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Experimental Details
Following the procedure proposed by Creighton et al.1 the Ag
hydrosols have been prepared by adding AgNO3 (99.9999%
purity, Aldrich) to excess NaBH4 (99.9% purity, Aldrich). The
ligand adsorption was obtained by adding thiazole (99% pu-
rity, Aldrich) to silver colloids in 10−3 M concentration. NaCl
(99.998% purity, Aldrich) was added to Ag colloids in 10−3 M
concentration to improve the SERS enhancement.

Raman spectra of thiazole as pure liquid, in CCl4, in H2O,
in D2O, in solution and in Ag hydrosol were recorded using
the 514.5 nm line of a Coherent argon ion laser, a Jobin-Yvon
HG2S monochromator equipped with a cooled RCA-C31034A
photomultiplier, and a data acquisition facility. In the 400 −
1500 cm−1 region the Raman spectrum of liquid thiazole closely
corresponds, regarding frequencies and relative intensities, to
that in CCl4 solution. To impair the thermal effects due to
the laser light, a defocused beam with low power (20 mW)
was used. Power density measurements were performed with a
power meter instrument (model 362; Scientech, Boulder, CO)
giving ∼5% accuracy in the 300-1000 nm spectral range.

Computational Details

Car-Parrinello molecular dynamics simulation
Ab initio molecular dynamics simulation have been performed
with the CPMD package2 on a system made up of 64 heavy
water and 1 thiazole molecules in the NVE ensemble. The sam-
ple has been simulated in a cubic box of edge length 12.6983
Å, with periodic boundary conditions. BLYP exchange and
correlation functional3,4 has been adopted, along with norm-
conserving Martins-Troullier pseudopotentials5 and Kleinman-
Bylander decomposition.6 Plane wave expansions have been
truncated at 85 Ry while a 600 atomic units (a.u.) electronic
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fictitious mass has been set. The system has been simulated for
about 26 ps with a time step of 4 a.u. (∼ 0.096 fs). The average
temperature was 302 ± 16 K.

Wavelet transform
Fourier Transform is usually employed to extract the frequency
content from a time-dependent signal, without a simultaneous
localization in both frequency and time domain. In order to
obtain vibrational properties from molecular dynamics trajec-
tories, Fourier Trasforms are performed,7–9 but it has been re-
cently shown10–12 that similar results can be obtained with a
wavelet analysis13 approach.

Given an input function f(t), its wavelet transform, Wn(s),
is defined as

Wn(s) =
∫ +∞

−∞
dt′ f(t′)ψ∗

(
t′ − n

s

)
, (1)

whose discretized expression is

Wn(s) =
N−1∑
n′=0

f(n′ · δt)ψ∗
(

(n′ − n) · δt
s

)
. (2)

In the two previous equations, following the formalism of Tor-
rence and Compo,14, the ψ function is called “mother wavelet”
and is stretched and translated in time by the two parameters s
and n, respectively. n′ is the time-step index, δt is the time step,
s is the wavelet scale. The algorithm adopted for the present
paper computed the wavelet transform in the Fourier space as:

Wn(s) =
N−1∑
k=0

f̂k · ψ̂∗(sωk)eiωknδt , (3)

where k is the frequency index, ωk is the angular frequency
and f̂k and ψ̂ are the Fourier transforms of the time series fn

and of the mother wavelet ψ adopted, respectively. The mother
wavelet used in this work is given by the Morlet function, since
Kirby15 proved it best reproduces the Fourier power spectrum:

ψ(t) = π−1/4eiω0t−t2/2σ2
. (4)
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The ω0 parameter has been set at 2π and with this choice the
Fourier frequency is simply ω ≃ 1.01/s.14 The σ parameter
affects the time-frequency resolution, which is governed by an
uncertainty principle,13 and has been put equal to 2 (as sug-
gested by Mallik et al.10,11) in the analysis of ab initio molec-
ular dynamics trajectories to allow a better time-frequency lo-
calization.

In Fig. S 1 a comparison between Fourier and wavelet
trasforms of a test signal (a panel) is reported.
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Fig. S 1 a) the test function defined in Eq. 5; b) its Fourier power
spectrum; c) its wavelet spectrogram projected on the frequency axis
(wavelet power spectrum). A value of 16 for the σ parameter has
been adopted for a better frequency localization.

The test function is a cosine oscillating at three frequencies,
modulated by Gaussian windows:

f(t) = cos(3ωt)e−(t−t3)
2/τ+

cos(2ωt)e−(t−t2)
2/τ+

cos(ωt)e−(t−t1)
2/τ ,

(5)

with τ = 104, ω = 0.0025 and t3 > t2 > t1. The Fourier
power spectrum and the wavelet spectrogram projected on the
frequency axis (wavelet power spectrum) of f(t) are reported in
panel b and c of Fig. S 1, respectively. The wavelet transforms
not only are able to reproduce with good accuracy the Fourier
power spectrum, but they also give spectrograms like the one in
Fig. S 2, localizing the test signal both in time and frequency.
Wavelet transform has been used to analyze the variation of the
O-D bond length of the water molecule H-bonded to thiazole
and a scaling factor of 1.05 has been adopted for the frequen-
cies calculated from CPMD trajectories for a better agreement
with the experimental Raman spectra as shown in Fig. S 3.
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Fig. S 2 Wavelet spectrogram of the test function defined in Eq. 5. A
value of 1 for the σ parameter has been adopted for a better time
localization.
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Fig. S 3 Comparison of experimental Raman spectrum of thiazole in
D2O (red upper line) with vibrational density of states (lower blue
line) calculated by Fourier Transform of the velocity autocorrelation
function (obtained by the CPMD simulation) corrected by a uniform
scaling factor of 1.05.

Hydrogen bond function, FHB

The FHB function adopted is constructed as reported in Ref. 16

FHB = A(r(t)) ·B(θ(t)) , (6)

with A(r(t)) and B(θ(t)) functions defined as

A(r(t)) =

{
exp(−(re − r(t))2/2σ2

r) if (re − r(t)) < 0,
1 if (re − r(t)) ≥ 0;

B(θ(t)) =

{
exp(−(θe − θ(t))2/2σ2

θ) if (θe − θ(t)) < 0,
1 if (θe − θ(t)) ≥ 0.

The values of the re, θe, σr and σθ parameters are taken from
pair radial and angular unnormalized distribution functions h(r)
and h(θ) reported in Fig. S 4 b and d. Instead, in Fig. S 4 a and
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c are reported the pair radial and angular distribution functions
g(r) and g(θ), along with the integration number, n(r). re is
the distance associated to the first local maximum in h(r) and
θe is the angle associated to the first local maximum of h(θ),
whereas σr and σθ are the half-widths at half-height in h(r)
and h(θ), respectively.
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Fig. S 4 (blue lines) g(r), h(r), g(θ), h(θ), (red line) n(r) for the
N· · ·D interactions; r is the N· · ·D distance whereas θ is the
N · · ·D − O angle.

Raman and SERS spectra calculations
Raman and SERS spectra have been obtained by means of den-
sity functional calculations adopting the Gaussian 03 suite of
programs.17 B3LYP and BLYP functionals with 6-311++G(d,p)
have been employed to check the effect of the functional on the
calculated spectra, whereas the effect of the basis set has been
tested with both 6-31+G(d,p) and 6-311++G(d,p). In all cal-
culations the LANL2DZ basis set have been always adopted to
describe the Ag atomic species. Geometries optimization and
harmonic frequencies calculations have been performed with
a very tight convergence criterion with an improved grid for
the integral calculation, INTEGRAL(GRID=199974). The op-
timized geometries correspond to true energy minima, as re-
vealed by the lack of imaginary values in the calculation of
the vibrational modes. The calculated Raman activities (Ai)
have been converted to relative Raman intensities (Ii) using the
following relationship derived from the basic theory of Raman
scattering:

Ii = f(ν0 − νi)4
Ai

νi

[
1 − e−hcνi/kT

]
, (7)

where ν0 is the exciting frequency (in cm−1 units), νi is the
vibrational frequency (in cm−1 units) of the i-th normal mode,

h, c, and k are fundamental constants, and f is a suitably cho-
sen common normalization factor for all peak intensities.

The calculated spectra were reported by assigning to each
normal mode a Lorentzian shape with a 5 cm−1 full width at
half-maximum.

The assignment of the Raman and SERS bands at B3LYP/6-
311++G(d,p) level is reported in Table S 1, while the simulated
Raman and SERS spectra at B3LYP/6-31+G(d,p) and BLYP/6-
311++G(d,p) level of theory are reported in Fig. S5 and Fig.
S6, respectively.
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Fig. S 5 Raman spectra of thiazole in liquid (upper panel), aqueous
solution (middle panel) and Ag hydrosol (lower panel) with observed
frequencies (red line), compared with the DFT simulated spectra
(blue line). In the SERS panel the green line is related to the
thiazole/Ag3

+ model, the blue line to thiazole/Ag+ model. The
calculations have been performed at B3LYP/6-31+G(d,p) level.
Lanl2DZ basis set has been employed for silver.
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liquid aqueous solution silver colloid
exp. calc. symm. assignment exp. calc. exp. calc. (Ag+) calc. (Ag+

3 )
461 A′′ ring torsion 460 460 461

614 601 A′ C-S symmetric stretch. 622 609 628 628 626
602 A′′ ring torsion 602 ∼610 604 607
714 A′′ H wagging 716 729 728

757 724 A′ C-S asymmetric stretch. 770 736 778 767 761
785 A′′ H wagging 791 796 796

865 844 A′ ring bending 874 849 879 869 865
869 A′ ring bending 880 882 883

880 885 A′′ H wagging 894 883 907 909 905
1044 1045 A′ ring breathing 1050 1050 1054 1062 1059
1124 1129 A′ in plane H bending 1125 1128 1128 1128 1127
1242 1237 A′ in plane H bending 1248 1240 1251 1257 1252
1332 1325 A′ in plane H bending 1324 1328 1317 1321 1324
1382 1406 A′ (C=C,C=N) symmetric stretching 1384 1405 1385 1397 1398
1482 1495 A′ (C=C,C=N) asymmetric stretching 1488 1500 1495 1507 1506

Tab. S 1 Calculated and observed frequencies for thiazole liquid and for thiazole in water and in Ag colloid at B3LYP/6-311++G(d,p) level.
Lanl2DZ basis set has been employed for silver. The calculated frequencies have been scaled for a 0.98 factor.
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Fig. S 6 Raman spectra of thiazole in liquid (upper panel), acqueous
solution (mittel panel) and Ag hydrosol (lower panel) with observed
frequencies (red line), compared with the DFT simulated spectra
(blue line). In the SERS panel the green line is related to the thiazole
/ Ag3

+ model, the blue line to thiazole/Ag+ model. The calculations
have been performed at BLYP/6-311++G(d,p) level. Lanl2DZ basis
set has been employed for silver.
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