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Dynamics of a plasmon-activated p-mercaptobenzoic
acid layer deposited over Au nanoparticles using time-
resolved SERS"

Gina Smith,* Jean-Sébastien Girardon, Jean-Frangois Paul and Elise Berrier*

Time-dependent SERS intensity recorded over a drop-coated coffee-ring pattern of p-MBA with
gold colloids was investigated as a function of the specific laser power applied. Pure elec-
tromagnetic enhancement produced stochastic intensity variations of the whole SER spectra,
which was mainly correlated to evolutions of the background intensity. Besides long-term, non-
reversible spectral changes caused by plasmon-induced decarboxylation of p-MBA, transient orig-
inal spectral profiles showing additional lines were also observed as the specific power reached
5.5 x 10* Wem—2. An unprecedented qualitative and quantitative study of SERS intensity varia-
tions based on the complementary use of both extreme deviation and cross-correlation statistics
is provided, which resulted in an improved understanding of SERS mechanisms. More precisely,
cross-correlation analysis made it possible to follow the evolution of groups of modes assigned to
one species or sharing same symmetry while so called individual events denote particular reso-
nance structures, which occurrence was tentatively related to a photo-thermally activated motion

of the gold nanostructures.

1 Introduction

Surface-Enhanced Raman Scattering (SERS) is nowadays a well-
established technique for the detection of analytes which have
an extremely low concentration 2. The plasmonic excitation re-
quired for yielding a significant enhancement of the local electric
field can also favour chemical reactions, which are essentially ac-
tivated by thermal dissipation in the vicinity of the active nanos-
tructure within a time scale of a nanosecond®. The in situ inves-
tigation of nanoparticle (NP)-catalysed and/or plasmon-activated
chemical reactions using SERS seems to be a quite favourable en-
try to the depiction of reaction intermediates at the very surface
of the active phase®>. In this respect, a recent review by Har-
vey and Weckhuysen has paved the way to a strengthened use of
SERS and TERS as operando probes for understanding heteroge-
neous catalytic processes®.

Surface enhancement is related to two distinct mechanisms: the
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electromagnetic enhancement (EME) and the chemical enhance-
ment (CE). EME is consistent with the local amplification of the
electric field at one analyte molecule position” and was proposed
to have no particular influence on the relative intensities of the
observed modes8. Fluctuations of the EME are thus related to
the ability of the probe molecule to reach a "hot spot" on one
hand and the geometry of the nanostructure on the other hand.
CE can arise from molecular excitation resonance, charge-transfer
resonance and non-resonant changes in the molecule polarizabil-
ity?. In the latter, the enhancement factor is highly dependent on
the vibrational mode, the symmetry, the orbital involved in the
charge-transfer process and, more generally, the chemical nature
of the group interacting with the SERS substrate 10,

Temporal fluctuations of SERS intensity of CO adsorbed on gold
roughened surfaces were reported by Kudelski and Pettinger !
which were assigned to the structural modification of CO adsorp-
tion sites, ie. from top sites to bridging ones, as was quite recently
also demonstrated by Wang et al. 12. The use of confocal Raman
spectroscopy makes it possible to selectively detect molecules ad-
sorbed onto a limited number of "hot spots" and, hence, get infor-
mation on the thermally activated diffusion of a limited number
of molecules. This was the case in the temporal SERS fluctua-
tions of Fungal Hypha reported by Szeghalmi et al.!3. Hydro-
genated amorphous carbon deposited on silver also gave rise to
time-dependent strong variations of SERS signal from both quali-
tative and quantitative point of views 4. Moreover, those fluctua-
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tions were shown by Kudelski to be quenched by the presence of
chemisorbed anions 14, which suggests that the temporal fluctua-
tions are due to a CE mechanism. Bizzarri and Cannistraro have
proposed a statistical analysis of SERS intensity variations of the
Fe-protoporphyrin:Ag system by means of covariance analysis !°.
More precisely, the authors have highlighted the role of back-
ground fluctuations on one hand and the variation of vibrational
mode intensity produced by CE on the other hand. On the same
system, some modes were shown to undergo an on/off switching
behaviour and follow a Lévy statistics 1°. Finally, a very interest-
ing work was quite recently published by van Schrojenstein Lant-
man et al. aiming at discriminating the rapid SERS intensity fluc-
tuations from the time-resolved follow-up of the photocatalytic
reduction of p-nitrophenol to p,p’-dimercaptoazobisbenzene us-
ing multivariate curve resolution (MCR) tools. A special attention
was paid to the analysis of q-residuals, which specifically high-
lighted short-term deviation of the signal'”.

In this contribution, we investigate the fluctuation of SERS signals
of para-mercaptobenzoic acid (p-MBA or 4-MBA), one of the most
popular and common SERS probe. The SERS signature of p-MBA
as well as the adsorption modes were thoughtfully investigated
in the last decade by means of theoretical and experimental stud-
ies'8-25. The consistency and complementarity of those reports
serve as a basis for the in-depth investigation of the SER spectra
of p-MBA.

2 Methods

2.1 Sample preparation

2.1.1 Synthesis of gold nanoparticles

A solution of gold colloids was prepared according to the Turke-
vich procedure26. Briefly, 12.5mL of HAuCly (54mmolL™1)
was added to 213 mL of milli-Q water and stirred at 75°C. The
temperature was subsequently increased until the temperature
reached 80°C. 25.0mL of sodium citrate (5.4mmolL~1) were
added, so that the value of the cit:Au molar ratio is 2. The role
of citrate was to both reduce the Au3* ions and stabilize the NPs
produced. Then the solution was heated for a further 30 minutes
at 80°C. The solution produced became increasingly coloured
upon heating. The solution was subsequently allowed to cool
down and stored in the dark at room temperature until required.

2.1.2 Drop coating deposition

150 uL of an aqueous solution of p-MBA (Aldrich) (104 molL™ 1)
were mixed with 150 uL of citrate-Au colloids solution. This mix-
ture was left for 2 hours to allow for possible reaction. A drop
of the mixture was then deposited over a clean microscope slide,
allowed to dry in ambient conditions and stored in the dark for
several days at ambient temperature before being investigated.
The resulting deposit had adopted the form of a so-called coffee-
ring pattern containing an array of gold nanoparticles (AuNPs)
covered by p-MBA. The SERS intensity was checked to be highest
at the contour line of the pattern®’. Because of the rather long
contact time between the gold colloids and the p-MBA solution
in both liquid and dried states, it was expected that if possible,
catalytic reactions of p-MBA with AuNPs had occurred before the
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SERS analyses. Finally, it should be noted that no conventional
Raman signal could be obtained with a coffee drop pattern pre-
pared with the solution of p-MBA with no addition of AuNPs.

2.2 SERS analyses

SER spectra were recorded using a He-Ne laser for excitation
(632.8nm), the power at the sample was adjusted using neu-
tral density filters for the purpose of the experiments. The laser
beam was focused on the contour line of the coffee-ring pattern
of sample using a 100X microscope objective (NA 0.9). The Ra-
man signal was collected in backscattering mode using the same
objective through a confocal hole of 150 um. The scattered light
was dispersed via a spectrometer equipped with a 600 grooves
grating (typical spectral resolution at 632.8nm: 6cm™') and fi-
nally analysed using a Peltier-cooled CCD (Horiba Labram HR).
The analysis was consistent with the collection of a series of SER
spectra for 10 minutes using different laser powers at the sample.
Depending on the acquisition time, each series gathered from 60
to 600 spectra. Unless otherwise stated, the analysed zone was
changed for each series, and the very first spectrum of each series
was verified to be rigorously identical to the others.

3 Results and Discussion

3.1 SER spectra of p-MBA:AuNPs as a function of the specific
power applied to the sample, Pg

In order to get a general picture of the effects of Pg on the prop-

erties of the SER spectra, we present in Figure 1 the mean SERS

signal afforded by averaging all spectra of the series recorded as

a function of Pg.

1587

g

T * T * N T
1000 1500 600
Raman Shift (cm™)

T & T T 4 T * T
800 1000 1200 1400 1600
Raman Shift (cm™)

Fig. 1 Averaged and normalized SER spectra recorded using a specific
power of a) 5.5 x 103 Wem ™2, b) 5.5 x 10* Wem =2, ¢) 1.0 x 10° Wem =2
and d) 2.3 x 10° Wem ™2

In general, the increase of the specific power produces an in-
crease of the background signal between 1000 and 1650 cm ™!
(Figure 1, left side). The latter is an intrinsic phenomenon in
SERS and can originate from both EME and CE28. The mean SER-
averaged spectrum recorded with Pg=5.5 x 103 Wem 2 is similar
in every respect to the profile of p-MBA adsorbed on silver or gold
nanostructures at basic pH18. At first, the absence of the §(CSH)

This journal is © The Royal Society of Chemistry [year]
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bending mode expected at 910 cm ! reflects, as expected, the ad-
sorption of p-MBA by forming Au-thiolate bonds%?. The main
peaks located at 1078 and 1587 cm ™! are due to vi, and vg, in
plane vibrations of the benzene ring, respectively. The broad
line around 1420cm™" is related to vs(COO~) 1822, Carboxy-
late groups also give rise to a bending mode vibration §(COO™)
of moderate intensity observed at 851 cm ™. The relative intensi-
ties of vs(COO~) and 6(COO~) were proposed by Suh et al. to
be related to the geometry of the surface adsorbed carboxylate
group®°. The spectra we present here exhibit a I, (coo-) signif-
icantly higher than I5cop-), indicating that, on average, p-MBA
would adsorb onto the Au colloids surface with a tilted-flat orien-
tation 1830, On the base of these results, one cannot exclude that
the carboxylate groups could also interact with the gold surface.

Increasing Pg to 5.5 x 10* Wem ™2 produced the emergence
of sharp features of weak intensity at 997 and 1021cm™! to-
gether with an increase of the contribution around 1570 cm™1,
which partly overlaps the vg, mode of p-MBA. These three lines
were demonstrated by Zong et al. to reflect the presence of
mono-substituted benzene derivatives produced by a plasmon-
activated decarboxylation of p-MBA. The resulting species are
thus similar in every respect to thiophenol adsorbed on a rough
silver electrode2?. Moreover, broad bands centred around 1300
and 1600 cm ™!, which could denote the formation of polycyclic
aromatic hydrocarbons, come out as the specific power reaches
1.0 x 10° Wem 2.

3.2 Temporal evolution of SERS intensity
3.2.1 Evolution of the intensity of SERS at low specific
power (6 x 10> Wem—2)

In order to afford an exploitable signal-to-noise ratio, the acqui-
sition time was, in this case, set to 5s. Spectral acquisitions were
run every 10s, so that a rest time of 5s was applied between 2
acquisitions. Along the series of 60 spectra we have recorded, the
intensity of the Raman signal is rather stable*. The first and last
spectra are absolutely not distinguishable after normalizing their
intensity with regards to their respective area. This trend indi-
cates that no irreversible chemical change has occurred. More-
over, no spectrum of the series was found to feature any notice-
able peculiarity.

3.2.2 Evolution of the intensity of SERS measured using a
specific power of 5.5 x 10* Wcm 2

A similar experiment with Ps=5.5 x 10* Wem ™2 was run with an
acquisition time of 0.5s and an interval of 1s between two spec-
tra. In general, the integrated spectral intensity, presented in Fig-
ure 2a, was found to slightly decrease with time. On the other
hand, some points featuring exceptionally high or low area val-
ues come out of the mean evolution presented in Figure 2. After
having subtracted the spectra by means of a linear baseline, and
thus, removed the continuous background emission from the SER
spectra, the spectral area was stable and clear of exceptional val-

* The area variation of the series recorded at Ps=6 x 10> Wcm~2 is presented in sup-
porting information
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Fig. 2 Area of SER a) raw and b) baseline-subtracted spectra of
MBA:Au deposit as a function of time; Ps=5.5 x 10* W cm™~2; acquisition
time:0.5s, interval:1s

ues (Figure 2b). A standard deviation of ~4% was found, which
is consistent with the experimental noise. As a result, both short
and long-term variations of the overall SERS intensity essentially
reflected changes of the background level.

All spectra of the series presented thereafter were thus normal-
ized with regards to their respective area after a linear base-
line subtraction in order to specifically highlight the chemical en-
hancement (CE) processes. The SERS intensities obtained using
an acquisition interval of 1s are presented in Figure 3, in which
the coordinates are time and wavenumber.

Intensity (arbitr. units)

600 800 1000 1200 1400 1600
Raman Shift (cm™)

Fig. 3 Normalized SER spectra of MBA:Au deposit;
Ps=5.5 x 10* Wem™2; acquisition time:0.5s, interval:1s

The main peaks of MBA:AuNPs SERS, namely observed at
1587, 1078, 1422 cm~! and, at a minor extend, 1480, 1178, and
1143cm~! are observed in all spectra presented in Figure 3. In
addition to this main signal, some spectra individually feature
original profile, which look fully reversible. In particular, the SER
spectra recorded at 157 and 197 s exhibit additional lines around
1290 and 1500 cm 1T, Non-reversible changes also occurred: the
intensities of both Raman peaks detected at 997 and 1021 cm ™! as
well as the contribution at 1570 cm ! irreversibly increased with
time according to a first-order reaction rate, as is refined in Figure
4. In return, the intensity of the bands located at 1078, 1422 and

t A contour plot corresponding to the same experiment is presented in Supporting
Information
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1587 cm~! were found to decrease with the same rate constant,
indicating that a share of the probed adsorbed p-MBA molecules
has been decarboxylated to form mono-substituted species.
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Fig. 4 left: Normalized first (black) and last (red) SER spectra; right:
evolution with time of the intensities at 997 and 1021 cm—1;
P¢=5.5 x 10* Wem ™ 2;

In order to have a global picture of the way the spectral trends
evolve, either in a synchronized manner or not, we have cal-
culated the correlation matrix built with the covariance values
0 (Vin, Vi) crossing the the intensities I;(13,) and I;(vy, ) of the SERS
signal recorded at t = i for the two wavenumbers v, and v7,, re-
spectively.

(Vi Vi) = %Z[(L‘(V’n) = (L)) x (Li(Vm) = (I(vm)))] (1)

(I(vy)) and (I(vs)) are the expected values of the SERS inten-
sity at v;, and vy,, respectively. The resulting correlation map
is presented in Figure 5 in the form of a contour plot. Neg-
ative covariance values give dark blue traces whereas positive
values are gradually represented by green (o (v;;,Vi)=1) to red
(0 (Viy, V) >11) regions.
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Fig. 5 Covariance map of SER intensity variations . The spectral
intensities were normalized by the area of each spectrum after baseline
subtraction. Pg=5.5 x 10* Wcem 2

Two groups of peaks occurring competitively can be defined
from Figure 5. The first group, further denoted as Group I for
conciseness, is composed by the modes of AuNP:p-MBA detected
at 721, 851, 1012, 1078, 1143, 1422 and 1587 cm~!. This trend
makes it clear that, on average, the intensities of the main peaks
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assigned to adsorbed p-MBA evolve simultaneously, as was al-
ready reported in the liquid phase by Zhang et al. 23. The second
group gathers the peaks previously assigned to decarboxylation
products (997, 1022 and 1571 cm™ together with contributions
observed around 1283, 1296, 1501 and 1522 cm™!. The latter is
correlated to the signature of decarboxylated species with a co-
variance value, 0g97 1522, of 2.4. On the other hand, the coloured
spots visible at 1283, 1296 and 1501 cm™! are not clearly posi-
tively correlated to other spectral features. Figure 6 shows the
SERS intensity at 1283, 1296 and 1500 cm ™! as a function of time
in the form of scatters together with a tentative representation of
the occurrence of exceptionally high intensity values.
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Fig. 6 SERS Intensity detected at 1283, 1296 and 1501 cm™! as a
function of time and corresponding ON-OFF behaviour

The "ON" state was decided for signals overcoming an arbitrary
threshold of 202 above the noise level and is represented by a
vertical line in Figure 6. This analysis made it possible to observe
that, according to the threshold we have used, only one spec-
trum of the whole series showed an exceptional intensity value
for each of the three modes. In the following, the occurrence of
such isolated features will be thus denoted as individual events.
A selection of SER spectra corresponding to so-called individual
events is presented in Figure 7.

In comparison with the initial spectrum, the key additional fea-
tures are mainly located in the 1250-1305cm ™! region. A peak
which wavenumber varies from 1276 to 1298 cm ™! seems to ran-
domly arise in several highlighted spectra. A similar band was
observed by Kudelski in the SER spectra of p-MBA solutions in
buffered medium after being adsorbed onto a roughened silver
substrate for pH values ranging from 2 to 12.522. Moreover, this
mode is also found in bulk p-MBA or dimeric species3!
be assigned to an in-plane CH bending+CC stretching vibration
(v14) having a B, symmetry. The individual events observed dur-
ing the Series typically feature a lifetime corresponding to 1 spec-
tral acquisition (0.5s) and neither coincided with any spectral
enhancement of the whole SER intensity nor an increase of the

and can

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 SER spectra corresponding to individual events recorded at
a) 1s (reference), b) 45s, ¢) 117, d) 157, €) 164s, f) 165, g) 197 s,
h) 267 s and i) 529 s; acquisition time: 0.5, interval: 1s;

Ps=5.5 x 10* Wem ™2

background level?.

The time range of our SERS acquisition is not consistent with
the the observation of chemical intermediates, which characteris-
tic lifetime is expected to be shorter by several orders of magni-
tude. In a context of single molecule detection, mild fluctuations
of SERS intensity were related to the diffusion dynamics of the
molecule on the solid surface and were proposed by Bizzarri et
al. to be likened to a random walk following a Lévy statistics 1°.
Alternatively, the modification of the close environment of the
molecule can also lead to transient resonant structures and, thus,
produce a gate opening of different vibrational modes.

3.2.3 Statistical investigation of so-called individual spectra
as a function of the specific power

In general, individual events can be refined by means of the ex-
cess Kurtosis coefficient <, (7) defined for each Raman Shift over
time by:

-3 (2)

where y# is the fourth moment about the mean and ¢ is the stan-
dard deviation. The Kurtosis coefficient describes the propensity
of a given system to produce outliers. In the present case, a high
Kurtosis value reflects the combination of (i) a high degree of ab-
normality of the SERS signal and (ii) a significant contribution of
the new signal. In other words, the long-range temporal evolu-
tions and the experimental noise are discarded from this descrip-
tion, which is not only an amplification of SER signal. The use
of the excess Kurtosis descriptor makes it possible to get a quali-
tative description of extreme events without requiring a time fil-
ter, as was the case for the analysis of g-residuals!’. Figure 8
presents the values of excess Kurtosis coefficient as a function of

1 A Figure aiming at supporting this specific observation is presented in Supporting
information
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the wavenumber for increasing specific power at the sample.
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Fig. 8 Value of Kurtosis as a function of wavenumber afforded from
SERS spectra recorded with a specific power of a) 6 x 10> Wem =2, b)
5.5 x 10* Wem ™2, ¢) 1.0 x 10° Wem~—2 and d) 2.3 x 10° Wem 2

From the data presented in Figure 8, it is visible that the specif-
ically enhanced vibration modes are different from one series to
another. Repeating the very same experiment made it possible to
clarify that there is no particular correlation between the charac-
teristic wavenumbers of the individual events and the laser power
applied. However, the spectral enhancement does not seem to
occur fully randomly with wavenumber: only a finite number
of spectral regions are prone to signal enhancement. As a first
attempt to bring some hints to this hypothesis, Figure 9 gath-
ers the Kurtosis profiles over wavenumbers obtained along 15
experiments run with specific powers of 5.5 x 10* Wem =2 and
1.0 x 10° Wem 2.
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Fig. 9 Kurtosis values as a function of wavenumber obtained from 15
independent experiments (grey lines) and sum of all Kurtosis values

On the base of a Series of 15 experiments gathering around
9000 spectra presented in Figure 9, several modes appear as be-
ing prone to transient enhancement, while other wavenumbers,
located in the 600-800cm ™! region for example, do not show
any exceptional intensity value. In the present case, our results
suggest that the black curve in Figure 9 illustrates a spectral
channel of independent modes which ON/OFF behaviour pro-
duced the individual events we have observed. This "wavenumber
comb" exhibits gates in the 900-1650 cm ™' region, which can be
assignable to Raman-active modes of isolated p-MBA molecule

Journal Name, [year], [vol], 1-7 |5
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on the base of theoretical calculations provided by Li at al.?%.
More precisely, the fragments we have transiently detected
mainly involved thiol groups (~910cm™!), carbonyl bonds
(~1620cm~1) and ring modes having a B, symmetry. Upon
adsorption onto silver or gold nanoparticles, the thiol groups
of p-MBA are expected to form stable thiolate bonds2°. Hence,
we propose that the individual events are due to the transient
detection of a fragment of single p-MBA molecule belonging to
the second coordination layer.

Finally, it is visible from Figure 8 that, for a given duration of
spectral acquisition, the number of individual events giving rise
to exceptional 7, values increases with the specific power at the
sample. For example, let us consider the number of occurrences
of v, > 3.5 in 10 minutes, which is 6 times higher than the noise
level in the most noisy case of Pj,g., =6 x 103 Wem ™2 (Figure 10).
On that note, the maximal value of Kurtosis as a function of the
specific power applied follows a similar trend, as is presented in
Supporting Information.
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Fig. 10 Number of occurrences of v, values exceeding the value of 3.5
during 10 minutes of spectral acquisition as a function of the specific
power applied

It is clear that the number of exceptionally original SER spectra
features a non-linear dependence to the specific power applied.
This observation suggests that the enhancement process is photo-
thermally activated. More precisely, we propose that increasing
the laser power produced a more pronounced heat dissipation in
the very vicinity of the nanostructure?® and induced a Brownian
motion-driven local re-organization AuNPs surfaces at nanomet-
ric scale. The time range for heat dissipation and the induced
Brownian motion of AuNPs in the analysed confocal volume is,
this time, compliant with the temporal resolution of our analysis.
Following this hypothesis, resonant structures allowing an effi-
cient charge transfer involving the second coordination sphere
could reversibly occur within a time range of one second and
produce an individual event. The re-organisation of plasmonic
surfaces upon external heating was demonstrated in the extreme
case of non-reversible nanoparticle sintering by Kho et al. 32 while
laser-induced nanoparticles Brownian motion in water was de-
scribed by Rings et al. 33, giving substance to the present hypoth-
esis. It is also to be noticed that the absence of enhancement
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decay in the experimental data we present here suggests that the
gold nanoparticles were not subject to coalescence. Moreover,
taking into account the very local and transient character of CE
mechanisms involved in the individual events, no non-reversible
evolution in the nanoparticles deposit morphology is expected to
be observable using up-to-date imaging techniques.

4 Conclusion

Our results prove that it is possible to refine both electromag-
netic and chemical enhancements from a series of SER spectra
by using the Kurtosis descriptor, the time-evolution of reaction
products characteristic lines and the covariance values in a com-
plementary manner. Providing that the acquisition time is short
enough, few individual events which are not directly correlated to
each other are observed. The number of occurrences of these in-
dividual events was shown to non-linearly increase with the spe-
cific power applied. We have proposed that individual events are
due to a transient SERRS phenomenon allowed by the thermally-
activated formation of particular local resonant structures. Thus
an efficient charge-transfer process made it possible to observe
fragments of molecules belonging to the second layer of p-MBA.
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