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Surface-enhanced Raman measurements and
DFT calculations for L-tryptophan of varying pH
in silver sol
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The interaction of L-tryptophan (Trp) with silver colloids was investigated at between pH values of 6.11 and 10.6 of the sol. The
measurements of surface-enhanced Raman bands of Trp in the colloidal solution indicate the evolution of interaction between

the metal particles and the molecules with increasing pH values for the sol. The experimental observations were explained
using the estimated atomic charge distribution in the zwitterionic and anionic forms of the residue, obtained by density
functional theory calculations. The variation in the ratio of the spectral intensities of the Fermi resonance bands with the
pH reflects the effect of the colloidal environment on Trp. The results obtained can be used as a marker for describing the
nature of the interaction of silver colloids with the specific terminus of the residue, at varying pH environments. Copyright
© 2012 John Wiley & Sons, Ltd.
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Introduction

The basic structural units of proteins and peptides are the amino
acids. Tryptophan is an indole derivative in nature, which we find
in many compounds of biological importance. The L-stereoisomer
of tryptophan, L-tryptophan (Trp), is found in structural or enzyme
proteins. For example, this essential amino acid is a precursor for
serotonin (a neurotransmitter), melatonin (a neurohormone), and
niacin.[1–3] Reports on the treatment of epilepsy and depression
by derivatives of Trp are available in the literature.[4,5] The Trp
molecule has been widely studied because of its critical role in
governing protein chemistry. The molecular structures and
conformations of Trp are well documented.[6] Trp exists in three
different structural forms[7] with varying degrees of protonation
depending on the pH of the solution (Fig. 1). Below pKa, COO¯
is protonated and transforms to COOH, whereas at the pKb value,
NH3

+ is half-neutralized to NH2 by transferring its proton to the
indole nitrogen.

The indole chromophore of Trp is sensitive to its microenviron-
ment. In the excited state, the close lying energy states, La and
Lb, of the indole responds significantly to environmental condi-
tions.[8,9] Thus, quite a few reports are available in the literature
to model Trp in various polar and nonpolar solvents.[10–12] Stud-
ies on the interaction between metal nanoparticles and amino
acids provide a basis to understand the structural properties of
the admolecule in metal colloids. Several reports are available
in the literature, in which the interactions of Trp with silver (Ag)
colloids have been discussed using surface-enhanced Raman
scattering (SERS) measurements.[13–17] In most of the studies,
the strong COO¯ symmetric stretching and C–COO¯ stretching
vibrational mode of Trp in the colloidal metal sol indicate that
the carboxylate group is at the interaction site with the metal
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particles.[13–16] However, the passive role of the above-mentioned
terminus of Trp in the Ag–Trp interaction was reported in [17]. In a
recent report, SERS measurement of Trp, along with the molecular
model calculation of Trp as a zwitterionic species, showed that
Trp molecules interact with the silver surface through both COO¯
and NH2 groups and the pyrrole terminal is farther from the surface
than the benzene ring.[18] In this article, the authors claim that the
most probable conformation of Trp in the Ag colloidal solution
can be achieved only after 12h of stabilization of the metal–ligand
complex. However, it is to be noted that the interaction of the
admolecule with metal colloids strongly depends on the nature
and pH of the sol. In Ref. [14] the possible effect of different ionic
forms of Trp in the SERS spectra is briefly mentioned. To the best
of our knowledge, a systematic study on the effect of gradual
changes in net atomic charge distributions at different terminals
of the molecule in a metal–molecule interaction is still missing in
the literature.

In the present article, we studied the interaction of Trp
molecules with Ag colloids of varying pH by optical spectroscopic
measurements. The pH is one of the important parameters for
monitoring the orientation processes of any molecule at the
Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 1. Different ionic species of Trp at different pH values.
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surface of metal particles. It affects the state of protonation and
hence the number and nature of binding sites of the molecules
with colloidal particles. For a better understanding and optimiza-
tion of the interaction activity of the different termini of Trp in an
Ag colloidal environment, we mainly focus on the evolution of
the plasmon resonance band of the metal particle and also the
vibrational bands related to the indole ring, carboxylate group,
and amine group of the residue at different pH. In addition, the
evolution of the Fermi resonance (FR) band of Trp with the pH
of the sol is also discussed. To the best of our knowledge the
FR band of Trp in Ag colloidal sol has not been discussed much
in the literature.
Section 2 covers the sample preparation technique, which we

followed, and other details regarding the instruments that we
used for various measurements. Section 3 presents the evolution
of (i) the plasmon resonance band of metal particles upon the
addition of Trp molecules and (ii) vibrational bands of Trp of vary-
ing pH in an Ag colloidal sol. We have carried out density func-
tional theory (DFT) calculations to simulate the expected Raman
spectra along with the atomic charge distribution of Trp in zwit-
terionic and anionic forms. The results obtained from the simula-
tion are available in Section 4. The simulated results describing
the characteristics of Trp in different ionic forms were used to un-
derstand the pH-dependent interaction of Trp with Ag colloids
and is discussed in Section 5. Finally, in Section 6 we summarize
our results.
Materials and methods

Silver nitrate (AgNO3) and sodium borohydride (NaBH4) of analyt-
ical reagent grades (SRL, India) were used to prepare the Ag sol. A
powder sample of L-tryptophan (C11H12N2O2) was purchased
from SRL, India. Ag nanoparticles were prepared by reducing
AgNO3 in an aqueous solution of NaBH4, following the method
reported by Creighton et al.[19] AgNO3 (1mM, 20ml) was added
to an ice-cold solution of vigorously stirred NaBH4 (1mM, 60ml)
to form Ag colloids. Stirring for 20 min was necessary to stabilize
the colloidal solution, which was transparent yellow. When ana-
lyzing[20] the surface plasmon resonance band of Ag particles,
the average size of the particle is estimated to be 10� 2 nm.
Later, it was left at room temperature for approximately 1 h,
allowing the excess NaBH4 to evaporate. All measurements were
carried out using the sol, which was stabilized overnight.
The SERS is a technique that works best for low concentrations

of the probing molecules.[21] The intensity of a SERS spectrum
also depends on the pH of the sol. The Raman spectra of the
aqueous solution of Trp at a concentration below 5mM could
not be measured for all pH. To compare the results (e.g. the en-
hancement and Raman shift) obtained from SERS and Raman
scattering, all measurements were carried out for 5mM of Trp.
A few experiments, focused only on the Raman spectrum of the
wileyonlinelibrary.com/journal/jrs Copyright © 201
Trp molecule, were carried out for 20mM of Trp, to obtain a good
signal-to-noise ratio. The pH of the Ag colloid was 8.50. The pH of
the aqueous solution of Trp was adjusted between 3.10 and 11.5
using HCl and NaOH.

For spectroscopic measurements of Ag–Trp sol, an aqueous
solution of Trp (5mM) was added to the Ag sol in the volume ra-
tio of 1:3. All reported pH values in this article are those of the
final Ag–Trp sol. Here, we would like to point out that for pH
3.10 of Trp, the final pH of the Ag–Trp sol was measured to be
6.11. The pH 3.50 of Trp changed the pH of the sol to 7.82. The
pH of the final sol, between 6.11 and 7.82, could not be con-
trolled. All measurements were performed at room temperature
with a stabilized sol–Trp mixture after 20 min of the adsorption
time. We have obtained an identical SERS spectrum of the Ag–
Trp sol even after 10 h of adsorption time.

Optical absorption measurements were carried out by a Spec-
trascan UV 2600. Raman scattering experiments were performed
in a 180� scattering geometry using a micro-Raman spectrometer
with a 488 nm Ar+ laser as an excitation light source. The spec-
trometer is equipped with an optical microscope (Model BX 41,
Olympus, Japan), single monochromator (Model TRIAX550, JY,
Horiba, France), an edge filter, and a Peltier-cooled CCD
(1024� 256 pixel, Model ATE-1024X, JY, Horiba, France) detector.
The liquid sample was kept in a cylindrical container (capacity
275 ml). The incident laser beam was focused inside the container
(with sample) forming a cone of base diameter ~100 mm. We used
a 10� microscope objective (the objective of the lowest magnifi-
cation available to us) to get the Raman signal from an apprecia-
ble volume of the sol. The input laser power on the sample was
fixed at 20mW to get a good signal-to-noise ratio. The spectra
obtained with the lower laser power (not shown here) were of
poor signal-to-noise ratios. However, the evolution of the promi-
nent bands of Trp with pH, as obtained from the spectra recorded
at the lower laser power, followed a similar trend as observed for
the reported conditions. The data acquisition time for each
Raman and SERS spectrum was 300 s.
Results

Evolution of plasmon resonance band of Ag particles on
addition of Trp of different pH

The plasmon resonance spectrum of the Ag colloid is lmax = 391
nm (black line in Fig. 2) because of the dipolar component of the
Ag-plasmon resonance in the applied electric field of light. In
Fig. 2, the optical absorption spectra over the spectral range
between 330 and 700 nm of Ag–Trp recorded at different pH of
the sol exhibit two bands, one at around 391 nm (A) because of
the surface plasmon resonance of unassociated Ag nanoparticles
and another broad band (B) because of the aggregated Ag nano-
particles after the addition of Trp molecules. The change in ratio
2 John Wiley & Sons, Ltd. J. Raman Spectrosc. (2012)
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Figure 2. Plasmon resonance spectra of Ag colloids at different pH
values of Ag–Trp complexes. Inset: ratio of integral intensity of IB/IA.
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Figure 4. Evolution of Raman spectra of Trp over the spectral window
between 1500 and 1680 cm–1 recorded at different pH values of Ag–Trp

Surface-enhanced Raman measurements and DFT calculations for L-tryptophan
of the integral intensities (IB/IA) of these two absorption bands
with the pH of the Ag–Trp sol is shown in the inset of Fig. 2.
The ratio sharply drops between pH 6.11 and 7.82 and then
remains nearly constant.
sol. Raman spectrum of Trp in aqueous solution is shown by dark yellow
line at the bottom of the figure. At the bottom of the figure, magenta and
indigo lines correspond to simulated spectra in the zwitterionic and an-
ionic forms of Trp. Inset of the figure shows the Raman spectrum of Trp
(in Ag sol) at pH 6.11, over the above spectral range. The + marks are
experimental data points. The cyan solid line is the net fitted line after
deconvoluting the spectrum, gray lines (will be discussed latter).
Evolution of vibrational bands of Trp of different pH in Ag
colloidal solution

The SERS spectra of the Trp molecules of different pH in an Ag
colloidal environment were recorded over the spectral window
between 375 and 1680 cm–1 (Figs 3 and 4). All prominent vibra-
tional bands between 375 and 1500 cm–1 shown by * marks in
Fig. 3 can be assigned to the bond vibration of the molecules
(Table S1). The measured spectra between 1500 and 1680 cm–1

are shown separately in Fig. 4. For comparison, the Raman spec-
trum of the aqueous solution of 5mM of Trp over the spectral
range between 375 and 1500 cm–1 is shown at the bottom of
Fig. 3 and, similarly, for 20mM of Trp over the spectral range
between 1500 and 1680 cm–1 is shown by the dark yellow line
at the bottom of Fig. 4.
400 600 800 1000 1200 1400

*
* * ***

*

*
*

**

Ag-Trp sol of pH

10.6

10.2

9.40

8.46

8.30

8.20

7.88

R
am

an
 In

te
n

si
ty

 

Wavenumber / cm-1

6.11

5mM

Figure 3. Evolution of Raman spectra of Trp over the spectral window
between 375 and 1500 cm–1 recorded at different pH values of Ag–Trp
sol. Bottom of the figure shows the Raman spectrum of Trp of same
concentration in aqueous solution.
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Density functional theory calculations

To understand the evolution of the spectral features of Trp at dif-
ferent pH in a colloidal solution of Ag, we carried out DFT calcula-
tions of Trp at different ionic states, reflecting its zwitterionic and
anionic forms. Here, we would like to mention that because
experimental results in Fig. 2 point towards the electromagnetic
interaction of the molecule with aggregated metal colloids, we
refrain from carrying out DFT calculations for a complex of Trp
and Ag atoms or planes (as we do not have any experimental
evidence for chemical bonding between Trp and Ag). It is to be
noted that DFT calculations of ligand molecules with metal
atoms/planes provide valuable information for SERS via chemi-
sorption (enhancement in Raman bands from the change in po-
larizability of the admolecule via chemical bond formation with
metal atoms). The same formalism does not hold well when de-
scribing SERS via electromagnetic enhancement. Electromagnetic
enhancement occurs when the molecules are adsorbed at the
‘hot sites’ (interstitial positions between metal particles), where
there is a high local electric field. The orders of magnitude of
the enhancement of the electric field at these sites arise because
of the interaction of the surface plasmon of metal particles with
the incident electromagnetic radiation.[22,23] DFT calculations on
the basis of the Kohn–Sham[24] approach describe the interacting
many-particle systems in terms of the noninteracting particle
system. The Kohn–Sham Hamiltonian includes the exchange-
correlation potential of a homogeneous electron gas density of
the system and the potential energy of electrons in the external
field of the nuclei. In this formalism, it is nontrivial to solve
the Schrödinger equation incorporating the correct interaction
& Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 6. Atomic charge distribution at different termini of the Trp mol-
ecule in (a) zwitterionic and (b) anionic states, as obtained from DFT cal-
culations using PCM model.
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between the enhanced local electric field and the electron den-
sity of adsorbed molecules and/or the clusters of metal atoms
(mimicking a substrate). Thus, the eigenstates of the system,
obtained from the Kohn–Sham approach, do not provide a cor-
rect scenario of SERS via electromagnetic enhancement. Thus,
we use DFT calculations to understand the nature of the Trp mol-
ecule at different charge states in an aqueous solution (which
was added to the colloidal solution experimentally).
To account for the solvent effect (water) on the overall evolu-

tion of the spectral feature of Trp, we have optimized the differ-
ent conformers of the Trp molecule in a continuous aqueous
environment of the uniform dielectric constant of water, which
acts as the reaction field. The optimization of the process results
in different low-lying energy conformers of the Trp molecule.
Among all the conformers, we have chosen the lowest energy
conformers. For these conformers, we have taken the different
forms (zwitterionic and anionic) of the Trp molecule and the
Raman spectra of these species were simulated in an aqueous
medium. The hydration of amino acid molecules was considered,
as it is expected to yield more accurate vibrational characteristics
of the aqueous solution of a residue.[25] The simulation provides:
(i) assignments and relative intensities of the Raman bands and
(ii) atomic charge states of the Trp both in zwitterionic and
anionic forms in an aqueous environment (similar to the forms
of Trp, which was added to the colloids in our experiment). This
information indirectly helped us in understanding the origin of
relative variations in the vibrational spectral lines of Trp at differ-
ent pH in Ag colloidal solutions.
The stable geometry and Raman wavenumbers of the Trp mol-

ecule in the electronic ground state were computed at the Becke,
three-parameter, Lee–Yang–Parr/6-31 + g(d) level of theory using
the Gaussian 03 (Pittsburgh, PA) package.[26] The solvent effects
were investigated by using the polarizable continuum model
(PCM) of self-consistent reaction field calculations.[27] PCM
defines the cavity as the union of a series of interlocking atomic
spheres assuming the influence of an implicit hydration model
mimicking a bulk water environment. The simulated Raman spec-
tra and atomic charge distribution of Trp molecule are shown in
Fig. 5 and Fig. 6.
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Figure 5. Simulated Raman lines of Trp molecules in aqueous solution as
obtained from DFT calculations. (simulated Raman shift has been scaled
to match same the out of phase vibration of benzene and pyrrole ring,
as observed experimentally).
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Discussion

The variations in spectral intensity and frequency provide infor-
mation concerning the interaction between the residue and the
metal colloids at the molecular level. In a colloidal solution of
noble metals, the enhancement in intensity of the molecular
vibration can be mainly explained by the electromagnetic effect
and chemical effect.[22] In the optical absorption spectra of
Ag–Trp sol (Fig. 2), alongwith the plasmon resonance band (A) from
the metal particles, the appearance of the additional peak (B) at a
higher wavelength indicates the agglomeration of metal particles
upon colloidal activation by the addition of Trp in the sol. Disso-
ciation of colloids is expected at pH beyond the pKb value of the
sol.[28] In Fig. 2, we observe a slight increase in the ratio IB/IA over
the whole higher range of pH (experimental data points are to be
noted). As the increase is within the experimental error bar to the
data points, we refrain from commentingmore on this observation.
We believe that in the present case, the effect of dissociation may
not be appreciable over our experimental duration. Thus, it is most
likely that the spectral lines in Figs 3 and 4 represent the surface-
enhanced Raman signal of Trp in the Ag colloidal solution via the
electromagnetic interaction for all values of pH. For comparison,
at the bottom of Fig. 3, we show the Raman spectrum of Trp at
the same concentration in aqueous solution.

In the colloidal sol surface of Ag particles are in a positive
charge state, surrounded by a negative charge layer of BH4

¯ . As
obtained from DFT calculations, the relative change in atomic
charge distribution at each terminus varies considerably in zwit-
terionic and anionic forms of Trp (Fig. 6). Thus, the electrostatic
interaction of the molecule with metal particles in solution is
not uniform at all termini. From the DFT calculations of the
atomic charge distribution, it was found that the total charge
2 John Wiley & Sons, Ltd. J. Raman Spectrosc. (2012)
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on the indole ring in the zwitterionic and in the anionic states of
Trp were (+1.003 unit) and (+0.781 unit), respectively. The charge
on the COO¯ terminus changes insignificantly between zwitter-
ionic and anioinic states: from �0.997 unit to �0.998 unit. Be-
cause of proton transfer,[29] the NH3

+ terminus transforms to
NH2 (Fig. 1), and the electronic charge on this particular terminus
changes from +0.550 unit to�0.054 unit.

A careful analysis of the relative variation in intensities of differ-
ent vibrational bands, as observed in Figs 3 and 4, along with the
above results obtained from DFT calculations, reveal an interest-
ing evolution of the metal–molecule interaction with the change
in pH of Ag–Trp sol. At the bottom of Fig. 4, we show the simu-
lated Raman spectrum of Trp in both zwitterionic (magenta)
and anionic (indigo) forms in an aqueous environment, as
obtained from DFT calculations. The spectral features at 1551
(X), 1578 (Y), and 1612 (Z) cm–1, correspond to the indole ring
stretching and asymmetric bending vibrational modes of the
NH3

+ and COO¯, respectively, of Trp. As was expected from the
DFT calculations, in the measured Raman spectrum (dark yellow
line in Fig. 4) of Trp in the aqueous environment, over the spec-
tral range between 1500 and 1680 cm–1, the vibrational mode
of the indole ring at ~1551 cm–1 (X) dominates. It appears from
Fig. 4 that in the SERS spectra of Trp, the relative intensities of
the above spectral lines change appreciably and they appear
together as a broad band. To estimate the relative intensity of
different Raman bands, each broad spectrum was fitted with
three Lorentzian functions (for X, Y, and Z), keeping the peak
position, width and intensity of the spectral lines as free-fitting
parameters. In the inset of Fig. 4, we show the deconvoluted
components (X, Y, and Z) for the spectrum recorded at pH 6.11
by gray lines. The relative intensities of these spectral features ap-
pear to be quite different from what we observed for Trp in aque-
ous solution. The presence of relatively strong vibrational bands Y
(1578 cm–1) and Z (1612 cm–1) of Trp in the Ag–Trp solution in
Fig. 4 is a strong evidence of the proximity of the NH3

+ and
COO¯ termini of Trp to the colloidal surface.

The evolution of the relative intensities of the X, Y, and Z bands
with the increase in pH of the Ag–Trp sol are shown in Fig. 7. We
will try to explain these observations, using the results obtained
from the DFT calculations. Because COO¯ has the highest nega-
tive charge, the strongest interaction of this terminus of Trp with
Ag+ colloids results in a most intense asymmetric stretching
mode at Z in Fig. 4. The charge on the COO¯ terminus remains un-
changed, while the NH3

+ terminus carries a positive charge in the
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zwitterionic state and a negative charge in the anionic state of
Trp (with NH2). Thus, the interaction between the NH2 terminus
with the Ag+ colloid becomes stronger with the increase in pH,
whereas the interaction between COO¯ and the metal colloid
remains unaffected. Thus, the ratio of the intensity of two vibra-
tional modes arising from these two side-ends, IZ/IY, decreases
between the pH values of 6.11 and 8.30 of the Ag–Trp sol, and
then remains constant with pH above the value of pKb = 9.39
(green symbols in Fig. 7). Similar changes in the spectral profiles
from changes in the charge distribution at different termini of the
molecule are reflected in the intensity ratio of the vibrational
modes of the ring and NH3

+ terminus IX/IY (black symbols in Fig. 7).
The unchanged ratio of the Raman intensity from COO¯ and the
ring, IZ/IX (red symbols in Fig. 7), can be explained by the unaf-
fected effective charge on these two sites of Trp in zwitterionic
and anionic forms.

The variation in the relative intensities and Raman shift of
other vibrational modes, arising from the indole ring, COO¯ and
NH3

+ termini, in Fig. 3, can also be explained by the above argu-
ments based on the change in the atomic charge distributions
at different termini of Trp in two ionic states. For example, the
SERS spectral bands at 762 and 1013 cm–1 of the indole ring do
not show a spectral shift or change in intensity with the increase
in pH of Ag–Trp sol – signifying a nearly unchanged interaction of
the ring with Ag colloids with the increase in pH of the sol. The
1395 cm–1 band, corresponding to symmetric stretching vibra-
tional modes of COO¯, sustains with the increase in pH of the sol.

Furthermore, we look into the spectral range between 1300
and 1400 cm–1 in Fig. 3 in more detail. Within this spectral win-
dow, two vibrational bands at 1342 (C) and 1360 cm–1 (D) are
known to appear as a Fermi doublet because of the FR between
the fundamental vibration of the indole ring and the combina-
tion bands of 920 and 420 cm–1 and 745 and 600 cm–1 of
Trp.[30] The intensity of a combination band is always weak in
comparison with that of the fundamental. However, when the
frequency of a combination band falls close to that of a funda-
mental of the same symmetry species, FR occurs. This results in
a sharing of intensities between two modes (fundamental and
overtones) and a frequency shift in both.[31]

For a correct estimation of the intensities of the observed FR
bands, we have deconvoluted the spectra, recorded at all pH,
over the spectral window between 1190 and 1450 cm–1. The
deconvoluted spectra for three characteristic pH values are
reported in Fig. S1. From the measured integral intensities of
the observed bands C and D, the intensity ratio R= ID/IC is plotted
for all pH of Ag–Trp sol in Fig. 8. The ratio describes the evolution
of the interaction strength of the metal colloid with the molecule.
The overlap of frequencies of two combination bands, (ncomb1,
ncomb2), with a fundamental vibrational frequency is responsible
for FR.[30] ncomb1 = n1 + n2 and ncomb2 = n3 + n4, where,
n1 ~ 920 cm–1, n2 ~ 420 cm–1, n3 ~ 745 cm–1 and n4 ~ 600 cm–1 are
related to the out-of-plane vibration of the indole ring. If we
assume that the intensities of FR bands arise only from the funda-
mental, the change in R with the pH of the sol indicates a
relatively stronger/weaker resonance of one of the combination
bands (either ncomb1 or ncomb2) or both with the fundamental at
the higher pH of the sol. One of the components of the combina-
tion band ncomb1, n1 at 920 cm–1, appears because of the N–H
deformation of the indole ring and is reported to be sensitive
to environmental conditions.[13] Thus, in the colloidal environ-
ment, the combination band ncomb1, most likely is affected more
than ncomb2 by the increase in pH of Trp. Also, it is to be noted
& Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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that in the SERS spectra for the FR band, the higher band of the
Fermi doublet shows a red shift by 5–7 cm–1, when the system
transforms from a zwitterionic to an anionic state (Table S2),
indicating that the combination band(s) are affected by metal–
molecule interactions. The above arguments possibly explain
the reason for the decrease in R when the system undergoes
the transition from zwitterionic to anionic state, as observed in
Fig. 8. With a further increase in the pH of the sol (beyond its
pH of 8.5), the residue remains in the anionic state without a fur-
ther change in charge distribution at its different termini. Hence,
the ratio R remains constant for the higher pH of the sol. Here, we
would like to mention that the relative intensities of some of the
observed SERS bands are quite different from the simulated
Raman intensities in aqueous environment (refer to Figs 3, 5
and Table S2). It explains relatively more intensely observed SERS
lines for the bonds of the residue, which are close to the Ag
surface.
Spectral interpretation, along with optimization of the struc-

ture from DFT calculations provide an insight into the interaction
of different termini of Trp with Ag colloids at varying pH. The evo-
lution of the Raman bands of Trp in Ag colloidal sol can be used
as markers to determine the strength of interaction and orienta-
tion between the two for varying pH. To the best of our knowl-
edge, it is the first report elucidating the correlation between
the intensity ratio of the doublet peaks of FR bands over a wide
range of pH in a colloidal environment.
Summary

In this article, we focused on the interaction of different ionic
states of Trp with Ag colloids using the evolution of surface-
enhanced Raman bands of the residue. DFT calculations for Trp
molecules in aqueous environment have been carried out to
estimate the atomic charge distributions at different termini of
the molecule in zwitterionic and anionic states. The Raman inten-
sities of different vibrational bands of Trp molecules in two ionic
states have been simulated. Assuming the electrostatic interac-
tion between different termini of the adsorbates with Ag+ parti-
cles, the observed evolution of the interaction between Ag
colloids and the Trp molecules at varying pH could be explained
with the help of the above-simulated results. A possible reason
wileyonlinelibrary.com/journal/jrs Copyright © 201
for a nonmonotonous change in the ratio of the FR band with
the pH of the sol has also been discussed.
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