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Preface

Raman scattering captures vibrational modes of molecules and materials. Minute

structural changes induced by external stimuli such as temperature or pressure are

reflected as shifts in the vibrational modes frequency and/or increase or decrease

in intensity This thesis utilizes Raman spectroscopy technique to investigate and

understand phase transitions and gas adsorption in metal organic frameworks which

forms the basis of first part of the thesis. Second part of the thesis deals with surface

enhanced Raman spectroscopy (SERS) and synthesis of metal nano architectures for

SERS.

Chapter 1 provides thorough introduction to Raman scattering technique and

surface enhanced Raman spectroscopy followed by a brief introduction on plasmon-

ics and metal organic frameworks. Effect of thermodynamical parameters such as

temperature and pressure on materials is also covered briefly in the introduction.

The experimental set up including the working of custom-built Raman spectrome-

ter used for all the Raman studies performed in the thesis is detailed in Chapter 2.

Details of Linkam stage employed for temperature dependent studies and membrane

type diamond anvil cell for pressure studies is also provided in this chapter.

The work chapters are divided into two parts. Part A comprises of Raman

investigations on metal organic frameworks and consists of three chapters, Chap-

ter 3, Chapter 4 and Chapter 5. Chapter 3 presents temperature dependent gas

(nitrogen, methane and carbon dioxide) adsorption studies on zeolitic imidazolate

vii



framework ZIF-8. In this chapter, we have shown that gate opening due to swinging

of methylimidazole ring at low temperatures results in increased adsorption of guest

molecules. Raman signature of the guest molecules further confirms encapsulation of

gases in the pores of ZIF-8. In Chapter 4, we have investigated unusually high CO2

adsorption at room temperature in comparison to that at low temperature in fluoro-

functionalised MOF [Zn(SiF6)(pyz)2·2MeOH]n by Raman spectroscopy. Chapter 5

gives a comprehensive Raman study of temperature, pressure and guest induced

phase transition in interpenetrated MOF-508. In this chapter, we have discussed

how conformational change in bipyridine ligand induces dynamics in the framework.

All the three chapters also report the band assignments of MOFs studied.

Part B is based on surface enhanced Raman spectroscopy technique and con-

sists of 2 chapters, Chapter 6 and Chapter 7. Chapter 6 deals with investigations

on the distance dependence of SERS. It is known that SERS intensity decays with

distance, but is the distance dependence also a function of nanoparticle size? We

found that sphere of influence of SERS is dependent on the size of metal nanoparti-

cle and increases as its size is increased. This study was performed using thin silica

coating on silver nanoparticles of different sizes. Chapter 7 deals with the synthesis

of silver-silica-gold sandwich nanoparticles for SERS. Signal amplification in sand-

wich nanoparticles occur due to mixing of light waves from multiple reflections from

the silver core and gold islands resulting into enhanced SERS. This conclusion was

arrived at based on comparison of SERS intensity of thiophenol on silver-silica-gold

sandwich nanoparticles and silica-gold island shell nanoparticles without the silver

core.

The last section presents an overview of the thesis and future prospects of the

present work.
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Chapter 1

Introduction

Light is an electromagnetic wave possessing dual nature of particle and wave.

The duality of light was also advocated by the two ancient Indian schools, the

Samkhya and the Vaisheshika. While the former conjectured light to be continous

(wave like), the later surmised that light rays are jet of high velocity particles (par-

ticle nature).

The study of nature and properties of light and light matter interactions is called

optics, derived from Greek word optikos meaning vision or sight. One of the first

optical elements, Nimrud lens, can be dated back to 700 BC indicating that the

curiosity over light prevailed then as well. Most of the development in the branch of

optics happened in the later half of second millennium through the pioneering works

of eminent philosophers like Kepler, Descartes, Newton, Huygen, Planck, Einstein,

de Broglie, Maxwell and others whose discoveries eventually lead to the development

of electromagnetic theory of light and quantum optics.

1.1 Raman scattering

Light interacts with matter in many ways. It gets reflected (through which

we perceive the colour, size and texture of the object), absorbed, transmitted and

1



2 Chapter 1.

scattered. Out of a million photons incident on an object, a thousand are elastically

scattered which is known as Rayleigh scattering after its discoverer Lord Rayleigh,

while one in a million is inelastically scattered which is called as Raman scattering.

Although, Raman scattering was theoretically predicted by Austrian physicist Adolf

Smekal in 1922, it was not realised until 1928 when Sir C. V. Raman and K. S. Krish-

nan (and Grigory Landsberg and Leonid Mandelstam independently) discovered it

and called it as “A new type of secondary radiation [1].” The first experiments were

performed using Sun as the light source, telescope objective and lens to converge

the ligt and eye as detector. Later mercury arc was used as the light source and

spectrophotometric detection was possible due to the development of Czerny-Turner

monochromator in 1930 but it was not until the discovery of laser in 1960 and CCD

detector in 1969 that Raman spectroscopy saw its growth.

1.1.1 Classical theory

When an electromagnetic wave falls on a molecule, its electric field component

brings about charge separation in the molecule giving rise to a dipole moment. Let

E be the incident electric field given, then the induced dipole moment P can be

given by the relation,

P = α · E, (1.1)

where α is a second rank polarizability tensor of the molecule, and P and E are three

dimensional vectors. The polarizability tensor is generally a function of nuclear

coordinates and vibrational frequencies of molecule and can be represented as













αxx αxy αxz

αyx αyy αyz

αzx αzy αzz
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Let the molecule be under the influence of an oscillating electric field. If the fre-

quency of oscillation is ν0, the electric field is given as

E = E0 cos 2πν0t (1.2)

The resultant induced dipole will vary with time as

P = α · E = αE0 cos 2πν0t (1.3)

and acts as a secondary source of electromagnetic radiation of frequency same as

that of incident light. This scattering represents the elastic scattering and is known

as Rayleigh scattering.

A molecule of N atoms have 3N degrees of freedom comprised of the translational,

rotational and vibrational, where the latter two can alter the polarizability of the

molecule. Let qv be the normal coordinate of vibration whose coordinate as a func-

tion of time is given as

qv = q0v cos 2πνvt (1.4)

where νv gives the frequency of qthv vibration. The polarizability in terms of qv can

be expressed as

α = α0 +

(

∂α

∂qv

)

0

qv + · · · (1.5)

where α0 is the polarizability at the equilibrium position. Generally, the terms in-

volving higher powers of q are ignored. This approximation is known as electrical

harmonic approximation which assumes that molecular vibrations involve small dis-

placements and hence, the polarizability proportional to first power of qv holds valid

[2].
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Substituting qv from equation 1.4 in equation 1.5, we get

P = α0E0 cos 2πν0t+

(

1

2

)

E0q
0

v

(

∂α

∂qv

)

0

[cos 2π(ν0 + νv)t+ cos 2π(ν0 − νv)t] (1.6)

The first term of equation 1.6 describes the Raleigh scattering, frequency of which

is equal to ν0. The second and the third term describes the inelastic scattering,

known as Raman scattering wherein the frequency of oscillating dipole is either

more (ν0+νv) (anti-Stokes line) or less (ν0−νv) (Stokes line) than the incident light

frequency. From equation 1.6, it can be seen that a vibration will be Raman active

only if the change in polarizability is non-zero during the vibration, i.e.
(

∂α
∂qv

)

0

6= 0.

Classical theory predicts the frequency dependence of vibrational Raman scat-

tering and selection rules quite accurately. However, it cannot precisely give the

characteristic vibrational transitions associated with molecular vibrations, the dif-

ference in the intensity of Stokes Raman and anti-Stokes Raman observed, the res-

onance Raman effect and dependence of α′ on the incident radiation frequency and

polarization. In order to explain all the features of Raman spectrum, quantum

mechanics need to be invoked.

1.1.2 Quantum theory

In this approach, the molecule is treated quantum mechanically while the elec-

tromagnetic field is treated classically to avoid meticulous calculations. The quan-

tized energy levels of molecules are obtained as solutions to the time-independent

Schrödinger equation. During Raman scattering, two transitions happen instanta-

neously, i.e. excitation of an electron from state |i〉 to |r〉 and annihilation of an

electron from state |r〉 to |f〉 accompanied by release of a photon of same energy

(Rayleigh scattering), or greater energy(anti-Stokes) or lesser energy (Stokes) (Fig-

ure 1.1). Here, |r〉 is an intermediate state often referred to as virtual state as it
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Figure 1.1: Energy level diagram showing anti-Stokes and Stokes Raman scattering,
pre-resonance Raman scattering and resonance Raman scattering.

is not a solution to the Schrödinger equations. Quantum mechanically, the phe-

nomenon of scattering is explained through transition probabilities from an initial

state |i〉 to a final state |f〉 under a perturbation, namely, electromagnetic radiation

in this scenario. For a given transition, an element of the Raman polarisability can

be shown as [3]:

αkl =
1

~

∑

r 6=i,f

{

〈f |pk|r〉〈r|pl|i〉

ωr − ωi − ωL − iΓr

+
〈f |pl|r〉〈r|pk|i〉

ωr − ωf + ωL + iΓr

}

(1.7)

where the summation is over all possible states |r〉 having energy ~ωr and width 2~Γr

(except the initial and final state), pk and pl are dipole moment operators. It must

be noted that the states |i〉, |f〉 and |r〉 are vibronic (mixed electronic/vibrational)

states of the molecule, ωL is the angular frequency of the incident laser. It follows

from equation 1.7, that for any vibrational transition |i〉 to |f〉 to be Raman active,

atleast one component of transition polarisability tensor must be non-zero, thus

defining the selection rule for Raman scattering. It must be mentioned here that

the intensity of any transition is nowhere considered in defining selection rule. So

it is possible that an allowed transition is not observed experimentally due to its
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feeble intensity.

Raman modes are characterized by (a) the frequency which yields the peak position,

(b) depolarization ratio (ratio of intensity in the perpendicular and parallel direc-

tions) which tells about the symmetry of molecule and (c) scattering cross section

which qualitatively characterizes the intensity. Here, the scattering cross section for

a normal mode m for excitation frequency ωL is given as [3]

dσm

dΩ
=

~ω4
R

1440π2 (ǫ0)
2 c4ωk

(

1 + nB
k (T )

)

LMRk (1.8)

where ωR = ω0 − ωk, LM is local field correction and nB
k (T ) is Bose factor. Rk is

Raman activity given by

Rk = 45ᾱ′2
k + 7γ̄′2

k (1.9)

where ᾱ′
k and γ̄′

k are the isotropic and anisotropic invariants of Raman tensor.

The overall intensity of the scattered light (4π solid angle) averaged over all the

orientations of the molecule is [4]

Iif =
27π5

9c4
I0 (ν0 + νif )

4
∑

k,l

∣

∣

∣
(αkl)if

∣

∣

∣

2

(1.10)

where I0 and ν0 are the intensity and frequency of the incident light, c is the velocity

of light and the summation is over k=x, y, z and l=x, y, z belonging to the molecule

normal coordinate. It is evident from equation 1.10 that the intensity of scattered

light is proportional to the frequency of incident light. As the incident laser fre-

quency approaches electronic transition frequency, Raman signal enhancement by

a factor of 5 to 10× occurs. This is called pre-resonance Raman. Pre-resonance

Raman is useful for systems like fluorescent molecules where higher Raman signal

intensity could be achieved without interference from fluorescent background. The

phenomenon of resonance Raman scattering occurs when ωL is exactly tuned to
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match the real electronic transition and as a consequence, the denominator of first

term in polarizability tensor (equation 1.7) diminishes. Under this condition, first

term increases enormously and the intensities of Raman bands are enhanced by three

to five orders of magnitude [5]. In this scenario, Γr (which is proportional to the

lifetime of excited state) keeps the first term in polarizability tensor intact, which

would otherwise be infinite under resonance Raman condition.

For an assembly of N molecules, the intensity of scattered radiation also depends on

the occupation of vibronic state m. The probability of occupation of vibrational lev-

els is given by the Bose-Einstein statistics. Even though, most molecule will occupy

the lowest vibrational level at a given temperature, there will be few molecules in

the higher vibrational states also. The occupancy of higher levels increases as tem-

perature is increased and can be quantified by the ratio of Stokes and anti-Stokes

intensity,

IStokes
Ianti−Stokes

=
(ν̃0 − ν̃m)

4

(ν̃0 + ν̃m)
4
exp {hc0ν̃m/kT} (1.11)

where νm is vibrational wavenumber.

1.1.3 Temperature and pressure effects

Thermodynamical parameters like temperature and pressure have profound

effects on physical properties of materials. Reducing temperature results in more or-

dered form, stiffened bonds and lower lattice volumes. At high temperatures, owing

to increased thermal vibrations and phonon interactions, the anharmonic compo-

nent of bonding force becomes more dominant. This reduces the force constant and

results into thermal expansion. Temperature dependence of Raman spectra are ob-

served as broadened peak width, reduced peak intensity and softened Raman modes.

Further, increasing temperature populates the higher vibrational states and leads

to enhanced intensity of anti-stokes Raman scattering or appearance of hot bands.
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Pressure is cleaner and stronger source of perturbation as it only results in vol-

ume change. Increasing pressure forces the lattice to a more compact form resulting

into hardening of modes and increase in band widths. Effect of pressure in Raman

can be observed as 1) frequency shift, 2) change in line shape due to change in life

time of the vibron. In addition, the symmetry of the system could itself change

on applying the pressure thus altering the Raman spectrum. High pressure can be

generated by exerting force on a smaller area. This is the principle behind diamond

anvil cell (DAC) employed for pressurizing materials and one can achieve pressures

up to megabars (100 GPa) regime using DACs.

1.2 Surface enhanced Raman scattering

Despite being characteristic and specific of a molecule, the application of Ra-

man spectroscopy was limited owing to its extremely small scattering cross section

( 10−30 cm2). The sensitivity was also low due to which it could not be used for

characterization of very low concentrations of molecules. This limitation was over-

come in 1974 when the first observation of enhanced Raman signal of monolayer

of pyridine adsorbed on the surface of roughened silver electrode was observed [6].

This enhancement was later termed as surface enhanced Raman spectroscopy.

The amplification of Raman signal intensity of a molecule present in an ambience of

high electric field density existing on the surface of metal nanostructures is known

as surface enhanced Raman scattering (SERS). In 1974, Fleischmann et al. ob-

served enhanced Raman signal of pyridine molecule adsorbed on silver electrode

and attributed it to increased surface area and hence increased number of adsorbed

molecules [6]. This was later challenged by van Duyne and Jeanmaire; and Albrecht

and Creighton in 1977 who independently recognized that the increased intensity

could not be only due to large surface area [7, 8]. Since then, many mechanisms

were proposed to explain the enormous increase in Raman signal intensity and can
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be categorized into two classes: a) electromagnetic enhancement and b) chemical

enhancement. In order to understand electromagnetic enhancement mechanism, a

brief introduction on plasmonics and surface plasmon resonance is necessary.

1.2.1 Optical properties of metals and surface plasmons

Metals are an interesting class of materials exhibiting a wide variety of optical prop-

erties. Noble metals like silver and gold stand out from other metals owing to their

frequency dependent dielectric response. Experimentally, the optical functions of

bulk samples or metallic films can be determined by reflectance or transmittance

measurements. Figure 1.2 shows the real and imaginary part of complex dielectric

constant as a function of photon energy [9]. This experimental dielectric response

deviates from Drude free electron model at higher energy and is dominated by con-

tribution from interband transitions. From Figure 1.2, it can be seen that the real

part of dielectric constant, ǫ1 of Ag and Au is negative and large in magnitude mak-

ing them the best plasmonic materials known so far in the visible region.

Surface plasmons are collective longitudinal oscillations of free conduction electrons

near metal dielectric interface strongly coupled to electromagnetic wave. Surface

plasmons can be excited by electromagnetic field which induces charge separation

at the nanoparticle surface due to the displacement of negative charges or electrons

and holes. This generates a linear restoring force which determines the finite eigen

frequency of the system, which is the plasmon resonance frequency. One can cal-

culate the resulting polarization of the sphere due to the external field. The static

polarizability of the sphere is given as [10]

α = 4πǫ0R
3
ǫ− ǫm
ǫ+ 2ǫm

(1.12)
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Figure 1.2: Real part ǫ1 and imaginary part ǫ2 of dielectric constant of a) silver and b)
gold as a function of photon energy (adapted from reference [10]).

where ǫ = ǫ1 + iǫ2 is the frequency dependent complex dielectric constant of the

metal and ǫm is the dielectric constant of the surrounding medium. For ǫ2 << 1,

the resonance frequency can be derived from the relation

ǫ1 = −2ǫm (1.13)

Further, for ǫm = 1 (i.e., when surrounding medium is air or vacuum), the resonance

frequency is [10]

ω1 =

√

e2

me4πǫ0r3S
(1.14)

where N is the total number of conduction electrons, e is the charge of an electron,

me is mass of free electron, ǫ0 is vacuum permittivity and rS is the Wigner Seitz

radius. It must be noted here that these plasmon oscillation exists due to excitation

from electromagnetic field and will decay (if not sustained by external sources of

energy) because of various loss mechanisms like collisions etc.
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1.2.2 Electromagnetic enhancement

Electromagnetic enhancements occur due to the interaction of incident laser

field and Raman scattered field with the localised surface plasmon resonances of

the metallic surface. Molecule residing in the vicinity of the metal nanoparticles

experiences enormous local field when the localized surface plasmon resonances are

excited. The enhanced local field can be calculated within electrostatic approxima-

tion for spherical particles much smaller than the wavelength of light as the electric

field is constant and uniform around the metal sphere [11, 12]. For molecule placed

at distance d from a nanoparticle of radius a and dielectric function ǫ(ω) surrounded

by a non-absorbing infinite medium of dielectric constant ǫM , the local field will be

enhanced by a factor

ELoc(ν)

EInc

=
ǫ(ω)− ǫM
ǫ(ω) + 2ǫM

(

a

a+ d

)3

(1.15)

where, EInc is the incident field, ELoc is the local field constituting of the incident

field and dipole field due to the metal sphere. The enhancement will be highest at

the plasmon resonance condition when Reǫ(ω) = −2ǫM and Im(ǫ) is small. This

condition is satisfied by the noble metals (copper, silver and gold) and alkali metals

in the visible region which makes them suitable candidate for SERS substrate. The

energy radiated by the dipole in free space will be enhanced by a factor of

MLoc(ν) =
|ELoc(ν)|

2

|EInc|2
(1.16)

and is called the local field intensity enhancement factor. Since the molecules re-

side in proximity to metal nanoparticle, not only the incident field but the Raman

scattered field EScat is also amplified. The net electromagnetic enhancement can be



12 Chapter 1.

expressed as

Gem(ν) ≈
|ELoc(ν)|

2

|EInc|2
|EScat(ν)|

2

|EInc|2
(1.17)

If the Stokes shift is small, both the incident field and the dipole field occur at the

same wavelength and the intensity scales as |E|4. This is generally referred to as

E4 approximation. It is known that the dipole field decays as d−3, so from the E4

approximation, the enhancement would decay as d−12, which describes the distance

dependence of SERS. A monolayer coverage around the sphere leads to d2 increase

in molecules and thus a net d−10 dependence of electromagnetic enhancement is

observed.

1.2.3 Chemical enhancement

Chemical enhancement arises from the modification of electronic structure or

polarizability of analyte due to formation of adsorbate-metal complex [13]. The mod-

ified polarizability can be more resonant with the excitation source than the pristine

molecular polarizability resulting into increased Raman intensity. This enhancement

may result from either physisorption, chemisorption, photon driven charge transfer

from metal to molecule or vice versa (Figure 1.3). Since the symmetry point group of

adsorbed molecule could be different from the parent molecule, the selection rule will

change and forbidden mode in Raman can be allowed in SERS. Further, resonance

Raman effect is also assumed to contribute to chemical enhancement mechanism.

In addition to the two enhancement mechanism discussed above, there are

many other factors that influence SERS enhancement such as excitation wavelength,

polarization and angle of incidence; SERS substrate and its orientation with respect

to the incident beam; concentration and orientation of analyte on SERS substrate.

It is not an easy task to account for all these parameters but SERS enhancement

factor provides a good estimate of them.
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Figure 1.3: Schematic representation of band energy of the metal nanostructure and
the HOMO-LUMO gap of adsorbate during a charge transfer mechanism. (Redrawn
from reference [14])

1.2.4 Enhancement factor

Determination of SERS enhancement factor accurately is vital in assessing the

capability of SERS substrate and its usability in various applications. Since, the

distribtution of analyte molecules on SERS substrate is not uniform and regions of

large enhancements or “hot spots” are highly localized, there is nothing as unique

enhancement factor for a substrate. So it becomes necessary to define average en-

hancement factor of a substrate. There are two ways to calculate enhancement

factor: a) Analytical Enhancement Factor (AEF) and b) SERS substrate enhance-

ment factor (SSEF).

(a) Analytical enhancement factor

Let cRS and IRS be the concentration of analyte and signal intensity in Raman ex-

periment, and cSERS and ISERS are the concentration and signal intensity in SERS
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experiment. Then, analytical enhancement factor under identical experimental con-

ditions (laser power, wavelength, accumulation time, etc.) is defined as [3]

AEF =
ISERS/cSERS

IRS/cRS

(1.18)

AEF depends on many factors such as adsorption properties of analyte, its con-

centration, method of preparation of SERS sample etc. It gives a simple way to

calculate SERS enhancement and can be very useful for practical applications.

(b) SERS substrate enhancement factor(SSEF)

SERS is surface phenomenon and only the adsorbed molecules (or the first few mono-

layers) contribute to the signal which was ignored while defining AEF. SSEF takes

this into consideration and gives enhancement factor as [3]

SSEF =
ISERS/NSurf

IRS/NV ol

(1.19)

where NV ol = cRSV is the average number of molecules in the scattering volume

V in Raman experiment while NSurf is the average number of adsorbed molecules

in the same volume in SERS experiment. Here, the surface coverage must be less

than one monolayer to get more accurate results using equation 1.19 as SERS is a

distant dependent phenomenon and the intensity decreases as one goes away from

the surface of substrate which is what happens for molecules on second or higher

monolayer.

1.3 Metal organic frameworks

Metal organic frameworks (MOF) are crystalline hybrid solids built from or-

ganic linkers coordinated to metal atoms forming a distinct framework structure
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(Figure 1.4). Though, the first coordination polymer was reported in 1960, exten-

sive work on MOFs started appearing only after 1990. Availability of a wide range

of organic ligands and metal ions offers possibility of synthesizing large number of

MOFs. They are mostly porous in nature but may be non-porous as well attributed

to the structure of ligand and its arrangement in the framework. Pore size tun-

ability and structural versatility makes them prospective material for adsorption or

separation of gases , segregation of hydrocarbons, catalysis, magnetism and optical

properties.

Figure 1.4: Schematic showing formation of Metal organic frameworks (MOFs) from
metal atom and ligand molecule.

MOFs are categorized into three generations [15]:

(a) First generation: Frameworks are stable and intact as long as guest molecules

are present but collapse irreversibly on removal of guest molecules.

(b) Second generation: Stable and robust framework showing permanent porosity

even in the absence of guest molecules belongs to the second generation of MOFs.
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(c) Third generation: Dynamic and flexible framework belongs to the third gen-

eration of MOFs. These frameworks respond to external stimuli like temperature,

pressure, electric field, guests etc. by expanding, shrinking, tilting, and are charac-

terized by drastic volume changes while retaining the topology.

In this thesis, I am going to focus on second and third generation of MOFs.

There are many ways by which flexibility and dynamicity arises in MOFs such as

change in conformation or orientation of ligands, reversible change in coordination

number of metal atoms due to removal or adsorption of solvent/guest molecules. In

most studies, structural characterization is carried out by X-ray crystallography. But

it is often difficult to carry out in-situ temperature, pressure or gas adsorption based

X-ray diffraction measurements. In this thesis, I have used Raman spectroscopy to

probe temperature or pressure induced structural transitions and gas adsorption in

MOFs in systems where X-ray could not be used. The advantage of Raman mea-

surements lies in the fact that it is local probe and can detect localized structural

changes. In Chapters 3, 4 and 5 of the present thesis, I have tried to understand

structural transitions and gas adsorption in MOF-508 and ZIF-8 with temperature

and pressure and also answer questions pertaining to unusual gas adsorption in

fluoro-functionalised MOF, Zn(SiF6)(pyz)2.2MeOH.

1.4 What is the extent of the sphere of influence

in SERS?

We often say that SERS is a surface phenomenon and as we go further away

from the surface the signal intensity decreases. For small molecules whose dimen-

sions are about a few Angstroms, we observe all the allowed modes. But, what if

the molecules are larger than 1 nm, such as protein or macromolecules, then do we

get SERS spectrum of full protein or only the modes facing the nanoparticle are
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Figure 1.5: a) Change in SERS enhancement as the distance between oval gold nanopar-
ticles and R6G is varied using dsDNA, b) Decay in SERS intensity of benzene with in-
creasing chain length of alkanethiol attached to roughened silver foil. (Adapted from
references [16, 17])

enhanced? In such instances, any structural change occuring away from the surface

deep inside the protein is not captured and hence we do not get complete informa-

tion. So, how do we obtain the full structural information of protein? Second, what

happens when silver nanoparticles cannot be used in its native form as they are not

bio-compatible and needs to be coated with thin silica shell or PEG for bio-molecular

studies. One solution is to use gold nanoparticles but they yield lower enhancement

factor in comparison to silver. In order to make silver universally acceptable for

SERS, it must be coated with a protective layer. But what should be the optimal

thickness of coating so that SERS is still observed?

In the previous section, we saw that the SERS enhancement factor decreases with

distance as d−10. So far, the reports on distance dependent SERS mostly concen-

trates on varying the distance from the nanoparticle surface by introducing spacers

such as DNA, methylene, silica or alumina coating etc. (Figure 1.5) while keeping

the particle size constant and it is found that the SERS intensity decays exponen-

tially with distance [16, 17]. But what is the distance at which the signal becomes

feeble? Is this distance same for different nanoparticle sizes or is it particle size de-

pendent? Previously, in showing the relationship between enhancement factor and
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distance, we unintentinally ignored the dependence on radius r of nanoparticle. But

the radius of nanoparticle has a very important role to play and from the relation
(

r
r+d

)10
, it can be said that SERS signal decay is slower for larger nanoparticles. So,

what is the effective sphere of influence for nanoparticles of different sizes. This ques-

tion is dealt with in Chapter 6 where silver nanoparticles of different sizes have been

synthesized and the distance from the nanoparticle surface is varied incrementally

by varying the silica shell thickness. Rhodamine 6G signal is used to quantify SERS

intensity for each nanoparticles at different distances. Further, finite difference time

domain calculations are performed on each of the nanoparticles to get the electric

field distribution around them which supports the experimental result.

1.5 New nanostructure for SERS

Metal nanoparticles show interesting properties due to the presence localized sur-

face plasmon resonance (LSPR) frequency. The electron oscillations decay either as

phonons or by emitting electromagnetic wave of same energy which is used for vari-

ous applications like surface plasmon resonance technique, surface enhanced Raman

spectroscopy, local heating, biosensing etc. The SPR frequency can be tuned by

changing the geometry of the nanoparticle and is sensitive to the dielectric constant

of the material constituting the nanoparticle as well as of the surrounding matrix.

A wide variety of nanostructures such as nanocubes, nanostars, prisms, rings, rods,

hybrid nanostructures, platonic solid structures and many more are available in

literature for various applications. Silver, gold and copper are the best materials

to make SERS substrate attributed to their dielectric response function. Silver is

the best SERS enhancer with enhancement factor values of the order of 108 − 1010,

but it cannot be used for bio-sensing or detection due to its in-compatibility. Gold

is bio-compatible but has lesser SERS enhancement effect in comparison to silver.

Many other nanostructures like nanorods, nanostars, spikes show enormous Raman



1.5 New nanostructure for SERS 19

intensity of the analyte due to lightning rod effect or the antenna effect which oc-

curs due to concentration of electric fields at ends of nanorods or tip of spike. But,

growth of anisotropic metal nanostructures requires shape directing agents such as

CTAB (cetyltrimethylammoniumbromide) which is a surfactant, and there are two

disadvantages of such nanostructures: 1) bilayer CTAB protective layer is difficult

to replace by proteins or other molecules, 2) CTAB complexes with protein and

may induce conformational change which is not desirable. Lian C. T. Shoute et al.

showed increase in the SERS enhancement factor of analyte adsorbed on a planar

sandwich substrate of silicon-silica-silver attributed to constructive interference of

incident and refracted light from the substrate [18]. Based on his work, we have

engineered new colloidal nanoarchitecture constituting of silver core, silica shell and

gold islands showing higher SERS enhancement factor which forms the theme of

Chapter 7.
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Chapter 2

Experimental Techniques

Raman scattering is a weak process and to have been detected by Sir C. V.

Raman in 1928 using sunlight as source and eye as detector is miraculous. Over the

years, and with the development in the science and the technology, major changes

in the excitation sources used (from mercury lamps to lasers) and the detectors em-

ployed (from photographic plates to charge coupled devices) were observed. Even-

tually, commercial Raman set ups with triple monochromator which was highly ef-

ficient in removing stray light and had high resolving power due to the holographic

grating used were made available. However, commercial Raman instruments are

expensive and do not leave scope for modifications required for different kinds of ex-

periments. In addition these spectrometers are sold as black boxes and the researcher

is unable to understand and maintain such a system. This limitation is overcome by

using a custom-built Raman spectrometer and is discussed in the following section.

2.1 Design of Raman spectrometer

Figure 2.1 shows the design of the custom-built micro-Raman spectrometer

[1]. It involves the excitation source (633 nm He-Ne laser or 532 nm Nd-YAG laser)

which passes through the plasma line filter, PF and neutral density filter, NDF. PF

23
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Figure 2.1: Design of custom-built micro-Raman spectrometer [1]. PF-plasma line
filter; NDF-neutral density filter; OL-objective lens; ST-sample stage; SM-special mirror;
M1,M2-mirrors; EP-eye piece; BS-beam splitter; EF-edge filter; FL-focussing lens; OF-
optical fibre. Monochromator: ES-entrance slit; CM-collimating mirror; FM-focussing
mirror; E′S-exit slit, TG-triple grating; CCD-charge coupled device detector.
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filters the plasma lines generated in a gas laser while NDF reduces the power of

transmitted beam which is needed while working with organic samples or biological

samples in order to prevent laser induced chemical change or degradation of the

sample. The laser then incidents on a special mirror at 45 degrees inside an epi-

fluorescent microscope and is reflected towards the sample through the objective.

For majority of the experiments, an infinity corrected 50X objective(NIKON, L

Plan 50X, 0.45 NA, WD 17 mm) was used. The back-scattered light collected

through the same objective is made to pass through the edge filter which blocks the

Rayleigh line. This light is then focused onto the optical fiber, other end of which is

f-number matched to the entrance mirror of the Czerny-Turner type monochromator

(iHR320, Horiba Jobin Yvon) fitted with a charge coupled device (Andor, DU401A-

BR-DD). The monochromator has an entrance slit whose width can be controlled

using Labspec software which is interfaced with the spectrometer. The collimated

light from the collimating mirror is then focussed onto the on-axis triple grating

turret which disperses the light onto the focussing lens from where it is focussed

onto the CCD. The triple grating turret supports three different groove density:

holographic 1800 grooves per mm providing the highest resolution, 1200 grooves per

mm and 600 grooves per mm. Peltier cooled CCD comprised of two dimensional

array (1024 × 127) pixels having a pixel size of 26 × 26 microns is employed to

collect the signal.

I have used the custom-built Raman spectrometer for all the Raman and surface

enhanced Raman studies reported in this thesis.

2.2 Temperature dependent measurements

Temperature dependent Raman measurements were carried out in a Linkam

THMS 600 heating-cooling stage equipped with temperature controller and liquid

nitrogen pump (TMS94). The temperature could be tune to vary from -196 ◦C to
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600 ◦C with an accuracy of 0.1 ◦C achievable at different ramp rate, highest being

150 ◦C per minute. For all the present studies, a constant ramp rate of 10 ◦C per

minute was maintained. In order to prevent condensation of moisture during low

temperature measurements, recycled hot nitrogen is blown on the viewing window

surface.

The Linkam stage has two quick-fit gas ports (Figure 2.2) which serves as inlet

Figure 2.2: Linkam stage employed for temperature dependent and gas adsorption
Raman studies of MOFs. Inset shows the temperature controllers and Dewar flask for
containing liquid nitrogen.

and outlet for purging gases in order to change the atmosphere of the chamber. We

have investigated adsorption of three gases namely nitrogen, methane and carbon

dioxide in metal organic frameworks using Linkam stage.
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2.3 High pressure studies

Force applied normal to the surface generates pressure. To accommodate the

force, atoms move nearer to each other which can lead to reduction in volume, or

the unit cell may tilt, contract or re-orient. This may result into new properties

in the materials which could be harnessed for different applications such as that

of topological insulators. Alternatively, it may also be needed to know that during

deformation or when force is applied what is the change occuring at the atomic level.

We have tried to understand this structural deformation by Raman spectroscopy.

The pressure is applied by placing the sample in a diamond anvil cell whose details

are dealt with in the following section.

2.3.1 Diamond Anvil Cell (DAC)

Diamond is the hardest material formed naturally under extreme conditions of

temperature and pressure in earth’s mantle. Thus, it is widely used for cutting and

polishing tools in industries. Hence it is the ideal material to use for transmitting

pressures on to the sample. The High pressure experiments mostly rely on diamond

anvil cells for applying pressure attributed to its hardness and transparency for

most of the electromagnetic radiation such as γ rays, X-rays, UV-Visible and IR

range. Pressure is applied by the compressing the sample between the culets of the

opposing diamonds. Pressures as high as 300 GPa (3,000,000 bars) can be achieved

using DACs. Figure 2.3 shows the picture of the DAC.

2.3.2 Membrane type Diamond Anvil Cell (MDAC)

For high pressure Raman studies presented in the thesis, membrane type dia-

mond anvil cell (MDAC) shown in Figure 2.3 was used whose main components are

steel membrane, diamond stuck to upper and lower rocker, gasket, guidance dowel
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Figure 2.3: Diamond anvil cell (Left). Picture of membrane type diamond anvil cell
(top right) and the pneumatic drive system (bottom right).
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to hold and align the piston inside cylinder. In our MDAC cell, the guidance dowel

is replaced with guide screw and notch which can lock the piston over cylinder. A

pneumatic drive system (PDS) controls the pressure inside the MDAC by varying

the pressure in its membrane. The pressure inside the PDS can be varied from 0-150

bars by He gas flow. When the He gas flows into the stainless steel membrane, it

expands and exerts force onto the MDAC piston thus generating pressure inside the

cell. This uniaxial pressure is converted into a uniform hydrostatic pressure via a

pressure transmitting medium such as Argon, Helium, ethanol-methanol mixture or

NaCl.

The main factors that affects the pressure in the MDAC cell are: a) type of anvil,

b) hardness of cell material, c) alignment of anvil, d) gasket material and hole size,

e) pressure transmitting medium and are discussed below.

Diamond

Selecting a suitable diamond is very important in fabricating a DAC. Brilliant-

cut, gem quality diamonds are used as anvils. Type II diamonds are the purest

form and transparent to all electromagnetic radiation, but they are expensive.Type

I diamonds contain nitrogen impurities and are commonly employed in DACs. To

attain high pressures in the megabar regime, diamonds with small culet size are

needed. The maximum attainable pressure (Pmax) is related to the culet diameter

d by the following formula [2],

Pmax =
12.5

d(mm)2
(2.1)

The diameter of the table (base) of diamond determines the force applied to the

backing plates and hence the maximum pressure. The culet size must be much

smaller than the table for generating high pressure. Further the shape of diamond

anvil also decides the maximum attainable pressure.
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Backing plates: Backing plates, that is the material that provides support to the

diamond is another important factor which puts a limit on the maximum pressure.

The applied stress on the backing plates must be lesser than its plastic deformation

limit as exceeding this would result in loss of alignment and may lead to breakage of

diamonds. Tungsten carbide and boron carbide are preferred material for mounting

diamond. The backing plates have tapered holes whose diameter should be greater

than the culet diameter but lesser than a third of the diameter of diamond table

. Larger holes weaken the backing plates and hence cannot sustain high stress.

Finally, the diamond is mounted on the hole such that the culet is at the centre of

the tapered hole of the backing plate so that the laser beam can pass through the

tapered holes into the diamond and illuminate the sample.

Diamond alignment: Alignment of the two diamond culets in the DAC is very

critical for high pressure measurements. The culets must be perfectly parallel and

laterally aligned both in x and y direction to prevent gasket deformation and rupture

of diamonds at high pressures. The alignment is achieved by adjusting the screws

on the piston wall and on top of the cylinder. When the diamonds are not aligned,

an interference fringe pattern is seen which disappears after perfect alignment.

Gasket: Gasket plays two important roles: a) it serves as a holder for sample and

pressure transmitting medium and b) it supports the diamond culet. An impression

of diamond culet is made in the gasket using DAC which is known as indentation.

Pre-indentation hardens the gasket and prevents rupturing of diamonds. A hole

whose diameter is a third of that of culet size is drilled at the centre of the indentation

[3]. We have used stainless steel gasket (T301) having a initial thickness of 250 µm

for our experiment.

Pressure medium: The sample must be immersed in a fluid to attain hydrostatic

pressure [4]. This fluid acts as pressure transmitting medium. It must noted that

the medium should not dissolve or react with the sample. Typical fluids used for
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high pressure measurements are inert gases like He or Ar, ethanol-methanol mixture

(4:1), water, silicone oil, hydrocarbon mixture, NaCl [4, 5] etc. Since the sample used

was unstable in water or ethanol-methanol mixture, we have used pure NaCl crystals

(Sigma-Aldrich) for our experiment. On application of pressure, NaCl crystallizes

into transparent solid and remains hydrostatic till 7 GPa.

Pressure measurement: Ruby (Al2O3 : Cr3+) fluorescence technique is widely

used to gauge pressure in high pressure work using DACs [6]. Ruby has strong

R-line luminescence which is composed of two sharp lines, R1 and R2. The origin

of these lines are attributed to the crystal field splitting of d-orbitals of Cr3+ in

an octahedral geometry. R1 and R2 occur at 694.2 nm and 692.8 nm respectively.

These lines show notable red shift with pressure [7] while the separation between

them remains constant. R1 line shows linear dependence with pressure upto 20 GPa

at ambient temperature and is generally used for pressure calibration under static

high pressure [8]. Pressure is measured using the relation [9],

P (GPa) =
1904

B

[

(

1 +
∆λ

λ0

)B

− 1

]

(2.2)

where ∆λ = λP − λ0 is the difference in the wavelength at pressure P and ambi-

ent pressure. B=7.665 and 5 for quasi-hydrostatic and non-hydrostatic conditions

respectively. Under non-hydrostatic conditions, the R1 and R2 lines broaden and

overlap and there is large uncertainty in pressure measurement. Ruby crystals were

loaded along with the sample for in-situ pressure measurement during Raman studies

of MOF.
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Chapter 3

Temperature Induced Structural

Transformations and Gas

Adsorption in the Zeolitic

Imidazolate Framework ZIF-8: A

Raman Study

3.1 Introduction

Zeolitic imidazolate frameworks (ZIFs) are structurally analogous to zeolites

wherein the metal atoms are connected via the nitrogen atom of imidazolate or

their derivatives giving rise to a rigid framework with characteristic well-defined

Reprinted(adapted) with permission from “Temperature Induced Structural Transformations
and Gas Adsorption in the Zeolitic Imidazolate Framework ZIF-8: A Raman Study” J. Phys.

Chem. A 2013, 117, 11006-11012. Copyright 2013, American Chemical Society. http://pubs.

acs.org/doi/abs/10.1021/jp407792a
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Figure 3.1: Three dimensional view of ZIF-8. H atoms have been removed for clarity.
C, gray; N, royal blue; Zn, teal

pores and window sizes. Substantial gas adsorption as a result of sequential fill-

ing of the pores has been attributed to polarizability, guest induced flexibility or

structural re-organisation to fit gases of various sizes and shapes. The pore size

tunability can be achieved by changing the functionality on the imidazole linker as

demonstrated by Banerjee et al. [1]. Recently, ZIFs have attracted great interest in

various applications like gas separation and purification [2–6], catalysis [7, 8], sens-

ing etc. [9, 10] because of their high surface area attributed to large micro pore

volume, chemical inertness toward alkaline water and various organic solvents and

higher stability [11]. There are numerous reports on the synthesis methods for mi-

cro and nano ZIFs [12–16]. Higher surface area of nano ZIFs as a consequence of

increased pore accessibility makes them very promising materials for gas adsorption

and catalysis.

ZIF-8 is constituted of Zn(II) metal ions bridged by methyl-imidazole linker (Figure

3.1). It has a sodalite structure and crystallizes in a cubic lattice with space group

I43m. Owing to its high stability (it can sustain pressure up to 1.6 GPa [17]) and
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flexibility, ZIF-8 is the most pursued material among all the ZIFs known so far. The

narrow window size of 3.4 Åinterconnecting the cavities of size 11.4 Åmakes ZIF-8

a prospective material for gas storage, purification and separation of smaller hydro-

carbons [2, 5, 18]. Although, ZIF-8 is known to adsorb smaller gas molecules such

as hydrogen, nitrogen, methane, carbon dioxide [18], it is surprising to observe that

it can uptake gas molecules like methane (3.8 Å) and nitrogen (3.6 Å) having kinetic

diameter larger than the ZIF-8 window size [18–20]. This unusual gas adsorption

behavior is speculated to be due to the swinging of the imidazolate moiety resulting

in an increase of the channel size [21, 22]. In order to get a microscopic picture and

thereby understand the structural changes, we have employed Raman spectroscopic

tool to probe ZIF-8.

Raman spectroscopy is a powerful technique which gives the vibrational modes as-

sociated with the molecule or material. Minute changes in the structure induced

by host−guest interactions or by external stimuli such as temperature or pressure

can be captured and is reflected as a change in the vibrational modes frequency or

intensity [23]. Recently, Raman spectroscopy has been used to provide evidence for

gas adsorption in MOFs indicated by their Raman lines [23–26]. However, very few

reports focus on the structural changes that occur in ZIFs during gas adsorption

via Raman spectroscopic studies. Even though X-ray and NMR have been used

extensively to study ZIF-8 [27], these techniques do not provide ample information

about the molecular interactions in the crystal. X-ray diffraction is limited by its

inability to give precise hydrogen atom positions while in-situ NMR studies on solid

samples to capture the molecular dynamics is difficult. This prompted us to conduct

Raman meausurements on ZIF-8. In this study, first we have shown that nano ZIF-8

(nZIF-8) shows higher adsorption of N2, CO2 , and CH4 gases when compared with

micro ZIF-8 (mZIF-8). Second, we have investigated temperature induced molecular
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level changes in mZIF-8 through Raman spectroscopy and hence provided a plausi-

ble reason for adsorption of bigger gas molecules (N2, CO2, CH4) through narrow

channels.

3.2 Experimental Details

All the reagents and solvents employed were commercially available and used

as supplied without further purification. Zinc nitrate tetrahydrate and 2-methyl

imidazole were purchased from Sigma-Aldrich. Crystals of mZIF-8 were prepared

according to a previously reported procedure [11]. A mixture of Zinc nitrate tetrahy-

drate (0.210 g, 0.8 mmol), 2-methyl imidazole (0.060 g, 0.7 mmol), and 18 mL

N,N-dimethylformamide (DMF) was put in a 23 mL Teflon bomb. The reaction

mixture was stirred for 1 h. The Teflon bomb was then subsequently placed in a

steel autoclave and heated at 140 ◦C under autogenous pressure for 72 h and then

cooled to ambient temperature. Light yellow block shaped crystals of mZIF-8 were

isolated by decanting the supernatant liquid and washed thoroughly several times

with DMF. (Yield 69 %). Anal. Calcd. for C11H23ZnN5O4: C, 35.75; H, 6.58; N,

19.74 %. Found: C, 36.09; H, 7; N, 19.49 %.

Nanoscale ZIF-8 was synthesized according to the literature report by Cravillon et

al. [28]. Typically, 366 mg of Zn(NO3)2·6H2O and 811 mg of 2-methylimidazole

were put in two separate beakers containing 25 mL methanol each. Both the clear

solutions were mixed and stirred until the two components were mixed properly. Af-

ter 24 h, a gel like solid was recovered by centrifugation and washed with methanol

three times.

The resultant mZIF-8 was characterized by different techniques. Powder X-ray

diffraction (PXRD) pattern was recorded on a Bruker D8 Discover instrument using

Cu−Kα radiation. The morphology of ZIF-8 were examined with a transmission

electron microscope (TEM; JEOL JEM-3010 with an accelerating voltage of 300
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KV). The gases (nitrogen, methane, carbon dioxide, and argon) for adsorption stud-

ies were obtained from Chemixgases, India, and were 99.99 % pure.Adsorption of N2

(77 K), CO2 (195 K), and CH4 (195 K) was carried out using QUANTACHROME

AUTOSORB-1C analyzer. Raman spectra were recorded using a custom built Ra-

man spectrometer with a HeNe red laser (632.8 nm) and 1800 lines/mm grating [29].

Laser power was 8 mW at the sample. Temperature dependent Raman studies were

carried out in a Linkam THMS 600 heating-cooling stage. Typical accumulation

time was 30 s for all the Raman studies. For gas adsorption Raman studies, acti-

vated powder ZIF-8 was mounted on the Linkam stage, and heated to 80 ◦C and

then cooled to room temperature (RT) after which the gases were purged. Tem-

perature was monitored through the temperature controller attached to the Linkam

stage. The gas pressure was regulated by the regulator fixed at the inlet and was

mostly kept constant around 1 atm. The Raman spectra obtained were smoothened

using 5 point FFT, and background was removed by baseline correction.

3.3 Results and Discussions

Micro and nano ZIF-8 synthesized were characterized with PXRD as shown in Figure

3.2 corresponding to the structure in Figure 3.1. Surface area and pore volume were

determined using nitrogen adsorption-desorption isotherm at 77 K with typical type-

I behaviour exhibited for micro-porous materials. The Brunauer-Emmett-Teller

(BET) surface area for mZIF-8 was found to be 520 m2/g with a pore volume of 0.31

cm3/g, while it was found to be 1120 m2/g with significant pore volume of 0.956

cm3/g for nZIF-8. Optical image of mZIF-8 and TEM image of nZIF-8 is presented

in Figure 3.3a and 3.3b respectively.

Figure 3.4 shows the adsorption profiles of nitrogen, carbon dioxide and methane in

mZIF-8 and nZIF-8. From the adsorption profiles, it is evident that the gas uptake

by nZIF-8 is higher than mZIF-8 for all the gases. The guest molecules can either
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Figure 3.2: PXRD pattern of nZIF-8, mZIF-8 and simulated curve of ZIF-8.

Figure 3.3: (a) Optical image of mZIF-8, (b) TEM image of nZIF-8.
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Figure 3.4: Adsorption-desorption profiles of (a) N2 at 77 K, (b) CO2 at 195 K, and (c)
CH4 at 195 K. The red curve represents mZIF-8, and the blue curve represents nZIF-8
in all the figures.
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adsorb on the surface or in the pores of any material. The adsorption in mZIF-8 is

mainly driven by diffusion into the pores. nZIF-8 has higher accessible area due to

the smaller crystallite size giving rise to lower diffuion barrier and more accessible

pores. Further, it is also noticed that nitrogen and carbon dioxide uptake in both

mZIF-8 and nZIF-8 is more in comparison to methane. This can be attributed to:

(a) development of weak dipole in the gas molecules facilitating interaction with the

ZIF-8 framework and, (b) and linear geometry of N2 and CO2 molecules through the

the cylindrical channels while blocking the tetrahedral methane molecules resulting

in lesser uptake. In the following section, we will show that as the temperature

reduces, the uptake increases making it possible to capture signals from encaged gas

molecules.

3.3.1 Temperature dependent Raman study of ZIF-8 in ni-

trogen atmosphere

Room temperature Raman spectrum of mZIF-8 shown in Figure 3.5 is domi-

nated by intense bands of methyl group and imidazole ring vibrations. Band assign-

ments were carried out by referring to earlier reports on Raman bands of imidazole

and methyl moiety and is summarized in the Table 3.1 [30–32]. Strong bands cor-

responding to Zn−N stretching, imidazole ring puckering, C5−N stretching and

methyl bending vibrations were observed at 168 cm−1, 686 cm−1, 1146 cm−1, and

1458 cm−1 respectively. Previous X-ray crystallography study assert that N2 inside

mZIF-8 induces change in unit cell parameters indicating a phase different than the

RT phase [20]. To get an insight into the phase change resulting from change in tem-

perature, we have recorded the temperature dependent Raman spectra of mZIF-8

in an atmosphere of nitrogen. As the temperature is reduced from RT (293 K) to 83

K, most of the Raman modes harden suggesting stiffened bonds and increased bond

strength which could result from lattice compression at low temperatures. There is
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Figure 3.5: RT Raman spectrum of mZIF-8. Inset shows the atom nomenclature used
for the imidazole ring, where N is shown in blue, Zn in purple, C in gray, and H in white

no anomaly in full width at half-maximum (fwhm) suggesting that the crystalline

phase is retained throughout the temperature range. All the modes remained intact

up to 83 K implying that the phase change observed in the X-ray studies [20] is

because of the volume change and change in orientation of methyl-imidazole ring

leading to expansion of pore volume and not due to structural transition. Imidazole

ring mode in mZIF-8 has been known to show flexibility and swing effect with tem-

perature [21, 22]. From the Raman spectra we observe that, as opposed to the

normal behaviour, imidazole ring puckering mode starts softening around 200 K

and then hardens beyond 150 K as shown in Figure 3.6a. Interestingly, the Zn-N

stretching mode also exhibited similar trend with temperature. This behaviour can

be explained as follows. As the temperature decreases, the ZIF-8 lattice starts com-

pressing resulting into decrease in bond lengths and hence hardening of frequency.

At lower temperatures, lattice compression would be hindered due to steric repulsion
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Figure 3.6: Temperature dependence of (a) Imidazole ring puckering and (b) Zn-N
stretching in mZIF-8. Red dotted line is guide to the eye.

Figure 3.7: Temperature dependence of (a) C-H stretching and (b) C-H bending modes
of the methyl group in mZIF-8. Red dotted line is guide to the eye
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Frequency (cm−1) Band assignment
168 ν Zn-N
273 ν Zn-N
686 Imdz ring puckering, H oop bend
755 C=N oop bend, δ N-H
833 C-H oop bend (C4-C5)
950 C-H oop bend (C2-H)
1021 C-H oop bend
1146 ν C5-N
1180 ν C-N+N-H wag
1187 ν C-N
1311 ring expansion+N-H wag
1384 δ CH3

1458 C-H wag
1499 C2N3+C4N3+ν C5N1+N-H wag
1508 ν C4-C5
2915 νsym C-H (methyl)
2931 νasym C-H (methyl)
3110 ν C-H (ar)
3131 ν C-H (ar)

* ν-stretch; δ-bend; oop-out of plane; ar-aromatic; sym-symmetric;

asym-asymmetric, Imdz-imidazole.

Table 3.1: Raman band assignment of mZIF-8 [30–32].

between the methyl groups on opposite imidazole groups facing each other inside

the window. As a consequence, the methyl imidazole moieties swing away from

each other opening the channel for guest uptake. This would ease the Zn-N and

imidazole strain thus softening their vibrational modes. Beyond 150 K, hardening

of these modes are observed due to further compression of mZIF-8 lattice along

with the guest molecules. Another implication of ring opening is the increase in the

interspace separation between the methyl groups facing each other thereby reducing

the steric hindrance consequently leading to softening of C-H stretching frequencies

from 2931 cm−1 at room temperature to 2924 cm−1 at 83 K as shown in Figure

3.7a. Besides, softening of stretching frequencies are accompanied by hardening of

bending modes, which is also observed in the C-H bending frequency at 1458 cm−1
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Scheme 3.1: Orientational change of methyl imidazole ring with temperature.

(see Figure 3.7b). The orientational change of the ligand followed by increased guest

uptake at low temperatures has been depicted in Scheme 3.1.

Low temperature Raman spectra of mZIF-8 showed the appearance of new peak at

2323 cm−1 at 123 K which gained intensity as the temperature was further lowered

(Figure 3.8). This peak has been assigned to N-N stretching frequency of encaged

nitrogen molecules in pores of mZIF-8. The reduced stretching frequency of trapped

nitrogen molecules in comparison to free nitrogen having stretching mode at 2331

cm−1) suggest lower N-N bond strength as a result of its interaction with mZIF-8

framework. Gradual enhancement of adsorbed nitrogen signal intensity with decreas-

ing temperature signifies successive filling of pores (Figure 3.8b). A recent report

demonstrate similar results on nitrogen adsorption in ZIF-8 [20].

3.3.2 Raman study of methane adsorption in ZIF-8

For the first time we have studied methane adsorption in mZIF-8 by Raman

spectroscopy. Other reports on Raman investigation of methane adsorption in metal

organic frameworks (MOFs) include reports by Hamon et al. and Sibero-Perez et

al. who have shown adsorption of methane and other gases in MOFs [33, 34].

Methane has three strong bands in the 100-4000 cm−1 regime occuring at 1533,

2917 and 3019 cm−1 [35, 36]. Out of these, 2917 cm−1 is the most intense mode
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Figure 3.8: (a) Raman spectra showing adsorbed nitrogen peak at 2323 cm−1 at 123
K. Red line is the Lorentzian fit to the peak. (b) Nitrogen peak intensity as a function
of temperature. Red dotted line is the guide to eye.

Figure 3.9: (a) Raman spectra of adsorbed CH4 in mZIF-8 at 153 K (CH4, black curve),
and Raman spectra of mZIF-8 in argon atmosphere (Ar, red curve) at 153 K. The peak
at 2904 cm−1 marked with a star corresponds to that of adsorbed methane. (b) Methane
peak intensity as a function of temperature. Red dotted line is guide to the eye.
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corresponding to symmetric C-H stretch. In our Raman studies, we indeed observe

a new mode at 2904 cm−1 appearing in the methyl peak already present in mZIF-

8 spectrum as shown in Figure 3.9a. This mode was assigned to C-H symmetric

stretch based on the gaseous methane mode. Methane is a better Raman scatterer

than nitrogen [37] and hence we do see its existence even at a temperature as high

as 173 K. To validate our results and assert that the new peak indeed belongs to

the adsorbed methane gas and does not result from any methyl interactions at low

temperature, we carried out the experiment in argon atmosphere. Here, the Raman

spectrum of mZIF-8 does not show any new peak in the C-H stretching region (Fig-

ure 3.9) reasserting the fact that the 2904 cm−1 peak belongs to adsorbed methane

in mZIF-8. This peak intensity reduced as the temperature was increased from 133

K to room temperature implying gradual release of methane guest molecules from

the host (Figure 3.9b).

Adsorption of methane does not induce any structural transition in mZIF-8 suggest-

ing physisorption. Interestingly, no guest molecular peak appears at room tempera-

ture while they arise at low temperature. There are two possible reasons: 1) High

kinetic energy of gases at room temperature limits adsorption of gases in the pores

and hence cannot be detected by Raman studies. Lesser thermal energy of gases

at low temperatures favors high adsorption and close packing of guest molecules, 2)

Ring opening as a result of swinging of methyl-imidazole ring widens the channel

allowing more guest molecules into the pore. Although, the former plays significant

role for adsorption of gases in porous materials, we believe that swinging of methyl-

imidazole ring is the prime reason for increased guest uptake in mZIF-8 below 150

K.

Methane interaction sites in ZIF-8 have been predicted previously by neutron diffrac-

tion experiments and simulation studies [21, 38]. There are four interaction sites

[21]. Site I which is known as “IM” site refers to the position above C4=C5 bond



3.3 Results and Discussions 49

Figure 3.10: Fermi resonance (ν− and ν+) modes of adsorbed carbon dioxide in nZIF-8
at 203 K (red curve). Absence of CO2 modes in mZIF-8 at 203 K (black curve). Inset
shows the deconvoluted peaks at 1379 cm−1 (CO2) and 1383 cm−1 (δ CH3). The arrow
pointing at the red curve at 1383 cm−1 shows the position of methyl bending mode.

in the plane perpendicular to that of the imidazole ring. Site II is the center of

the channel formed by the 6 ZnN4 tetrahedron with three methyl groups pointing

outside and other three methyl groups pointing inside. Further loading occurs at

site III and site IV wherein the former is at the center of the “nanocage” (term

coined by previous authors) formed by site I and site II while the later is localized

in the middle of the 4-ring pore at the center of the cube face [21, 38]. From the

intensity versus temperature plot shown in Figure 3.9b, it is understood that there

is sequential loading of methane gas in mZIF-8 as the intensity gradually increases

with decreasing temperature.
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3.3.3 Raman Study of Carbon Dioxide Adsorption in ZIF-8

We further conducted Raman measurements of carbond dioxide adsorption in

mZIF-8 similar to previous previous experiments. Surprisingly, we did not get any

peak of CO2 at room temperature or at 195 K (Figure 3.10, black curve). Experiment

was repeated to confirm the observed results. Earlier studies on CO2 adsorption in

MOFs reveal two peaks at 1276 cm−1 and 1380 cm−1. From adsorption studies,

we know that nZIF-8 has higher CO2 uptake than mZIF-8. So, we proceeded to

do Raman measurements of CO2 adsorption in nZIF-8 at room temperature and at

203 K (experiments were performed above the sublimation point, 195 K, to prevent

condensation of CO2) and we indeed saw a new peak at around 1270 cm−1. Red

curve in Figure 3.10 shows the Fermi resonance peak of CO2 at 1270 and 1276 cm−1.

The splitting in ν− could be due to the difference in interaction energies of CO2 on

the surface and in the pores of nZIF-8. Since the ν+ mode of CO2 coincides with the

methyl bending frequency, we deconvoluted the peak at 1380 cm−1 to find the ν+

at 1379 cm−1. The downshift indicates weakened bond strength due to interaction

of CO2 with the nZIF-8 framework.

3.4 Conclusions

We have investigated molecular level changes in ZIF-8 under various conditions

of temperature and gas adsorption through Raman spectroscopy and subsequently

addressed the issue of adsorption of smaller gas molecules through the larger chan-

nels. ZIF-8 exhibits framework flexibility due to swinging of methyl-imidazole ring

resulting in weakening of the Zn-N mode which is observed as softening of Zn-N

mode in the Raman spectra. Beyond 150 K lattice compression occurs leading to

swinging of methyl-imidazole ring to evade the problem of steric repulsion between

the methyl groups. This leads to opening of channels hence favoring nitrogen and
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methane gas uptake at low temperatures which was confirmed by the presence of

their Raman modes at 2323 cm−1 and 2904 cm−1 repectively. Although, carbon diox-

ide has kinetic diameter similar to nitrogen and methane, low uptake results from

narrow channel size at 195 K in mZIF-8. Presence of Fermi resonance modes of CO2

at 1379 cm−1 and 1270 cm−1 in nZIF-8 is due to larger surface area of nanoscale

framework and readily accessible pores in nanometer size crystals of nZIF-8.
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Chapter 4

Temperature Induced Structure

Evolution and Carbon Dixode

Capture by Fluoro-functionalized

MOF

4.1 Introduction

The alarming increase in the atmospheric carbon dioxide levels due to emis-

sions from the petrochemical industries, burning of fossil fuels, automobile exhausts

in the last few decades is a matter of great concern today. Development of effec-

tive systems for carbon dioxide capture and sequestration is an important field of

research. The various ways to capture carbon dioxide from gaseous mixture include

“Unusual room temperature CO2 uptake in a fluoro-functionalized MOF: insight from Ra-
man spectroscopy and theoretical studies” Chem. Commun. 2012, 48, 8487-8489 - Repro-
duced by permission of The Royal Society of Chemistry. http://pubs.rsc.org/en/content/

articlelanding/2012/CC/C2CC34276F
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cryogenic distillation, adsorption by solvent or solid sorbents and membrane purifi-

cation [1, 2]. Due to cost limitation or in-efficiency in adsorbing carbon dioxide

present in low concentration (which is the case for industrial emissions), cryogenic

distillation or membrane purification is not possible. Aqueous amines are potential

sorbents and are used as standard to gauge the potential of new materials. Whether

a sorbent is a prospective material (or not) for carbon dioxide capture is decided

on the basis of its adsorption capacity, adsorption-desorption kinetics, enthalpy of

adsorption, selectivity, operating conditions, stability and regenerability [2, 3].

Recently, metal organic frameworks (MOFs) have emerged as prospective materials

for carbon dioxide capture due to their structural flexibility and tunability, and large

potency for gas adsorption. The ability to maneuver the framework structure using

various molecular strut to obtain a desired characteristics makes them a fascinating

class of materials for gas adsorption. Most MOFs have inherent porosity and the

pore size may vary from few Angstrom to a few nanometers. Separation of small

molecules like carbon dioxide from flue gas or any gaseous mixture necessitates the

presence of ultra-micropores which permits only small gases. Functionalizing such

pores with strongly polarizing sites aid the binding process due to enhanced in-

teraction attributed to the larger polarizability and quadrupole moment of carbon

dioxide. This facilitates increased adsorption of gas molecules onto the framework

even at low pressures. [{Zn(SiF )6(pyz)2} · 2MeOH]n is one such MOF containing

highly polar group SiF2−
6 [4].

Generally, the gas uptake by any material reduces as the temperature increases due

to larger kinetic energy of gases or weakened adsorbate-adsorbent interactions. Quite

unusual to the normal behaviour, it was found that carbon dioxide adsorption in

[{Zn(SiF )6(pyz)2}·2MeOH]n was higher at room temperature (298 K) than at 195

K. Raman spectroscopy can provide signatures of structural or molecular changes in

a material resulting from the gas adsorption or temperature/pressure variation and
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so, to understand the preferential adsorption at room temperature, we performed

Raman spectroscopic measurements which would provide an insight into the mech-

anistic aspects of unusual CO2 adsorption behaviour at various temperatures.

4.2 Experimental details

All the reagents and solvents employed were commercially available and used

without further purification. ZnSiF6·xH2O and pyrazine were obtained from Sigma

Aldrich Chemical Co. [{Zn(SiF )6(pyz)2} · 2MeOH]n were synthesized using the

previously reported procedure [4]. Powder X-ray diffraction patterns were recorded

on a Bruker D8 Discover intrument using Cu-Kα radiation. Raman measurements

were carried out on custom-built Raman spectrometer using HeNe laser of wave-

length 632.8 nm. Linkam THMS 600 heating-cooling stage was used for all the

temperature depdendent Raman measurements. Typical accumulation time was 30

s for each spectrum. The spectra reported here are smoothed using 5 point FFT,

and baseline corrected. Gases used for all the gas adsorption measurements were of

scientific grade with 99.999% purity.

4.3 Results and discussions

[{Zn(SiF)6(pyz)2}·2MeOH]n was synthesized by previously reported procedure

[4] and characterzied by PXRD studies. It has a α-Po types structure where 2D

{Zn(pyz)2}n are stacked by axially coordinating SiF2−
6 ligands as shown in Figure

4.1a. The framework has 1D channels (4.5×4.5 Å2) lined with pendant fluorine

atoms facing the pore. Non-coordinated Fluorine atoms can be the site for electro-

static interactions leading to atypical adsorption properties as shown by other fluoro-

functionalized coordination polymers [5, 6]. Interestingly, [{Zn(SiF)6(pyz)2}·2MeOH]n
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Figure 4.1: (a) 3D view of [{Zn(SiF)6(pyz)2}·2MeOH]n showing 1D channel along
c-direction, (b) CO2 adsorption-desorption isotherms at 195 K (green), 273 K (red),
298 K (blue). Adsorption and desorption is indicated by close symbol and open symbol
respectively. P◦ is the saturated vapour pressure of CO2

shows unusally high CO2 adsorption at 298 K in comparison to that at 195 K (Fig-

ure 4.1b). To understand this exceptional behaviour, we performed Raman studies

which gives molecular level information.

Figure 4.2 presents the room temperature Raman spectrum of as-synthesized

[{Zn(SiF)6(pyz)2}·2MeOH]n. The Raman spectrum features distinct pyrazine modes,

Si-F modes and lattice vibrations. Table 4.1 summarizes the band assignment of

the framework [7–11]. The frequencies below 300 cm−1 have been assigned to the

lattice modes, the Zn-F and Zn-N stretching frequencies. The mode at 1236 cm−1

is assigned to the pyrazine hydrogen bend. The 1525 cm−1 peak is due to pyrazine

ring CC stretch and the 1620 and 1700 cm−1 are sum tones.

On CO2 adsorption at room temperature, there is no structural transition as is

evident from the Raman spectrum, whilst two new modes appear at 1276 cm−1 and

1380 cm−1 as shown in Figure 4.3. These modes arise due to coupling of funda-

mental symmetric stretch with the first overtone of bending mode of adsorbed CO2

(Fermi resonance) [12]. These values are downshifted with respect to that reported
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Figure 4.2: Room temperature Raman spectrum of as-synthesized
[{Zn(SiF)6(pyz)2}·2MeOH]n.

Frequency (cm−1) Assignment
145 lattice vibration, δ N-Zn-N
197 lattice vibration, δ F-Zn-N
649 pyz ring ν4
663 Si-F
707 ν Si-F6, ν10 pyz
757 pyz H bend ν10a, Zn-F
1025 νpyz−ring

1036 νpyz−ring

1236 ν9a pyz H bend
1525 νpyz−ring

1529 νpyz−ring

1620 pyz (609+1015)
3071 ν C-H
3081 ν C-H
3096 ν C-H

* δ-in plane deformation; ν-stretch; pyz-pyrazine.

Table 4.1: Raman band assignment of [{Zn(SiF)6(pyz)2}·2MeOH]n [7–11].
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Figure 4.3: Raman spectra of MOF and CO2 adsorbed in MOF (CO2@MOF). 1380
cm−1 peak corresponds to adsorbed CO2.

for gaseous CO2 and can be attributed to its interaction with the framework. No

CO2 modes were observed on purging the gas into Linkan stage at -70 ◦C indicating

no or fewer CO2 molecules adsorbed in the framework.

To understand the unusual gas adsorption, temperature dependent Raman spec-

tra of framework was recorded and presented in Figure 4.4. Heating as-synthsized

framework to 50 ◦C reveals two new modes at 3117 and 3134 cm−1. As the temper-

ature is reduced, these modes intensify further. In MOFs, pyrazine rings are known

to show rotational degree of freedom [13, 14] and such local flexibility would change

the symmetry of the modes. At room temperature, pyrazine rings have sufficient

energy to swing open for the adsorption of CO2 guest molecules. Figure 4.5 depicts

the orientation of pyrazine ring with respect to framework axis in its native form and

with CO2 adsorbed. In this position, the pyrazine ring is planar to the framework

axis implying greater symmertry and also the degeneracy of the C-H modes, hence

we observe only two modes. In absence of guest molecules, pyrazine ring swings and
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Figure 4.4: Temperature dependent Raman spectra of MOF showing evolution of C-H
stretching frequencies.

is at an angle to the framework axis. At low temperature, this pyrazine ring tilt

is almost frozen in space thus obstructing the channel window and accounting for

lower diffusivity of CO2 in MOF at 195 K.

To further probe the structural transition in this framework, temperature of guest

CO2 adsorbed MOF was reduced from RT to -70 ◦C (Figure 4.6). It was found that

the high frequency new modes observed previously, occur at 3123 and 3134 cm−1

in the present studies but are weak in intensity. In addition, there is an upshift

of 4-5 cm−1 in few C–H stretching frequencies of pyrazine suggesting stiffening in

the modes. We conjecture that in presence of CO2, the pyrazine ring cannot tilt

thus accounting for the low intensity of higher C-H stretching frequencies. This
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Figure 4.5: Depiction of pyrazine ring tilt in desolvated framework and after CO2

uptake.

hypothesis is further supported by density functional theory calculation and molec-

ular dynamics simulations which reveals a canting angle of 17.2◦ between the plane

formed by tilted pyrazine ring and the (200) plane of the framework [15]. The tilting

of pyrazine ring reduces the accessible surface area and is responsible for reduced

CO2 uptake at 195 K.

4.4 Conclusion

Herein, we report an exceptional CO2 adsorption phenomenon in fluoro-functionalized

[{Zn(SiF)6(pyz)2}·2MeOH]n framework. This framework shows high CO2 uptake at

298 K than at 195 K which is attributed to the flexibility of pyrazine ring as observed

by Raman measurements. The tilted pyrazine rings impede CO2 uptake at 195 K by

blocking the channel. Simulation results further conform to the experimental obser-

vation and suggest electrostatic interaction between CO2 and fluorine atoms in the

framework. This study would encourage research on new MOFs with higher room

temperature CO2 uptake for application in gas separation and storage at industrial

scale.
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Figure 4.6: C-H stretching frequencies in MOF and CO2@MOF at 195 K.
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Chapter 5

Understanding Guest and

Pressure Induced Porosity

through Structural Transition in

Flexible Interpenetrated MOF by

Raman Spectroscopy

5.1 Introduction

Synthesis of wide variety of metal organic frameworks (MOFs) having different

linkers and metal atoms giving rise to diverse functionality such as gas storage [1, 2],

separation [3, 4], catalysis [5, 6] have gained paramount importance in past few

years. Framework flexibility, dynamicity and pore size tunability make MOFs suit-

able material for applications in gas storage or separation, conductivity, magnetism,

fluorescence [6–15]. However, many of such frameworks collapse on removal of sol-

vent molecules due to lack of stabilizing interactions. Recent discoveries of highly

69
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stable and flexible frameworks have brought us to the third generation of MOFs

[16–19]. These frameworks show dynamic structural behavior such as deformation

of nets, rotation of aromatic rings or sliding of interpenetrated nets in response

to external stimuli resulting into stepwise or gated adsorption profiles. Framework

dynamicity can be introduced by cleavage/formation of metal-ligand bond and rota-

tion or deformation of ligand moiety [20, 21]. External stimuli such as temperature,

pressure or desolvation can also induce dynamics in the framework [22–24]. It is

known that the adsorption properties are enhanced (or suppressed at times) by

the external stimulus but there is limited information on how it happens. Further,

structural determination becomes difficult from XRD when the framework loses its

single-crystallinity after such transformations. Thus, there is a need to understand

the molecular changes associated with the transformations that can further assist

us in designing MOFs for enhanced properties.

Raman spectroscopy is an analytical technique which probes the vibrational modes

of the molecule. Secondly, it does not require any sample preparation. Therefore,

it can be used to understand the molecular interactions in MOFs. So far it has

not been extensively used to study coordination polymers and hence there is im-

mense scope to explore and obtain information about the structural, geometrical

and molecular changes in MOFs from Raman spectroscopic studies [25]. It must be

emphasized here that unlike most absorption processes, Raman spectroscopy which

is a scattering technique is influenced by charges and spin. Hence, interpretation

require users to be proficient in Raman spectroscopy. In some of the earlier re-

ports, structural transitions and guest-host interactions in MOFs have been probed

by vibrational spectroscopy [26–28]. Nijem et al. investigated framework flexibil-

ity and interaction of CO2 with the framework using IR and Raman spectroscopy

[29, 30]. Siberio-Pérez et al. have probed methane and nitrogen adsorption in MOFs

through Raman spectroscopy [31]. In this chapter, we attempt to understand the



5.1 Introduction 71

Scheme 5.1: Schematic representation of secondary building unit and the 2D framework
of interpenetrating MOF-508 in its native form, MOF-508a and de-solvated form, MOF-
508b.

phase transition in MOF-508 by Raman spectroscopy wherein molecular signatures

of the structural transitions are revealed by changes in the vibrational features.

MOF-508a was first reported by Ma et al. in 2005 [32]. It can be represented by

formula [Zn(BDC)(BPY)0.5·DMF(H2O)0.5], where BDC is 1,4-benzene dicarboxylic

acid and BPY is 4,4′-bipyridine (Scheme 5.1). It is an interpenetrating framework

which can slide on inclusion or removal of guest molecule without any bond cleavage.

There is a reduction in the volume by 16.7 % on going from an open porous form

(guest adsorbed, MOF-508a) to a closed non-porous form (guest free, MOF-508b

having formula [Zn(BDC)(BPY)0.5] [33]. There is no report or experimental proof

about the nature of interactions that exist or hold together the two interpenetrat-

ing frameworks, although C-H· · · π and π · · · π interactions are expected to be the

possible interactions stabilizing this framework [34]. Our endeavour here is to un-

derstand the interactions stabilising MOF-508 framework by Raman spectroscopy
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and thereby monitor the changes occurring in its spectrum influenced by external

stimuli (temperature/pressure or gas adsorption) and to infer its relationship with

the structural changes.

5.2 Experimental details

All the reagents and solvents employed were commercially precured and used

as supplied without further purification. Zn(NO3)2·6H2O, 4,4′-bipyridine and 1,4-

benzene dicarboxylic acid were purchased from Sigma-Aldrich. MOF-508a was pre-

pared by the method reported by Chen et al. [33]. 0.3529 g of Zn(NO3)2·6H2O was

added to a N, N- dimethylformamide (DMF)/ethanol mixture (5 mL:5 mL) in an

autoclave teflon container and stirred for 5 min. Then, 0.0196 g of 1,4-benzene dicar-

boxylic acid and 0.0092 g of 4,4′-bipyridine was added and stirred for 10 min. The

container was tightly packed and kept at 95 ◦C for 24 h. Colourless block shaped

crystals were collected and washed at least five times each with DMF and hexane

and dried in air.

MOF-508a was characterised by powder X-ray diffraction (PXRD) recorded on a

Bruker D8 Discover instrument using Cu-Kα radiation( 40 kV, 30 mA). Thermo-

gravimetric analysis (TGA) was performed using Mettler Toledo TGA 850 instru-

ment in nitrogen atmosphere in the temperature range of 30 - 700 ◦C at a heating

rate of 10 ◦C per min. Nitrogen and carbon dioxide adsorption isotherm was mea-

sured using Quantachrome Quadrasorb - SI analyzer.

Raman spectroscopic studies were recorded using a custom built Raman spectrom-

eter with 1800 lines/ mm grating [35]. Typically, 532 nm Nd-YAG solid state laser

and 632.8 nm HeNe gas lasers were used for the experiments, with a power of about

8 mW on the sample. Temperature dependent Raman studies were performed using

a Linkam THMS 600 heating-cooling stage. MOF-508a was loaded on the Linkam

stage and heated to 120 ◦C (at a rate of 10 ◦C per minute) to remove the solvent
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molecules and activate the sample. The sample was cooled to RT. Further, at RT,

CO2 gas was purged following which the temperature was further lowered. All the

gases used for adsorption and Raman studies were obtained from Chemixgases, In-

dia and had 99.999 % purity.

Pressure dependent Raman studies were conducted using a membrane type diamond

anvil cell (MDAC) equipped with pneumatic drive system (PDS150 from BETSA,

France) to manage the Helium gas pressure inside the membrane and thereby con-

trol the mechanical force on the diamond anvils. The diamond culet size was 400

microns. A pre-indented (up to 70 micron) stainless steel (T301) gasket with a hole

of diameter 140 microns was used inside the cell to hold the sample. Pre-heated fine

powder of NaCl is used as a pressure transmitting medium. Here, guest free form

of MOF-508b crystals were loaded inside the gasket hole along with NaCl and a few

ruby chips for pressure calibration. Pressure inside the cell is determined by ruby

fluorescence technique [36].

5.3 Results and Discussions

The structure of MOF-508a was confirmed by powder X-ray diffraction (Figure

5.1) confirming the structure shown in Scheme 5.1 wherein BDC is ligated to Zn

atoms forming the ab plane which are connected to each other through the BPY

linker forming a 3D interpenetrated framework. TGA curve in Figure 5.2 shows

that MOF-508a loses solvent molecules in the temperature regime 20-120 ◦C to

form the second phase, MOF-508b [33]. Although, the connectivity is retained in

the desolvated framework MOF-508b, the crystal is distorted due to deformation in

the Zn2(COO)4 paddle wheel secondary building units and the BPY ligand [33].

N2 and CO2 adsorption isotherms measured at 77 K and 195 K respectively presented

in Figure 5.3 shows type I Langmuir isotherm [32, 33]. The adsorption isotherms

show step adsorption depicting guest induced dynamics in the framework. During
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Figure 5.1: Powder X-ray diffraction pattern (black curve) and simulated pattern (red
curve) of MOF-508a.

Figure 5.2: Thermogravimetric analysis of MOF-508a in nitrogen atmosphere.
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Figure 5.3: (a) Nitrogen and (b) carbon dixoide adsorption-desorption isotherm for
MOF-508 at 77 K and 195 K respectively.

desorption, the guest molecules are retained in the MOF as revealed by the hysteresis

in the isotherm. This guest induced dynamics has been investigated in detail in the

following section by Raman spectroscopy.

5.3.1 Raman studies

The room temperature Raman spectrum of MOF-508a is presented in Figure

5.4 with the detailed band assignment in Table 5.1. The Raman spectrum has

intense signatures of BDC and BPY in the fingerprint region. Surprisingly, all the

C-H stretching frequencies of BPY and BDC are enveloped by a broad peak at 3077

cm−1 due to intermixing of the modes. On Lorentzian fitting, this broad peak could

be resolved into three peaks at 3068, 3077 and 3084 cm−1. The broadening of the

peak could be due to the strong interaction of the hydrogens with the guest molecules

or stronger coupling due to Davydov splitting explained later. Fingerprint region

(1000-1500 cm−1) peaks can be associated with C-C or C-H bending vibrations or

the ring modes. Low frequency mode at 174 cm−1 can be associated either to the

lattice vibrations or to the metal-ligand coordinate bond while the mode at 296 cm−1

is assigned to ring bending mode of BPY. Heating MOF-508a results in softening in
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Figure 5.4: Room temperature Raman spectrum of MOF-508a.

Raman frequencies due to weakening of bond strengths as a consequence of increase

in thermal fluctuations at high temperatures. Alternatively, at high temperatures,

on removal of guest molecules, instead of broadened C-H stretching mode around

3080 cm−1, we see well resolved and distinct peaks at 3052, 3062, 3066, 3080 and a

very weak mode at 3099 cm−1. This unusual splitting is similar to Davydov splitting

which says that in the molecular crystals, vibrational or electronic bands splitting is

observed when more than one molecule is present in unit cell and splitting results due

to the coupling of the molecular dipole moments [43–45]. Depending on the coupling

strength, the modes are either conjoined resulting into broad peaks observed in MOF-

508a or well split as in MOF-508b. Since the two interpenetrating nets in MOF-508

are in close proximity, we believe that there could be coupling of the π-electron

cloud in two nets resulting into Davydov splitting. As a result, the aromatic ring

modes around 1610 cm−1 also shows a similar trend. In addition, a new mode at 249

cm−1 was also observed in the Raman spectrum of MOF-508b after activation at 120
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Frequency (cm−1) Band assignment
174 Lattice mode, ν Zn-N, ν Zn-O
296 γ ring bending
634 δ O-C-O, δ ring bending (BPY)
658 ρ O-C-O, δ ring def (BPY)
773 In plane ring def
782 In plane ring breathing
817 γ C-H (BPY)
861 γ C-H (BPY), νs C-C
1035 δ C-H (BDC), ring breathing, ring def
1082 δ C-H (BPY)
1137 δ C-H (BDC)
1221 δ C-H (BPY)
1232 δ C-H (BPY)
1294 ν C-C inter-ring
1417 νs O-C-O
1433 νs O-C-O, νas C-C
1520 δ C-H, ν19a, ν C-C, ν C-N
1612 νas O-C-O
1626 νs C-C, νs C-N, ν8a
1631 νs C-C, νs C-N, ν8a
3068 ν C-H
3077 ν C-H
3084 ν C-H

* γ-out of plane bend; δ-in plane bend; ρ-rocking ;δ-bend; ν-stretch; s-

symmetric; as-antisymmetric,

Table 5.1: Raman band assignment of MOF-508a [37–42].

◦C (Figure 5.5, red curve). This mode was retained at room temperature and low

temperatures upon cooling without the solvent molecule. Surprisingly, upon guest

uptake (here DMF) this mode disappears (Figure 5.5, blue curve) and reappears

upon further activation of the framework (Figure 5.5, pink curve) demonstrating

structural reversibility and flexibility of the framework. In previous literatures on

BPY, the mode at 262 cm−1 has been assigned to inter-ring out of plane bending

vibration [37]. The bipyridine ring is present in two different orientations in MOF-

508a and MOF-508b as revealed by the crystal structure (see Figure 5.5b) [33]. The

two pyridine rings of BPY in MOF-508a are twisted with respect to the C-C inter
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Figure 5.5: Raman spectra of MOF-508 in the low frequency and high frequency
regime, a) Raman spectra of as-synthesized MOF-508a, desolvated MOF-508b, DMF
sorbed MOF-508a and re-activated MOF-508b at RT (294 K) arranged from bottom to
top. Star marks the appearance of new peak at 249 cm−1 corresponding to inter-ring
out of plane bending mode of BPY, b) Con-formation of BPY in MOF-508a (I)and
MOF-508b (II).

ring bond and is similar to the conformation of BPY in its ground state (Figure 5.5b,

I). In MOF-508b, the two pyridine rings in BPY are nearly planar (Figure 5.5b, II)

and can execute in-plane bending vibrations which can give rise to the 249 cm−1

mode. It must be mentioned here that the out of plane bending vibration of BPY also

softens from 296 cm−1 in MOF-508a to 287 cm−1 in MOF-508b. The orientational

change in BPY can be understood as a means to dispense repulsive interaction

between the ortho-hydrogens, H and H′ (see Figure 5.5b) while allowing for the C-

H· · · π and π · · · π interactions holding the framework. Besides, the conformational

change induces conjugation between the two pyridine rings which compensates for

the repulsive interaction between the ortho-hydrogens. Direct consequences of these

interactions are observed as changes in the ring modes of BPY, and C-H stretching

frequencies ∼3080 cm−1 which are found to be exceptionally sensitive to these phase

transitions.



5.3 Results and Discussions 79

Figure 5.6: Temperature dependent Raman spectra of activated MOF-508b. Inset
shows the zoomed-in spectra in the mid frequency range. High frequency regime ranging
from 3000-3200 cm−1 is scaled by 2.5 times the original spectra to show the spectra
features clearly.

5.3.2 Temperature dependent Raman studies

Raman spectra of activated MOF-508b in the temperature range 120 ◦C to -100

◦C did not show any significant change (Figure 5.6). All the modes remained intact,

however their relative intensities changed indicating slight structural re-orientation

of BDC and BPY ligand with the temperature. Further, reduced full width at half

maximum at low temperature results in resolution of modes at low temperature

(Figure 5.6, inset). Hence, it can be concluded that the structure of MOF-508b is

preserved in the low temperature regime as well.
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Figure 5.7: Raman spectra of MOF-508b at 294 K (black curve) and CO2 adsorbed
in MOF-508a at 203 K (red curve). Inset shows the appearance of librational mode of
adsorbed carbon dioxide at 149 cm−1 and hardening of lattice mode of MOF-508 from
171 cm−1 to 177 cm−1.

5.3.3 CO2 adsorption in MOF-508b probed by Raman spec-

troscopy

CO2 adsorption in MOF-508 is confirmed by the appearance of a new peak

at 1378 cm−1 in the Raman spectrum (Figure 5.7). This mode corresponds to the

ν+ Fermi resonance mode of CO2 which occurs at 1388 cm−1 for free CO2 gaseous

molecules. Softening of encaged CO2 molecules in the framework has been attributed

to strong interaction of the CO2 molecules with the framework [46]. Further, CO2

librational lattice mode at 149 cm−1 and hardening of the framework lattice mode

from 171 cm−1 to 177 cm−1 (Figure 5.7, inset) was also observed. Appearance of

CO2 librational lattice mode indicates cooperative binding and has been ascribed to

dispersion (quadrupole-π interaction) and electrostatic interactions between the CO2

molecules [47]. Interestingly, on CO2 adsorption the splitting in the C-H stretching

frequencies (∼3080 cm−1) is reduced and the 249 cm−1 mode disappeared implying

the transition from closed form MOF-508b to open form MOF-508a. To further
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Figure 5.8: Raman spectra of MOF-508 in CO2 (red curve) and Argon atmosphere
(black curve) at 203 K.

validate the spectral changes, we have performed temperature dependent Raman

studies in an inert Argon atmosphere and found that the C-H modes remained well

split at -70 ◦C, the 249 cm−1 mode is retained and other modes are well preserved

as shown in Figure 5.8.

5.3.4 Pressure effects on MOF-508

Pressure is a stronger and cleaner source of perturbation to probe phase transi-

tions as compared to temperature. In pressure experiments, we only change volume.

Considering the structural change from MOF-508a to MOF-508b is driven by the

rearrangement of BPY rings, we expect that by applying pressure we should be able

to take MOF-508b to MOF-508a similar to introducing the guest molecules. Pres-

sure has been employed to instigate structural transitions in MOFs such as MOF-5

and ZIF-8 [48–50]. It was shown that MOF-5 amorphizes at 3.5 MPa whereas ZIF-

8 can sustain pressure in the gigapascal regime. MOF-508b is an interpenetrating



82 Chapter 5.

Figure 5.9: Pressure dependent Raman spectra of desolvated MOF-508b recorded at
ambient temperature.
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framework and has many void spaces. So, on application of pressure it can slide over

each other to withstand the applied pressure. To investigate this transformation we

conducted pressure dependent Raman studies on MOF-508b.

Activated MOF-508b and ruby crystals were loaded in the diamond anvil cell (DAC)

along with NaCl which acts as the pressure transmitting medium. NaCl does not

interact with the sample and remains hydrostatic till 7 GPa. Ruby fluorescence

was used to measure pressure. Pressure dependent Raman spectra of MOF-508b

is shown in Figure 5.9. The framework was stable in the DAC as revealed by its

spectral signature. It is known that the orientation of linkers, nature of bonding

and anharmonicity of the modes are affected on increasing pressure [51]. To quantify

this change, frequency versus pressure plot has been shown in Figure 5.10. Most

of the modes exhibit an abrupt frequency change in the 1.5-2 GPa pressure regime.

Contrary to normal pressure behaviour, few of the modes start softening as the

pressure is increased and subsequently begin to harden beyond 2 GPa (see Figure

5.10a and b). Further, we also observe a new mode at 898 cm−1 at 2 GPa (Figure

5.10c). This mode was present in room temperature spectra of MOF-508b but had

disappeared once it was put in the DAC. Apparently, the modes undergoing sharp

changes are associated with BPY ring modes and O-C-O bending mode in BDC.

Assuming MOF-508b distorts under pressure to form MOF-508a implies that the

angle between the a and b plane containing the BDC increases. This would relax

the O-C-O bending vibration resulting in softening of modes as observed in Figure

5.10a and b. In addition, the ring modes of BPY ∼ 1600 cm−1 starts coalescing

into each other as shown in Figure 5.9, resembling the peak feature of MOF-508a

demonstrating that under pressure, BPY converts from structure II to structure

I (Figure 5.5b) due to shear stress. This conversion would facilitate sliding of the

framework to retain framework stability under pressure. Earlier reports on biphenyls

and bipyridines also show that the two pyridine rings in BPY can twist around the
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Figure 5.10: Frequency versus pressure plot of a) δ O-C-O (BDC), b) ρ O-C-O (BDC),
c) γ C-H bending (BPY), d) δ C-H bending of BDC (1035 cm−1 ) and BPY (1082
cm−1), e) δ C-H bending of BDC, f) inter-ring C-C stretch of BPY, g) νs O-C-O, h) νas
O-C-O 1612 cm−1, νs C-C at 1626 and 1631 cm−1 respectively.
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inter-ring C-C bond under high pressure or temperature [37, 52]. Secondly, O-C-O

symmetric stretch ∼1417 and 1433 cm−1 in MOF-508b are merged together at atmo-

spheric pressure whereas it splits once MOF-508b crystals are put in the pressure cell

suggesting a transition in the BDC linker as well. These spectral transitions indicate

that pressurizing guest free phase MOF-508b would favour a phase isomorphic to

MOF-508a. This transition persists up to 1.5-2 GPa pressures. At pressures above

2GPa, the unit cell contraction occurs which result in hardening and broadening of

all the modes, which is a normal pressure behaviour.

5.4 Conclusions

A comprehensive study of MOF-508 under variable conditions of temperature,

pressure and gas adsorption was performed by Raman Spectroscopy. Change in

the vibrational modes of the framework suggests change in conformation of 4,4′-

bipyridine and 1,4-benzene dicarboxylic acid ligand with external stimuli. In partic-

ular, C-H stretching frequencies provide vital information on structural transforma-

tions in MOF-508 at low temperature, high pressure or guest uptake. Further, CO2

uptake was confirmed by its Fermi resonance peak at 1378 cm−1. Appearance of

low frequency librational mode at 149 cm−1 at low temperature implies co-operative

adsorption mechanism of CO2 in the framework.

Pressurizing de-solvated MOF-508b in diamond anvil cell results in structural tran-

sition from MOF-508b to MOF-508a as revealed from the spectra features at 1.5 to

2 GPa. The later phase is stable at high pressures upto 6 GPa.
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Part II

Surface enhanced Raman

scattering and plasmonics





Chapter 6

Can We Probe Large Molecules by

SERS?

6.1 Introduction

SERS is the enhancement of Raman signal of molecules present in the vicinity

of intense electric field created near a plasmonic nanostructure excited by electro-

magnetic radiation. The enhancement is either due to increased number of photons

being scattered by the molecule attributed to higher electric field in the proximity

of the nanoparticles (electromagnetic enhancement) and/or due to charge trans-

fer between the molecule and the metal nanoparticles leading to redistribution of

molecular energy levels across the Fermi level (chemical enhancement) [1–4]. Since

its inception, there have been numerous works on developing metal nanostructures

[5–8] yielding consistently high SERS enhancement factor rendering them widely ap-

plicable for studying chemical dynamics [9], single molecule detection [10–12], single

molecule dynamics [13], DNA detection [14], investigating conformational changes

in protein [15, 16], glucose sensing and many more [17]. The proximity of the ana-

lyte to the nanoparticle surface plays a predominant role in all the applications. It
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is believed that SERS can be effectively obtained from molecules lying within 1 nm

of nanoparticle surface since the electric field intensity drops by a factor of 1/d12

with distance ‘d’ [18]. This would substantially affect the SERS signal from larger

systems (size > 1 nm) such as proteins and other macro-molecules.

Intense electric field near nanoparticles is due to the excitation of surface plasmons.

Free electrons in conduction band of metal nanoparticles can be collectively excited

and are confined within the nanoparticle. Once excited, the surface plasmons can

decay either radiatively or non-radiatively. Theoretical modeling shows that 20 nm

gold nanoparticles are weak scatterers as the surface plasmon damping is mainly

governed by energy dissipation via non-radiative processes like electron-electron,

electron-phonon or electron-defect scattering processes while larger gold nanoparti-

cles are strong scatterers as plasmon damping is mainly via radiative process [19–21].

This means that smaller nanoparticles are weak SERS enhancers in comparison to

the larger nanoparticles. It has been shown experimentally that the enhancement

factor increases as the nanoparticle size is increased up to a certain limit and there-

after starts decreasing [22–24]. The electric dipole field decays as 1/d3, and the

plasmonic field decays even more rapidly as 1/d12, meaning that there will be no

SERS enhancement at large distances. The dipolar field is directly proportional to

the size of the nanoparticles and the concentration of surface free electrons. Hence,

to increase the electric field surrounding the nanoparticles, we can increase the size

of the nanoparticle and/or increase the charge q by choosing a metal with higher

surface free electrons. This implies that the size of nanoparticles plays a vital role

in controlling far field enhancement. Recently, nanostructures with 1 nm interior

gap have been shown to yield high SERS enhancement factors by Lim et al. [25].

Further, modulating inter-particle gap in hybrid nanostructures to achieve higher

Raman signal have also been reported. Li et al. showed SERS signal decay up to

a distance of 20 nm in SHINERS particles [26, 27], while Qin et al. showed highest
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SERS signal in 30 nm gap between 120 nm nanodisks [28]. Shanthil et al. also

showed that the enhancement was higher when the separation between 60 nm silver

dimer particles are less than 15 nm [29]. While most of the distance dependent

SERS studies are based on single particle size, the result cannot be extrapolated to

particles of either smaller or larger sizes. Secondly, these studies were performed on

film or planar substrates. The results may differ from those of colloids in the solution

which are primarily employed to study bio-molecules wherein charge neutralization

and nanoparticle aggregation play a crucial role.

The subject of distant SERS enhancement in colloidal metal nanoparticles of dif-

ferent sizes is still unexplored. In this work we have investigated the role of size

of nanoparticles on distance dependence of SERS. Noble metals like copper, silver

and gold are among the best SERS enhancers in the visible region known so far.

Among them, silver is the most efficient material as the real part of its dielectric

constant is close to -2 in near UV while its imaginary part is small making it the

most competent material for surface plasmon excitation as well as SERS [30]. So,

we have chosen silver nanoparticles for the present studies. Silver nanoparticles in

the size regime of 20-100 nm were synthesized by seed mediated growth. This ap-

proach yields homogenous nanoparticles which are of utmost importance for this

study. For distance dependent studies, each nanoparticle was coated by thin silica

shell of varying thickness. Silica shell prevents direct contact between the analyte

molecule and the nanoparticle, thus ensuring enhancement only by electromagnetic

mechanism. This is also important when we are using silver nanoparticle for SERS

as: a) silver’s antibacterial properties could make it difficult for in vivo studies of

biological samples when used as bare nanoparticles, and b) effect of nanoparticles on

the analyte properties, namely, proteins is avoided. The challenge in such a study

was preparing controlled SiO2 coating on nanoparticles, especially, coatings of less

than 5 nm for bigger nanoparticles. Finally, SERS signal of rhodamine 6G (R6G)
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was used to evaluate the distance dependence of the nanoparticles.

6.2 Experimental section

Chemicals. HAuCl4 (Spectrochem, India), sodium citrate (Sigma-Aldrich),

silver nitrate (Sigma-Aldrich), ascorbic acid (Rankem), 3-aminopropyl-triethoxy-

silane (APTES, Merck), 3-aminopropyl-trimethoxysilane (APTMS, Sigma-Aldrich),

ethanol (Commercial Alcohols, AR), sodium silicate (27 % in water, Sigma-Aldrich),

sodium hydroxide (Merck), orthophosphoric acid (S D Fine-Chem Limited), hy-

drochloric acid (S D Fine-Chem Limited). For all the synthesis milli Q water was

used and the glasswares were thoroughly washed before use.

Active silica [31]. 72 µL of 27 % sodium silicate was added to 3.528 mL of water

in a beaker. In another beaker, 0.6 g of NaOH was added to 5 mL water. The two

solutions were mixed to form active silica.

Sodium silicate solution (for Ag75) [26]. 200 µL of sodium silicate solution was

added to 2 ml water. To this, 6 mL of 0.01 M HCl solution was added with rapid

stirring. Further, 1.8 mL of water was added to make 0.54 % solution of sodium

silicate with a pH of 10. The solution was freshly prepared before use.

Sodium silicate solution (for Ag90) [26]. 30 µL of orthophosphoric acid was added

to 20 mL water in a beaker to make 22 mM solution. In another beaker 500 µL of

sodium silicate was added to 5 mL water. 15 mL of 22 mM orthophosphoric acid

solution was added to sodium silicate solution. The solution was freshly prepared

before use.

Synthesis of gold seed by Lee-Meisel method. Gold nanoparticles of size 12 nm were

prepared via Lee-Meisel method [32] Briefly, 48 mg of HAuCl4 was added to 100 ml

of water and brought to boiling. 10 ml of 1 % sodium citrate was added and the

solution was further boiled for 1 hr.

Growth of silver over gold seed. To obtain silver nanoparticles of uniform size, seed



6.2 Experimental section 99

mediated growth approach reported for by Uzayisenga et al. was adopted [33]. The

synthesis protocol was further optimised to obtain even bigger silver nanoparticles

by varying the ratio of Au seed to silver salt. Briefly, gold nanoparticle solution was

diluted with milli Q water followed by addition of sodium citrate (1 % solution in

water) and ascorbic acid (10 mM) as given in the Table 6.1. The mixture was stirred

for 5 min after which silver nitrate (10 mM in water) solution was added drop wise

and aged at 100 ◦C for 2 hrs.

Milli Q
water

Au seed Sodium cit-
rate

Ascorbic
acid

Silver
nitrate

Au@Ag
size

80 mL 4 mL 4 mL 12 mL 1.88 mL Ag20
80 mL 2.8 mL 4 mL 12 mL 2.8 mL Ag30
80 mL 2 mL 4 mL 12 mL 9.6 mL Ag45
20 mL 0.5 mL 1 mL 3 mL 5 mL Ag75
20 mL 0.4 mL 1 mL 3 mL 10 mL Ag90

Table 6.1: Volume and concentration of reagents for synthesis of Au@Ag nanoparticles
of different sizes.

Thin silica coating. The silica coating procedures reported in literature can be cate-

gorized into two categories. First one is based on Stober’s method which describes

the coating using tetraethylorthosilicate (TEOS) in ethanol or propanol-water mix-

ture. The second synthesis was developed by Liz-Marzàn and Paul Mulvaney using

sodium silicate solution [31, 34]. Apparently, the Stober’s method can be best ap-

plied for thick silica coating of tens of nanometeres of silica, while the second method

is suitable for thin layer silica coating of few nanometers. Since, our interests lay

in thin layer silica coating, we followed the approach given by Liz-Marzàn and Paul

Mulvaney [31, 34]. We have used a modified protocol to coat thin layer silica on

Au@Ag based on earlier reports [26, 31]. Slightly different procedures were used for

different size of Au@Ag nanoparticles as described below.

Ag20@SiO2: 5 mL of Ag20 was added to 5 mL water and stirred. 20 µL of 2 mM

APTES (in ethanol) was added and stirred for 15 min, followed by addition of 20
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µL of active silica. The solution was left undisturbed for 2 hrs after which they were

centrifuged and redispersed in milli Q water. In order to get different silica coating

thickness, amount of active silica and the time for silica condensation was varied

(see Table 6.2).

Au@Ag np MilliQ water APTES Active silica Nanoparticle
name

Ag20 (5 mL) 5 mL 20 µL 20 µL Ag20@SiO2 1
Ag30 (5 mL) 5 mL 10 µL 10 µL Ag30@SiO2 1
Ag30 (5 mL) 5 mL 10 µL 20 µL Ag30@SiO2 2
Ag45 (5 mL) 5 mL 20 µL 40 µL Ag45@SiO2 1
Ag45 (5 mL) 5 mL 40 µL 40 µL Ag20@SiO2 2

Table 6.2: Volume and concentration of reagents for silica coating on 20 nm, 30 nm,
45 nm Au@Ag nanoparticles.

Ag30@SiO2: 5 mL of Ag30 was added to 5 mL of water and stirred. 10 µL of

2 mM APTES (in ethanol) was added and stirred for 15 min. Then, active silica

solution was added and the solution was left undisturbed for 2 hrs. Further, the

nanoparticles were centrifuged and redispersed in milli Q water. Similar procedure

was followed for Ag45 nanoparticles. See Table 6.2 for experimental details.

Ag75@SiO2 and Ag90@SiO2: Silver nanoparticles were functionalised with 1 mM

APTES solution. Then, 0.54 % sodium silicate solution was added and heated at

90 ◦C. After heating for specified time given in Table 6.3 and Table 6.4 the reaction

was quenched by transferring the solution in 1.5 mL centrifuge tube and putting in

ice bath. After 30 min, the solutions were centrifuged, washed with water once and

redispersed in milli Q water. The silica coated nanoparticles were stored in fridge

at 4 ◦C.

Finite difference time domain (FDTD) simulation details. FDTD calculations were
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Au@Ag np APTMS Sodium
silicate

Heated at 90
◦C for

Nanoparticle
name

Ag75 (6 mL) 80 µL 640 µL 20 min Ag75@SiO2 1
Ag75 (6 mL) 80 µL 640 µL 40 min Ag75@SiO2 2
Ag75 (6 mL) 80 µL 640 µL 60 min Ag75@SiO2 3

Table 6.3: Volume and concentration of reagents for silica coating on 75 nm Au@Ag
nanoparticles.

Au@Ag np Milli Q
water

APTES Sodium
silicate

Heated at
90 ◦C for

Nanoparticle
name

Ag90 (5 mL) 5 mL 160 µL 330 µL 20 min Ag90@SiO2 1
Ag90 (5 mL) 5 mL 160 µL 1 mL 30 min Ag90@SiO2 2
Ag90 (5 mL) 5 mL 160 µL 1 mL 60 min Ag90@SiO2 3

Table 6.4: Volume and concentration of reagents for silica coating on 90 nm Au@Ag
nanoparticles.

carried out using FDTD solutions from Lumerical solutions (FDTD Solutions, Lumer-

ical Solutions, Inc., Vancouver, Canada). The simulation was performed in the fol-

lowing way. A circle was drawn. The material was chosen as Palik (0-2 µ) silver. A

circular ring of desired thickness was drawn around the silver circle to form the silica

shell. The dimension of FDTD simulation region was selected as 800 nm × 800 nm.

The dimension of simulation mesh was around four times the radius of nanoparti-

cles. The mesh override region was set to 0.25 nm for Ag20 and Ag30 nanoparticles

while it was 0.5 nm for Ag45, Ag75 and Ag90 nanoparticles. The mesh accuracy

was set to 4 in order to get more accurate results. Total field scattered field (TFSF)

consisting of plane waves of 532 nm wavelength was incident from y-direction on the

nanoparticles. Perfectly matched layer (PML) boundary was selected as they absorb

the light incident on them. A frequency domain field-profile monitor was inserted to

calculate the near field intensity around the nanoparticles. The simulation was run

for 400 fs. All the simulations were performed with air (n=1) as the surrounding

medium.
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Figure 6.1: (a)Extinction spectra of silver nanoparticles of size 20 nm (blue), 30 nm
(pink), 45 nm (green), 75 nm (black) and 90 nm (red), and (b) dependence of surface
plasmon resonance on the particle size. Star shows the appearance of quadrupole mode
in larger nanoparticles (Ag75 and Ag90).

Characterisation. The nanoparticles were characterized by UV-visible spectroscopy

and transmission electron microscopy. UV-visible spectra of dilute solutions of

nanoparticle were recorded in a 1 cm quartz cell using a Perkin-Elmer Lambda 900

spectrometer. For TEM measurements, JEOL 3010 with an operating voltage of 300

KeV was used. TEM samples were prepared by drop coating nanoparticle solution

on a Formvar-film-covered carbon coated copper grid. Particles size distribution

was calculated from TEM images through digital micrograph imaging software. Ra-

man and SERS measurements were conducted on a custom-built Raman microscope

equipped with 532 nm wavelength laser provided by solid state frequency doubled

Nd-YAG laser, described elsewhere [35]. The accumulation time for each spectrum

was 10 s. For SERS studies, 5 µL of nanoparticles were mixed with 5 µL of 10−5 M

R6G solution in water. 1 µL of the mixture was drop cast on a cleaned glass slide

and dried in desiccator.
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Figure 6.2: TEM images and particle size distribution calculated from TEM images
using Digital Micrograph Software for Au@Ag nanoparticles of size (a) 20 nm, (b) 30
nm, (c) 45 nm, (d) 75 nm and (e) 90 nm. Scale bar is 100 nm for images (a) and (d),
200 nm for images (b) and (e), and 50 nm for image (c).

6.3 Results and Discussion

Figure 6.1a shows the extinction spectra of silver nanoparticles of size 20 nm

(blue), 30 nm (pink), 45nm (green), 75nm (black) and 90 nm (red) with the surface

plasmon resonances (SPR) occurring at values 392 nm, 401 nm, 412 nm, 439 nm and

460 nm respectively. Interestingly, bigger nanoparticles also show higher quadrupole

modes around 390 nm (marked by star), attributable to varying electric field across

the nanoparticle [21]. Since the extinction spectrum does not show any plasmon

peak corresponding to the gold core, we will be referring Au@Ag nanoparticles as

the silver nanoparticles. The dependence of SPR position on the nanoparticles size

has been shown in Figure 6.1b. The systematic increase observed in the SPR position

and the line widths with silver nanoparticle size are attributed to the retardation
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Nanoparticle name Au@Ag particle size (nm) Silica shell thickness (nm)
Ag20@SiO2 1 20 2.0
Ag30@SiO2 1 30 2.6
Ag30@SiO2 2 30 2.8
Ag45@SiO2 1 45 2.2
Ag45@SiO2 2 45 3.3
Ag75@SiO2 1 75 2.4
Ag75@SiO2 2 75 2.8
Ag75@SiO2 3 75 4.4
Ag90@SiO2 1 90 2.6
Ag90@SiO2 2 90 3.4
Ag90@SiO2 3 90 5.0

Table 6.5: Nanoparticle name and the associated core particle size as well as the silica
shell thickness.

effects and increase in radiation damping respectively [19, 21] Plasmon damping

is chiefly governed by non-radiative processes for smaller nanoparticles whereas for

larger particles it is governed by radiative processes making them strong scatter-

ers [20]. It is also known that as the size increases, the fraction of scattering in

the extinction increases making larger nanoparticles better scatterers than smaller

nanoparticles [19, 36]. Heterogeneity in size, shape and interaction with surround-

ing matrix is also known to contribute towards plasmon broadening [37]. Figure 6.2

shows the TEM images of silver nanoparticles along with the particle size distribu-

tion presented in the inset. It can be clearly seen that the smaller nanoparticles

are homogenous in nature while it is not so in larger nanoparticles. Further, the

synthesized silver nanoparticles are citrate capped and hence negatively charged at

pH 7.

Distance dependent SERS studies necessitate the presence of spacer between the

silver surface and the analyte molecules. Many such spacers have been employed in

the past, such as double stranded DNA [38], thio-methylene spacers [39], polymer

coating (polyethylene glycol or polystyrenesulfonate/ polydiallydimethylammonium-

hydroxide) [40, 41], silica or alumina coating etc. [26, 29]. Each method has its own
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Figure 6.3: UV-visible spectra (a), and TEM image of Ag20@SiO2 1 (b). Scale bar is
20 nm for all the figures.

limitations, like polymer coating yields strong SERS signal of polymer itself while

flexibility of DNA chain spacer may yield inaccurate distances. Dielectric coating or

silica coating in particular is one of the best ways to maintain distance between silver

nanoparticles and analyte molecules in order to monitor the distance dependence

in SERS while keeping the environment bio-compatible. Our method of thin layer

silica coating on smaller nanoparticles (Ag20, Ag30 and Ag45) was primarily based

on earlier report by Mulvaney et al. [31]. Since the procedure was not suitable for

larger nanoparticles, an alternative approach based on the reports of Li et al. and

Ung et al. was followed for Ag75 and Ag90 nanoparticles [26, 34]. Prior to silica

coating, silver nanoparticle surface was modified with 3-aminopropyl triethoxysilane

or trimethoxysilane. The silica shell was grown using a very low concentration of

sodium silicate solution in water. It is known that the silica shell growth is highly

dependent on the pH of the solution. At pH 12-14, thick silica shell forms while

thin shell formation occurs at pH 9-10 [34]. In order to achieve thin silica coating,

the pH of sodium silicate solution was reduced to pH 10 by addition of hydrochloric

acid or orthophosphoric acid. In addition, silica shell growth is also a function of
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aging time and temperature. The shell grows slowly at room temperature as the

silica condensation reaction rate is low but the reaction rate increases many folds

as the temperature is raised to 90 ◦C [26]. The silica shell thickness is increased by

aging the solution at 90 ◦C. To halt the growth process, the reaction is quenched by

putting the reaction mixture in an ice bath as reported in previous literature [26].

Figure 6.4: UV-visible spectra (a), and TEM images of Ag30@SiO2 1 (b), Ag30@SiO2 2
(c). Scale bar is 20 nm for all the figures.

Table 6.5 shows the silver nanoparticle name indicating the silver core size and sil-

ica shell thickness. Figure 6.3 to Figure 6.7 shows the extinction spectra of all the

Ag@SiO2 nanoparticles synthesized with various silica shell thickness along with

their TEM images. It can be seen from the UV-visible spectra in Figures 6.3 to 6.7
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Figure 6.5: UV-visible spectra (a), and TEM images of Ag45@SiO2 1 (b), Ag45@SiO2 2
(c). Scale bar is 20 nm for all the figures.

that the SPR changes by a few nm (∼1 nm) on thin silica coating and is attributed

to increase in refractive index of surrounding material. It has been shown that the

SPR shifts by only 1 nm for thin polymer coating on metal nanoparticles, which

conforms with our observation [42]. Thin silica coating on silver nanoparticles is

a challenge in itself. Citrate capped silver nanoparticles are negatively charge and

it is the electrostatic repulsion between the negative charges which prevents the

nanoparticle from coalescing. Surface functionalization by APTES/APTMS leads

to charge neutralization resulting into nanoparticle aggregation. To prevent aggre-

gation, a minimum silica coating of 2-4 nm should occur. The synthesis method was
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Figure 6.6: UV-visible spectra (a), and TEM images of Ag75@SiO2 1 (b), Ag75@SiO2 2
(c), Ag75@SiO2 3 (d). Scale bar is 20 nm for all the figures.

optimized to get thin silica coating without aggregation of nanoparticles, neverthe-

less, we did observe aggregation in the smaller nanoparticles. Further, thin silica

coating always yields a range of silica shell thickness. A single particle could also

have a variation of ∼1 nm in shell thickness (see Figure 6.5b). Incidentally, it was

also noticed that silica coating on the larger nanoparticles were more uniform and

had a narrow distribution in comparison to smaller nanoparticles. TEM pictures in

Figures 6.6 and 6.7 also show uniform coating on Ag75 and Ag90 nanoparticles.



6.3 Results and Discussion 109

Figure 6.7: UV-visible spectra (a), and TEM images of Ag90@SiO2 1 (b), Ag90@SiO2 2
(c), Ag90@SiO2 3 (d). Scale bar is 20 nm for all the figures.

6.3.1 SERS studies

It is well known that R6G shows surface enhanced resonant Raman (SERRS)

on being excited by 532 nm laser. Since, resonance will not be affecting our con-

clusion but help in detecting signal at lower concentration, we have used R6G. The

local field intensity around the nanoparticles increases as the particle size is increased.

Figure 6.8 presents the SERS spectra of 10−5 M R6G adsorbed on citrate capped

silver nanoparticles. It is observed that the SERS intensity initially increases with

increase in particle size but decreases for 90 nm nanoparticles which is clearly de-

picted in Figure 6.8b. This decrease has also been observed previously for larger

nanoparticles.
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Figure 6.8: (a) SERS spectra of 10−5 M R6G on citrate capped silver nanoparticles
of 20, 30, 45, 75 and 90 nm size, (b) SERS intensity of 611 cm−1 mode plotted as a
function of particle size (right graph). Incident laser frequency used was 532 nm.

Shown in Figure 6.9 is the SERS spectra of 10−5 M R6G adsorbed on 30 nm, 45 nm,

75 nm and 90 nm silica coated silver nanoparticles. It is observed that the signal

intensity decreases as the silica shell thickness increases. The intensity of C-C-C in-

plane ring bending mode at 611 cm−1, a signature peak with sharp feature of R6G,

was chosen for determining the SERS intensity as a function of distance [43, 44]. 20

nm Ag nanoparticles having 2 nm silica shell did not show any SERS signal of R6G.

Normalised SERS intensity (ISNP/IB, where ISNP and IB are the SERS intensities

of R6G observed on silica coated nanoparticles and bare nanoparticles respectively)

is plotted as a function of silica shell thickness in Figure 6.10. The signal decayed

exponentially for 20 nm, 30 nm, 45 nm, 75 nm and 90 nm Ag nanoparticles. The

decrease in SERS signal with the increase in distance from the nanoparticle also

indicates the non-porous nature of silica shell.

For a monolayer of molecule on the nanoparticle surface, SERS intensity decays

as (1 + r
d
)10, where r is the radius of curvature of roughness and d is the distance

of molecule from the surface [45]. For 10−5 M concentration of R6G chosen in the

present work, there is a possibility of multilayer formation on the nanoparticle sur-

face. Hence, the intensity decay does not fit into the above equation. Secondly,
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Figure 6.9: SERS spectra of 10−5 M R6G on a) Ag30, b) Ag45, c) Ag75 and Ag90
nanoparticles having different silica shell thickness.

due to the experimental limitation on precisely controlling the silica thickness in

the aqueous medium, we could not have many data points to fit into this equation.

Empirically, the decay in the SERS intensity is much sharper than what has been

reported previously [45].

To demonstrate that the accessible distance i.e. the distance d from the nanopar-

ticle surface up to which SERS can be observed is a function of nanoparticle size, we

have plotted the distance d which is nothing but the maximum silica shell thickness

for which SERS was observed (from Figure 6.10), against silver nanoparticle size in

Figure 6.11. It is noticed that for 30 nm nanoparticle, SERS was observed up to a

distance of 2.8 nm, while for 45 nm particles, SERS could be recorded as far as 3.2

nm. Surprisingly, for 75 nm particles, SERS intensity was obtained up to 4.4 nm and
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Figure 6.10: Normalised (ISNP/IB) SERS intensity of 611 cm−1 peak of R6G (10−5

M) as a function of silica shell thickness for 20nm, 30 nm, 45 nm, 75 nm and 90 nm
silver nanoparticles showing that the distance up to which SERS is obtained increases
as the nanoparticle size is increased. Black dotted line is the guide to the eye.

for 90 nm Ag nanoparticles, SERS was observed up to 5 nm from the nanoparticle

surface. Certainly, increased accessible distance for larger nanoparticles do not re-

sult from more number molecules adsorbed on such particles or incident laser being

closer to the SPR, because if that would have been the reason, we would have seen its

effect on SERS of R6G on bare 90 nm silver nanoparticles whose intensity intensity
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Figure 6.11: SERS accessible distance as a function of Ag nanoparticles size.

was found to be lesser than that observed on 75 nm nanoparticles. Hence, we believe

that its only larger dipole size and more number of dipoles in Ag90 nanoparticles

which are responsible for larger accessible distance. Here, it must be noted that the

accessible distance will not continue to rise with the particle size but would start

decreasing after ∼100 nm because nanoparticles larger than 100 nm are not efficient

SERS enhancers [22].

6.3.2 FDTD simulations

To further explain the experimental observation, near field intensity of silica

coated silver nanoparticles was calculated using finite difference time domain method

(FDTD). The electromagnetic wave of wavelength 532 nm polarized along x-direction

was incident from y-direction onto the nanoparticles. In order to accurately calculate

the electric field, smaller mesh size of 0.25 nm was chosen for Ag20, and relatively

larger grid size of 0.5 nm was chosen for Ag90 nanoparticles. PML boundaries

were chosen as they absorb the light entering them. The electric field intensity at
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Figure 6.12: FDTD analysis showing normalised electric field intensity distribution on
a) Ag20, b) Ag30, c) Ag45, d) Ag75 and e) Ag90 nanoparticles each having 5 nm silica
shell thickness.

a distance of 5 nm from all the nanoparticle sizes was calculated by making silica

shell thickness of 5 nm and is presented in Figure 6.12. It can be clearly seen that

the field intensity shows a gradual increase with the size of nanoparticle and is

highest for Ag90 nanoparticles, thus conforming with our experimental observation.

Further, the field at 2 nm from Ag20 nanoparticles is only ∼2 times the incident

field intensity while the field at a distance of even 5 nm in Ag90 nanoparticles is

2.3 times the incident field. Another feature to be noticed from Figure 6.12 is the

distorted electric field lobe for Ag90 nanoparticles. This is attributed to the presence

of varying electric field across larger nanoparticle giving rise to quadrupole mode.

6.4 Conclusions

We have shown that the accessible distance up to which SERS is observed

is strongly dependent on the size of the nanoparticle. This inference was arrived
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at based on systematic study on Au@Ag@SiO2 nanoparticles of different Au@Ag

core size and silica shell thickness. We could illustrate that the Raman signal can

be enhanced even at a distance of 5 nm from the colloidal nanoparticles of 90 nm

size, hitherto never demonstrated. Hence, by tuning the Au@Ag nanoparticle size,

not only surface modes but other modes of molecules which are not in proximity

of nanoparticle can also be obtained. Thus, the statement that SERS occurs for

molecule at 1 nm from the nanoparticle surface is true only for smaller and isolated

nanoparticles bearing a monolayer of molecule. Since most bio-molecular studies

are conducted in aqueous medium where it is difficult to have control on monolayer

formation and nanoparticle aggregation, we need to critically choose the size of

nanoparticle which can give the best information. This result will be helpful in

selecting the nanoparticle size depending on the size of analyte system. For instance,

SERS studies of macromolecules, polymers or proteins using larger nanoparticles

(90 nm) can give better information in comparison to that obtained using smaller

nanoparticles, as the vibrational modes buried deep inside proteins will also be

electromagnetically enhanced and may appear in SERS spectrum except when it is

forbidden due to the selection rules.
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[17] S. Schlücker, Surface-Enhanced Raman Spectroscopy: Concepts and Chemical

Applications, Angewandte Chemie International Edition 53, 4756 (2014).

[18] A. Campion and P. Kambhampati, Surface-enhanced Raman scattering, Chem.

Soc. Rev. 27, 241 (1998).

[19] U. Kreibig and M. Vollmer, in Optical properties of metal clusters (Springer

Berlin, , 1995), Vol. 25.

[20] K. Kolwas and A. Derkachova, Plasmonic abilities of gold and silver spherical

nanoantennas in terms of size dependent multipolar resonance frequencies and

plasmon damping rates, Opto-Electronics Review 18, 429 (2010).



118 Chapter 6.
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Chapter 7

New Nanoarchitecture for SERS

Applications

7.1 Introduction

Metal nanoparticles support localized surface plasmon resonance (LSPR) ow-

ing to the presence of conduction electrons. The presence of LSPR gives rise to

fascinating properties and make them promising materials in physcial sciences and

biological sciences. These properties are a function of nanoparticle size [1–3], shape

[4–6], composition [7, 8], dielectric constant of material and surrounding medium

which are manifested as change in SPR position [9, 10]. Silver, gold and copper,

owing to their dielectric properties and chemical stability at ambient conditions are

ideal materials for SPR applications. When the nanoparticle is composed of more

than one metal, than its optical properties are determined by the dielectric proper-

ties of all the constituent metals. There have been many reports on the bimetallic

Reprinted(adapted) with permission from “New Nano Architecture for SERS Applications”
J. Phys. Chem. Lett. 2012, 3, 1130-1135. Copyright 2012, American Chemical Society. http:

//pubs.acs.org/doi/abs/10.1021/jz3001344
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nanoparticles formed by the successive reduction of metal atoms [11, 12]. Silver and

gold is particularly interesting because of their similar lattice constants (Au: 4.078

Å; Ag: 4.086 Å). As early as 1964, Morris and Collins reported the synthesis of

silver-gold multilayer colloid [13]. However, numerous literatures on metal nanopar-

ticles started appearing only a couple of decades back. Halas and colleagues have

shown various plasmonic nanostructures of silver and gold which find application in

surface enhanced Raman scattering (SERS) [14–18]. There is an inherent complex-

ity associated with bimetallic nanoparticles resulting into intermetallic interactions

such as oxidation of one metal by other. To circumvent this problem, Schierhorn

and Liz-Marzan used silica layer between gold and silver [19]. Further, Kim et al.

also reported a method to prepare silver nanostructures on silica spheres for SERS

[20].

As discussed in the previous chapter, SERS is the enhancement of Raman signal

of a molecule present in the vicinity of metal nanoparticles. This enhancement is

due to a) electromagnetic enhancement, which occurs when a molecule is present

in the vicinity of intense electric field resulting from excitation of surface plasmon

resonances at the metal-dielectric interface and, b) chemical enhancement, which

occurs when the molecule forms a charge transfer complex with metal nanoparticles

[21–23]. The total enhancement produced from a nanoparticle is quantified by a

term called enhancement factor. This enhancement factor is inversely proportional

to the distance d from nanoparticles and dies off at a rate of 1/d12 [21, 24]. Thus,

most of the enhancement occurs near the surface of nanoparticle.

There have been numerous efforts to increase the SERS enhancment factor in order

to achieve higher and higher limit of detection. Lian C.T. Shoute et al. showed

an increase in Raman signal intensity when the analyte is adsorbed on a planar

reflecting substrate made from silicon-silica-silver trilayer, owing to the constructive

interference of incident light and refracted light from the silicon layer [25, 26]. For
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most biological applications, colloidal particles are favored to planar substrates at-

tributed to their ability to get dispersed in a solvent. This motivated us to design

colloidal nanoparticles having architecture similar to that proposed by Shoute. Due

to the inert nature of gold toward biomolecules, gold was chosen to form the outer-

most island surface. The core is made from silver coated with silica. The silica shell

thickness was optimized to get maximum enhancement. The enhancement factor

calculation has been carried out using thiophenol. The additional enhancement due

to reflection from silver core is demonstrated by synthesizing silica core gold island

shell nanoparticles without silver core.

7.2 Experimental details

7.2.1 Synthesis of sandwich nanoparticles

Synthesis of Silver Core.The silver core-silica shell nanoparticle (Ag@SiO2)

was prepared by the method given by Chaorong Li et al [27]. 100 mL of abso-

lute ethanol (Commercial Alcohols, AR) and 50 mL of milli-Q water was vigorously

stirred at 80 ◦C. 10 mL of a 0.05 M aqueous solution of silver nitrate (Sigma Aldrich)

was added to the water-alcohol mixture and stirred for 5 min, while heating contin-

uously. Then, 20 mL of 2.5 mM poly-N-vinyl pyrrolidone, PVP (Loba Chemie) was

added in aliquots of 1 mL in 5 min. After the mixture was stirred for 20 min at

80 ◦C, 5 mL of 0.1 M NaOH (Merck) was added to the solution. The solution was

cooled, and the stirring was continued for 2 h, after which silver nanoparticles were

obtained.

Silica shell coating.For the silica coating, 50 mL of absolute ethanol, 5 mL of

ammonia solution (28-33 %, Merck), and 1 mL of tetraethyl orthosilicate, TEOS

(Merck) in aliquots of 200 µL were added to the PVP-capped silver nanoparticles.

This solution was stirred overnight (12 h) at room temperature. The Ag@SiO2
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nanoparticles formed were washed with a 1:1 solution of ethanol and water. The

bare silica nanoparticles formed in the process were removed by centrifuging the

core-shell nanoparticles at 8000 rpm. The supernatant was thrown. The nanoparti-

cles were dried at 100 ◦C before gold coating.

To obtain different silica shell thicknesses, the volume of TEOS was varied. 600 µL,

1 mL, 2 mL and 4mL of TEOS was added to obtain silica shells of 25, 40, 50 and

60 nm respectively.

Formation of Gold island on silica shell. Gold coating over Ag@SiO2 nanopar-

ticles was carried out by using a modified approach for gold coating on silica given by

Christina Graf et al. [28] wherein primarily, gold clusters were attached to the silica

shell followed by growth of gold islands on the seed. 50 mg of the above synthesized

Ag@SiO2 nanoparticles was suspended in 10 mL of a 2% solution of APTES (Sigma

Aldrich) in ethanol and sonicated for 1 h. This was then washed with ethanol and re-

dispersed in 50 mL of ethanol. Gold nanoclusters (2 nm) were prepared by adopting

the method given by Duff et al [29]. Briefly, 45.5 mL of water was put in a 100 mL

round-bottom (RB) flask. To this, 1.5 mL of 0.2 M NaOH was added while stirring,

and 120 µL of an 80% aqueous solution of tetrakis(hydroxymethyl)phosphonium

chloride, THPC (Sigma-Aldrich), was diluted with water to make a total volume of

10 mL. Then, 1 mL of the diluted THPC solution was added to the RB. Next, 2

mL of a 25 mM dark aged solution of aurochloric acid, HAuCl4 (Spectrochem), was

added to the above mixture, resulting in the formation of orange-brown hydrosols

of gold. An interval of 2 min was maintained between the addition of HAuCl4 and

THPC. It is advisible to use a freshly prepared solution of gold cluster as they are

unstable and have a tendency to grow.

The APS-modified Ag@SiO2 nanoparticles (50 mL) were added dropwise to the

gold nanoparticle solution in 10 min. The solution was stirred for 12 h. Free gold
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nanoparticles were removed by centrifuging at 8000 rpm and decanting the super-

natant. The washed nanoparticles were re-dispersed in 100 mL of water, stirred for

1 h to form a uniform colloidal solution, and kept for aging in a refrigerator at 4 ◦C

for a week.

A 0.22 mM HAuCl4 solution (20 mL) and 10 mL of a 1.8 mM hydroxylamine hy-

drochloride (Fluka) solution in water were added simultaneously dropwise to 10 mL

of precursor Ag@SiO2@Au-seeded nanoparticles while stirring. Stirring was further

continued for 1 h after the final addition. The color of the nanoparticles changed

from black to reddish-brown as the gold island grew in size.

For different densities of gold islands on the silica shell, the APTES concentration

in ethanol was changed, and the concentration of HAuCl4 was varied from 0.11 to

0.44 mM in the gold island growth solution.

Synthesis of silica core gold island shell nanoparticles. 5 mL of ammonia

solution was added to 50 mL of absolute ethanol. 1 mL of TEOS in aliqouts of

200µL was added every 10 min. The solution was stirred for 1 h resulting into the

formation of silica spheres. The solution was then dried. 50 mg of silica spheres

were added to 10 mL of 2% APTES in ethanol and sonicated for 1 h. This was

centrifuged at 8000 rpm and redispersed in 50 mL ethanol. This solution was added

to 50 mL of 2 nm gold cluster solution dropwise and stirred for 2 h. The solution

was centrifuged at 8000 rpm, redispersed in 100 mL water and stirred for 45 min

after which it was kept undisturbed at 10 ◦C to age for a week. Then, 20 mL of 0.22

mM HAuCl4 solution and 10 mL of a 1.8 mM hydroxylamine hydrochloride solu-

tion in water were added simultaneously dropwise to the 10 mL of SiO2@Au-seeded

nanoparticles while stirring. Stirring was further continued for 1 h to complete the

growth process.
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Scheme 7.1: Step-wise synthesis of sandwich nanoparticles

7.2.2 Characterization

UV−visible extinction spectra of the colloids were recorded from the dilute so-

lutions in a 1 cm quartz cell using a Perkin-Elmer Lambda 900 spectrometer. TEM

measurements were performed using a JEOL 3010 with an operating voltage of 300

KeV. Samples for TEM were prepared by drop coating on a Formvar-film-covered

carbon coated copper grid. The powder XRD pattern was recorded with Cu−Kα

radiation (Bruker D8 discover; 40 kV, 30 mA). Raman and SERS measurements

were performed by a custom-built Raman microscope with a He−Ne laser of 632.8

nm wavelength, described elsewhere [30].

SERS measurements. For SERS measurements, 1 mL of Ag@SiO2@Au was cen-

trifuged and redispersed in 200 µL of water. Then, the analyte thiophenol was mixed

with the nanoparticles, and 1 µL of the mixture was dropped and dried on a glass

slide. SERS of the dried sample was recorded.

7.3 Results and Discussions

Scheme 7.1 shows the stepwise synthesis of sandwich Ag@SiO2 nanoparticles.

PVP capped 40 nm silver nanoparticles formed the core of sandwich nanostructure.

Figure 7.1a shows the extinction spectrum of silver nanoparticles having a peak

at 424 nm. Modified Stober’s method was followed to form silica shell over silver

nanoparticles wherein TEOS presursor in ethanolic solution of ammonia was used

[31]. Ammonia catalyzes the formation of silica shell by hydrolyzing TEOS to form
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Figure 7.1: Extinction spectrum of (a) 40 nm silver nanoparticles, and (b) silver-silica
core shell nanoparticles having 25 nm (black curve), 40 nm (red curve) and 50 nm (blue
curve) silica shell thickness.

Figure 7.2: TEM images of (a) silver nanoparticles, (b)silver-silica core shell nanopar-
ticle with 40 nm, and (c) 50 nm silica shell thickness. Scale bar is 100 nm for (a), 50
nm for (b) and 0.2 µm for (c) image.

Si(OH)4 which condenses over time to form silica shell. The volume of TEOS was

varied to obtain silica shells of 25, 40, 50 and 60 nm respectively. Silica coating

causes a red shift in the plasmon resonance peak due to the increase in refractive

index of the surrounding medium. As the shell thickens further, the SPR position

shifts towards red too as shown in Figure 7.1b. Figure 7.2 shows the TEM images

of silver nanoparticles and silver-silica core shell nanoparticles having different silica

shell thickness.

For incident light to penetrate the silica layer, the gold coating must be in the form

of islands or perforated. Gaps or crevices in the gold layer would facilitate light to
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Figure 7.3: Extinction spectrum of (a) silver-silica-gold seed (blue curve), fully grown
silver-silica-gold sandwich nanoparticles (red curve), silica core-gold island nanoparticles
(green curve); and (b) silver-silica-gold sandwich nanoparticles with 25 nm (blue curve),
40 nm (red curve) and 60 nm (black curve) silica shell thickness. Arrow in the Figure
(b) shows hidden silver peak.

pass through it. The best way to create this is to have gold nanoparticles on the

silica surface. It was initially shown by Oldenburg et al. that gold shells on silica

sphere can be formed by growth of gold clusters by reducing aurochloric acid with

sodium borohydride [32–35]. However, Graf et al. observed that strong reducing

agents although reduces gold on gold clusters, it inadvertently also results into for-

mation of gold nucleates in solution [28]. To prevents formation of such nucleates,

Theissen et al. suggested hydroxylamine-hydrochloride which reduces Au3+ on gold

nuclei already existing in the solution [36]. Duff et al. further modified this method

in order to grow clusters by seeding process [29]. Later these methods were used by

Graf to grow gold shell on silica sphere [28].

We moderately modified Graf’s method of gold coating to synthesize silver-silica-

gold sandwich nanoparticles. Primarily, orange-brown gold clusters of size 2 nm were

synthesized. In order to adhere gold clusters on silica surface, silver-silica core shell

nanoparticles were functionalized with 3-aminopropyl triethoxy silane (APTES). On

the attachment of gold clusters on silica shell, a hump around 523 nm is observed

(Figure 7.3a, blue curve). It is also noticed that the SPR of silver shifts from 429 nm
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Figure 7.4: BET nitrogen adsorption-desorption isotherm of silver core silica shell
nanoparticles.

(for 40 nm silica shell) to 405 nm for the seeded nanoparticles implying the reduction

in size of silver core. Gold has higher positive reduction potential (+1.5 V) than

silver (+0.8 V). So, on addition of core shell solution to the gold cluster solution,

few Au3+ permeates the silica shell and oxidizes the silver core thus reducing its

size. Total oxidation of silver core is prevented due to the practically non-porous

nature of silica shell as observed from the BET measurements (Figure 7.4). However,

during the growth of gold island Au3+ ions are added which might oxidize silver. To

arrest the oxidation of silver, (a) an optimal concentration of aurochloric acid was

chosen and (b) the gold precursor solution and the reducing agent (hydroxylamine

hydrochloride) were added simultaneously and dropwise. Concentration of gold so-

lution was optimised to obtain desired gold island size. It must be mentioned here

that, potassium carbonate aids the oxidation of silver and must not be added in

the gold growth solution as opposed to what was reported in the previous literature.

Figure 7.3a (red curve) shows the extinction spectra of silver-silica gold sandwich

nanoparticles with two prominent peaks at 407 nm and 524 nm corresponding to
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Figure 7.5: TEM images of (a) silver-silica-gold seed; fully grown silver-silica-gold
sandwich nanoparticles having (b) 25 nm, (c) 40 nm, and (d) 60 nm silica shell thickness.
Scale bar is 50 nm (a) and (d), 20 nm for (b) and 100 nm image (c) image. Arrow in
Figure (a) points to the completely oxidized core.

Figure 7.6: Cross-sectional TEM image of silver-silica-gold sandwich nanostructure.
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the silver core and 8-10 nm sized gold islands respectively. Here, the silica shell is

40 nm in size. Increase in surface coverage of silica shell hinders light penetration

through the silica layer resulting into decrease in intensity of silver core. The rise

in gold peak intensity is attributable to the larger size and higher density of gold

islands on silica surface. Further, sandwich nanoparticles with varying silica shell

thickness were also prepared whose extinction spectra is shown in Figure 7.3b.

Figure 7.5 presents the TEM image of silver-silica-gold seed particle and fully grown

silver-silica-gold sandwich nanoparticles with varying silica shell thickness. As dis-

cussed above, we see that few of the silver core have completely vanished (arrow in

Figure 7.5a) while others have reduced in size due to their oxidation by gold ions.

However, it must be mentioned here that most of the sandwich particles had core

intact in them. Cross sectional TEM (Figure 7.6) shows the silver core and the gold

islands adhered to the silica surface suggesting that gold is not embedded in the

silica matrix but attached on the surface.

In further experiments, we also varied the size and density of gold islands. It is seen

from extinction spectra shown in Figure 7.7 that with increasing size and density of

gold island SN1 < SN2 < SN3, the SPR position changes from 524 nm to 530 nm

to 541 nm. The TEM image shown in Figure 7.8 show images of sandwich nanopar-

ticles with different size and density of islands.

Field emission scanning electron microscopy (FESEM) image of sandwich nanopar-

ticles having 40 nm silver core, 40 nm silica layer thickness and 8 nm gold island

shown in Figure 7.9 clearly indicates the monodispersity of sandwich nanoparticles.

The XRD pattern (Figure 7.10) shows four characteristic peaks of face centered cu-

bic structure of metals, marked by indices (111), (200), (220) and (311) [37]. The

peaks of gold and silver are too broad and indistinguishable. A broad hump in the

2θ region of 22-25◦ is the signature of silica in sandwich nanoparticle [37].

To demonstrate the efficacy of sandwich nanoparticles as SERS substrate, we
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Figure 7.7: Extinction spectra of sandwich nanoparticles with different size and densities
of gold islands: SN1(blue curve),SN2 (black curve) and SN3 (red curve).

Figure 7.8: TEM image of sandwich nanoparticles with different size and densities of
gold islands. (a) SN1, (b) SN2, (c) SN3. Scale bar is 20 nm for all images.
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Figure 7.9: FESEM picture of silver-silica-gold sandwich nanoparticles.

Figure 7.10: XRD pattern of silver-silica-gold sandwich nanoparticles.
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recorded the SERS spectra of thiophenol at various concentrations. Thiophenol and

nanoparticles were mixed in equal volume and dried on a cleaned glass slide before

recording the spectra. SERS spectra of different concentrations of thiophenol ad-

sorbed on sandwich nanoparticles is shown in Figure 7.11. The signature peaks of

thiophenol at 996, 1021, 1074 and 1571 cm−1 corresponding to the out-of-plane ring

deformation, in-plane ring deformation and C-C symmetric stretch, C-C asymmet-

ric stretch and C-S stretch, and C-C symmetric bending mode are observed [38, 39].

The enhancement factor G was calculated using the following formula [8],

G =
CR

CS

×
IS
IR

(7.1)

where, IR and IS are normal Raman and SERS intensities of the peak at 996 cm−1

respectively. CR and CS represent the respective concentrations of thiophenol in

the Raman and SERS measurements. The analytical enhancement factor was found

to be 106 for sandwich nanoparticle having 40 nm silica shell thickness. SERS en-

hancement factor was found to decrease if the silica thickness was 60 nm or 25 nm

(Figure 7.12a), or when the densities of gold islands were too high which would not

allow light to penetrate to or emerge from sandwich nanoparticles thus reducing the

enhancement factor (Figure 7.12b).

To illustrate that core is playing a vital role in enhancing the Raman signal, silica

core gold island shell nanoparticles with no silver core was synthesized. The nanopar-

ticle was characterized by UV-visible spectroscopy (Figure 7.3a, green curve) and

TEM (Figure 7.13). Figure 7.14a and 7.14b respectively show the SERS spectra of

10−5 M and 10−7 M thiophenol on Ag@SiO2@Au and SiO2@Au nanostructures. It

was found that enhancement factor of Ag@SiO2@Au was six times higher than that

of SiO2@Au nanoparticle (Figure 7.14a). The detection limit which is the concen-

tration detected by SERS is two orders of magnitude higher in Ag@SiO2@Au than

in SiO2@Au (Figure 7.14b). To explain the greater enhancement in Ag@SiO2@Au
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Figure 7.11: SERS spectra of thiophenol at different concentrations on Ag@SiO2@Au
sandwich nanoparticles.

Figure 7.12: (a) SERS spectra of thiophenol at 10−4 M on sandwich nanoparticles
having 40 nm (blue curve) and 60 nm (black curve) silica shell and 1 mM on sandwich
nanoparticles having 25 nm silica shell (red curve), (b) SERS spectra of 1 mM thiophenol
on SN1, SN2 and SN3 sandwich nanoparticles.
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sandwich nanostructures, we propose that the light incident (i1) on the sandwich

structure in the crevices of gold islands is partially reflected (r1) and partially trans-

mitted (t1) through the silica layer wherein it is reflected (r2) by the silver core

(see Figure 7.15). The transmitted light can undergo multiple reflections before

emerging from the gap between the islands. The regions of constructive interference

of incident light (i2) and refracted light (r3) (satisfying Bragg’s condition) will be

the zones of high field intensity. Analyte if present in such regions will experience

enhanced electric field, resulting into high Raman intensity. Further more, plasmon

coupling of the gold islands on the silica surface will also generate regions of high

field intensity further contributing to enhanced SERS signal. Similar observation

has been made by Basca et al. on Raman signal of C60 monolayer deposited on

silica-on-aluminium substrate due to interference of light [40].

Figure 7.13: TEM image of silica core gold island nanoparticles. Scale bar is 100 nm.
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Figure 7.14: (a) SERS spectra of 10−5 M thiophenol on Ag@SiO2@Au and SiO2@Au
nanostructures. (b) SERS spectra of 10−7 M thiophenol on Ag@SiO2@Au and SiO2@Au
nanostructures.

Figure 7.15: Schematic of path of light through silver-silica-gold sandwich nanoparticles
showing multiple reflections within the nanostructure.
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7.4 Conclusions

In this work, we have demonstrated a facile method to synthesize an effective

SERS substrate silver-silica-gold sandwich nanoparticle. Presence of two metals re-

sults in two plasmon dipole modes at 407 nm and 524 nm corresponding to silver

core and gold island respectively. We have optimised the silica shell thickness and

density of gold islands to achieve maximum SERS enhancement in sandwich nanos-

tructures. The optimal silica shell thickness was 40 nm for which an enhancement

factor of 106 was observed. We believe that constructive interference of the incident

beam and multiple reflections from the silver core generates regions of high electric

field. This was also proved by a control experiment using silica core-gold island shell

nanostructure with no silver core which showed a lower enhancement factor (by sixth

time) and reduced detection limit. Additionally, plasmon coupling between the gold

islands could also lead to enhanced Raman signal. Further, sandwich nanostruc-

ture could be prospective SERS substrate for bio-detection due to the presence of

bio-compatible gold islands on silica surface.
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Summary and Future Prospects

The relevance of Raman spectroscopy in deducing structural transformation as

a consequence of external stimuli such as temperature, pressure and gas adsorption

has been elucidated in first part of thesis on metal organic frameworks and zeolitic

imidazolate frameworks.

Metal organic frameworks are soft porous materials known for their fascinat-

ing structures which result in interesting properties such as gas adsorption, catalysis,

luminescent and magnetism. Very often, one can see the consequence but does not

understand the phenonema at the fundamental level and hence cannot make the

approriate changes which can further improve the desired property. Although X-

ray diffraction is inevitable for structure deduction, it is incapable to pin-point the

positions of lighter atoms such as hydrogen atoms whose slight change in position

can alter the properties. Probing such minute changes mandates the use of a local

probe.

Raman spectroscopy is a local probe and its role amplifies when other tech-

niques fail to capture such local transformations which are responsible for change in

macro properties of the material. In the first part on metal organic frameworks, Ra-

man spectroscopy has been employed to investigate the structural transitions which

could not be understood with the help of X-ray diffraction or other techniques. Ra-

man spectroscopy is most often used only as a characteristic tool. However, the

information obtained on careful analysis of the Raman spectrum is unprecedented,
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which has resulted in the extensive use of the technique. In many of the recent

literature on MOFs, the technique is being employed to prove the gas adsorption

as their modes appear when they are encapsulated in a small pore or when they

interact with the framework. As a consequence of this, the bond strength of host

as well as guest modes changes which is reflected as softening or hardening of the

modes. It must be emphasized here that Raman spectroscopy precisely captures

such alterations or modifications in the structure.

The second part of the thesis is focussed on the phenomenon of surface en-

hanced Raman spectroscopy, more specifically its distance dependence and synthesis

of nanostructures for SERS applications. The advantage of SERS lies in its ability

to probe molecules at very low concentrations. Although, the technique has been

employed for diverse applications, it is limited by distance. SERS intensity decays

exponentially with distance and hence it can not effectively probe larger molecules

or polymers such as proteins, or an analyte sitting at a farther distance. Our experi-

ments suggest that SERS intensity decay with distance is a function of nanoparticle

size. The decay is faster and hence intense electric field is experienced only in a short

range from smaller nanoparticles while distant SERS (upto 5 nm from nanoparticle

surface) could be obtained using larger nanoparticles of size 90 nm.

Design and fabrication of cost effective SERS substrates for various applica-

tions is desired. In this direction, we have synthesized sandwich nanoarchitecture

showing an enhancement factor of the order of 106. Various nanostructures have

been reported in literature, yet their analytical applications are yet to be carried

out. One of the major hurdle is the reproducibility of the SERS spectrum which

must be addressed in future.

Hence, I conclude this thesis on an affirmative note that Raman spectroscopy

has huge potential in investigating materials properties. The progress in applica-

tion of Raman and SERS in past few years are very promising yet a comprehensive
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understanding of the mechanism of SERS is necessary to make further advances in

this field.
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