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In this work, we study the interaction of neutral and ionic forms of

Ag8 and Au8 with glycine to investigate the role of these

interactions in the chemical enhancement (CE) component of the

surface enhanced Raman scattering (SERS) effect. It is widely

accepted that the charge transfer between metallic nanostructures

and molecular species is a key issue in the underlying CE

mechanism; consequently under this framework, and supported by

the density functional theory, we introduce two recently described

parameters, donor (v�) and acceptor (vþ) electronegativity as

useful concepts for the prediction of the charge transfer process

and the concomitant CE effect. From this work, it could be inferred

that the minimum binding energy (BE) necessary for the CE to take

place averages 30 kcal/mol. For the systems we present here, CE is

more intense when BE is more negative and this occurs when there

is a substantial charge transfer. Thus, as v� and vþ represent good

parameters for analyzing the charge transfer process, they are also

good indicators of the contribution of CE to the SERS effect.VC 2012
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Introduction

Surface enhanced Raman scattering (SERS) effect was discov-

ered decades ago.[1] It has become an important analytical

tool, as it has low detection limits, offers good selectivity for

absorbates, responds well to the molecular environment and

provides significantly improved vibrational signals. Owing to

these characteristics, SERS has been applied extensively to vari-

ous fields, including the trace analysis of biological mole-

cules.[2–15] In this sense, the interaction of metal nanoparticles

with bio-molecules and microorganisms is evolving as an im-

portant field of research. In particular, several studies report

many bio-molecules which interact with silver and gold.[5,16–21]

For example, the SERS spectra was used to determine the ori-

entation of adenine, cytosine, and uracil at the surface of silver

colloid,[5] for the purpose of analyzing the bonding of 19-L

amino acids on a silver surface,[16] and to observe the effect of

pH on the interaction of glycine (Gly) with gold and silver col-

loids.[18] It has previously been reported that the intensity of

SERS decreases when Gly interacts with silver colloid in an

acidic environment (pH ¼ 2). Apparently, the COOH group

present at this pH does not interact strongly with the posi-

tively charged silver surface. Another investigation analyzing

the interaction of lysine and gold colloids[17] indicates that

SERS intensity correlates with pH. These results suggest that

the electrostatic interaction between the positive charge of

the amino acid and the negative charge of the metal deter-

mines the SERS effect. An additional experimental and theoret-

ical study[19] used the SERS effect to analyze the tautomerism

of thymine on gold and silver nanoparticles and to estimate

energetic stability. Amino acids have not been the only object

of investigation, certain peptides,[20,21] and other bio-molecules

such as sulfones,[22] oligopeptides,[23] methymazole,[24] and

paroxetine[25] have also been used for the analysis of SERS.

After several years of investigation, it is now accepted that

total enhancement can be understood in terms of two mecha-

nisms[26–28]: electromagnetic mechanism and chemical mecha-

nisms [named chemical enhancement (CE)]. One of these

chemical mechanisms is related to charge transfer transitions.

Some authors[18] affirm that certain chemical effects occur due

to particular charge-transfer excitations and also as a result of

other modifications to the electronic properties of the mole-

cule which take place with absorption. Theoretical studies

have been applied to investigate CE and some point to the

presence of electrostatic attraction between the metal surface

and certain molecules.[18,21,24,27–29] These authors define some

parameters that facilitate the characterization of the charge

transfer process, related to the SERS effect. Several studies also

use metal clusters as surface models.[27–29] The evidence indi-

cates that in fact the charge transfer between the metal and

the molecule takes place in both directions, that is, from the

metal cluster to the molecule and vice versa.[28] The CE mech-

anism has also been characterized by applying the time-de-

pendent density functional theory (DFT)[29] when studying the

interaction of pyridines with a small silver cluster (Ag20). Appa-

rently, CE does not correlate well with the magnitude of the

[a] F. J. Tenorio

Centro Universitario de Los Lagos, Universidad de Guadalajara, Jalisco

47460, M�exico

[b] R. Sato-Berr�u, J. M. Saniger

Centro de Ciencias Aplicadas y Desarrollo Tecnol�ogico, Universidad Nacional

Aut�onoma de M�exico, Coyoac�an 04510, Distrito Federal, M�exico

[c] A. Martı́nez

Instituto de Investigaciones en Materiales, Universidad Nacional Aut�onoma

de M�exico, Coyoac�an 04510, Distrito Federal, M�exico

E-mail: martina@iim.unam.mx

Contract grant sponsor: PROMEP; contract grant number: 103.5/11/716.

Contract grant sponsor: SEP-CONACYT; contract grant number: 133316.

Contract grant sponsor: DGAPA.

VC 2012 Wiley Periodicals, Inc.

3516 International Journal of Quantum Chemistry 2012, 112, 3516–3524 WWW.CHEMISTRYVIEWS.ORG

FULL PAPER WWW.Q-CHEM.ORG

http://chemistryviews.com/
http://chemistryviews.com/
http://chemistryviews.com/
http://q-chem.org/


charge transfer process. Instead, this phenomenon is governed

by the energy difference between the highest occupied molec-

ular orbital (HOMO) of the metal and the lowest unoccupied

molecular orbital (LUMO) of the molecule. These results pro-

vide a possible explanation concerning the chemical mecha-

nism involved in the SERS effect.

Despite all these reports, no studies have investigated how

the electronic properties of the metals and molecules may

influence the SERS signals, beyond the HOMO-LUMO gap. In

this work, results for Ag8 and Au8 interacting with Gly are pre-

sented. The Raman spectra were obtained for AugGly and

Au8Gly (neutral and ionic) to determine the CE in these sys-

tems. Because of the fact that the charge transfer process

seems to be important for the CE of the signal, in this report,

we propose two parameters, donor (v�) and acceptor (vþ)
electronegativity, which may predict the SERS effect. The main

goal of this investigation is to analyze the electron donor–

acceptor properties of metal clusters and molecules, and for

this purpose, a recently described new simple model based on

DFT was applied.[30] We used these chemical reactivity parame-

ters to study the correlation between the charge transfer pro-

cess and the CE of the SERS effect. Our results agree well with

available experimental results, permitting us to conclude that

these parameters are useful for the characterization of the

charge transfer process and also for the prediction of CE. We

were also able to establish the minimum binding energy nec-

essary for the SERS effect to take place.

Computational Details

Density functional approximation[31–33] as implemented in

Gaussian 09[34] was used for all calculations. Several initial geo-

metries, considering three-dimensional and planar structures

for the metal clusters and different bonding schemes for the

Figure 1. Optimized structures of Ag8 (neutral, cation, and anion) and the corresponding Raman spectra are included. Intensity in arbitrary units. Selected

bond distances (in Å) are also included. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Optimized structures of Au8 (neutral, cation, and anion) and the corresponding Raman spectra are reported. Intensity in arbitrary units. Selected

bond distances (in Å) are also included. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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interaction of glycine with the metal clusters, were considered

to perform full geometry optimizations without symmetry con-

strains. Frequency analysis including Raman spectra (calculated

Raman scattering activities of the normal modes) were carried

out for all the stationary points using the three parameters

B3LYP[35–37] density functional and the LANL2DZ basis

sets.[38–40] Harmonic frequency analysis allowed us to verify

optimized minima. Local minima were identified by the num-

ber of imaginary frequencies (NIMAG ¼ 0). Previous studies

indicate that DFT reproduces equilibrium geometries and rela-

tive stabilities with hybrid functionals, which partially include

the Hartree–Fock exchange energy. These results are largely

consistent with those obtained using the Møller–Plesset per-

turbational theory at second order and basis sets of medium

quality, such as 6-31G(d,p), and cc-pVDZ.[41–43] As was reported

before,[44,45] the density functional approximation calculations

using LANL2DZ pseudopo-

tentials is an adequate

descriptor of Au cluster

chemistry, which also

included the relativistic

effects. This methodology

was successfully used

before for the analysis of

the SERS effect in metal

surfaces and metal

clusters.[19,21,22,24,25]

In DFT, the first deriva-

tive of the energy with

respect to the number of

electrons at constant

external potential is identi-

fied as the chemical

potential, l. The chemical potential determines the charge

flow direction and the capacity of the system to donate or

accept charge. G�azquez et al.[30] reported two different chemi-

cal potentials to distinguish the response to charge donation

from the response to charge acceptance. They determined the

following equations in terms of the vertical ionization energy

(I) and vertical electron affinity (A), for the charge donation

and the charge acceptance processes, respectively.

l� ¼ � 1

4
ð3I þ AÞ (1)

lþ ¼ � 1

4
ðI þ 3AÞ (2)

As the additive inverse of the chemical potential is the elec-

tronegativity (v), from these equations, it is possible to define

two different electronegativities for the charge transfer pro-

cess: one that describes the donation (v�) and another one

that is useful for the electron acceptance (vþ).

v� ¼ 1

4
ð3I þ AÞ (3)

vþ ¼ 1

4
ðI þ 3AÞ (4)

It is important to emphasize that lower values of v� imply a

better electron donor and larger values of vþ represent a

greater capacity for accepting electrons. I and A refer to one

electron transfer processes whereas v� and vþ consider frac-

tional charge transfer reactions. In most of the reactions with

gold neutral clusters there is a partial electron transfer.

Because the partial charge transfer is one of the main intermo-

lecular factors that dominates the binding energies in gold

clusters, v� and vþ will be better parameters than I and A to

describe the electron donor acceptor properties of these

systems.

Results and Discussion

The optimized geometries of metal clusters (neutral, cation,

and anion) are presented in Figures 1 and 2. The most stable

Table 1. Optimized structures of Gly at different pH values. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Glyþ1 Gly0 Gly�1

(NH3ACH2ACOOH)þ (NH2ACH2ACOOH)[a] (NH2ACH2ACOO)�

pH < 2.35 2.35 < pH < 9.78 pH > 9.78

[a] Gly may exist as a zwitterion at the isoelectric point but in this work we considered the neutral Gly molecule

as indicated in here since the optimization of the zwitterion fails.

Table 2. Binding energies (in Kcal/mol) for the reaction between metal

clusters and Gly, with different molecular charges.

Metal cluster Chemical reaction

Binding

energies

(kcal/mol)

pH < 2.35 Ag08 þ Glyþ1 ! [Ag8Gly]
þ1 �17.5

Agþ1
8 þ Glyþ1 ! [Ag8Gly]

þ2 [a]

Ag�1
8 þ Glyþ1 ! [Ag8Gly]

0 �91.5

Au08 þ Glyþ1 ! [Au8Gly]
þ1 �19.9

Auþ1
8 þ Glyþ1 ! [Au8Gly]

þ2 þ29.9

Au�1
8 þ Glyþ1 ! [Au8Gly]

0 �86.9

2.35 < pH < 9.78 Ag08 þ Gly0 ! [Ag8Gly]
0 �1.5

Agþ1
8 þ Gly0 ! [Ag8Gly]

þ1 �27.9

Ag�1
8 þ Gly0 ! [Ag8Gly]

�1 �5.8

Au08 þ Gly0 ! [Au8Gly]
0 �20.4

Auþ1
8 þ Gly0 ! [Au8Gly]

þ1 �38.7

Au�1
8 þ Gly0 ! [Au8Gly]

�1 �8.1

pH > 9.78 Ag08 þ Gly�1 ! [Ag8Gly]
�1 �46.6

Agþ1
8 þ Gly�1 ! [Ag8Gly]

0 �131.7

Ag�1
8 þ Gly�1 ! [Ag8Gly]

�2 þ14.9

Au08 þ Gly�1 ! [Au8Gly]
�1 �61.1

Auþ1
8 þ Gly�1 ! [Au8Gly]

0 �148.1

Au�1
8 þ Gly�1 ! [Au8Gly]

�2 þ13.2

[a] The compound of Glyþ1 with Agþ1
8 was not possible to obtain as

the atoms are not bonded after the optimization, possibly because the

strong electrostatic repulsions between positive atoms.
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Ag clusters are tridimensional, whereas for Au clusters, they are

planar. The optimized structures of Au8, Au
�
8 , and Auþ8 were

described previously[46] and we reoptimize them in this investi-

gation, to analyze the interaction of these clusters with Gly.

In this investigation, Gly was considered to be a cation,

assuming that the environment was acidic (pH lower than the

first pKa, that is, equal to 2.35), neutral considering the pH

between 2.35 and 9.78, and Gly�1 so that the bonding scheme

can be observed when the pH is higher than the second pKa
of Gly. The optimized structures for Gly at different pH values

are presented in Table 1.

The Raman spectra for Gly do not depend on the pH. Both

the calculated and experimental Raman spectra are similar at

different pH values (see Supporting Information Figs. 1S and

2S). Contrastingly, the Raman spectra of the metal clusters do

depend on the global charge of the cluster, as shown in Fig-

ures 1 and 2. In cations, bands exist at higher frequencies than

they do for anions. Ag8 neutral spectrum is similar to the spec-

trum of Agþ1
8 , unlike gold clusters, as the spectrum of Au8 is

different to the spectrum of the Auþ1
8 . Notwithstanding these

differences, all metal clusters manifest signals at lower fre-

quencies than Gly.

To observe the effect caused by the presence of metal clus-

ters [Ag8 and Au8 (neutral, cationic, and anionic)] on the

Raman spectra of Gly, the interaction was analyzed taking into

account the entire range of neutral and anionic systems. This

discussion poses an important question: whether threshold

interaction energy is required for the SERS effect to occur. To

correlate the binding energy with the Raman spectra, in Table

2 the binding energies for the reaction of metal clusters with

Gly are presented. The corresponding chemical equation is

also indicated.

Evidently, certain compounds manifest positive binding

energy. This means that the products of the reaction are less

stable than the dissociation limit, probably because there is a

strong electrostatic repulsion. As compounds with positive

binding energies are unlikely to be formed, thus the Raman

spectra are not useful for these systems. For this reason, in the

following, we report the Raman spectra for all those com-

pounds manifesting negative binding energies, i.e. systems

that are more stable than the dissociation limit.

Figures 3–5 present the optimized structures for all com-

pounds with negative binding energies that were considered

in this investigation, taking into account different pH values.

Figure 3. Optimized structures and simulated Raman spectra of Glyþ1 with Ag8 and Au8 (neutral, cationic, and anionic). Intensity of the Raman spectra in

arbitrary units. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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We include the molecular formula, the optimized structure, the

metal cluster formula with the global charge, the Gly charge

that was considered and the corresponding Raman spectra.

The planarity of gold clusters disappears in two systems

([Au8Gly]
þ1 and [Au8Gly]

0), due to the interaction of Au08 and

Au�1
8 with Glyþ1. For the other systems containing gold, the

planarity remains.

Figure 3 corresponds to Glyþ1, i.e., considering an acidic

environment. Under these conditions (pH\ 2.35), it is possible

to see that the Raman spectra do depend on the charge of

the metal cluster. The spectra of neutral metal clusters are sim-

ilar and correspondent mainly to the spectra of Glyþ1. The

spectra of cationic clusters interacting with Glyþ1 are not

included as these manifest positive binding energies. The

Raman spectra of Glyþ1 interacting with silver and gold ani-

onic clusters are different. The main bands of [Ag8Gly]
0 are

located at 500–1500 cm�1 whereas they are located at 1500,

3000 and 3600 cm�1 for [Au8Gly]
0. These results concur with

the idea that both the charge of the metal cluster at the sur-

face, and the charge of the absorbed molecule are important.

Figure 4. Optimized structures and simulated Raman spectra of Gly0 with Ag8 and Au8 (neutral, cationic, and anionic) Intensity of the Raman spectra in ar-

bitrary units. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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However, results are substantially different at neutral pH val-

ues (see Fig. 4) corresponding to Gly0. In Figure 4, all the spectra

are quite similar. The main signals correspond to Gly0 and there

are small bands for Auþ1
8 and Au�1

8 at lower frequencies. In Fig-

ure 5, it is possible to see the results, assuming a basic setting

(Gly is negatively charged). The Raman spectra also indicate the

dependence on the charge of the metal cluster. Neutral metal

clusters mainly present the spectra of Gly�1 with additional

small bands at lower frequencies. Cationic metal clusters gener-

ate different results. The spectrum of [Ag8Gly]
0 presents an

intense peak at 1400 cm�1 and signals disappear at higher fre-

quencies, whereas the spectrum of [Au8Gly]
0 presents several

signals around 500–1500 cm�1 and also shows several bands

which may correspond to Gly�1 at higher frequencies. The

Raman spectra for anionic metal clusters are not presented, as

the binding energy for these systems is positive.

Figure 5. Optimized structures and simulated Raman spectra of Gly�1 with Ag8 and Au8 (neutral, cationic, and anionic). Intensity of the Raman spectra in

arbitrary units. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Experimental Raman spectra of Ag colloid and GLY at different

pH values.

Figure 7. Results of vþ and v�. The small figure is the donor–acceptor

electronegativity map. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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In summary, more intense bands of the Raman spectra

appear at lower frequencies, when interactions occur between

charge metal clusters and charge Gly molecule. The binding

energy correlates well with the SERS effect, i.e., as the binding

energy increases, the number and intensity of bands at lower

frequencies in the Raman spectra also augment. It is important

to note that in most cases, the interaction energy of the com-

pounds presenting CE exceeds 30 kcal/mol. Apparently, for sil-

ver and gold clusters interacting with Gly, the threshold bind-

ing energy necessary for the appearance of the SERS effect is

in the order of 30 kcal/mol.

To support these theoretical results, experimental Raman

spectra of 0.6 M Gly in a silver colloid were recorded at differ-

ent pH values. The results (Fig. 6) indicate that as the pH goes

from acidic to basic an increase of the Gly Raman band inten-

sities is observed. Under basic condition the spectrum presents

intense bands around 800–1600 cm�1, while either at acidic or

neutral conditions the intensity of these bands becomes

almost negligible. In other words, in the presence of colloidal

Ag nanoparticles, the band intensities are strong for Gly� (pH

¼ 10) and very week for Gly0 (pH ¼ 6.5) and Glyþ (pH ¼ 2).

Additionally, to complete the information about the experi-

mental conditions, the Z potential of the colloidal silver was

measured (Supporting Information Fig. 3S), which presents

increasing negative values for pH going from acidic to basic con-

ditions. At the present experimental conditions, this behavior

indicates the affinity of the Ag nanoparticle surface for hydroxyl

groups, which could be extrapolated to other anionic species

such as Gly�1. In terms of computational modeling, the anionic

affinity of the Ag nanoparticle surface may be represented as a

positive silver cluster such as Agþ1
8 . According to these results, a

good agreement between theory and experiment is observed. In

both cases the highest CE factor is obtained for anionic glycine

(Gly�1) interacting with positive charged Ag cluster (theory), or

anionic glycine (Gly�1) interacting with Ag nanoparticle surfaces

presenting anionic affinity (experiment).

Other experimental results[17] indicate that positive amino

acids interact with the negatively charged gold surface yielding

the SERS effect and this concurs with our results (see Fig. 3). De-

spite the differences between experiment and theory, as in the

experiment there are silver or gold colloids or surfaces whereas

in the calculations we considered metal clusters with only eight

atoms, theory and experiment coincide in terms of the correla-

tion between the global charge of the interacting systems and

the enhancement of the Raman spec-

tra signals. All these results suggest

that the electrostatic interaction

between Gly and metal clusters repre-

sents an important factor for determin-

ing the intensity of the SERS signals.

Donor–acceptor electronegativity

To analyze the importance of the

electrostatic interaction, the donor–

acceptor electronegativity of the Gly

molecule and the metal clusters (neu-

tral, anionic, and cationic) were obtained. These values are

located on a ‘‘map’’ as indicated in the small box in Figure 7 to

facilitate the analysis of results. A good electron donor is situ-

ated towards the bottom left, and a good electron acceptor is

located towards the upper right of the figure. The electrons

will go from the bottom left towards the upper right. Figure 7

also presents the donor–acceptor electronegativity for Gly and

metal clusters.

The position on the map permits us to characterize the

metal clusters and Gly as either electron donors or acceptors.

It is clear that Gly�1 is always an electron donor and a better

electron donor (lower value of v� ) than anionic metal clusters.

Glyþ1 is a good electron acceptor but Agþ1
8 and Auþ1

8 are bet-

ter electron acceptors as their vþ is larger. Likewise, Glyþ1 is a

very bad electron donor (the donor electronegativity v� is

large) and Gly�1 is a very poor electron acceptor (its acceptor

electronegativity vþ is low). Neutral systems (Gly0, Ag08, and

Au08) may act either as electron donors or electron acceptors,

indicated by their location at the middle of the map. Accord-

ing to these results, the interaction between Gly�1 and anionic

metal clusters is not favorable, in accordance with the binding

energies presented in Table 2. It is also evident, and to some

extent logical, that the cationic metal clusters will not interact

with Glyþ1. This is consistent with their position on the map

as they are located very close to each other, whereas evidently

the interaction will improve (more negative binding energies)

where systems are further removed from each other on the

map. For the neutral systems it is possible to see that Ag08 is

closer to Gly0 than Au08, and that binding energy is less in sil-

ver than it is for gold. Anionic clusters are very close to Gly0

and both present diminished binding energies.

The binding energy is directly related to the charge transfer

process. In terms of our indicators (v� and vþ) this means that

it must be directly connected with vþ and inversely correlated

with v�. In Figure 8, we report the binding energies and the

indicators (v� and vþ). We used the indicator corresponding to

the reaction which we intended to analyze. In Glyþ1, neutral

and anionic metal clusters are electron donors, and a veritable

inverse correlation between BE and v� of the metal clusters is

evident. Gly�1 acts as an electron donor, and therefore metal

clusters (neutral and cation) must represent good electron

acceptors. In this case, the BE in the reaction is directly related

to the vþ of the metal clusters. Finally, Gly0 can either be an

electron donor (when the interaction is with neutral and

Figure 8. Binding energies (BE) of Table 2, vþ and v� of the metal clusters.
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cationic clusters), but likewise an electron acceptor (when the

interaction is with anionic metal clusters). The indicators vþ and

v� are directly and inversely correlated with the BE in each case.

In summary, v� and vþ are good parameters for the analysis

of the charge transfer process. For the systems that we present

here, CE is more intense for those systems with greater negative

BE and the BE is more negative when there is a large charge

transfer. Therefore, v� and vþ are good indicators of CE. The

results reported here indicate that v� and vþ are good indica-

tors, as metals can be either electron donors or acceptors as

indicated previously in this paper as well as by other authors.

For these two indicators, it is not necessary to obtain the

energy gap and this is an advantage since electronic structure

methods underestimate this value. Besides this, v� and vþ con-

sider I and A together, which is important for these systems

because a fractional charge transfer reaction takes place. The

donor–acceptor electronegativity represents good parameters

for providing useful information with which to design new mol-

ecules or new metal clusters which may display strong CE.

Conclusions

The electrostatic interaction between Gly and metal clusters

represents an important factor for determining the intensity of

the SERS signals. For the systems we present here, CE is more

intense for those systems manifesting more negative BE, and

the minimum interaction energy that is required for the SERS

to take place is in the order of 30 kcal/mol.

The donor–acceptor electronegativity (v� and vþ) are good

indicators of CE, which may provide helpful information for

the future design of novel molecules and metal clusters, possi-

bly displaying strong CE.
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