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Direct Observation of Heterogeneous Photochemistry on Aggregated Ag Nanocrystals Using
Raman Spectroscopy: The Case of Photoinduced Degradation of Aromatic Amino Acids
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We show that aromatic amino acids on aggregated and immobilized Ag nanocrystals degrade upon laser
illumination @ = 514.5 nm). Surface-enhanced Raman scattering (SERS) data, using tyrosine as the precursor,
point to a linear one-photon induced reaction. This interpretation is supported by ab initio calculations of
tyrosine-Ag*™ complexes. Spectral fluctuations and bleaching-effects suggest that the observed SERS signal
is due to a variety of chromophores that continuously form from aromatic precursors and eventually break
down at the Ag surface. The final photoproduct is similar to amorphous carbon (AC) but the spectral details
are determined by the precursor. We found that precoating the Ag particles with thiophenol inhibits
photoinduced degradation of tyrosine inCH

1. Introduction reported-3-16 Moskovits and co-workers have in a series of
. ) apers examined photochemical effects using SERS Here,
Surface-enhanced Raman scattering (SERS) experimentsyq are interested in the photochemical formation of amorphous

using a microscope to illuminate a small number of immobilized ., .hon (AC) from aromatic precursors on a rough Ag surface.
Ag nanoparticles have allowed observations of hitherto hidden 1is reaction was first investigated by Goncher and H&frtes
fluctuations in Raman spectra. Observations of SERS flickering 4 |ater by Wolkow and Moskovifs.

e . X . i
and bg?klr:jg,ninphc;tgn?nuc:g ffggﬁ“\?“ﬁ ?/\?% mkr]]ormogsnd Although AC has been rather ubiquitous in SERS investiga-
cous broadening of kaman ba ave NOw DEEn Teportea.  ;,524-26 the exact nature of the AC surface phase(s) is poorly

\-/rv?tﬁ f)gg‘;:zll alr:)civsgﬁgraé ?;Er?c:serzltl:;;[ili)ar:;on:r'elr:e\fi?jrgr?clsga&():t understood and a number of terms have been used to describe
sinale molecu)I/es were o)t/)tservbdo ’ it (e.g., amorphous graphite, carbonaceous groups, rafts, carbon
9 : chains, carbon clusters, nano-crystalline carbon, sheets, carbon

We have reported that the broad SERS spectrum from neyorks, and carbon domains). Clearly, AC SERS spectra are
aggregated Ag nanoparticles immersed in dense tyrosine solu-Very similar to those of amorphous graphite observed by

tions exhibits a remarkable inhomogeneous broadehifige Tuinstra and Koenig using ordinary Raman scatteffrigdicat-
broad ensemble spectrum concealed a multitude of differentjyq that graphite forms at the surface. However, the assignment
single-molecule spectra that varied with time, each with a unique ¢ the proad spectrum to extended carbon chains has been
set of a few narrow Raman lines, signifying substantial disorder ¢ ,estioned by Schwan et al. who showed that small clusters of
in the surface adsorbate population. Kudelski and Petfiaget  ongensed benzene rings in carbon films (cluster size below
Moyer et al-° have reported similar broad spectra and spectral 5 &) has a similar broad spectr@#iThis experimental situation
dynamics from amorphous carbon (AC) layers. The broad ig gimilar to the measurements reported here, and previéusly,
ensemble SERS spectrum we reported was very similar to thegjce aromatic ring molecules are added in excess to aggregated
spectrum of AC, suggesting that the ensemble SERS spectrumag particles and a dense film should embed the inhomogeneous

came from an AC-like film rather than from isolated tyrosine  haicle Jayer. Therefore, we use the term AC in its broadest
Ag complexes. We here report th_at_ the earlier SERS sﬁ_ectra sense, without specifying the structure further, at this point.
came from photoproducts very similar to AC. In this article, The first evidence, to our knowledge, of laser-induced AC
using aromatic amino acids and thiophenol as precursors, W€t rmation on a meta] surface is the rep’ort by Tsang et al. on
show that micro-Raman spectroscopy permit investigations of the appearance of broad AC bands in SERS from benzoic acid
heterogeneous photochemical reactions in the first surface layer

! . . monolayers on Ag® The bands, were however, not observed
on Ag hanoparticles. A similar SERS study of single-molecule when the power density was decreased from 10 to 0.5 W/cm
chemistry of Rhodamine 6G has recently been reported by

Emory and co-workerd. or when the sample_ was kept at low temperatures, which indigate
; ) . . . thermal AC-formation. The authors noted that the carbon-like

In the seminal paper by Nitzan and Brist was pointed  |5yer was created “at the expense of the benzoic acid monolayer”
out that the enhanced electromagnetic fields near metal Nano+t did not discuss the mechanism further. As discussed béfore,

particles, which give rise to SERS, should also enhance ymorphous carbon is resonantly excited in a Raman measure-
fluorescence and photochemistry. Indeed, surface-enhancedyent. Recent work has clarified this point and shown that

fluorescence and surface-enhanced photochemistry have beeBispersion effects in Raman spectra are due to resonant

excitation of different parts of the AC structure at different
*To whom correspondence should be addressed. E-mail: kall@fy. wavelengthg®

chalmers.se. . . . .
t Present address: Amersham Biosciencesri@jatan 30, SE-751 84 The aromatic precursors used in this study absorb UV light
Uppsala, Sweden. only. Therefore, the two most reasonable photochemical reaction
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pathways using visible laser light are either that the molecule
forms a metatmolecule complex, which absorbs the visible

radiation, or that the absorption is a multiphoton process. In
the first reports on photodecomposition of aromatics on rough

Ag surfaces, data indicated a surface-enhanced two-photon 1600

reactiont>1’ Later works have shown that also one-photon & 1200

surface-enhanced photochemistry occurs for some aromatic ~~

molecules?021 g _ 800
It was also reported that spacer layers, which displace the F L d Tyr addition 400

precursor from the surface, increased the rate of photochemis-
try.15 An optimal surface distance for surface-enhanced photo-
chemistry is expected because of competition between increasing
nonradiative decay of photolabile excited states closer to the
surface and the enhanced EM-fields decreasing in strength out
from the surfacé? Moskovits and co-workers later showed that 600 1200 1800

the deposited surface layers led to interference effects in the Raman shift (cm™)

SERS intensity, causing the observed distance dependence. The'fEigure 1. Laser-induced SERS spectra. Time-series of SERS spectra
measurements showed that the surface-enhanced photochemg o ged pefore and after addition of tyrosine to immobilized, ag-
istry, which can be monitored by SERS, occurs directly at the gregated, 90-nm Ag particles immersed istH The addition of a high
surfacet”*8 It has furthermore been reported that overlayers concentration ([Tyrp 0.1 mM) Tyr solution is indicated by the arrow.

protect polymers from photodecomposition, indicating photo- The time-series show that citrate spectra before addition (bottom) are
oxidation reactiong® weak and stable. After addition, a delayed SERS intensity increase was

h hemical . lloid ¢ has b observed. The initial SERS intensity increase was observed each time
Photochemical decomposition on colloid surfaces has beeng, ey area of the sample was illuminated, which shows that the SERS

observed for substituted benzenes that adsorb with the ringintensity increase was laser-inducéd=( 2 kWicn? 4 = 514.5 nm).

perpendicular to the silver surfaé®in that work, thermal The color scale-bar indicates SERS intensity.

fragmentation of the particles at high irradiance was inferred

from a decreased photodecomposition rate. The reportedparticles, exhibit an AC-like background even at very low

measurements were performed in solution, with particles dif- incident poweg!-32 which indicates surface-enhanced photo-

fusing in and out of the detection volume. In contrast, we have chemistry also in these low-irradiance experiments.

measured on immobilized particles. This leads to high ac-

pumulatgd photon doses and requires onv irradiance for observ-, Materials and Methods

ing the kinetics of the photoinduced reactions. On the other hand,

the lack of particle diffusion simplifies the analysis. The experimental setup and the materials have already been
In this article, we demonstrate that the exquisite sensitivity described in detafl.In short, we used the 514.5 nm line of an

of SERS can be used to monitor low-rate heterogeneousargon laser for excitation of Raman spectra and a Renishaw

photochemical reactions, in particular surface-enhanced forma-2000 Raman microscope to record the spectra. The sample

tion of AC from aromatic amino acids. Different aromatic amino Substrate consisted of layers of immobilized Ag particles with

acids all give very broad but different AC SERS spectra. This an average size of 90 nm. The particles were deposited on the

shows that the exact composition of the photoinduced AC film surface by controlled evaporation of Ag sol droplets on a glass

depends on the precursor. Using thiophenol as a self-assembleglide. Ring patterns consisting of dense layers of Ag particles

monolayer spacer, we show that the surface-enhanced photoform at the droplet edges. The particle substrates were then

chemistry occurs in the first surface-layer. Furthermore, we show immersed in water and viewed with a water-immersion objective

that the thiophenol layer alone also exhibits laser-induced growth (60x) or air objectives (58 or 100x). The same objective was

of AC, although at a much slower rate than for the aromatic then used for illumination and collection of backscattered light.

amino acids. This AC formation could be completely suppressed The laser focus of the immersion objective was estimated to

by immersing the particles in water, indicating additional laser- have a diameter of 1 um. The macroscopic particle aggregates

induced heating effects in air or a photochemical role f O We measured from were always larger that the beam diameter,

For long observation times and low irradiance, or short times and we estimate that100 Ag particles were in the detection

and high irradiance, we observed a decrease in the 3RS~ Vvolume. All Raman measurements were performed on im-

intensity. This observation, together with the flickering SERS mobilized and aggregated particles.

signal observed during AC growth, strongly indicates formation ~ To avoid contamination problems, we always checked the

of transient chromophores that eventually bleach to nonresonantweak and stable citrate spectrum of the Ag particles ¥ H

products. We suggest that the transient chromophoresragie before adding the analyte to the particles, see Figure 1. We
intermediate species in a highly heterogeneous photochemicaladded the analyte in excess (typically 0.2 mM) to the particles
reaction. with the laser light turned off. When the laser light was turned

The results are discussed in relation to single-molecule SERSON, we recorded spectra as a function of time. The finite
experiments and enhanced local EM fields. In this scenario, theintegration time was taken into account when fitting exponential
photochemistry is localized to the nm-sized cavities between functions to the SERS intensity growth curves.
the aggregated Ag particles. Such sites can be expected to The SERS measurements of aromatic amino acids were done
enhance the rate of photochemistry up~t&( times (for an on particles immersed in water. In some experiments, a Tyr
enhancement of the pumping intensity that is proportional to solution was added to thiophenol-coated particles. Thiophenol-
E?). In this case, we expect the photoreactions to be diffusion- coated particles were prepared by incubation of immobilized
limited. We have observed that single-protein SERS spectra, and aggregated Ag particles in 10 mM thiophenol (benzenethiol)
from experiments using protein-induced aggregation of Ag in ethanol for 4 h. The particles were then rinsed with ethanol
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and water. Measurements on thiophenol alone were performed 600x10° —
both in water and in air to investigate laser-induced heating
effects. B 400 -
_ 04 B S

3. Computational g-é 200 T

The tyrosine molecule and a metaholecule complex s
tyrosine-Ag™ (with the Ag" ion at the carboxyl group of = %’ 0 —
tyrosiné) were geometry optimized in the ground state by S 0 100 200 300
density functional theory (DFT) calculations using the hybrid <

functional B3LYP334and the standard 6-31G* basis set. For Time (s)
Ag™, the LanL2DZ pseudo-potential basis set was (#8étbr

both systems, time-dependent DFT (TD-DFT) calculations were
performed to obtain energies, wavelengths, and oscillator
strengths for the ground to excited-state transitions. All calcula-

tions were made using the program package Gaussidh 98.

0.2

Time constant (1/s)

4. Results

T T T
A typical measurement is displayed in Figure 1. We first 0 1000 2000
ensured that the immobilized Ag particles, immersed yOH Intensity (chm2)
exhibited a stable citrate SERS spectrum (citrate comes from _ . _ o _ _
the particle synthesis). We then added tyrosine in the dark. ThenFigure 2. Initial SERS intensity increase is a photoinduced process.
the laser light was turned on, and spectra were recorded as aThe inset shows the initial increase of SERS intensity over time. The

f . fti d icl b d adel dspectral data were obtained at constant irradiahee X kW/cn?) and
unction of time. For aggregated particles, we observed a delayedggjected from one sample consisting of large aggregates (larger than

SERS intensity increase upon illumination as shown in Figure the detection area) of immobilized 90-nm Ag particles, in a 0.2 mM
1. Furthermore, each time we investigated a new area on theTyr solution. The SERS increase could be well fitted by an single-
Ag-particle substrate, we observed an increase of SERSexponential functioni(t) ~ 1 — e (error-bars were obtained from

intensity; that is, the initial increase of the SERS signal was the fit). The SERS intensity fluctuates with time, even after saturation
independent of the waiting time between adsorption of tyrosine of the SERS intensityt(> 100 s), see for example the burst indicated

- L . by the arrow (the corresponding spectrum is shown in Figure 6). The
and start of illumination. This shows that the broad SERS figure shows how the time constaBtvaried with excitation intensity.

spectrum was induced by the laser irradiation. In contrast, the No thresholds were observed, showing that the process is photoinduced.
same type of experiments performed on isolated Ag particles The data could be fitted well with a linear functi@h= ki, wherek is
on APTMS did not show any laser-induced SERS signal. a constant.
To investigate whether the laser-induced SERS intensity
increase was caused by a thermal or photochemical mechanism, u
we investigated the growth rate as a function of laser irradiance.
The initial SERS intensity growth could be well described by
a single-exponential function, as shown in Figure 2. We
observed no threshold excitation irradiance for the laser induced
SERS increase, see Figure 2. Such a threshold would be
expected for a thermal process since the local temperature can
be expressed a$i,c = To + kP, where Ty is the ambient
temperaturek is a proportionality constant, arlis the power.
Because the particles are immersed in an aqueous solution for
cooling, and the incident power was as low as 100 nW Time (s)
(corresponding to an excitation irradiance of 6 W&nwe
conclude that thermal processes can be neglected and that th&igure 3. At high irradiance, or at low irradiance and long integration
initial laser-induced SERS intensity increase is a true photoin- %'_rr‘:gse';h‘;risn'f;?;{‘tceonnsétﬁ’ig;;h\?vgg ?;‘gtggmg“‘% ‘?r?c;?asreed;"”tg‘ ttlr?t?é
ducgd .phe.nom.enon. The dependence of the time-cor!stant ori1rradian?:e was 9 kW/cfn The line is a guide for the eyg.u Y
excitation irradiance can be well fitted by a linear function, as

expected for a one-photon photoinduced process. dynamics shows that the SERS signal comes from a very small
The rate of SERS increase showed large sample-to-samplenumber of contributing species.

variation, probably due to differences in aggregation state of At high laser irradiance, or for long observation times and
the immobilized particles. The state of aggregation is a key low irradiance, a slow decay in SERS intensity over time was
parameter in SERS and slight differences in the sample observed, as shown in Figure 3. This indicates that the Raman
preparation are expected to produce different SERS substratesactive species slowly bleach away upon irradiation. At high
Therefore, the data in Figure 2 was measured from the sameirradiance, the particles remained immobilized and appeared to
sample. Minor variations in the photochemical rate-constants be intact by inspection in the microscope. Furthermore, at this
were also observed for different sites on the same sample. Theirradiance level, we could still measure SERS from thiophenol,
most striking SERS fluctuations, however, occurred during see below, which rules out particle degradation. The finite time
growth and even after the SERS intensity had reached its plateauequired to record a spectruny{ s) prevented observation of
value, as indicated by the arrow in Figure 2. Very long the initial SERS intensity growth at high laser fluence. In fact,
integration times{1000 s.) were required to average out these when particles that had been exposed to Tyr were illuminated
temporal SERS fluctuations. This observation of heterogeneousin air, the initial SERS intensity increase was so fast that it

1.4x10°
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Figure 4. Ag surface plays an important role in the heterogeneous

photochemical transformation of aromatic molecules to AC. The
aggregated Ag nanoparticles were precoated with thiophenol. Despite
a high concentration (0.4 rrg%l\)/ll) of tyrosine in the surrounding solution T T T T T T 1
and high irradiance (9 kW/c#) there is no photoinduced AC spectra.

The complete inhibition of the photochemical conversion of tyrosine 1000 2000 3000
to AC by the thiophenol coating indicates that the bare Ag surface is Raman shift (Cm'1)

required for AC formation. The color scale-bar indicates Raman

intensity. Figure 6. Nature of the photoproduct depends on the precursor. The
photoproduct SERS spectra from immobilized particles immersed in
histidine and tyrosine excess (0.5 mM) are compared. The broad spectra
are assigned to an amorphous carbon (AC) like film. However, the
two spectra differ significantly, which shows that the exact composition
of the AC-like photoproduct is determined by the aromatic precursor.

Intensity (arb. units)

200 To illustrate the effect of using short integration times, we show the
160 “burst-spectrum” from the time-series in Figure 2, for comparison with
54 the ensemble-case. Bars indicate offsets.

80 degradation of aromatic precursors is much more efficient in

air than in water. This may indicate an additional heating effect
in air or a role of oxygen. Irrespective of the surrounding
= medium, tyrosine degrades much faster than thiophenol, which
completely inhibits tyrosine degradation in water. This indicates
600 1200 1800 .
Raman shift (cm") that some form of direct bond between the precursor and the
. o ~Agis arequirement for photochemical degradation and that the
Figure 5. AC formation in air from SERS substrates precoated with nature of this bond greatly influence the speed of the reaction.
thiophenol. ThQ time series show that, at an irradiance of 4 kW/cm We note that thiophenol is covalently bound to the Ag surface,
AC forms despite the fact that thiophenol is covalently bound to the as evidenced from specttayhereas tyrosine probably has a

Ag surface. However, the AC formation is completely suppressed by e . .
immersing the particle-substrate in® see Figure 4, which indicates ~Weaker and more unspecific interaction with the Ag-surface.

that the AC-formation in this case is caused by laser-induced heating. As mentioned in the Introduction, we interpret the photo-
The colors indicate Raman intensity. product SERS spectra in terms of an AC-like film that forms
directly on the Ag surface. To further study the nature of the
could not be detected, i.e., only a slow decrease in intensity photoproduct, we measured SERS using several aromatic amino
was observed over time. acids (tyrosine, phenylalanine, tryptophan, and histidine) as
To understand the photochemical mechanism for amino acid Photochemical precursors. The SERS substrates used here were
degradation further, we performed experiments in which the Prepared according to a recently developed methodalogy.
Ag-particle layer had been precoated with a self-assembledAlthough all photoinduced spectra share a common similarity

monolayer (SAM) of thiophenol. The surrounding solution in t0 AC, indicating that all four molecules photoconvert in a
the experiment d|3p|ayed in F|gure 4 |s the same dense Tyrs|m|lar fash|0n, there are Clear Spectl’a| d|fferences betWeen the

solution that normally gives rise to intense AC-like spectra. four different amino acids. The largest difference was observed
However, in this case, only the distinct SERS spectrum of for histidine compared to the other aromatic amino acids, see
thiophenol is observed, despite an excitation intensity of 9 kw/ Figure 6. This is expected because histidine contains a five-
cn?. Thus, the thiophenol monolayer inhibits photochemical atom ring compared to the benzene-rings of the other molecules.
degradation of the tyrosine precursor at the surface. This Thus, although the photoproduct is obviously similar to
indicates that binding to the Ag surface is required for efficient @morphous carbon, its detailed structure depends on the precur-
photochemical transformation of the aromatic molecules. sor.

We also investigated the time evolution of thiophenol SERS
for Ag particles in air. The time series in Figure 5 shows that
in that case there is a gradual increase of AC-like SERS bands The fluctuations in amino acid SERS, discussed in detail
with illumination time. However, the growth is much slower previously together with the results presented here show that
than for tyrosine at the corresponding irradiance. Thus, for both we are directly observing a heterogeneous photochemical
tyrosine and thiophenol, the results show that the photochemicalreaction. The heterogeneity is fascinating in itself, but the

5. Discussions
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multitude of different spectra and the intricate spectral dynamics
obviously complicates the assignment of spectra to specific
photoproducts. Normal Raman spectra of the aromatic amino
acids only exhibits a small number of Raman lines in the 400
1700 cnt! region, whereas ensemble averaged SERS produce
a 400 cn1! continuum of nonresolved Raman bands. Similar
broad spectra have been observed by Nabiev and co-wéfkers. 4+ LUMO
In our first report on this phenomenon, we argued that tyrosine U

in different orientations at the surface, together with deproto-

nated and radical forms of tyrosine, could generate sufficient LUMO — =% ~4.9eV
variation in the adsorbate population to explain the inhomoge- ~2 4eV
neous broadeningHowever, since the broad ensemble SERS HOMO HOMO
spectrum is photoinduced, this is obviously not the case. In the ®
previous SERS literature, we have found some reported spectra 3

of aromatic amino acids that most probably also come from  Tyrosine-Ag* Tyrosine
photoproductg®3°Kim and co-workers observed that circulation :

of the Ag sol could be used to avoid laser-induced effects. ’I o

Although some broad spectral features in the 130600 cnr?!

region indicate photoproduct contributions, their approach
apparently allowed for successful recording of ensemble Tyr figure 7. Schematic diagram of the lowest energy excitations of Tyr
SERS spectré4! However, we aimed at detecting single and the effect of Ag complexation.

molecules of aromatic amino acids and therefore aggregated

the Ag particles in order to induce a large electromagnetic e SHOTR MDAy | Rndnspeon
enhancement effect. We further investigated immobilized Ag Ll \

particles, which consequently led to high accumulated photon OO Weak SERS
doses. An important point is that the very sites that are monitored OOO OOO sP ] all
in single molecule SERS, the so-called "hot spots”, are sites t o 1lem
with greatly enhanced local optical fields. These fields will A9 e I
enhance any photochemical process. Thus, the surface sites hv ‘ hv *

where photochemistry is most probable are also the sites
observed in these ultra-sensitive SERS measurements. Using \
immobilized and aggregated 90-nm Ag particles to obtain highly CgO%_Q

efficient “hot spots” will consequently also provide high-yield - %

photochemistry sites. Therefore, in retrospect, the surface- t .

enhanced photochemistry is not surprising. In addition, we also ha

tried to use single immobilized Ag particles for SERS measure- Figure 8. Heterogeneous photochemistry gives rise to inhomogeneous

ments, without detecting any photochemical process or SERSbroadgrg”ghObeERS bands. ?O“resonalm arom.art"chm("ew'efs (remz'
ignal. This is not surprising, as single particles are, in general sented by the benzene rings) form complexes with the Ag surface an

signal. p . 9. ; .g p 1IN g ' undergo photochemical transformation into an AC film. In the process,

not expected to contain sites with high enough surface enhancea multitude of different transient chromophores form at low rate.

ment for single molecule SER%. Nonresonant products are formed when the transient chromophores
We now turn to the mechanism of the photochemical reaction photobleach and are not detected by SERS measurements. This process
- - . . ; gives rise to temporal and spectral fluctuations of SERS spectra, which
_Th_e aromatic precursors do not_ absorb “.ght n the.WS'ble’ and explains the inhomogeneous broadening, and leads to a slow decay of
it is therefore likely that the first reaction step is surface- e gyerall SERS intensity.

enhanced absorption of light by metal-molecule complexes.

Evidence for such a scenario is the experimental observationpas g higher energy (3.35 eV) and a lower oscillator strength:
that a thiophenol spacer layer inhibits the photochemistry and { — 9, 002. Thus, with an experimental laser wavelength of 514.5
that the rate of formation depends linearly on irradiance. In nm we are very close to the computed absorption maxima of
addition, it has been reported that phenylalanine forms a the first ground-to-excited-state transition of the metal-molecule
complex with Ag colloids that absorbs light in the visiBfe.  complex, whereas a tyrosine molecule should not be able to
This also indicates that absorption of light by a metal-molecule gpsorb.
complex is the first step in the photochemical degradation of  gssed on the results presented here and the previous
aromatic molecules. observationd,we propose the following general interpretation
To assess this scenario further, we computed the ground andof photochemical effects and inhomogeneous broadening in
excited-state properties of both pure tyrosine and a metal- SERS of aromatic species, as illustrated schematically in Figure
molecule complex. The metal surface is modeled as a single8. Nonresonant aromatic molecules, like thiophenol or amino
silver ion in accordance with earlier studis?> As seen in acids, bind to the Ag surface, which enables photoinduced
Figure 7, both structures have very similar HOMOs but very molecule-metal charge transfer, as in Figure 7. Depending on
different LUMOSs, resulting in a much smaller HOM@Q.UMO the strength and type of the metal-molecule bond, there is a
energy gap for the metal-molecule complex. From the TD-DFT certain possibility for chemical transformation/degradation in
calculations, we obtaingS S; excitation wavelengths (oscillator  the excited state. In particular, two or more photolabile species
strengths) of 253 nmf (= 0.032) and 511 nmf(= 0.015), may react to form larger chromophoric entities. Such species
respectively, for the pure tyrosine and the metal-molecule may then give rise to surface-enhanced resonance Raman
complex. Both have the character of HOMO to LUMO scattering (SERRS). We note that the SERRS cross-section for
transitions. The next excitation for the metal-molecule complex chromophores, like Rhodamine 6G, are often orders of mag-

fransient
chromophoras

wavelength 1iem
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nitude larger than the ordinary SERS cross-section of nonreso-surface to avoid photooxidatidd.A monolayer coating, like
nant aromatic species, like thiophenol. Consequently, even athe thiophenol reported here, protects the analyte from photo-
small fraction of photoinduced chromophoric species may chemical reactions at the surface but will also result in a
dominate a SERS spectrum. The photoinduced chromophoresdecreased SERS enhancement.

eventually bleach or react to form larger nonresonant species, Finally, we note that the local EM-fields at “hot spots” are
which leads to an overall decrease of the Raman intensity oververy difficult to measure directly. However, it should be possible
time. to measure the photochemical cross-sections and get a new

In the case of tyrosine, the spectral variation indicates that a Observable parameter of the local EM field at the surface.
large variety of different intermediate chromophores form, which ) ]
implies that the photochemical reaction pathway is highly ~Acknowledgment. The authors thank A. Otto for stimulating
branched and that many reactions may proceed in parallel atdiscussions. This work has been supported by the Swedish
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