trp), and other indole containing molecules (such as, NATA) give rise to
changes in the observed SERS spectrum. DFT calculations indicate the frequency changes are
consistent with a ground state radical anion species being detected (Trp™ and NATA™). The
vibrational frequencies calculated for Trp™ show changes with pH consistent with the experimental
SERS spectrum, further indicating the radical anion structure is consistent with the detected
signal. Interestingly, competition with other surface adsorbates, such as citrate, appears to
regulate the formation of the radical anion. Additional experiments are needed to assess the
intermolecular interactions and possible molecular aggregates on the observed SERS signal.
Plasmonic driven chemistries, such as radical formation, are becoming an important in diverse
areas of research and improved understanding will enable future applications. By identifying the
molecular identity of analytes, DFT calculations can be more readily applied to interpret the

enhanced Raman signals observed in SERS experiments.
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