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Conquering Metal–Organic Frameworks by Raman
Scattering Techniques

Jonas Tittel, Fabian Knechtel, and Evelyn Ploetz*

Metal–organic frameworks (MOFs) have emerged as a versatile class of
materials. Understanding the structural and chemical properties of MOFs is
essential for tailoring their performance to suit specific applications. In recent
years, Raman spectroscopy, a non-destructive vibrational spectroscopic
technique, has evolved into a powerful tool for characterizing MOFs. Beyond
spontaneous Raman scattering, numerous advanced Raman techniques have
been developed to amplify the inherently weak Raman signal. These
innovations have significantly enhanced the spatial resolution, frame rate, and
sensitivity of Raman imaging, thereby opening up new possibilities for
applications, such as label-free sensing. This tutorial work is designed to
demystify the fundamental theory and instrumentation of Raman
spectroscopy, elucidating the differences between commonly used Raman
techniques. Particular emphasis is placed on their advantages and limitations
when applied to MOF materials. Furthermore, this work showcases how
Raman techniques are employed in studying MOF systems to address
societal needs and explore future directions. Ultimately, this review
emphasizes the crucial role of Raman spectroscopy and the development of
novel Raman-based in situ techniques to conquer the field of MOFs.

1. Introduction

Remarkable progress has been made in the synthesis of metal–
organic frameworks (MOFs). This class of crystalline materi-
als is formed by linking molecular building blocks into a pre-
determined, extended periodic structure using strong bonds.[1]

Given the nearly unlimited pool of organic and inorganic
building blocks, along with the versatility, for instance, in
linker functionalization, synthesis pathways, available topolo-
gies, connectivity, and framework stability, more than 100.000
different structures have been synthesized and reported in
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the Cambridge Structural Database (CSD)
since their first publications (Figure 1).[2]

Currently, another 500.000 structures
are predicted by computational screen-
ing and machine learning.[3] Concomi-
tantly, properties and applications of
MOFs are manifold and nowadays tuned
for specific purposes ranging from gas
storage and separation[4] to pollution
removal,[5] water harvesting,[6] energy
conversion,[7] catalysis,[8] sensing,[9]

electronics,[10] nanotechnology,[4e,11]

biomedical imaging,[12] or drug delivery.[13]

Physicochemical properties of MOFs
can comprise luminescence,[14] electrical
conductivity,[15] magnetic properties,[16] or
even switchable mechanical properties.[17]

Many parameters influence the struc-
ture and performance of MOFs (Table 1).
First, MOFs vary in their composition
and functionalization of linkers and sec-
ondary building units (SBUs). For exam-
ple, based on MOF-5, which exhibits an
octahedral SBU made of Zn4O(CO2)6, we
obtain the isoreticular series IRMOF-1-16

by choosing differently functionalized, carboxylate-based link-
ers (Figure 1A). Additionally, MOFs differ in framework topolo-
gies, depending on the geometry and coordination number of
the involved building blocks or synthesis pathway leading to
different polymorphs. One example is the pyrene-based NU-
1000, which contains structural motifs of MOF-901 depending
on co-modulators (Figure 1B).[19] Besides its structural variabil-
ity with linkers, SBUs, internal/external functionalization, or
topology (Figure 1C), MOFs can structurally deviate due to de-
fects or multi-variances. Lastly, MOFs differ in their response
to guest molecules. They are classified into three groups ac-
cording to their stability (Figure 1D).[20] An overview of the re-
markable progress in responsive MOFs was recently given in the
literature.[17,21]

How do we characterize such complex materials? In a per-
fect world, we would have a single technique that can struc-
turally investigate MOFs, their morphology and framework com-
position, their interaction with guest molecules, and their per-
formance during applications and reactions, with high tempo-
ral and spatial resolution as well as chemical sensitivity at the
same time. If we think about flexible MOFs, the methods should
be able to 1) localize guest molecules within the framework, 2)
monitor the dynamics of guest molecules during uptake, stor-
age, and release from the framework, 3) probe the underlying
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Figure 1. Parameter variations in metal–organic-frameworks. A) Isoreticular design principle. The IRMOF family is formed by a Zn4O cluster linked to
carboxylated organic molecules based on the 1,4-benzodicarboxylate anion (BDC) in a cubic framework. Adopted and reproduced under the terms of the
Creative Common Attribution 4.0 Int. (CC-BY 4.0) License.[18] Copyright 2020, The Authors, Published by Israel Chemical Society. B) Alternation between a
tetratopic pyrene-based linker and a Zr6-based SBU can assemble in two polymorphs: NU 1000 and NU-901. Panel B was reproduced with permission.[19]

Copyright 2018, The Royal Society of Chemistry. C) MOFs can vary with composition (SBU, linker), internal and external functionalization, the presence
of guest molecules, their topology and possible polymorphism, defects, potential multivalency, stability, and response. D) MOFs are classified according
to their stability and response to external stimuli, such as guest molecules.

conformational changes of the framework as well as any site-
specific host-guest interactions, and 4) identify potential phase
transitions and intermediate states. So, the technique should
simultaneously allow for in situ and in operando characteriza-
tion of the material to decipher the molecular working mecha-
nism, the underlying dynamics, reaction intermediates, and any
structure-property relationships in MOFs. State-of-the-art meth-
ods for probing structural changes in MOFs rely on diffraction
and magnetic resonance. Their advantages and limitations have
been extensively reviewed.[27] Structural parameters, including
lattice dimensions, phase purities, and crystallinity, can be mon-
itored by diffraction methods using X-ray radiation, electrons,

or neutrons.[27c,n] They probe MOFs mainly under static con-
ditions and are little suitable for in operando measurements.
Magnetic resonance (EPR and NMR) spectroscopy can study dy-
namic processes in situ, including synthesis, functionalization,
and host-guest interactions, however, they probe predominantly
short ranges inside the material.

In contrast, advanced imaging methodologies based on light
microscopy and spectroscopy have become powerful techniques
for probing both structural and dynamic information simulta-
neously in MOFs. Numerous forms of light-matter interaction
have been exploited, including UV–Vis absorption and emis-
sion for analyzing the electronic transitions of guest molecules,
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Table 1. Parameters leading to the large variations of MOF structures in-
cluding examples from literature.

Variation Literature

Composition and Functionalization: Isoreticular design [6a,18,22]

Topology: Geometry and coordination [23]

Polymorphism [23e,f,24]

Multivariance and defects [25]

Framework stability: Response to guest molecules [21b,c,e,26]

reactants, or the MOF itself.[28] Together with confocal or wide-
field microscopes, fluorescence-based single molecule imaging
can probe single emitters on length scales from centimeters to
≈10 nm with a micro- to millisecond time resolution. Still, this
approach is only applicable to luminescent guest molecules or
MOFs and lacks chemical or structural information about the
material. This weakness is mitigated by vibrational spectroscopy
techniques based on light absorption in the infrared (IR) region
or inelastic scattering of light called Raman scattering.[29] Be-
sides a static characterization of the chemical composition and
structure of the framework, vibrational techniques can follow dy-
namic processes with high spatiotemporal resolution and help to
elucidate reaction intermediates involved in the adsorption pro-
cess, adsorption sites, defect sites, and many more. They are non-

invasive and serve for structure determination and monitoring of
host-guest, guest-guest, and catalytic processes.[29a–f,30] Both ap-
proaches are powerful for analyzing MOFs as well as compos-
ite materials that are not fully crystalline, that contain movable
moieties, or materials with transiently binding guest molecules,
which cannot be resolved by crystallographic techniques.

While Raman and IR techniques complement each other, their
applicability strongly depends on the chosen MOF system, guest
system, and application. The absorption of IR light leads to a
change in the molecular dipole moment, making IR spectroscopy
more sensitive toward heteronuclear (polar functional) groups,
such as CO2. The inelastic scattering process, on the other hand,
leads to a change in the polarizability, making Raman spec-
troscopy sensitive to homonuclear motifs such as the C-C bonds
of the organic linker. Raman scattering suffers from low sensi-
tivity compared to IR-based techniques, which can make it less
suitable for trace-level detection. Spontaneous Raman scatter-
ing is more susceptible to fluorescence interferences, particu-
larly in complex MOF structures, which hinders its application
in some cases. Raman instrumentation tended to be more ex-
pensive and was, hence, less available in laboratories, contribut-
ing to its late adoption for MOFs compared to IR-based tech-
niques (Figure 2). Despite these challenges, researchers increas-
ingly recognize the unique insights Raman scattering can pro-
vide: It allows for in operando measurements of reactions in-

Figure 2. Timeline summarizing Raman and MOF development. References are given in Table 2.
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volving water, while the water signature can be overwhelming
in IR measurement.[31] Raman microspectroscopy is the method
of choice when it comes to in situ and in operando measure-
ments that require high spatial resolution and access to the
low wavenumber region (<500 cm−1). This region is sensitive
to chemical bonds involving the SBUs and crystal lattice vibra-
tional modes reporting on crystal polymorphism. Both proper-
ties are hardly accessible to IR-based techniques. A primary ob-
jective of this tutorial review is, therefore, to offer an accessi-
ble introduction to the realm of Raman spectroscopy, demystify
its intricate physical principles, underscore its versatile suitabil-
ity for MOFs, and expound on the innovative solutions to over-
come (limitations historically associated with conventional Ra-
man spectroscopy) that allows for addressing societal needs via
MOF-based materials. An overview of IR-based techniques can
be found elsewhere.[29b,g,32]

Approaching almost a century after the observation of the Ra-
man effect in 1928 (Figure 2), the term Raman spectroscopy
nowadays summarizes a large set of different techniques that
vary tremendously in spatiotemporal resolution, sensitivity, read-
out, and required instrumentation.[33] Firstly, different resonance
mechanisms are routinely available for enhancing the weak Ra-
man signal. These were discovered during the 1960s/70s after
the invention of lasers and included, for instance, coherent anti-
Stokes Raman scattering (CARS) and stimulated Raman scat-
tering (SRS), see Section 2. In the early 2000s to 2010s, the in-
vention of pulsed light sources in combination with confocal
microscopes pushed the application of advanced Raman tech-
niques beyond pure spectroscopy and enabled 3D imaging and
space-resolved spectroscopy. Using the power of plasmonics even
single-molecule sensitivity for sensing applications and high-
resolution imaging with nanometer resolution can be nowadays
achieved based on Surface- and Tip-enhanced Raman scattering
(SERS; TERS; Section 2) as well as super-resolved coherent Ra-
man imaging. The first applications to MOFs have been reported
since 2011. Technically, Raman scattering has been implemented
1) as bulk spectroscopy using spectrometers, 2) as imaging-based
techniques relying on microscopes, as well as 3) in advanced
laser-spectroscopy setups to enable time-resolved pump-probe
spectroscopy and microscopy (see Table 2 and Section 3).

Given the wide range of technical approaches in Raman
spectroscopy and its growing relevance in the field of MOFs,
as discussed in recent work,[29c,e,66] diving into the exten-
sive scientific literature can be quite a challenge for new-
comers to the world of Raman spectroscopy and MOFs. The
sheer volume of literature encompassing the theory[33a,d,67] and
instrumentation[68] of Raman techniques and comprehensive re-
views on MOFs, spanning their synthesis,[69] applications,[70] and
characterization,[11b,13d,32b,71] can be likened to be a labyrinthine
challenge. While there are many reviews about specific Raman
subfields,[33c,e,72] there are little to no overview articles with a uni-
fied nomenclature comparing available Raman methods, their
benefits, pitfalls, and technical requirements, and their applica-
tion to MOFs. This tutorial review aims to be a starting point
for material scientists interested in applying state-of-the-art Ra-
man techniques and for beginners embarking on their journey
into spectroscopy. Our goal is to give a comprehensive overview
of available Raman methods for studying MOFs 1) in bulk, 2)
in situ, and 3) in operando with high spatiotemporal resolution

Table 2. Summary of milestones in Raman spectroscopy and metal–
organic frameworks.

Year Development Literature

1897 First 2D coordination compound [34]

1893–1907 Werner complexes: foundation of
coordination chemistry

[35]

1928 Discovery of Raman effect [36]

1958–1960 Theory and first investigations on resonance
Raman scattering (RRS)

[37]

1959 First coordination networks [38]

1958/1960 Invention and realization of the laser [39]

1962 Discovery of stimulated Raman scattering
(SRS)

[40]

1963 Theory of SRS [41]

1965 Discovery of coherent anti-Stokes Raman
scattering (CARS)

[42]

1974 Discovery of surface-enhanced Raman
scattering (SERS)

[43]

1977 Theory of SERS [43,44]

1982 First CARS microscope [45]

1989 Principle of 3D porous coordination
polymers (PCP)

[46]

1990 First confocal Raman microscope [47]

1995 First use of the term MOF [48]

1995 First use of charged linkers [49]

1997 First sorption experiments involving PCPs [50]

1998 First use of SBUs and synthesis of MOF-2 [51]

1999 Synthesis of MOF-5; Implementation of
time-resolved SRS spectroscopy; 3D CARS
imaging

[52]

2000 First Tip-enhanced Raman scattering (TERS)
microscopes

[53]

2002 Realization of multiplex CARS [54]

2002 First synthesis of MIL-53 [26n]

2003–2005 Principle of reticular chemistry [1,22b,55]

2005–2007 First COF structures [56]

2006–2008 First ZIF structures [57]

2006 First Immuno-SERS microspectroscopy [58]

2007–2012 Development of SRS imaging [59]

2010 Shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS)

[60]

2011 MOF investigation by spontaneous Raman [61]

2011–2014 First MOF substrates for SERS [62]

Since 2015 Far-field super-resolved coherent Raman
imaging

[63]

2022 TERS on metal–organic coordination
structures

[64]

2022–2023 CARS on MOFs [65]

on different lengths scales, and time spans. We divided this re-
view into three sections, which are self-coherent so that single
sections can be skipped depending on the scientific background
or interest of the reader. We start by explaining the fundamental
principle underlying Raman scattering, its properties, and strate-
gies to enhance the signal strength by resonance phenomena

Adv. Funct. Mater. 2023, 2307518 2307518 (4 of 53) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Differences among Raman techniques. Raman techniques for time- and space-resolved measurements can be distinguished according to four
categories: 1) their (potential) signal enhancement, 2) the way the laser excitation interacts with the sample, 3) the required instruments, and 4) the
spatial and temporal range in which the sample shall be investigated.

in coherent or plasmonic processes. We then discuss different
Raman methodologies and describe the technical instrumenta-
tions, their functionality, and their limitations. Afterward, we give
a short overview, including recent applications on how Raman
methodologies can be exploited to investigate MOFs. Lastly, we
discuss future applications of Raman techniques for guiding and
supporting the synthesis of MOFs for addressing societal needs,
including environmental remediation.

2. Raman Spectroscopy: Principles

Raman spectroscopy has become a highly versatile analytical
method with various technical realizations differing in their mea-
surement mode, instrumentation, signal enhancement, or de-
tected signature (Figure 3).[33a] In this section, we will first give a
short introduction to spontaneous Raman scattering, its work-
ing principle, and its dependencies upon laser excitation, po-
larization, and detection geometry. Afterward, we will look into
strategies to enhance the intrinsically weak process based on
electronic, plasmonic, or coherent resonances, which can be
employed independently but also in combination. We will dis-
cuss Resonance Raman Scattering (RRS), near-field phenom-

ena underlying surface-enhanced Raman scattering (SERS) and
tip-enhanced Raman scattering (TERS), and nonlinear Raman
approaches including Coherent anti-Stokes Raman Scattering
(CARS) and Stimulated Raman Scattering (SRS).

2.1. Spontaneous Raman Scattering

Light interacts with matter by three different processes: by trans-
mittance, by absorption followed by emission, and by scattering.
When incident photons interact with molecules or the crystal lat-
tice, the photon is either scattering elastically or inelastically. Dur-
ing elastic light scattering, called Rayleigh or Mie scattering, no
material excitation takes place. The scattered light has the same
wavelength as the incident one (Figure 4A; Process 1). Inelas-
tic scattering processes, such as Raman, Brillouin, or Compton
scattering, excite the material and lead to isotropic radiation at
different wavelengths as the incident light. Spontaneous Raman
scattering describes the vibrational (de-)excitation of molecular
entities in matter by inelastic light scattering (Figure 4A; Process
2–4).[33a,68g,73] It was theoretically predicted in 1923 by Smekal[74]

and experimentally observed five years later by Raman and Kr-
ishnan in 1928,[36,75] when they detected that the scattered light
of different solutions was polarized. At the same time, Landsberg

Figure 4. Spontaneous Raman scattering. A) Jablonski energy diagram showing transitions involved during 1) Rayleigh scattering, 2) Stokes scattering, 3)
anti-Stokes scattering, and 4) Stokes Scattering with a different excitation wavelength. B) Spectral shift during Raman scattering. C) Classical description
of a diatomic molecule excited by an incident light field E(t).

Adv. Funct. Mater. 2023, 2307518 2307518 (5 of 53) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202307518 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [30/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.afm-journal.de

and Mandelstam discovered the effect in crystals.[76] Raman was
honored with the Nobel Prize in Physics in 1930.

Raman scattering leads to an energy exchange between the in-
cident photons and the material. In the case of solid-state sam-
ples such as MOF crystals, the energy exchange creates a vibra-
tional quantum in the lattice, known as an optical phonon. Guest-
molecules will change their rotational-vibrational state. During
the Raman process, the photons either transfer energy into mat-
ter by exciting a molecular vibration Ω or receive energy from an
existing phonon vibrating at Ω. The shift in angular frequency Ω
is given by

𝜔Raman = 𝜔p ± Ω (1)

Here, the subscript p denotes the angular frequency of the inci-
dent photon radiated by the pump laser, i.e. the excitation source,
and Raman refers to the scattered light. When the loss of energy
results in a spectral red shift to longer wavelengths, the process
is referred to as Stokes scattering (Figure 4B). Accordingly, when
the gain of energy leads to blue-shifted photons, i.e., radiation at
shorter wavelengths, we speak about anti-Stokes scattering. Ra-
man scattering gives access to vibrational transitions between 10
to 5000 cm−1. The spectral excitation range spans from UV to
NIR (Figure 4A; Ex. 4). The scattering process does not require
the presence of a molecular quantum state, i.e., an electronic en-
ergy level of the material. The interaction with the crystal lattice
or molecule induces a distortion of the electron cloud and, hence,
a change in polarizability involving virtual states, which are rep-
resented as dotted lines in the Jablonski diagram (Figure 4A).

To describe the physical origin of the Raman effect in a classic
picture,[77] let us consider two molecular entities that can oscil-
late against each other with an intrinsic vibrational frequency Ω
(Figure 4C). The presence of the incident light is described by an
oscillating electric field E(t) = E0cos (𝜔pt), which induces a dipole
momentum μ per unit cell inside the material given by

𝜇 (t) = 𝛼 (t) ⋅ E0 cos
(
𝜔pt

)
(2)

Here, 𝛼(t) denotes the polarizability. It represents the deforma-
bility of the electron cloud or the ease of the material to build up a
dipole moment once an electric field is applied. The nuclear dis-
tance q, also called normal mode, can change over time with the
inherent Raman frequency Ω

q (t) = q0 cos (Ωt) (3)

Small changes 𝛿q in this distance q, however, affect the polariz-
ability 𝛼(t) of the material, which can be approximated by a Taylor
series around its equilibrium value 𝛼0

𝛼 (t) = 𝛼0 +
(
𝜕𝛼

𝜕q

)|||||0 ⋅ q (t) (4)

By combining Equations 2–4, the macroscopic polarization of
the material P(t) = N · μ(t), given by all dipole moments per unit
cell together, can be expressed as

P (t) = N ⋅

[
𝛼0 +

(
𝜕𝛼

𝜕q

)|||||0 ⋅ q0 cos (Ωt)

]
⋅ E0 cos

(
𝜔pt

)
(5)

This expression comprises three terms in total:

P (t) = N ⋅ 𝛼0 ⋅ E0 cos
(
𝜔pt

)
(1)

+ 0.5 ⋅ N ⋅ (𝜕𝛼∕𝜕q)||0 ⋅ q0E0 ⋅ cos
(
𝜔p − Ω

)
t (2)

+ 0.5 ⋅ N ⋅ (𝜕𝛼∕𝜕q)||0 ⋅ q0E0 ⋅ cos
(
𝜔p + Ω

)
t (3)

(6)

The first term describes the elastic Rayleigh scattering at the in-
cident frequency 𝜔p with constant polarizability. The second and
the third terms describe the inelastic Stokes (2) and anti-Stokes
(3) scattering, respectively (Figure 4A). The frequencies of these
two terms are shifted by ± Ω with respect to the frequency of the
incident light field. Both terms vanish if there is no change in
polarizability (∂𝛼/∂q)|0. Hence, vibrational modes, for which the
polarizability at q0 does not change, are called Raman inactive,
and are not detectable by Raman spectroscopy.

The intensity of the scattered Raman light can be described by
a Hertzian dipole, i.e., a radiating emitter.[33a,68g,73] The intensity
is proportional to the number of scattering molecules N, i.e., the
concentration, and the excitation intensity Ip of the pump laser.
It scales with the frequency of the scattered light at 𝜔p ± Ω to
the fourth power, and the square of the change in polarizability
(∂𝛼/∂q)|0

IRaman ∝ N ⋅ Ip ⋅

(
𝜔p ± Ω

)4

Ω ⋅
(

1 − e−
ℏΩ
kT

) ⋅
(
𝜕𝛼

𝜕q

)|||||
2

0

(7)

Enhanced Raman scattering is observed for exciting light
sources at large frequencies, i.e., lower wavelengths in the blue
to green spectral range. A major pitfall of this strategy is the
rising contribution of fluorescence and enhanced photodegrada-
tion. Hence, the laser wavelength in the UV–Vis needs to be care-
fully chosen according to the sample system. Besides, the major-
ity of molecules are in the vibrational ground state at room tem-
perature. Following a Boltzmann distribution, the absolute signal
is more intense on the Stokes than anti-Stokes side (Figure 4B).
Lastly, the Raman intensity depends on the change of the polar-
izability 𝛼, which is a second-rank tensor. The polarizability de-
pends upon the polarization state of the incident light source, the
orientation of the crystalline material, and the detection geome-
try and polarization sensitivity. The polarization of the excitation
source can be nonpolarized, linearly (s or p), or circularly (left-
/right-handed) polarized (see Section 3.3.4). Besides the detec-
tion geometry under 0°, 90°, or 180° with respect to the propaga-
tion direction of the incident light, the measured Raman intensity
depends on the polarization sensitivity of the detection scheme. It
matters whether the signal is recorded with or without a polarizer
in the detection path. A complete overview of the dependencies
on polarization and geometry, including the associated selection
rules is given by Derek Long in the reference tables for Chapter
5 of his book on Raman scattering.[33a]

2.2. Signal Enhancement

Raman scattering is a rare process. Raman cross sections are
in the range of 10−28 to 10−30 cm2 and several orders of mag-
nitude lower than cross sections observed for absorption pro-
cesses in the IR (10−21 cm2) or UV–Vis (10−18 cm2), fluorescence

Adv. Funct. Mater. 2023, 2307518 2307518 (6 of 53) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Resonance Raman scattering. A) Jablonski energy diagram of RRS in comparison to spontaneous Raman scattering. With increasing
laser frequency 𝜔p1 <𝜔p2 <𝜔p3, the excitation is more in resonance with an electronic state of the material. B) Crystal structure of the Zn-MOF
[(Zn(DMF))2(TTFTC)(DPNI)] with the two naphthalene- (DPNI) and tetrathiafulvalene-based (TTFTC) linkers shown along the c-axis. The donor-acceptor
pair is highlighted in green. C) UV–Vis absorption spectrum of the MOF (black), DPNI (red), its radical anion (dashed red), H4TTFTC (blue), and its
cation (dashed blue). D) Raman spectrum of the Zn-MOF under 1064 and 406 nm laser excitation (as indicated in panel B). RRS due to both linkers is
highlighted in blue and green. Panel B and D were reproduced under the terms of the Creative Commons CC-BY License 3.0.[81] Copyright 2014, The
Authors. Published by The Royal Society of Chemistry. Panel C was reproduced with permission.[82] Copyright 2018, The Royal Society of Chemistry.

(10−19 cm2) or Rayleigh scattering (10−26 cm2).[78] The Raman
intensity scales linearly with the number of scatterers, limit-
ing the detection at low concentrations to ≈10−2 M. Hence, in-
creasing the Raman signal requires either elevated laser powers
or prolonged measurement times, leading to poor time resolu-
tion, significant photo-induced stress, and potential damage to
the sample. To overcome this limitation and to enhance the Ra-
man signal, different strategies exploiting resonance phenomena
have been introduced: they make use of 1) resonant enhance-
ment of vibrations by coupling the vibrational transition to elec-
tronic states of molecules, 2) plasmonic enhancement of electric
fields via plasmonic structures which lead to an enhanced exci-
tation power and simultaneously enhanced signal detection and
3) coherent enhancement of the Raman transition by driving the
molecular vibration in phase and frequency by external pulsed
light sources. The following section describes the associated Ra-
man processes, namely resonant Raman scattering, surface- and
tip-enhanced Raman scattering, as well as coherent Anti-Stokes
Raman scattering and stimulated Raman scattering.

2.2.1. Resonance Raman Scattering (RRS)

Raman scattering can be drastically enhanced if the energy of the
involved photons is close to the energy of an electronic transi-

tion of the investigated material (Figure 5A). The enhancement
factor can be up to 106,[33a,79] enabling the recording of spectra
from samples with concentrations as low as ≈10−7 M or sig-
nificantly improving acquisition speed.[80] Still, enhancements
ranging from 3 to 4 orders of magnitude are more common de-
pending on the specific sample system. In the case of Resonance
Raman Scattering (RRS), the wavelength of the incoming laser
source needs to overlap with an electronic transition. Vibrational
modes of the material, associated with the absorbing center of
the chromophore, will exhibit a greatly increased Raman scatter-
ing intensity compared to unrelated Raman modes of the same
material or other molecules, such as guest molecules, which re-
main unaffected. So, the enhancement of specific bands strongly
depends on the electronic and molecular structure.

An excellent example for the structural dependence of RRS
is a tetrathiafulvalene-naphthalenediimide-based Zn-MOF
[(Zn(DMF))2(TTFTC)(DPNI); (DMF = N,N-dimethylformamide;
TTFTC = tetrathia-fulvalene-tetracarboxylate; and DPNI =
N,N’-di(4-pyridyl)-1,4,5,8-naphthalene-tetracarboxy-diimide)]
(Figure 5B).[81,82] The MOF structure is assembled from a mix
of donor TTFTC and acceptor DPNI ligands showing partial
through-space ligand-to-ligand charge transfer. While both
molecules absorb in the UV, TTFTC absorbs already in the visi-
ble range below 580 nm (>17 500 cm−1; Figure 5C). Upon laser
excitation at 1064 nm (≈9400 cm−1; Figure 5D), the spontaneous

Adv. Funct. Mater. 2023, 2307518 2307518 (7 of 53) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Raman spectrum of the Zn-MOF shows vibrations at 1413 cm−1

(C ═ C stretch, TTFTC⦁+), 1606 cm−1 (C ═ O stretch, TTFTC0),)
and 1726 cm−1 (C ═ O stretch, DPNI⦁+). At 406 nm excitation,
however, new transitions below 1400 cm−1 appear due to RRS
in the donor DPNI0, while the C ═ C stretch vibration of the
neutral acceptor TTFTC0 around 1525 cm−1 after RRS at 1064
nm is not visible any longer.

To describe RRS, Raman scattering needs to be at least treated
in a semi-quantum mechanical picture: the molecule is described
quantum mechanically while the radiation field, dipole moment,
and scattering process are dealt with classically. Raman scattering
involves two photons and, hence, must be handled via second-
order time-dependent perturbation theory. A detailed deriva-
tion is beyond this tutorial review and can be found in recent
work.[37d,83] The traditional approach for describing RRS inten-
sities involves a summation of all unperturbed eigenstates E
of the resonant electronic state.[83d] The change in polarizabil-
ity (∂𝛼/∂q)|0 due to the vibrational mode q relates to the tran-
sition polarizability tensor between an initial vibrational state
|i〉 and a final vibrational state |f〉 (Figure 5A) described by the
Kramers Heisenberg Dirac equation[83c,d] (a generalized Fermi
golden rule)

(
𝛼𝜌𝜎

)
fi
=

∑
E≠i,f

⟨f |||𝜇𝜌
|||E⟩⟨E ||𝜇𝜎

|| i⟩
ℏ𝜔Ei − ℏ𝜔p − iΓE

+
⟨f ||𝜇𝜎

||E⟩⟨E |||𝜇𝜌
||| i⟩

ℏ𝜔Ef + ℏ𝜔p + iΓE
(8)

Here, 𝜇̂𝜌 and 𝜇̂𝜎 represent the dipole operators for the exciting
and the emitted electric fields with their respective polarizations.
𝜔p is the angular frequency of the laser. 𝜔Ei and 𝜔Ef refer to the
angular frequencies associated with transitions from the initial
vibrational state |i〉 to any intermediate, excited state |E〉of the un-
perturbed molecule (Figure 5A), followed by a second transition
to the final, vibrational state |f〉. The damping factor ΓE relates to
the lifetime of the intermediate state |E〉 and is small compared
to the involved frequencies of the transitions. ⟨f |𝜇̂𝜌|E⟩ annotates
a transition element for the transition E → f due to the exiting
electric field responsible for the transition dipole moment μ𝜌.

In this description, spontaneous Raman scattering is treated as
a two-photon process, in which the virtual absorption of a photon
from the initial state |i〉 leads to an entire set of Eigenstates of the
molecule, followed by the virtual emission of a second photon
and the return to the final state |f〉. Since Equation 8 describes the
spontaneous Raman scattering process, where does the resonant
enhancement come from? Let’s assume, the laser system is tuned
into resonance (𝜔p ≈𝜔Ei) to the absorption band of the molecule.
In this case, the first term starts to dominate, and the equation
simplifies to

(
𝛼𝜌𝜎

)
fi
≈

∑
E≠i,f

⟨
f |||𝜇𝜌

|||E
⟩⟨

E ||𝜇𝜎
|| i
⟩

ℏ𝜔Ei − ℏ𝜔p − iΓE
(9)

Since the change in polarizability is proportional to the tran-
sition probability, the scattered Raman intensity scales quadrat-
ically with the transition polarizability in this semi-classical ap-

proach, in which the scattering is described via an oscillating
Hertzian dipole[83d]

IRaman = Ifi ∝ Ip ⋅
(
𝜔p ± Ω

)4
⋅
∑
𝜌,𝜎

|||(𝛼𝜌𝜎)fi
|||2 (10)

Here, the measured Raman intensity becomes vast when the
laser frequency 𝜔p coincides with the transition frequency 𝜔Ei
from the vibrational ground state to the intermediate State |E〉.
Generally, RRS can occur for the incident field being resonant to
the molecular transition but also for the scattered field, or both
light fields (double resonant) simultaneously, depending on the
molecular structure.

2.2.2. Surface Enhanced Raman Scattering (SERS)

Raman scattering of molecules close to a metal surface can be am-
plified up to 10–11 orders of magnitude depending on the chosen
nanostructure.[84] This phenomenon, called Surface-Enhanced
Raman Scattering (SERS), is frequently observed on surfaces
of coinage metals like gold, silver, and copper. The underlying
enhancement decays fast with distance to the surface (ISERS ∼

r−10).[85] Hence, the range of SERS lasts only a few nanome-
ters and depends on the size, shape, and composition of the
plasmonic nanostructure (or surface).[86] There are two contri-
butions to the overall signal amplification: the chemical mecha-
nism (CM) and the electromagnetic mechanism (EM).[87] CM ef-
fects are based on specific interactions between the molecule and
the surface that comprise 1) charge transfer reactions between
metal and analytes, 2) transient transfer or hot electrons/holes
from the metal, and 3) metal-ligand complex formation.[88] The
EM mechanism dominates and originates from the excitation
of localized surface plasmons (LSP). These are light-induced co-
herent oscillating charges at the metal surface due to the reso-
nant coupling of the metal to the electric field of the incident
laser. LSPs result in a strong near-field enhancement (Figure 6).
For this effect, it is necessary that the metal film is not contin-
uously flat but locally rough and, therefore, consists of small is-
lands facilitating a local enhancement of the electric field.[89] Al-
ternatively, (clustered) metal nanoparticles show LSPs allowing
EM-enhanced SERS in adsorbed molecules. EM-enhanced SERS
takes place in two steps (Figure 6B). In the first step, the incident
light causes LSPs (which absorb in the same spectral range as
the laser), leading to resonant amplification of the incident light
field. Raman scattering in molecules close to the surface is al-
ready more intense. Further amplification of the scattered elec-
tric field by the LPS occurs in a second step. The enhancement
of the two separate steps, G1 and G2, and the total enhancement,
described by the enhancement factor EF, are

G1 =
||||||
Eloc

(
𝜔p

)
E0

(
𝜔p

) ||||||
2

and G2 =
||||||
Eloc

(
𝜔p − Ω

)
E0

(
𝜔p − Ω

) ||||||
2

with EF = G1 ⋅ G2 (11)

The chemical enhancement, on the other hand, describes
charge transfer mechanisms between the molecules and the
metal surface, which then leads to a change in the polarizabil-
ity derivative of the molecule and to an increase of the Raman
cross section consequently.[72a]
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Figure 6. Schematics of the surface-enhanced Raman scattering by localized surface plasmons. A) Electric fields involved in spontaneous Raman scatter-
ing. B) Surface-enhanced Raman scattering of a molecule within a plasmonic hotspot. Step 1: The incident laser field induces localized surface plasmons
(LSPs) in the metal particles, leading to an amplification of the incident electric field and facilitating Raman scattering. Step 2: The electric field of the
scattered light couples again with the LSPs and becomes further enhanced.

The absolute signal amplification by SERS depends strongly
on the optical properties of the metal surface or the nanoparticles,
which usually interact with light in the visible to near-infrared
regime. To understand the resonant coupling between plasmons
and the incident light, we need to address the optical response of
the metal itself. The following paragraph provides an introduc-
tion to the field of plasmonics and SERS. A detailed discussion
can be found in recent, excellent reviews.[72a,84b,90]

Bulk Plasmons: Following the Drude model, metals can be
seen as a lattice of immobile positively charged ions and a freely
moving electron gas between the lattice. The movement of the
electrons is only damped by collisions with the lattice, which ap-
pears at a given frequency 𝛾= 1/𝜏 , where 𝜏 denotes the relaxation
time, i.e., the time between collisions. Thus, if an external electric
field E(t) interacts with the metal, electrons experience an addi-
tional oscillating force. The total force modifying the movement
of the electrons (described by its mass m, and charge e) can be
expressed as

mẍ − 𝛾 ẋ = −eE (t) (12)

The differential equation can be solved for a harmonically
driven electric field E(t) = E0e−i𝜔t, where E0 is the amplitude and
𝜔 the angular frequency of the incident laser, which simultane-
ously acts as the Raman pump laser at 𝜔 = 𝜔P. The oscillating
displacement is

x (t) = e
m (𝜔2 + i𝛾𝜔)

E (t) (13)

and responsible for the polarization P = −Nex(t). Overall, the
electric field induces a dielectric displacement D in the metal,
which is given by

D (t) = 𝜀0E (t) + P (t) = 𝜀0

(
1 − Ne e

𝜀0m (𝜔2 + i𝛾𝜔)

)
E (t) (14)

where ɛ0 is the permittivity of the vacuum, i.e., free space without
material. If we now consider that the electric displacement field
D in a material due to an external electrical field is further given
by D = ɛ0ɛrE, we find that the dielectric constant ɛr is frequency
dependent (Figure 7)

𝜀r (𝜔) = 1 −
𝜔2

Plasma

𝜔2 + i𝛾𝜔
with 𝜔2

Plasma =
Ne2

𝜀0m
(15)

Here, N describes the electron density within the metal, and
𝜔Plasma is the so-called plasma frequency. It refers to the limit,
where no electromagnetic waves lower in frequency can couple
to the metal. The plasma frequency of many metals, including
copper (142 nm), gold (139 nm), and silver (134 nm), lies in the
UV range of the electromagnetic spectrum.[91]

The scattering time at room temperature is on the order of 𝜏
≈10−14s.[92] Hence, in the UV–VIS range, the angular frequency
𝜔 is larger than the damping 𝛾 . The real part of the dielectric
constant dominates over the imaginary damping part and, there-

fore 𝜀r(𝜔) = 1 − 𝜔2
Plasma

𝜔2
becomes the dielectric function of the un-

damped electron gas. In this case, the dispersion relation for elec-
tromagnetic fields reads as

𝜔(k)2 = k2c2

𝜀r (𝜔)
= k2c2 + 𝜔2

Plasma (16)

Figure 7. Dispersion relationship for plasmons. Bulk plasmons (red line)
form when the dielectric constant becomes zero. The dispersion relation-
ship for surface plasmons, which is discussed in the following section, is
shown in blue. The grey line depicts the linear relationship between the
angular frequency and the wavevector by the speed of light. The dotted
lines mark the reference frequencies of the plasma and surface plasmon
frequency.
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Figure 8. Propagating surface plasmon polariton at the interface of a metal and dielectric. Left: Evanescent electric field in the regions characterized
by their decay constants 𝛿d/m. Right: The surface plasmon polariton propagates in the X-direction and oscillates in the Z-direction; The propagation is
wavelength-, i.e., frequency-dependent.

For 𝜔 >𝜔Plasma, the local excitation can propagate within the
metal. For the case 𝜔 = 𝜔Plasma, where ɛr(𝜔) equals zero, col-
lective longitudinal oscillations of the electron gas occur, which
move against the fixed lattice of the positive atoms at the plasma
frequency. These oscillations are called bulk plasmons and rep-
resent longitudinal waves that cannot couple to traverse electro-
magnetic fields (such as light). Bulk plasmons cannot be excited
by direct or scattered light.

Surface Plasmons: Surface plasmons are collective electron
oscillations that travel along a metal/dielectric interface without
penetrating the metal’s volume. These oscillations can be de-
scribed for a metal/dielectric interface oriented in the XY plane
(z = 0; Figure 8). For z <0, we deal with metal described by its
frequency-dependent dielectric function ɛm(𝜔). For z >0, ɛd >0 is
a real dielectric constant of the dielectric material. We now con-
sider an electromagnetic wave E(r, t) = E(z)eikx, that is only os-
cillating in the Z-direction, i.e., perpendicular to the XY plane,
such as light. The oscillating wave is traveling exclusively in the
X-direction. The Helmholtz equation of this wave simplifies to

𝜕2E (z)
𝜕z2

+
(
k2

0𝜀 − k2
)

E = 0 (17)

where k is the wave vector along the X-direction (or simply the in-
verse of the wavelength). As shown by Stefan Maier,[90f] solutions
for this simplified Helmholtz equation (where only Ex, Ez, and
Hy are non-zero) only exist for transverse magnetic (p) polarized
waves. As a result, it deals with a linked system of an electromag-
netic wave that propagates in the dielectric medium and simulta-
neously an oscillating electron plasma at the metal surface. Here,
the oscillating electric field decays exponentially into both spaces,
the metal and dielectric medium (Figure 8; left). The quantum of
this oscillation is called surface plasmon polariton (SPP).

How does the wave, i.e., the SPP, propagate at the interface
depending on the frequency? It is described by its dispersion re-
lation (Figure 7). Since the electric and magnetic fields at the
boundary between both media need to be continuous, the dis-
persion relation of SPPs propagating at the interface is

k = 𝜔

c

√
𝜀d𝜀m

𝜀d + 𝜀m
(18)

Following the Drude model in the absence of any damping,
the metallic dielectric function becomes a real quantity (cf. Equa-
tion 15). For a nearly frequency-independent dielectric (ɛd ═ Con-
stant), the dispersion relation 𝜔(k) for surface plasmon polari-
tons is shown in Figure 7. While the dispersion relation is nearly
linear at small wave vectors k, it shows an asymptotic behavior
for large values. The group velocity (vg =

𝜕𝜔

𝜕k
) approaches zero for

large wave vectors k, i.e., the SPP features a local electrostatic
character. For large values, frequencies come close to the surface
plasmon frequency

𝜔SPP =
√

𝜔

1 + 𝜀2
(19)

which depends on the dielectric constant and, hence, on the type
of metal. Since the dispersion curve of light 𝜔 = kc lies on the
left compared to the SPP dispersion, the wavelength 𝜆SPP of the
SPP, which reversely relates to the wavenumber 𝜆SPP = 2𝜋∕Re[k]
is much smaller than for an electromagnetic wave in a vacuum
or a dielectric. The out-of-plane component of the electric field
is purely imaginary. It exhibits an evanescent field in the Z-
direction that decays exponentially in both the dielectric and the
metal (Figure 8). The decay length 𝛿i in both media can be ex-
pressed as[93]

𝛿i =
𝜆

2𝜋

√√√√√|||ℜe
(
𝜀m

)||| + 𝜀d

𝜀2
i

(20)

where i denotes the propagation medium. Since the absolute val-
ues of the dielectric constants for metals are larger than for di-
electrics, the decay in the metal generally is faster than in the
dielectric. At room temperature, typical values of penetration
depth of SPP are ≈10–100 nm (in metals) and ≈100–1000 nm
(in dielectrics), respectively, in the visible part of the spectrum.[93]

Equally, the wave vector k is a complex quantity with an imaginary
part responsible for the damping in the X-direction. The result-
ing plasmon propagation length lSPP in the X-direction is[93]

lSPP = 1
2ℑm (k)

(21)
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Figure 9. Localized surface plasmons in a nanoparticle. A) Delocalized electrons start to collectively oscillate as so-called localized surface plasmons
in response to the external electric field of the excitation source if their hosting nanostructure is smaller than the wavelength of the incident light.
B) Schematic for describing the induced dipole p inside a spherical metallic nanoparticle with radius a. The external electrostatic field E oscillates
perpendicular to the direction of propagation along the Z-axis.

At room temperature, the propagation lengths lSPP of SPP in
metals is ≈0.5–5 μm in the visible part of the spectrum and up
to 50 μm in the IR.[90f] Overall, SPPs have a highly bound na-
ture close to the interface. They cannot be excited by the illumi-
nation of light directly because the energy and the momentum
cannot be conserved at the same time. Hence phase matching
techniques like prisms or gratings are required to excite SPPs on
flat metal/dielectric interfaces.

Localized Surface Plasmons: If neither bulk plasmons nor
surface plasmon polaritons can directly interact with an exter-
nal electric field, which interaction is responsible for surface-
enhanced Raman scattering? Localized Surface Plasmons (LSPs).
LSPs are non-propagating plasmon excitations in metal nanos-
tructures that are smaller than the wavelength. These nanostruc-
tures can be nanoparticles but also locally rough surfaces. An
electric field outside the nanostructure can penetrate the small
volume and, hence, shift the electron gas collectively relative to
the static ions (Figure 9A). Consequently, a dipole moment in
the nanostructure is induced, acting as a local emitter. In con-
trast to SPPs on flat surfaces, LSPs can be excited by the illu-
mination of light directly without any coupling/phase matching
techniques.[90g]

The simplest example of such a nanostructure is a metallic
nanosphere (Figure 9B) with radius a << 𝜆 surrounded by an
isotropic, non-absorbing dielectric (with dielectric constant ɛd).
Because of the small radius of the nanosphere compared to the
wavelength of the electric field E = E0 ei𝜔t êz, the field can be seen
as quasistatic over the NPs volume. To determine the electric
field E = −∇Φ inside and outside of the sphere, first, the cor-
responding electric potentials Φin/out need to be derived, which
can be obtained by solving the Laplace equation ( − ∇2Φ = 0) for
a nanosphere at the origin of the spherical coordinate system.
A stepwise derivation can be found elsewhere.[90e,g] The electric
potential is given by

Φin = −
3𝜀d

𝜀m + 2𝜀d
⋅ E0 ⋅ r ⋅ cos (𝜃) (22a)

Φout = −E0 ⋅ r ⋅ cos (𝜃) +
[
𝜀m − 𝜀d

𝜀m + 2𝜀d

]
a3

r3
E0 ⋅ r ⋅ cos (𝜃) (22b)

where ɛd is the dielectric constant of the dielectric, ɛm is the di-
electric function of the sphere, 𝜃 is the angle between the electric

field E, and the position vector r or dipole p. The derived electric
fields are

Ein =
3𝜀d

𝜀m + 2𝜀d
⋅ E0êz (23a)

Eout = E0êz +
[
𝜀m − 𝜀d

𝜀m + 2𝜀d

]
a3

r3
E0

(
2 cos (𝜃) êr + sin (𝜃) ê𝜃

)
(23b)

The electric field outside the metal nanoparticle is a superpo-
sition of the incident electric field (first term) and the scattered
field (second term). Both electric fields are maximally enhanced
if ɛm + 2ɛd approaches zero. The scattered field is identical to the
field of a dipole p at the center of the sphere described by[94]

p = 𝜀0 𝜀m𝛼E and 𝛼 = 4𝜋a3 𝜀m − 𝜀d

𝜀m + 2𝜀d
= 4𝜋a3gm (24)

with 𝛼 being the polarizability of the small nanosphere, which
depends on both dielectric constants and the volume of the par-
ticle. gm denotes the gain factor frequently introduced in SERS.
The local field of the induced dipole is cylindrically around the
z-axis (Figure 10A) and reads as

Elocal =
p

4𝜋𝜀0𝜀m

a3

r3

(
2 cos (𝜃) êr + sin (𝜃) ê𝜃

)
(25)

The field enhancement will occur around the poles parallel to
the incident field and amount to 106 to 107 for colloidal silver and
gold spheres.[90c] If two nanoparticles form dimers, the external
electrical field will interact with each of the nanoparticles indi-
vidually (Figure 10B). For an electrical field perpendicular to the
dimer axis, both nanoparticles will act as independent emitters
showing an individual enhancement around their poles. If the
electrical field, however, is parallel to the dimer axis, the electric
fields of the dipole emitters will superimpose and create so-called
hot spots between them (Figure 10C). Strong field enhancement
does not solely occur in isolated or aggregated spherical nanopar-
ticles but in nanostructures of all kinds of shapes or cavities and
various arrangements. In the case of more complicated SERS
substrates, the field enhancement has usually to be calculated
numerically. Judith et al. give a comprehensive overview of sev-
eral structures that provide near-field enhancement and hotspots
through LSPs.[72a] Besides the geometry and orientation of the
nanoparticle, the enhancement depends on the excitation wave-
length and polarization of the optical fields. Moreover, it strongly

Adv. Funct. Mater. 2023, 2307518 2307518 (11 of 53) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 10. Interaction between light and nanostructures. A) Local field enhancement in 10 nm Ag nanoparticles as a monomer, and B,C) dimer depending
on the direction of the external electric field being B) perpendicular and C) parallel to the dimer axis. Reproduced with permission from.[96] Copyright
2022, American Chemical Society. D-F) The optical properties of Au nanorods change with aspect ratio. D) TEM images of Au nanorods. E) The color
change is due to a redshift of the longitudinal LSPR, shown in (F). F) Corresponding optical response due to absorption and scattering of these structures.
Panel D-F was reproduced under the terms of the Creative Commons CC-BY-NC-ND 3.0 License.[95] Copyright 2010, The Authors. Published by Elsevier
B.V. on behalf of Cairo University.

depends on the size of the involved nanostructures, which is in
line with the observation that polarizability depends on the vol-
ume of the employed nanoparticles. Figure 10D–F shows an ex-
ample of Au nanorods with varying aspect ratios, i.e., increasing
length.[95] The larger the longitudinal axis, i.e., the aspect ratio
of the particles, gets, the more the longitudinal LSP resonance
will shift to longer wavelengths. This is seen as a color change
from cyan toward berry red (Figure 10E) and a shift of the extinc-
tion maximum from the visible to the infrared spectral region
(Figure 10F). The optical response of the nanostructure decides
how well the LSP can couple to the electric field of an external
excitation source, leading to a local enhancement.

When applied for surface-enhanced Raman scattering, the en-
hancement process of the Raman scattered light is two-fold: in
the first step, the field enhancement by the LSP applies to the
field of the exciting laser at the angular frequency𝝎p leading to an
enhanced excitation of molecular structures in proximity to the
hotspots. In the next step, the field of the Raman scattered light
at the Stokes- or anti-Stokes side at the frequency 𝜔p ± Ω will be
enhanced. Since the vibrational shift, Δ𝜔 = 𝜔p ± Ω is small com-
pared to the line width of the LSP mode, the total enhancement
factor EF simplifies to[84b]

EF =
|||||
Eloc

(
𝜔p

)
E0

(
𝜔p

) |||||
2|||||

Eloc

(
𝜔p − Ω

)
E0

(
𝜔p − Ω

) |||||
2

=
|||||
Eloc

(
𝜔p − Ω

)
E0

(
𝜔p

) |||||
4

(26)

where ELoc is the field at the Raman active site, and E0 is the field
without enhancement. The measured SERS signal is linked to
the spontaneous Raman intensity via the enhancement factor di-

vided by the ratio between the number of molecules in the Raman
and SERS experiment and reads as

ISERS = EF
NRS∕NSERS

⋅ IRaman (27)

SERS with MOFs: SERS surfaces, or nanoparticles, are usu-
ally made of gold, silver, or copper.[97] SERS requires a close
proximity of the analyte to the metal surface/hotspot. Hence,
the poor affinity and/or selectivity between the metal substrates
and many analytes drive the constant development of new SERS
substrates and composite materials.[66] In the past years, metal–
organic frameworks have shown to be a promising material for
SERS applications due to their high affinity and selectivity to spe-
cific analytes that are adsorbed onto or inside the MOF. Even
though some MOFs provide chemical SERS enhancement,[98]

most MOFs are SERS-inactive.[66] The major strategy is to com-
bine plasmonic nanoparticles (PNPs) directly with MOFs. There
are three approaches to achieve electromagnetic enhancement
for the SERS signal (Figure 11): 1) PNPs are embedded on the
MOF surface,[62c,99] or a thin MOF film is grown on 2) a SERS
active metal surface[100] or 3) around SERS active NPs.[29f,101]

2.2.3. Tip Enhanced Raman Scattering (TERS)

Since the discovery of SERS in the mid-1970s,[43] many other
surface-enhanced Raman techniques have been implemented
that are summarized nowadays under the term plasmon-
enhanced Raman spectroscopy (PERS). One development path
is the combination of different enhancement mechanisms,

Adv. Funct. Mater. 2023, 2307518 2307518 (12 of 53) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 11. Strategies for enhancing the sensitivity of SERS by MOFs. Metallic nanoparticles (red), responsible for sensing of analytes (dark blue,) are
combined with MOFs via three strategies: 1) they are embedded inside MOFs during the synthesis, 2) MOFs are used as a coating on SERS substrates
or aggregated nanoparticles, 3) nanoparticles are incorporated inside MOFs as core-shell structures. Please note that the schematic drawing is not to
scale. Large enhancement is usually observed for ≈50 nm full Ag particles,[102] which are – by far – larger than the pore size of the MOF.

leading, for instance, to RRS/SERS as UV-SERS,[103] NIR-
SERS,[104] or surface-enhanced nonlinear Raman spectroscopic
techniques.[105] The other strategy is to further extend the applica-
tion of SERS beyond conventional substrates, aiming to separate
their dimensions, enhancement, and achievable resolution. This
goal can be reached by manipulating near-field enhancement to
improve spatial resolution or by optimizing the distance between
analytes and the enhancing surface, achieved through silica or
aluminum coatings for signal improvement (SHINERS; shell-
isolated nanoparticle-enhanced Raman spectroscopy). The inven-
tion of tip-enhanced Raman spectroscopy (TERS) at the begin-
ning of the 2000s was a breakthrough concerning spatial resolu-
tion and its general applicability to substrates and surfaces.[53c,106]

The spatial resolution of optical microscopy is limited by the
Abbe limit, which predicts a spatial resolution of ≈200 to 400 nm
for excitation wavelengths in the visible range. TERS overcomes
this limitation. Here, the sample surface is scanned by a sharp
tip, enabling the excitation of LSPs. The interaction with the
laser leads to an enhancement of the near-field close to the tip
(Figure 12) and consecutively to enhanced Raman scattering of
molecules close by. The resolution of TERS is not limited any-
more by diffraction but by the decay of the near-field enhance-
ment and, hence, the size and shape of the metal tip. Routinely,
TERS enables chemically sensitive surface scanning with 20 to
30 nm resolution and a signal enhancement of ≈6 orders of
magnitude.[107] When matching the resonance of the nanocav-

ity in low temperature and ultra-high vacuum conditions, even
sub-nm resolution can be archived.[108]

2.2.4. Coherent Raman Scattering (CRS)

Coherent Raman scattering (CRS) is the third strategy for en-
hancing the signal of Raman processes. CRS comprises several
nonlinear Raman approaches relying on the light-matter interac-
tion between the sample and at least two high-intensity lasers.
The term ‘coherent’ refers to the material response to light: the
molecular signature oscillates in phase with the incident light.
The frequency of two laser sources is chosen such that the coher-
ent Raman excitation of the materialΩ=𝜔1 −𝜔2 matches the dif-
ference frequency of the two exciting fields (Figure 13A), which
are driving the oscillation of the material. This interaction leads
to a nonlinear response of the material, which generates new
spectral signatures. The main processes, implemented today, are
stimulated Raman scattering (SRS) and coherent anti-Stokes Ra-
man scattering (CARS). Coherent Stokes scattering (CSRS), ana-
log to CARS, is less frequently employed as its signature is red-
shifted into the IR (Figure 13B). It is difficult to be detected by
conventional silicon-based detectors. Stimulated Raman scatter-
ing leads to a signal change at the same wavelength as the inci-
dent light fields. It modulates the intensity of both light fields:
the stronger pump pulse will decrease in intensity (Stimulated
Raman Loss; SLR; Figure 13B), and the Stokes field will increase

Figure 12. Field enhancement in TERS. (Left) The spatial resolution in conventional, far-field approaches is limited by the diffraction of light. The diameter
of a focused laser source is ≈200 to 400 nm large. (Right) Light can couple to a metalized tip, leading to a strong near-field enhancement of the local
electric field around the tip.

Adv. Funct. Mater. 2023, 2307518 2307518 (13 of 53) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 13. Coherent Raman processes are driven by at least two light fields. A) Classical description of a diatomic molecule excited by two incident
light fields. The difference-frequency between both fields matches the molecular vibration Ω. B) Spectral position of the coherent Raman processes with
respect to the incident light fields of the pump and Stokes laser. C) Jablonski energy diagram showing transitions involved during 1) spontaneous and
2) stimulated Raman scattering at the Stokes side, 3) coherent anti-Stokes Raman scattering, and 4) coherent Stokes Raman scattering.

(Stimulated Raman Gain; SRG). All four nonlinear Raman pro-
cesses are physically four-wave mixing processes (Figure 13C),
i.e., three electric fields interact with the sample, generating a
fourth one (as discussed in the next sections). They provide el-
evated vibrational signals compared to the spontaneous scatter-
ing process and hence increased imaging speed or sensitivity,
respectively. CRS microscopy and spectroscopy are established
techniques for many areas, including live-cell imaging, biomed-
ical research,[109] material science,[110] pharmaceutical,[111] and
environmental applications.[64] A detailed description of develop-
ments in CRS microscopy is given in recent reviews.[68d,e,72c,112]

Coherent Anti-Stokes Raman scattering (CARS): Coherent
anti-Stokes Raman Scattering (CARS) is a nonlinear technique
offering enhanced signal levels of up to 8 orders of magnitude
compared to spontaneous Raman scattering.[72b,113] A further ad-
vantage of CARS is its blue-shifted signature compared to the
incident light fields, which allows for separating its signal from
the spurious background due to fluorescence and scattering, for
example, by conventional dichroic filters. CARS was introduced
in 1965 by Terhune and Maker[42] and was soon established as a
spectroscopic technique for investigating chemical reactions dur-
ing combustion.[114] CARS imaging was pioneered by Duncan[45]

in 1982 and established by Zumbusch[52c] in 1999 when com-
bining confocal microscopy with collinear laser excitation. This
seminal work triggered the rapid development of different tech-
nologies over the last two decades, e.g., based on polarization,
frequency modulation, or spectral mixing to extract pure Raman
signature from CARS at video-rate (20 frames per second) imag-
ing speed.[115]

CARS is a nonlinear optical process of third order and can be
treated as a special case of four-wave mixing (FWM). It is a pas-
sive, nonlinear process with no energy deposition in the mate-
rial. The initial and final states after the interaction are identical.
CARS relies on the interaction with three light fields: the pump
pulse at 𝜔P, the Stokes pulse at 𝜔S, and the probe pulse 𝜔Pr. The
first interaction with the pump laser (Figure 14; Ex. 1) together
with the Stokes laser leads to a coherent excitation of the material.
The third interaction with the probe laser stimulates the emis-
sion of the CARS field (Figure 14; Ex. 1). The enhancement of
the Raman process results from the resonant, coherent excitation
of the sample Ω that coincides with the difference frequency be-

tween the pump and Stokes field. Although the probe field allows
for tuning the spectral range at which the CARS process occurs,
CARS is frequently implemented as degenerated CARS, relying
only on two lasers (Figure 14; Ex. 2). This is often the case for
CARS microscopy when two light fields are coupled collinearly
into the microscope.

CARS can be seen as a resonant FWM process mediated by the
third-order nonlinear susceptibility of the medium. While CARS
shows a signal enhancement, if the difference frequency between
the pump and Stokes field matches a vibrational transition, the
frequency-mixing process also occurs if there is no molecular res-
onance (Figure 14, Ex. 3). These FWM processes lead to the so-
called non-resonant background, which alters the spectral signa-
ture compared to spontaneous Raman scattering, which we will
discuss at the end of this section.

As described for spontaneous Raman, the interaction between
light and the material leads to a time-dependent polarization
P̃(t) = 𝜀0𝜒 Ẽ(t) of the medium. For CARS, three light sources with
strong electric fields are in place. To understand the nonlinear re-
sponse of the material in the presence of an intense electric field
Ẽ = ẼP + ẼPr + ẼS composed by the three incident light fields
(Figure 14, Ex. 1), we describe the polarization as a function of
the electric field via a Taylor expansion[67]

P̃ = 𝜀0𝜒
(1)Ẽ + 𝜀0 ⋅

(
𝜒 (2)ẼẼ + 𝜒 (3)ẼẼẼ + ⋅ ⋅ ⋅

)
= P̃L + P̃NL (28)

Figure 14. Energy diagram. Schematic energy diagram for 1) CARS, 2) de-
generate CARS, and 3) FWM. Virtual states are depicted as dashed lines.
Solid lines represent electronic or vibrational states. The electronic ground
state and first excited state are denoted S0 and S1.

Adv. Funct. Mater. 2023, 2307518 2307518 (14 of 53) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202307518 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [30/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.afm-journal.de

with 𝜒 (n) being the electric susceptibility tensor of the nth or-
der. ɛ0 denotes the dielectric constant, and P̃L and P̃NL are the
linear and nonlinear contributions to the polarization, respec-
tively. FWM and CARS are third-order effects and are described
by the 𝜒 (3) term, i.e., 𝜒 (2) does not contribute. We assume that
the electric fields of the three laser pulses i ∈ {P; Pr; S} are plain
waves Ẽi(z, t) = E(𝜔i) cos(𝜔it − kiz) with wave vector k⃗i and fre-
quency 𝜔i, that propagate in the Z-direction. All light fieldsex-
hibit a constant amplitude E(𝜔i) and are linearly polarized in the
X-direction. The time-dependent nonlinear polarization P̃NL re-
sponsible for CARS at position z and frequency 𝜔CARS = 𝜔P − 𝜔S
+ 𝜔Pr can be expressed as

P̃(3)
NL

(z, t) = 1
2

{
𝜀0𝜒

(3) (−𝜔CARS;𝜔P,−𝜔S,𝜔Pr

)
EP

(
𝜔P

)
E∗

S

(
𝜔S

)
EPr

(
𝜔Pr

)
× exp

[
i
(
kP − kS + kPr

)
z − i𝜔CARSt

]
+ c.c.

}
(29)

Here, the notation for the nonlinear susceptibility
𝜒 (3)(−𝜔CARS;𝜔P,−𝜔S,𝜔Pr) indicates the interaction order of
the laser fields with the sample from left to right, i.e., the
pump pulse interacted first with the medium, followed by the
Stokes and probe field to induce the light field at 𝜔CARS. The
negative sign at the Stokes frequency, as well as the complex
conjugated notation for the Stokes field, take into account that
quantum-mechanically the Stokes field releases energy while
interacting with the medium (Figure 14). The new electric field
can be obtained by solving the nonlinear wave equation[67]

{
∇2 −

(n
c

)2 𝜕2

𝜕t2
− 𝛼 ⋅ n

c
𝜕

𝜕t

}
ẼCARS (z, t) = 1

c2𝜀0

𝜕2P̃(3)
NL

(z, t)

𝜕t2
(30)

where c denotes the speed of light, n is the refractive index, and
𝛼 the absorption coefficient of the sample. Equation 30 identi-
fies the induced, nonlinear polarization of 3rd order P(3)

NL as the
source responsible for generating the electric field ECARS of the
CARS signal. It is a differential equation of 2nd order, which can
be reduced to first order under a slowly varying envelope approx-
imation of the electric field. For linearly polarized laser fields that
travel in the Z-direction, the nonlinear wave equation reduces to(
𝜕

𝜕z
+

nCARS

c
𝜕

𝜕t

)
ECARS (z, t) = i

2𝜀0c
𝜔CARS

nCARS
P(3)

CARSe−ikCARSz (31)

By solving Equation 31, we obtain the measured CARS in-
tensity, which relates to the square of the electric field ICARS
∝|ECARS|2. It is, therefore, proportional to

ICARS ∝ ||ECARS
||2 =

(
𝜔CARS

c nCARS

)2

⋅ |||𝜒 (3) (𝜔CARS

)|||2 ⋅ IPISIPr ⋅ L2

⋅
(

sin (ΔkL∕2)
ΔkL∕2

)2

(32)

The measured signal depends on the intensity of all three
fields, the sample thickness L, the phase mismatch Δ k⃗ = k⃗P −
k⃗S + k⃗Pr − k⃗CARS, and quadratically on the nonlinear susceptibil-
ity and detection frequency 𝜔CARS. For degenerated CARS (𝜔P =
𝜔Pr), the measured signal scales quadratically with the intensity

Figure 15. Contributions to the nonlinear susceptibility 𝜒 (3). The nonlin-
ear susceptibility 𝜒 (3) is a complex quantity with three contributions: 1)
a constant, non-resonant term which is real, and a frequency-dependent,
resonant term which is complex. The real part of 2) the resonant contribu-
tion is responsible for a dispersive line shape, while the imaginary part 3)
encodes the Lorentzian shape.

of the pump pulse. While the phase mismatch leads to a space-
dependent signal modulation due to destructive interference in
the context of CARS spectroscopy, it plays no significant role in
CARS microscopy due to the short interaction length in the sam-
ple of a few micrometers. To summarize, CARS is observed at
𝜔CARS = 𝜔P − 𝜔S + 𝜔Pr for intense laser fields. If the frequency
difference 𝜔P − 𝜔S matches the frequency of a Raman active vi-
bration of the sample (Figure 14), the signal will be significantly
enhanced (similar to RRS, however, without the need for an elec-
tronic resonance) while contributions due to four-wave mixing
occur at the same time. Why is that?

The material-specific nonlinear susceptibility 𝜒 (3) depends on
two terms: a resonant and non-resonant contribution.

𝜒 (3) = 𝜒
(3)
R + 𝜒

(3)
NR (33)

The non-resonant part is real and approximately constant
(Figure 15).[67] The resonant nonlinear susceptibility 𝜒

(3)
R is

frequency-dependent and directly proportional to the Raman
cross section 𝜎 and the number of excited molecules N.[67] It is
maximal at frequencies that coincide with vibrational transitions
Ω of the sample and zero elsewhere.[67] For a heterogeneous sam-
ple, the resonant nonlinear susceptibility is a superposition of re-
sponse functions for each molecular species i with a vibrational
transition Ωi close by

𝜒
(3)
R

(𝜔) =
∑

i

Ni𝜎i

𝜔 − Ωi − iΓi
(34)

Here, Ni denote the number of Raman active scatterers, i.e.,
the concentration, 𝜎i the Raman cross-section of the molecule,
and Γi the linewidth of specific vibrational transition. While the
imaginary part describes the Lorentzian profile of vibrational
transitions, the real part is responsible for dispersive line shapes.
The quadratic dependence of the CARS signal of the intensity on
𝜒 (3)

ICARS ∝ |||𝜒 (3) (𝜔CARS

)|||2 = |||𝜒 (3)
R + 𝜒

(3)
NR
|||2

= |||𝜒 (3)
R
|||2 + |||𝜒 (3)

NR
|||2 + 2𝜒 (3)

NRℜe
(
𝜒

(3)
R

)
(35)
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Figure 16. Stimulated Raman Scattering. A) Jablonski energy diagram of the (1) Stimulated Stokes Scattering and (2) inverse anti-Stokes scattering.
B) Measurement scheme of Stimulated Raman Gain (SRG) and Loss (SRL) of the pump and Stokes pulse.

mixes the contributions due to enhanced Raman (resonant term)
with an unspecific, non-resonant background due to FWM, lead-
ing to dispersive interference. CARS spectra, therefore, exhibit
strongly distorted non-Lorentzian line shapes in contrast to spon-
taneous Raman scattering. Together with the quadratic depen-
dence on the concentration, this property hampers quantitative
measurements with CARS in multi-component systems. By ex-
ploiting the physical dependencies of the resonant and non-
resonant contribution, different methods have been developed
based on polarization, directionality of the signals, frequency
modulation, or spectral mixing to extract pure Raman signatures
from CARS.[115]

Stimulated Raman Scattering (SRS): Stimulated Raman scat-
tering (SRS) is experimentally observed in two forms, as Stimu-
lated Raman Loss (SRL) or as Stimulated Raman Gain (SRG), al-
though both observations have the same underlying mechanism.
SRS was discovered in 1962.[40] Its working principle was theoret-
ically investigated in the early 1960s,[41a] and summarized in sev-
eral reviews of the 1970s.[41b,67a] In 1999, the Yoshizawa group in-
troduced SRS for time-resolved experiments.[52b] Its application
in microscopy was first published in 2007.[59a–c] Like CARS, stim-
ulated Raman scattering overcomes limitations of spontaneous
Raman scattering by providing enhanced signal levels of up to
7–8 orders of magnitude.[110b,116]

SRS is a third-order nonlinear optical process. It is an active
process in which energy is exchanged with the material, i.e., the
initial and final states differ after the interaction. SRS relies on
the interaction with three electric fields, usually derived from
two laser fields: the pump pulse at 𝜔P and the Stokes pulse at
𝜔S. Analog to CARS, the SRS process can be treated as a four-
wave mixing process. The first interaction with the pump laser
(Figure 16A; Process 1) and the Stokes laser leads to a coherent
excitation of the material, which can decay with a dephasing time
𝜏2 on the picosecond time scale. If the third interaction comes im-
mediately after the coherent excitation, the pump laser will stim-
ulate the molecule to emit a Stokes photon. The enhancement
of the Raman process results from the resonant excitation of a
vibrational transition Ω in the sample that coincides with the dif-
ference frequency between the pump and Stokes field 𝜔P − 𝜔S.
During SRS, energy is transferred from the pump beam to the
Stokes beam, leading to a measurable Stimulated Raman Gain
(SRG) of the Stokes intensity, while the energy of the pump is de-
creased, resulting in a Stimulated Raman Loss (SRL) of the pump
intensity.[59b,117] The SRS signal can be, therefore, either derived

from the change of the pump or the Stokes field. When measur-
ing on the anti-Stokes side (Figure 16A, Process 2), referred to
the pump pulse 𝜔P, SRS leads to a decrease of the anti-Stokes
field and an increase in the red-shifted pump field. During SRS,
energy is always transferred from the beam at a higher frequency
to the red-shifted beam at a lower frequency.

Experimentally, SRS is measured by exciting the sample with
two co-aligned lasers providing the pump and Stokes pulses (cf.
Figure 25). SRS takes place 1) if both pulses overlap at the sample
in time and space and 2) if the difference frequency of both lasers
matches a vibrational transition in the sample Ω (Figure 16B).
By turning the pump beam ‘on’ or ‘off’ by an acousto-optic de-
vice, the intensity of the Stokes laser source can be monitored in
the absence and presence of the pump beam over time. Using
de-modulation techniques based on a photodiode and a Lock-
In amplifier, as we will see in the instrumentation section, the
SRS-induced signal change can be extracted and recorded as a
function of space (microscopy), or as a function of time (spec-
troscopy). The change of the Stokes field ΔES is

ΔES = −i
3𝜔S

4cnS
𝜒 (3)||EP

||2ESL (36)

where L is the interaction length of the Raman active medium,
ES and EL the electric fields of the two laser pulses, c being the
speed of light, and nS the refractive index at the frequency 𝜔S.
The SRS signal can be derived as the difference signal between
Stokes intensity in the presence and absence of the pump pulse

ΔIS

(
𝜔P − 𝜔S

)
∝ ||ES + ΔES

||2 − ||ES
||2 = ||ES

||2 + 2ESℜe
(
ΔES

)
+||ΔES

||2 − ||ES
||2 (37)

Since the third term vanishes compared to all other terms, the
measured Stimulated Raman Gain reads as

ΔIS
(
𝜔P − 𝜔S

)
∝ 2ESℜe

(
ΔES

)
=

3𝜔S

4cnS
ℑm

(
𝜒 (3) (𝜔P − 𝜔S

))
IPISL (38)

It scales linearly with the laser intensities, the sample thick-
ness L, and only with the imaginary part of the nonlinear suscep-
tibility 𝜒 (3). Why is this advantageous? This term describes the
Lorentzian-shaped contribution of the nonlinear susceptibility
responsible for the sharp line shape of Raman transitions. The in-
herent SRS signal is background-free[118] and does not depend on
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Figure 17. The Instrumentation required for Raman spectroscopy. All Raman techniques rely on three major units: 1) the excitation light source, 2) the
optical instrument, e.g., a microscope or a sample unit including optics to focus the light onto the sample and to collect the Raman scattered light and 3)
a detection unit, which allows for recording the Raman signature in a spectrally resolved manner. A-B) The detection geometry for spontaneous Raman
spectroscopy, for instance, can be either A) under 0 and 180 degrees, i.e., in the forward direction through the sample or in back-reflection (epi-direction),
or B) under 90 degrees. The exciting and scattered light are depicted in blue and purple, respectively.

any unspecific non-resonant and real background. It matches the
one of spontaneous Raman spectra. The SRS signal scales also
linearly with the sample concentration c and Raman cross sec-
tion 𝜎 (described by the nonlinear susceptibility; cf. Equation 34).
Hence, SRS can be utilized for fast quantitative chemically sensi-
tive measurements at low concentrations of the analyte, with rel-
ative change in intensity that can be measured down to a range
of 10−8.[68d,110b]

3. Instrumentation

Raman spectroscopy has been implemented in several ap-
proaches, differing in the measurement mode (transient/in
operando/in situ), their spatial resolution (bulk spectroscopy, mi-
croscopy, nearfield microscopy), detection (single color detection,
broadband detection in the time and frequency regime), detec-
tion geometry (transmission, back-reflection and under 90 de-
gree) and lastly their enhancement strategies (RRS, SERS/TERS,
CRS and combinations thereof). Despite the large variety of Ra-
man methodologies available, the instrumentation of every Ra-
man system relies on three modules (Figure 17): it consists of 1)
an excitation light source (nowadays a laser system), 2) a sam-
ple unit, such as a microscope, including optics for the excita-
tion of the sample and collection of Raman scattered light and
3) a detection unit which monitors the Raman signature from
the sample. Additionally, optical filters are in place in the exci-
tation and detection path for spectral narrowing the excitation
and for optically blockinga Rayleigh scattering, respectively. Po-
larization optics are added accessorily in the excitation as well
as in the detection path to probe for polarization selection rules
or Raman optical activity. The following section aims to give an
overview of the required instrumentations, technical realizations,
and measurement modes that are possible based on Raman
scattering.

3.1. Light Sources

While setups for spontaneous Raman scattering, RRS, SERS, and
TERS usually employ continuous wave (CW) lasers in the visi-
ble range, nonlinear Raman techniques require high-power laser

sources, such as fs- and ps- pulsed lasers in the near-IR range.
For time-gated Raman spectroscopy in the ps-ns regime, pulsed
solid-state lasers, for instance, based on Nd:YVO (532 nm) or
Nd:YAG (1064 nm) find application, but these are more used for
custom setups rather than for routine measurements.

3.1.1. CW Laser Sources

Spontaneous Raman spectroscopy requires a high-power,
monochromatic light source. While mercury arc lamps were still
in place until the 1960s,[119] they were quickly replaced by laser
sources in the late 1960s due to their coherence, high stability,
higher intensity, and low divergence.[120] At first, gas lasers,
like helium-neon (He-Ne; 632.8 nm), Krypton (530.9 nm), or
Argon ion lasers (488 and 514.5 nm), were implemented due
to their intrinsically narrow excitation bandwidth of 0.001 nm,
i.e., < 0.5 cm−1. These lasers feature a Gaussian beam profile
(TEM00 mode) and support a diffraction-limited confocal volume
when being focused on the sample. However, more economic
solid-state and diode lasers in combination with 10 cm−1 band-
pass filters have been used in commercial setups lately. Their
non-gaussian-shaped beam profile is cleaned up by coupling
the laser into the microscopes via optical fibers using the fiber
entrance as pinhole. Besides the spectral and spatial resolution, a
further benefit of these laser sources is their frequency stability.
Although spectral shifting occurs with temperature and applied
current, frequency-stable lasers (<0.01 cm−1) are available, for
probing strain and stress in materials. They further possess a
fixed polarization and stable intensity (<1% RMS) that enables
polarization-dependent and quantitative concentration measure-
ments. Lastly, the choice of laser wavelength depends on the
required application and sample. While lower wavelengths in
the UV–Vis can be beneficial for RRS and SERS measurements,
they often induce photoluminescence that interferes with the
Raman signature itself. For MOFs, wavelengths in the visible
to NIR range might be more suitable for studying organic
linkers and composite materials. Hence, Raman spectroscopy
is often performed at 633 nm and 785 nm as a compromise
between signal strength (which is inversely proportional to the
the wavelength to the fourth power), minimized background,
and adequate sensitivity of silicon-based detection systems.
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Figure 18. Excitation schemes for Coherent Raman Scattering. Single-frequency CRS microscopy based on a fixed pump pulse and a tunable Stokes
pulse. By tuning the Stokes wavelength, all Raman resonances Ωi of the material can be addressed either via A) single-frequency CARS or B) as single-
frequency SRS. C) Single-frequency CRS is detected as a blue-shifted signal on the anti-Stokes side due to CARS. SRS can be monitored as a gain in the
intensity of the Stokes pulse or loss of the pump pulse. D) When using broadband laser pulses as Stokes pulse, all Raman resonances can be excited at
once via CRS.

3.1.2. Pulsed Laser Sources for Nonlinear Raman Approaches

Coherent Raman scattering mainly relies on ultrashort fs- or
ps-laser pulses with high energy densities to generate nonlin-
ear processes. There are two approaches when using CRS: 1)
Single-frequency CRS and 2) broadband CRS spectroscopy or mi-
croscopy. In the first configuration, one specific vibration is an-
alyzed in time, frequency, or space, while in the second config-
uration, the entire spectrum of the sample is examined at once.
Single-frequency coherent Raman scattering (CRS) is commonly
combined with microscopes to monitor the spatial distribution
of a species with distinct spectral characteristics. When dealing
with samples exhibiting unknown behavior over time, e.g., dur-
ing chemical reactions, or in terms of their chemical composi-
tion and distribution in space, broadband approaches are used.
If only single-frequency CRS is available, at least one of the lasers
has to be tuned to record a spectrum or to address multiple vibra-
tional transitions in the same sample. Both approaches employ
pulsed light sources in the NIR range between 700–1200 nm,
to minimize photodamage.[121] Nonetheless, setups operating in
the UV–Visible range have also been developed.[122] Their laser
power at the sample varies between 5 to 50 mW depending on
the material.

Single-frequency CRS microscopy employs at least two syn-
chronized laser pulses (pump and Stokes pulses for degener-
ated CRS). The frequency of the first light source is typically
fixed, while the second light source is spectrally broad or tun-
able. (Figure 18A,B). Why is this? For a fixed pump laser, e.g.,
in the NIR at 780 nm, and a spectrally narrow Stokes laser, the
wavelength of the Stokes pulse has to be adjustable between 810
and 1130 nm to address vibrational transitions between 500 and
4000 cm−1 given by their difference frequency 𝜔P − 𝜔S. In this
scenario, single Raman transitions Ω of the material are selected
by tuning the Stokes laser to the corresponding wavelength in
resonance. For single-frequency CRS, both laser pulses should

have a transform-limited pulse duration of 1–2 ps, matching the
bandwidth of a vibrational transition on the order of 10 cm−1

(Figure 18C). For imaging, the pulse repetition rate is around 10–
100 MHz to provide maximal acquisition speed at minimal dwell
time for a pixel. For multiplex CRS spectroscopy applications, a
repetition rate in the kHz regime is selected. Instead of tuning
one of the lasers, spectrally broad fs-laser pulses allow for excit-
ing all Raman resonances at once (Figure 18D). This approach
requires either a broadband detection scheme (as discussed in
Section 3.4.5) or pre-chirping, which involves temporal stretch-
ing of the broadband laser pulse. In this way, a limited temporal
overlap between the pump pulse and a narrow spectral window of
the broadband pulse is achieved. This enables targeting specific
vibrational transitions and using point detectors, as in the case of
single-frequency CRS. The technical requirements of the pulsed
laser sources make CRS technically more challenging compared
to spontaneous Raman scattering, RRS or SERS. Yet, CRS tech-
niques allow for Raman experiments at enhanced signal levels
with fast acquisition at higher sensitivity as required for moni-
toring chemical reactions. Further details on the principles and
instrumentations of CRS can be found elsewhere.[68d,g,72c,112c,123]

3.2. Setups

Depending on the desired spatial resolution, there are three dif-
ferent configurations for the sample unit. 1) Conventional Ra-
man spectroscopy on bulk or powder samples that are carried out
on commercial setups provides a relatively low spatial resolution
of <1 mm2 (‘Macro’-Raman; Section 3.2.1). 2) ‘Micro’-Raman
setups with sub-μm resolution are in place for studying single
MOF crystals with adiameter down to about 500 nm.[64a] While
there are several methodologies implemented, all systems rely on
diffraction-limited optical microscopes (Section 3.2.2). 3) For Ra-
man measurement with spatial resolutions below 500 nm, TERS
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Figure 19. Common microscopes employed for Micro-Raman spectroscopy. Schematics of setups with detection in transmission or back-reflection (epi).
A) Confocal microscope with point excitation. Pinholes remove any out-of-focus light in the detection pathway. The laser excitation is Gaussian-shaped
and focused on a diffraction-limited spot on the sample/the coverslide (as shown in the inset). For a given objective (NA 1.27) and laser excitation at
532 nm, the spatial lateral resolution is ≈270 nm. B) Confocal microscope with line excitation. The laser excitation was given an ellipsoidal beam profile
using a special lens (grid, cylindrical, Powell), which results in a line focus, i.e., a confocal excitation sheet, as shown in the inset. The line dimensions
are on the order of 1 × 10 μm2. C) Schematics of a widefield microscope. The excitation light is focused onto the back focal plane of the objective to
illuminate a wide area on the sample with a size of 10–20 μm.

microscopy comes into play. This scanning near-field technology
uses a physical metal tip to confine the spectroscopically probed
volume (Section 3.2.3). Routinely, lateral resolutions down to 20–
30 nm have been reported.[107,124]

3.2.1. Spectrophotometer

When measuring Raman scattering in bulk without any re-
quirements for spatial resolution, mainly spectrophotometers
are employed. These can be either stationary lab-based devices
or portable (hand-held devices for field measurements). Time-
dependent measurements, such as transient coherent Raman ex-
periments or time-gated Raman experiments, are usually carried
out on custom setups. All devices have in common that the laser
excitation is focused onto the sample by lenses with longer work-
ing distance (>5 mm), leading to a probed sample area on the
order of <1 mm2.

3.2.2. Microscopes

For measurements with sub-micron resolution, optical light mi-
croscopes are in place. They differ in the geometry of the exci-
tation volume in which Raman scattering occurs and, hence, in
the way, the scattered signal is detected. The most common ar-

rangement for spontaneous as well as nonlinear Raman scatter-
ing is a confocal microscope, where the laser is focused down
to a diffraction-limited spot or a line. Consecutively, scanning of
the sample is carried out if spatial information is required. To
probe the spectral signature within an area without scanning,
widefield and light-sheet microscopes have been realized.[125] For
all types of setups, the lateral resolution is bound by the diffrac-
tion of light, i.e., given by the numerical aperture NA of the mi-
croscope objective and the selected excitation wavelength 𝜆. By
choosing an objective without immersion (0.6–0.8), a lateral res-
olution dxy = 0.61 · 𝜆/NA on the order of 0.5-1 μm can be easily
achieved (for wavelengths between 488–1064 nm). Using high-
NA objectives with water (1.27) or oil immersion (1.4), a lat-
eral resolution between 200–300 nm is reachable in the visible
range, yet, at the expense of potentially disturbing background
contributions due to Raman scattering in the immersion fluid.
The depth resolution or axial resolution dz = 2 · 𝜆/NA is less
than 1 μm.

Confocal Scanning Microscope: Micro-Raman spectroscopy
based on spontaneous Raman scattering, RRS, and SERS is com-
monly performed on confocal microscope setups for recording
complete Raman spectra at the confocal volume. Similarly, se-
tups for CRS imaging are predominantly built around confocal
microscopes. Usually, the laser excitation is focused on the sam-
ple by a microscope objective as a point (Figure 19A). The size
of the confocal volume is ≈200–300 nm in the lateral direction

Adv. Funct. Mater. 2023, 2307518 2307518 (19 of 53) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202307518 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [30/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.afm-journal.de

and ≈1 μm in the axial direction. The scattered light is collected
either via the focusing microscope objective in back-reflection
(epi-mode) or via a condenser lens in transmission. In both con-
figurations, only scattered light that originates from the confocal
volume will be collected via the objective. In the case of MOF
samples, which are not transparent, the back-scattered light is
typically collected using the same objective used for excitation.
Excitation and scattered light are spectrally separated afterward
by a dichroic mirror. Next, the scattered light is filtered to elim-
inate Rayleigh scattering and background via a Notch filter, and
its distinctive signature is recorded after the pinhole either via a
spectrometer in combination with a detector array or via point de-
tectors like avalanche photodiodes (APDs) in combination with a
Michelson-interferometer in FT-Raman setup (Section 3.3.3).

A confocal configuration enables the recording of Raman spec-
tra with sub-micrometer resolution in situ. For spatial informa-
tion, scanning of the sample or the light source is required. Dur-
ing image acquisition, the sample can be moved using a piezo-
stage while the laser excitation remains static, or the laser beam
can be scanned over the stationary sample using galvanometric
mirrors. The image is reconstructed afterward from the hyper-
spectral data cube by chemiometric methods, or by univariate
data analysis, i.e., the spatial representation of single vibrational
transitions. The biggest downside of a confocal scanning micro-
scope is the long-lasting data acquisition. The data acquisition
can last several hours to even days in the case of spontaneous Ra-
man scattering, depending on the desired size and resolution of a
raster-scanned image. To increase the data acquisition speed, the
laser light is often focused as a line onto the sample (Figure 19B),
e.g., through a grid lens, cylindrical lens, or Powell lens.[126] In
this arrangement, sample areas along that line on the sample are
simultaneously excited. The scattered light is detected afterward
on a line-detector (single wavelength) or 2D detector like an elec-
tron multiplying Charge-Coupled Device (emCCD) camera (Sec-
tion 3.3.1), which decodes the spectral information as a function
of position.

Widefield Microscope: Widefield microscopes are another pos-
sibility to increase the data acquisition speed (Figure 19C). Here,
a micron-sized area of the sample is illuminated. The scattered
light from different points in the illuminated area is measured af-
terward via a detector array (e.g., a CCD camera) simultaneously.
No scanning is required. The data acquisition of the camera could
be easily on the ms-time scale. It only depends on the measured
signal strength. The spatial resolution for widefield imaging is
also ≈250–300 nm in the visible range. A potential downside of
this approach is the lack of spectral information when exciting
with a CW laser since the CCD camera only measures the in-
tensity at different pixels without wavelength separation. To get
spectral information, a combination of suitable bandpass filters
is commonly used for probing one specific Raman transition on
the camera. A more advanced way is tunable filters that measure
the intensity at different wavelengths successively.[125a–c] Alter-
natively, one can also use a static filter and a tunable laser for
excitation[125f] since the absolute wavelength of the Raman scat-
tered light shifts with the laser wavelength (cf. Equation 1). Lastly,
one can use an array of optical fibers instead of a single CCD cam-
era, where each fiber is connected to a spectrometer and detec-
tor separately.[125d,e] Here, one spectrometer records the spectra
of multiple fibers, i.e., of multiple pixels, simultaneously. While

spectra information of the detected light is separated horizon-
tally by the grating, light by different fibers can be stacked in the
second dimension and detected together on a single CCD cam-
era. Widefield microscopy is primarily applied for spontaneous
Raman RRS and SERS.[127] Nevertheless, the feasibility of wide-
field CARS was shown despite the inconveniently high power
densities.[128]

3.2.3. Nearfield Microscope: Tip-Enhanced Setups

To probe Raman scattering at the nanometer regime, SERS is
coupled with a scanning microscope for realizing tip-enhanced
Raman scattering (TERS) as a nearfield scanning probe method.
Here, the plasmon resonance located at the apex of a noble
metal scanning tip is utilized to probe the surface and to en-
hance the Raman signal, which is detected afterward via an op-
tical microscope (Figure 20A). Because of the fast decay of the
field enhancement in the tip, TERS is sensitive to the sample
surface and allows for imaging samples in 2D. The three most
frequently used configurations to keep the tip close to the sam-
ple surface are based on Atomic Force Microscopy (AFM), Shear
Force Microscopy (SFM), and Scanning Tunneling Microscopy
(STM; Figure 20B–D),[129] all of which are well-established tech-
niques in independent microscopes. The sample then is moved
with a piezo stage to scan the illuminated tip over the sample.
The TERS instrumentation is described in more detail in.[107,129]

3.3. Detection

There are various methods available for recording the spectral
signature of Raman scattering processes, which can be classified
into five different detection schemes. The first consideration is
whether the entire Raman spectrum is captured simultaneously
or if only a single Raman resonance is targeted. This differentia-
tion determines whether a point detector or a line detector will be
employed. The second aspect to consider is the signal strength of
the different types of Raman scattering. This plays a crucial role
in selecting a suitable detector with the required sensitivity. Dif-
ferent types of detectors, such as photomultiplier tubes or charge-
coupled devices (CCDs), can be chosen based on the Raman sig-
nal. The third consideration involves the requirement for wave-
length sensitivity, i.e., the ability to differentiate spectral contri-
butions. This guides the selection of the detection scheme, which
can be dispersive or nondispersive. Dispersive approaches based
on prisms or gratings spatially separate the spectral components,
allowing for wavelength discrimination. On the other hand, in-
terferometers, such as those used in Fourier Transform Raman
spectroscopy, provide access to spectral information without the
need for any dispersive element. The fourth aspect to consider is
whether polarization optics are incorporated to examine Raman
spectra in a polarization-dependent manner. By introducing po-
larization elements, researchers can gain insights, e.g., into the
crystal orientation or depolarization ratio of Raman transitions.
Lastly, the detection setup can include additional elements, such
as Lock-In amplifiers, which enable synchronized detection of
Raman scattering relative to the laser excitation of the sample.
This facilitates time-resolved spectroscopy assays, allowing the
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study of dynamic processes. By considering these different as-
pects, researchers can choose the appropriate detection scheme
tailored to their specific experimental needs.

3.3.1. Detectors

Point Detectors: The advancement of Raman spectroscopy
was strongly driven by the development of highly sensitive
detectors like photomultiplier tubes (PMT), which revolution-
ized the recording of Raman spectra by replacing photographic
documentation.[120] In the early stages, point detectors such as
thermoelectrically cooled PMTs and photodiodes (PD) were intro-
duced to capture the signatures of single vibrational transitions.
PMTs are known for their exceptional sensitivity and high quan-
tum efficiencies of up to 80% due to the photo effect within a
scintillating layer.[130] When exposed to light, PMTs amplify the
resulting electronic signal by up to 8 orders of magnitude,[131]

enabling the detection of weak signals. They are particularly well-
suited for low-scattering samples and incoherent radiation, such
as spontaneous Raman scattering. Photodiodes offer advantages
over PMTs, including their compact size, lower cost, and the avail-
ability of array configurations that allow for simultaneous moni-
toring of multiple Raman transitions. Photodiodes are semicon-
ductor detectors based on pn junctions. When light interacts with
the photodiode, it excites minority charge carriers in the pn junc-
tion, resulting in a measurable current proportional to the num-
ber of photons detected. While photodiodes are generally less
sensitive than PMTs (≈2–3 orders), they still offer sufficient sen-
sitivity for Raman experiments with strong enhancement and
are commonly used for stimulated Raman-based assays. To en-
hance the sensitivity of photodiodes further, avalanche photodi-
odes (APDs) represent an advanced detection system. APDs uti-
lize more complex doping profiles of the semiconductor and a
strong electric field to trigger a secondary ‘avalanche’ of electrons,
significantly amplifying the signal. APDs achieve ≈50% of the
detection efficiency of PMTs over the visible and near-infrared
(NIR) range. In addition to their higher sensitivity, APDs also of-
fer faster response times on the nanosecond scale, making them
well-suited for time-resolved measurements. They are commonly
employed as point detectors in confocal microscopes. Overall,
the choice between photodiodes, APDs, and PMTs depends on
the specific requirements of the Raman experiment. While PMTs
provide the highest sensitivity, photodiodes, and APDs offer cost-
effective alternatives with sufficient sensitivity for many appli-

cations. APDs offer exceptional sensitivity, rapid response time,
and suitability for time-resolved measurements.

Detector Arrays: The second group of detectors was developed
for broadband detection. Charge-coupled device (CCD) sensors
exist as one- and two-dimensional detector arrays. They consist of
a doped layer of semiconducting material, typically p-doped sili-
con, and a thin layer of optically transparent but electronically in-
sulating material on top. Gating electrodes connected to the insu-
lating layer can create local ‘traps’ for electrons at the interface be-
tween the semiconductor and the isolator. By applying a positive
gate voltage, electrons are accumulated within individual pixels
during the integration time when exposed to light. Afterward, the
accumulated electrons are read out, providing information about
the intensity at each pixel. Electron multiplying CCDs (emCCDs)
take the concept further by incorporating post-enhancement of
light-induced charges within the sensor. This technology enables
chip designs with pixel sizes typically in the range of a few mi-
crometers in diameter.[132] emCCDs exhibit high quantum effi-
ciency, reaching over 90% in the visible range. They are particu-
larly well-suited for applications that require sensitive detection
for low-scattering samples. Silicon-based CCD detectors are com-
monly employed in conjunction with lasers operating in the vis-
ible to NIR range. However, for wavelengths beyond 1 μm, semi-
conductor CCD detectors with low band-gap materials such as
Germanium (Ge) or Indium-Gallium-Arsenic (InGaAs) are uti-
lized. Time-gated experiments can be realized using detectors
like time-resolved photomultiplier tubes, CCDs, as well as com-
plementary metal-oxide semiconductor single-photon avalanche
diodes (CMOS SPADs), as frequently used in time-resolved fluo-
rescence measurements. SPADs are special APDs based on sili-
con that allow for counting single photons, where each photonin-
duced electron triggers an avalanche of ≈108 electrons, hence its
name. In combination with CMOS chips, these sensitive point
detectors allow for recording full spectral or spatial information
with sub-nanosecond time resolution.

3.3.2. Synchronization

For time-resolved and coherent Raman spectroscopy, synchroniz-
ing devices are essential to ensure accurate timing and synchro-
nization between the laser excitation of the sample and the detec-
tion system. These devices help to record time-dependent Raman
signatures and enable studying dynamic processes.

Time Delays: The crucial aspect to control is the temporal
overlap between laser pulses. This alignment can be achieved

Figure 20. Configurations of nearfield microscopes for TERS. A) Schematic implementation of a TERS microscope based on AFM. B-D) Most frequently
used configurations based on i) STM i), ii) SFM, and iii) AFM.[129]
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Figure 21. Working principle: Lock-In Amplifier. Two lasers are focused on a sample, while the pump beam (depicted in blue) is periodically blocked at
a fixed frequency. The signal of the Stokes pulse is detected via a photodiode and analyzed by the LIA. It recognizes the periodic signal increase due to
SRS on top of a constant signal by the Stokes pulse. The LIA extracts the small signal due to SRS, suppresses noise, and amplifies the extracted signal
afterward.

using optical delay lines or mechanical translation stages. These
components introduce controlled differences in the optical path
length, resulting in precise temporal delays on the femto- to pi-
cosecond time scale between the laser excitation and the detec-
tion system. They allow for the measurement of Raman signals,
e.g., at different time intervals after a trigger pulse, and ensure
the temporal overlap between different laser pulses from separate
beam paths used in nonlinear Raman approaches (Section 3.4.5).

Timing Electronics: Timing electronics play a crucial role in
synchronizing a Raman setup, ensuring the precise coordination
of various components, including delay stages, sample stages, au-
tomated optics, the synchronization of laser pulses, and timed
readout via the detection system. The electronics is usually con-
trolled via software, i.e., it is built-in or connected to a PC. The
experiment is started by triggering the laser excitation, control-
ling the integration time of the detection, coordinating the data
acquisition as a function of space (in situ/imaging) or as a func-
tion of time (transient/in operando), and is followed by a reposi-
tioning of either the XYZ sample stage (for space resolved Raman
spectra) or the temporal delay (for time-resolved Raman spectra)
before a new measurement cycle is carried out. Alternatively, a
series of Raman spectra is taken for in operando measurements
of for probing chemical reactions in situ.

Lock-In Amplifier: A Lock-In Amplifier (LIA) plays a crucial
role in detecting a single-frequency SRS signal generated by fs-
or ps-lasers operating at MHz repetition rates (as described above
and in Sections 2.2.4 and 3.1.2). The challenge lies in measuring
the weak SRS signal, which is accompanied by a much stronger
signal from the Stokes laser at the same wavelength. How is this
accomplished? The LIA utilizes low-pass filtering and amplifica-
tion to isolate and enhance the SRS signal (Figure 21). This im-
plies that the time-varying Stokes signal, after passing through
the sample, is detected using a photodiode. The photodiode cap-
tures the overall intensity of the combined Stokes and SRS signal.

For SRS to occur, the pump pulse is focused onto the sample.
Its signal does not reach the detector directly. In the excitation
beam path of the pump laser, there is an electro-optic modulator
(EOM) or acousto-optic modulator (AOM) which blocks or un-
blocks the laser excitation at a constant frequency on the order of
5–10 MHz. At this specific frequency, SRS leads to a stimulated
Raman gain (SRG) in the Stokes pulse. Consequently, the photo-
diode detects a constant intensity from the Stokes laser, which is
superimposed with a small, periodic signal increase at the fre-
quency of the EOM/AOM due to SRG. This combined signal

serves as the input for the LIA. Additionally, the sinusoidal signal
generated by the AOM/EOM controller is provided as a reference
to the LIA. This reference signal aids the LIA in determining the
precise frequency and phase of the original signal modulation
compared to the signal recorded on the photodiode.

In the next step, the LIA performs two operations. Firstly,
it mixes/multiplies the two input channels, i.e., the input sig-
nal from the photodiode with the reference frequency of the
EOM/AOM. Secondly, it directs the multiplied signal to a low-
pass filter, where the signal is integrated over time. One can think
of this process as a Fourier transformation combined with a fre-
quency filter. The low-pass filter allows only those signals (com-
ponents coming from the photodiode) to pass through the fil-
ter, which have the same frequency and phase as the reference
frequency. All other contributions are not amplified, leading to
attenuation and effective suppression of noise and non-SRS sig-
nals. As a result, the LIA only filters out modulated photons due
to SRS while attenuating the actual, constant signal contribution
of the Stokes beam. In the final step, this filtered signal is further
amplified.

3.3.3. Wavelength Sensitivity

All detector systems convert the intensity of photon fluxes into
measurable electronic signals. They do not exhibit any spectral
sensitivity. To distinguish between different vibrational modes of
the Raman spectrum, we still need a technical device that pro-
vides wavelength sensitivity. Here, two methods are in place: 1)
dispersive devices such as spectrometers using prims or gratings
to detect the spectrum in the time domain and 2) nondispersive
approaches, based on interferometers to detect single transitions
in the frequency domain via Fourier transformation.

Dispersive Approaches: Most systems for Raman spectroscopy
rely on a dispersive approach, i.e., they use a spectrograph in com-
bination with a detection system to separate and detect the scat-
tered light according to its wavelength.

Here, a dispersive element like a prism or optical grating
diffracts the light under different angles depending on the wave-
length (Figure 22A,B). In a prism, diffraction happens because
the refractive index of the material is wavelength-dependent. Ac-
cording to Snell’s law, the diffraction of light will occur under
multiple angles at the prism interfaces when light with differ-
ent wavelengths enters and leaves the prism. For optical grat-
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Figure 22. Diffraction of light as a source for wavelength sensitivity. A-B) Light with different spectral components can be spectrally decomposed either
by using A) a prism or B) a grating. C) Czerny-Turner-Spectrometer. D) Monochromator.

ings commonly used in Raman spectroscopy, light is reflected at
a plain surface covered by multiple grating lines, usually between
600 to 1800 lines per millimeter. Each of the reflecting lines can
be considered as a point-like light source, that ‘emits’/reflects the
incident light. Constructive interference between the reflected
light fields occurs at different angles depending on the wave-
length and distributes different spectral components spatially,
which can be chosen geometrically.

To measure the spectrum of the light leaving a spectrometer,
we place a detector array (e.g., a CCD camera) in the focal plane
and measure the intensities at different angles that correspond
to specific wavelength ranges. A widely used configuration is the
Czerny-Turner design (Figure 22C).[133] Here, the signal light is
focused on an entrance slit, then a concave mirror collimates the
light and reflects it on the grating. The grating spreads the light
into its spectral components, and a second concave mirror fo-
cuses the light on the detector. Spectrometers are also frequently
used as monochromators (Figure 22D) in combination with point
detectors. Here, a slit is placed in the focal plane after the spec-
trometer, so most of the light is blocked, besides a small wave-
length range. This nearly monochromatic light can be detected
afterward as a function of space in CRS microscopy, for example.

Nondispersive Approaches Using Interferometers: The second
possibility for resolving polychromatic light into a spectrum is
an interferometric spectrometer, which is available but rarely
used for linear Raman spectroscopy. The most common inter-
ferometer type is a Michelson interferometer. Here, the collected
light is separated into two beams, and the path length of one of
them is changed over time before both detection paths are re-
combined. The resulting intensity after the interference of both
beams is then measured for varying differences in path lengths. A
Fourier Transformation of the resulting interference pattern pro-
vides the spectrum. While Fourier-Transform (FT) Spectroscopy
works best for NIR and MIR radiation, the intensity of the Raman

signal drops with 1/𝜆4. Hence, linear Raman is mostly carried out
in the visible range with dispersive spectrometers. FT Interfero-
metric Raman microscopes rely on Nd:YAG lasers (1064 nm) for
excitation.[134] Fourier-transform-based approaches were further
reported for specialized CARS setup with a spectral resolution of
less than 5 cm−1.[135]

3.3.4. Polarization Sensitivity

Polarization control in Raman setups provides access and infor-
mation on the symmetry of vibrational bonds and consecutively
of crystal orientations. The more symmetric a specific vibrational
mode is, the more it will couple to the incident polarized light,
and be suppressed if the polarization of the incident and observed
detected light are perpendicular to each other. The symmetry of
the vibrational mode is characterized by the depolarization ratio
𝜌

𝜌 =
IRaman,∥

IRaman,⊥
(39)

where IRaman,∥| and IRaman,⊥denote the measured intensity of a Ra-
man transition for parallel and perpendicular polarization of the
incident and Raman scattered light (Figure 23), respectively. A
mode is considered polarized for values between 0 and 0.75. Tech-
nically, measuring the depolarization ratio is helpful to quantify
the precision and sensitivity of linear polarization that a setup can
measure.

To exploit the polarization dependence of Raman scattering,
we need optical elements, that control the polarization of the ex-
citing laser source(s) and scattered light. For crystalline materials,
such as MOFs the measured intensity of a Raman transition will
depend on the crystal orientation, i.e., how well a specific vibra-
tion can couple. As a consequence, if we measure MOF powders,
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Figure 23. Polarization-dependent Raman scattering for linear polarized excitation and detection. Raman scattering depends on the orientation of the
sample with respect to the direction of the incident laser light and the detector position as well as the polarization of the incident and Raman-scattered
light. P polarization refers to a polarization parallel to the plane (𝜑 = 0o) built by the excitation and detection axis, here the XZ plane. S polarization
refers to a perpendicular polarization (𝜑 = 90o; S from the German word ‘senkrecht’) with respect to the surface.

where multiple crystals with different orientations will contribute
to the total signal, the variations in intensities for different vi-
brational modes due to different orientations will average out.
Hence, for polarization-dependent measurements, it is impor-
tant to have a uniform sample or a single monocrystalline MOF
particle in a fixed orientation. Only in this case, changes in the
depolarization ratio can report defects, local changes in the ori-
entation of the framework, or chirality.

Linear Polarization: The majority of lasers emit linearly polar-
ized light. Let’s consider their emission along the Z-axis as illus-
trated in Figure 23. In this case, the orientation of the polarization
can be controlled by a 𝜆/2 waveplate after the laser. This compo-
nent enables the gradual rotation of the polarization axis by the
angle 𝜑. If the laser output is unpolarized, an additional polar-
izer is required, which defines the parallel (p) or perpendicular
(s) polarization. The orientation of polarization is defined with
respect to the plane spanned by the excitation and detection di-
rection, which is the XZ plane in this example. Raman scattered
light is collected afterward for a chosen geometry (along the X-
axis; Figure 23). A polarizer (analyzer) before the detector makes
sure that only light along the desired polarization is detected. By
simply rotating the exciting laser light and the polarizer in front
of the detector, one can probe for rotational selection rules and
crystal orientation in angle-dependent spontaneous Raman spec-
tra. Polarization-sensitive measurements can be equally imple-
mented in other Raman setups, including TERS, CARS, and SRS
instruments by controlling the polarization in the excitation and
detection path.[136] With this simple approach, Ciupa et. al. could
determine the symmetry of Raman modes in ethyl ammonium
metal-formates with cadmium ions (EtACd) via spontaneous Ra-
man scattering.[137]

Circular Polarization: If the measured Raman intensity by
chiral molecules depends on whether the incident or scattered
light is left- or right-handed circularly polarized, it is called Ra-
man optical activity (ROA). To measure ROA, we need to control
the polarization in the excitation or detection path. Starting from
a parallel polarized laser (Figure 23), we need a 𝜆/4 waveplate
in the excitation path to produce circular polarized light. For the
detection, a 𝜆/4 plate and an analyzer are further required. The

polarization can be turned from left- to righthanded by adding a
𝜆/2 waveplate in the respective beam path. The degree of circu-
larity DOC, analog to the depolarization ratio 𝜌 defined in Equa-
tion 39, measures the same tensor invariants of the polarizability
(see Section 2.1) but for polarized laser excitation. It is given as
the ratio between the intensity difference and the sum of Raman
scattered intensities IR and IL measured for right-handed and left-
handed laser excitation, respectively.

DOC =
IR − IL

IR + IL
= ROA

IR + IL
(40)

Here, ROA is derived as the difference between the right- and
left-handed intensity. It can be measured in two experimental
schemes: in the first one, the incident light is circularly polar-
ized, and the scattered light of any polarization is detected. In
the second one, the incident light is depolarized or linearly po-
larized, and right- and left-handed components of the scattered
Raman light are detected. Together with different measurement
geometries, different terms of the polarizability tensor will con-
tribute to the detected signal. A detailed review of ROA can be
found elsewhere.[138] ROA can be implemented in spontaneous
as well as coherent Raman setups.[139] It was recently proposed
as a strategy for achieving enhanced Raman scattering by chiral
SERS substrates to probe Raman-inactive molecules.[140]

3.4. Measuring Reactions In Time and Space

So far, we have discussed all-optical devices and instrumenta-
tions necessary to implement the different Raman methods. Ra-
man spectroscopy, however, is even more versatile and can be
carried out in different measurement modes on the various se-
tups to investigate MOFs and their properties with high tem-
poral resolution (transient spectroscopy), as a function of space
(in situ), during actual operation and/or under working condi-
tions (in operando). The temporal resolution depends on the em-
ployed instrumentation used for steady-state and transient Ra-
man spectroscopy or Raman microscopy, as described below. We
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will first describe the three measurement modes and summarize
the most frequent setups for state-of-the-art Raman spectroscopy
and imaging afterward.

3.4.1. In Situ Raman spectroscopy

In situ Raman spectroscopy refers to Raman-based techniques
performing spectroscopic measurements directly on a sample in
its natural or undisturbed state, without any sample preparation
or extraction. It usually employs confocal Raman microscopes to
probe the sample with sub-micrometer resolution. In situ Ra-
man spectroscopy is used for various applications to probe the
response of MOFs upon exposure to an external trigger, such as
light or an electromagnetic field,[141] to monitor the MOF frame-
work during host-guest interactions, but also for catalytical reac-
tions. It plays an important role, in particular, in catalysis, where
both the nature of the catalytic surfaces and the surface reaction
steps involved in the catalytic process depend on, or may be mod-
ified by, the presence of the reaction mixture, i.e., the chemical
environment around the MOF. Hence, it is imperative to study
catalytic reactions in situ, under environments mimicking those
encountered during catalysis, or, better yet, using an in operando
approach, following the time evolution of the catalytic system as
the reactions take place.

3.4.2. In Operando Raman spectroscopy

In operando spectroscopy refers to measurements that are car-
ried out in real-time, allowing researchers to observe and moni-
tor changes that occur in a sample under specific working con-
ditions. It is carried out in combination with in situ approaches
and used for studying dynamic processes, such as chemical reac-
tions, surface reactions, phase transitions, or structural reactions,
where the sample may change over time. This holds, in particu-
lar, true for catalytical applications of MOFs, in which the surface
of the MOF crystals defines the nature of the species involved in
the process. Operando methodologies that provide structural and
chemical sensitivity, such as Raman/IR, UV–Vis, NMR, Möss-
bauer, or X-ray absorption spectroscopy XAS, follow the time evo-
lution of the catalytic system as the reactions take place.[142] In
operando Raman spectroscopy records consecutively spectra of
the sample system. It can probe changes in the host framework
as well as interacting guest molecules, reactants, and interme-
diates. Temporal shifts of Raman bands report on 1) changes in
concentration (amplitude), 2) tension in the material or presence
of guest molecules (vibrational shifts), 3) newly formed interme-
diate species, bond formation, or adsorption of guest molecules
(appearance of new Raman resonances/disappearance of former
transitions), 4) the degree of crystallinity (spectral width of MOF
associated phonons) and 5) the crystal orientation and symmetry
(e.g., by the depolarization ratio).

3.4.3. Transient Raman Spectroscopy

Transient Raman spectroscopy studies short-lived, transient
chemical intermediates that occur in a sample after an exter-
nal stimulus is applied, such as a pulse of light or an electri-
cal current. It provides information about the dynamic processes

( and relaxation timescales within a material. Transient Raman
spectroscopy captures the property changes over extremely short
timescales ranging usually from femtoseconds to microseconds
by using time-resolved spectroscopy or pump-probe spectroscopy
schemes (see Section 3.4.5).[143] It provides insights into pro-
cesses, such as energy transfer reactions, charge carrier dynam-
ics, molecular vibrations, bond formations, and chemical reac-
tions. Transient Raman spectroscopy is often used to study the
excited state dynamics in photochemical reactions or the relax-
ation processes in semiconductors after a sudden change in ap-
plied voltage.

3.4.4. State-of-the-art Setups for Linear Raman techniques

State-of-the-art Raman setups for spontaneous Raman, RRS, and
SERS, which do not require any spatial resolution (Macro-Raman
setups), are based on spectrophotometers in combination with
several fixed CW lasers to select a wavelength that matches the
resonance conditions or causes less autofluorescence in the sam-
ple. The spectrograph contains the sample holder and optics to
focus the laser onto the sample and to collect the Raman-scattered
light for detecting it on a diode array in a wavelength-depending
manner. In all cases, Rayleigh scattering is blocked in the detec-
tion path by several Notch filters.

Time-gated Raman spectroscopy (Figure 24) in combination
with a spectrophotometer allows for circumventing a common
problem in spontaneous Raman spectroscopy:[144] the autofluo-
rescence of samples, such as UiO-66-NH2 or MOFs with photoac-
tive compounds. Time-resolved techniques are an elegant way
to avoid fluorescence contributions. In time-gated Raman Spec-
troscopy, a pulsed laser (150 ps; 40 MHz) is employed for exciting
the sample. It is coupled to a standard spectrometer, where the
scattered light is detected via a spectrograph and a SPAD CMOS
array detector that provides sub-nanosecond time resolution and
nearly single-photon sensitivity. This way, single photons can be
detected according to their arrival times with respect to the laser
pulse. Since Raman scattering occurs on the sub-nanosecond
time scale, while luminescence usually has a longer lifetime, both
contributions can be separated by selecting a time window with
primarily Raman scattering. By use of an electronic delay gener-
ator, the position of the time gate can be chosen such that only
Raman scattered photons can be detected before fluorescence oc-
curs. In a recent work,[144] spectra were recorded up to 5 ns after
the laser.

Micro-Raman Spectroscopy, also called Raman microspec-
troscopy or Confocal Raman spectroscopy, offers sub-micron res-
olution and distinguishes itself primarily by incorporating a light
microscope instead of a spectrophotometer. Usually, it relies on a
confocal microscope, which allows for carrying out Raman map-
ping experiments, so-called Hyper-spectral imaging. It enables
in situ and in operando measurements as a function of different
working parameters, such as external triggers like voltage, heat,
or humidity.

Nano-Raman Spectroscopy, based on TERS, is meanwhile
commercially available. The most common implementation is
based on an AFM-type setup with CW laser excitation and
spectrometer-based detection. Due to the plasmonic nature of
the metal tip, TERS is commonly configured with polarization-
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Figure 24. Time Gated Raman spectroscopy. A) Schematics of a time-gated Raman setup. The light of a pulsed laser focuses on the sample. Raman
scattered light is detected via a spectrometer and a highly sensitive SPAD CMOS array detector and recorded on the computer. The timing between
excitation and detector can be varied using a delay generator. B) Since Raman scattering occurs on the sub-nanosecond time scale, the time-dependent
Raman signal can be separated from the disturbing background of photo luminescence occurring on the later nanosecond time scales upward. Panel A-B
was reproduced under the terms of the Creative Commons CC-BY 4.0 License.[144] Copyright 2018, The Authors. Published by the American Chemical
Society.

sensitive excitation and detection. Examining Raman spectra un-
der different polarizations allows us to investigate whether the
shape of the AFM tip affects the recording of Raman spectra by
mode-specific coupling, which can be monitored by changes in
the depolarization ratio. For imaging, the sample is moved via a
piezo stage for scanning the illuminated AFM tip over the sample
surface.[107,129]

3.4.5. State-of-the-art Setups for Coherent Raman Techniques

Single Frequency and Hyperspectral CRS Spectroscopy: Coher-
ent Raman spectroscopy relies on the interaction of at least two
light fields with the sample. As described in Section 3.1.2., state-
of-the-art single-frequency CRS approaches employ two spec-
trally narrow ps laser pulses (Figure 25A) in the NIR. Here, the

pump beam is usually chosen at a fixed wavelength of around
800 nm, while the Stokes beam is tunable starting at the pump
to a longer wavelength. To synchronize both laser pulses, they
are usually derived from a single laser source, split after the laser
to be individually modified as required, and recombined both in
time and space at the sample using a dichroic mirror and a de-
lay stage. Raman scattering in the sample at a confocal micro-
scope occurs whenever the difference in frequency between both
lasers 𝜔P − 𝜔S matches a vibrational transition of the sample Ω.
For CRS microscopy, the sample is scanned at a given vibrational
transition afterward. The full spectrum of the sample is recorded
per point by tuning the Stokes laser over the full range. For de-
tecting the scattered light, SRS and CARS employ two different
approaches. For CARS, a Notch and short-pass filter is employed
to separate the signal from the Stokes and pump pulses before
detecting it via an APD. In the case of SRS, an acousto-optical

Figure 25. Schematics of Coherent Raman Scattering setups. A) Single Frequency or Hyperspectral CRS setups are based on ps or fs lasers, an optical
parametric oscillator (OPO) for tuning the Stokes wavelength, and an acousto optical modulator (AOM) or electro-optical modulator (EOM) for switching
the pump pulse. The CARS or SRS signal is detected using an APD or PD (photodiode), respectively. B) For broadband CRS, the spectrally broad Stokes
pulse is derived, e.g., by nonlinear optics inside a photonic crystal fiber (PCF). The CARS or SRS signals are recorded via multi-channel detection, either by
a CCD or multi-channel Lock-In detection system. C) Time-resolved CRS spectroscopy relies on the interaction with a third excitation pulse responsible
for triggering the reaction. CRS is used to probe the spectral signal as a function of the delay time Δ𝜏 after the excitation pulse. The excitation is usually
derived by nonlinear optics (NLO), e.g., by frequency doubling or tripling to generate light in the UV–Visible range.
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device modulates the pump beam in the MHz regime and serves
as a reference frequency for the Lock-In amplifier in the detec-
tion path. Stimulated Raman Gain (SRG) of the Stokes beam is
usually measured via a photodiode (PD) and Lock-In after block-
ing the pump pulse with a Notch filter. Both CRS signals are
recorded afterward as a function of space or time on a com-
puter. Single frequency CARS or SRS allows for fast chemical
sensitive imaging with pixel dwell times in the low microsecond
regime.[112c]

For Hyperspectral CRS, which monitors the full spectrum per
pixel of the sample, the narrowband Stokes is successively tuned
over a certain wavelength range. Enhanced Raman scattering is
observed for those frequencies of the Stokes pulse, for which the
resonance condition 𝜔P − 𝜔S = Ωi is fulfilled. If the CRS sig-
nal at the APD (for CARS) or the PD/LIA (for SRS) is measured
as a function of the frequency difference between the pump and
Stokes pulse, a full Raman spectrum can be acquired. The scan-
ning times for Hyperspectral CRS depend on the desired spectral
range and resolution. Garbacik et al. measured 4 frames of a 512
× 512-pixel spectral image with 2 cm−1 resolution over a spectral
range of 140 cm−1 in roughly 300 s using hyperspectral CARS.[145]

Ozeki et al. obtained spectral images with 500 × 480 pixels over a
spectral range of 300 cm−1 and a resolution of 3 cm−1 at a frame
rate of 30 images/s by using Hyperspectral SRS.[146]

Multiplex CRS Spectroscopy: Multiplex CRS is another ap-
proach besides Hyperspectral CRS to obtain full spectra per pixel.
A more detailed discussion about the instrumentation for mul-
tiplex CARS or SRS can be found in.[68d] Briefly, state-of-the-art
multiplex CRS setups rely on fs lasers to generate the spectrally
broad femtosecond Stokes beam (Figure 25B), e.g., by white light
generation in a photonic crystal fiber (PCF; MHz laser) or non-
linear crystals like a sapphire in the case of lasers with kHz repe-
tition rate. The pump pulse is still spectrally narrow and defines
the spectral resolution. When both light fields interact with the
sample with spatiotemporal overlap, CRS will occur for all fre-
quencies of the Stokes pulse with temporal overlap, which ful-
fills a Raman condition 𝜔pump − 𝜔stokes = Ωi, for any of the vi-
brational modes Ωi in the sample. CARS leads to strongly en-
hanced, blue-shifted signatures 𝜔CARS = 2𝜔Pump − 𝜔Stokes = 𝜔Pump
− Ωi with dispersive line shapes on a broad, blue-shifted back-
ground due to unspecific four-wave mixing at 𝜔FWM = 2𝜔Pump
− 𝜔Stokes (Figure 25B). FWM simply mirrors the Stokes contin-
uum compared to the Raman pump pulse into the blue-shifted
spectral range. SRS, on the other hand, increases the intensity
at frequencies of the Stokes spectrum, fulfilling the Raman con-
dition, and leads to sharp peaks on top of the original Stokes
continuum. CRS spectra are both detected via a spectrograph
and a line detector. Multiplex CARS is recorded via a (em)CCD
camera, while multiplex SRS can be read out via a multichan-
nel Lock-in amplifier (LIA) or a dedicated broadband detector.
Typical pixel dwell times for Multiplex CARS are on the or-
der of several 10–100 milliseconds. Czerwinski et al. measured
full SRS spectra with a broadband detector from 900 cm−1 to
3200 cm−1 within 100 μs.[147] There are two strategies to avoid ex-
pensive multichannel detectors for recording SRS spectra: first,
they use a monochromator in combination with a point detection
scheme and tune the spectrum in the monochromator. Second,
the Stokes continuum is temporally stretched to several tens of
picoseconds, e.g., by traveling through highly diffractive materi-

als, such as SF6 glass. In this case, the narrow pump pulse will
only temporally overlap with spectral snippets of ≈15 cm−1 of the
Stokes field, which can be detected using a single-frequency de-
tection scheme. The full spectrum can be recorded by changing
the time delay between the pump and Stokes pulse.

Time-Resolved CRS Spectroscopy: Transient CRS spectroscopy
relies on the interaction of at least three light fields (Figure 25C).
In addition to the pump and Stokes field, responsible for prob-
ing the Raman transition, an excitation pulse in the UV–Visible
range is employed to address the electronic structure of the sam-
ple. To select the precise wavelength of the third pulse, different
nonlinear strategies are in place, ranging from sum frequency
and third harmonic generation over to noncollinear optical para-
metric amplifiers (NOPA) to generate tunable wavelengths to in-
duce a photochemical reaction. Transient coherent Raman spec-
tra are recorded as a function of the delay Δ𝜏 between the excita-
tion laser and the pump and Stokes lasers. Transient spectra are
usually recorded using fs lasers with a kHz repetition rate and
selected steps of several femtoseconds up to tens of picoseconds.
For nanoseconds upward, delay-generators are used.

4. Probing MOFs by Raman Techniques

Raman techniques provide a highly versatile set of tools for in-
vestigating metal–organic frameworks (Figure 26A). They can be
chosen according to 1) the required sensitivity of Raman scat-
tering, i.e., between spontaneous and enhanced Raman tech-
niques, 2) the measurement mode, and 3) the preferred resolu-
tion in time and space. Raman techniques allow for characteriz-
ing MOFs in 2D and 3D geometry with static/structural or dy-
namic fashion but also for monitoring dynamic processes, iden-
tifying and quantifying different molecular entities according to
their vibrational fingerprint. The following sections provide an
overview of the abilities of Raman techniques for investigating
metal–organic frameworks, their benefits, and pitfalls as well as
a short guide on how to choose the design of the Raman experi-
ment.

4.1. In Situ Measurements In Static MOF Systems

Raman scattering gives insights into the symmetry of MOF struc-
tures, and the nature and strength of chemical bonds. It is sen-
sitive to surface functionalization by probing functional groups,
and their interplay with the framework or guest molecules and
allows an assessment of phase purity (Figure 26B). In a typical
MOF spectrum, the vibrations of the organic linker are predom-
inantly observed within the range of ≈500–1800 cm−1, while the
modes associated with metal-ligand interaction or lattice vibra-
tions appear at lower frequencies below 200 cm−1. This property
of Raman scattering proves superior to infrared (IR) absorption,
as IR spectroscopy cannot access the low-frequency region. A no-
table example highlighting this advantage is the study conducted
by Kumari et al., where Raman spectroscopy allowed monitor-
ing of the MOF-508 structure during CO2 uptake under different
stimuli. The authors identified a cooperative adsorption mecha-
nism of CO2 at 149 cm−1 to the framework.[148] Furthermore, Ra-
man spectroscopy proves useful in exploring low-frequency lat-
tice vibrations involved during phase transformations in flexible
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Figure 26. Raman scattering meets metal–organic frameworks. A) The Raman toolbox offers different methods for probing materials in situ, in operando,
and with time resolution. It gives access to different lengths and time scales. Raman scattering is sensitive to surfaces and 3D samples and allows the
identification and sensing of molecules quantitatively based on their vibrational fingerprint. It provides structural information in crystalline material and
sensitivity for probing mixed samples and reactions. B) Raman-based techniques can elucidate the topology and potential polymorphism of MOFs.
They can identify and localize an internal or external functionalization since they provide chemical sensitivity to the composition of the MOF system, in
particular, with respect to defects and multivariance. Raman techniques can investigate MOFs beyond their composition during interaction with guest
molecules and help to decipher the molecular working mechanism of sorption and response of metal–organic frameworks.

MOFs (Figure 26B). Krylov et al. employed THz Raman spec-
troscopy to distinguish between two forms of DUT-8(Ni), its rigid
and flexible conformation, at 23 and 60 cm−1.[149] The Kitagawa
lab employed Raman scattering to identify structural transfor-
mations of the zinc clusters in a switchable MOF, which ex-
plained the multi-step behavior of CO2 uptake.[150] Raman scat-
tering is not only able to probe CO2 in a switchable MOF system
but also a temperature-dependent uptake in MOFs, as demon-
strated in ZIF-8 between 75 and 325 K.[151] Besides the remark-
able chemical sensitivity, Raman techniques with variable obser-
vation volumes are available, reaching down to a few hundred
nanometers. This capability allows for investigating local alter-
ations in the framework, providing insights into the interaction
with guest molecules or defect sites.[152] Experimentally, Raman
spectroscopy can be conducted across a wide spectral range be-
tween the UV to NIR/IR, providing flexibility in wavelength se-
lection based on the sample system. This way, fragile MOFs can
be examined at wavelengths longer than 785 nm at moderate to
high laser powers with decreased risk of photodamage.

4.2. Host-Guest Interactions

One of the notable features of Raman spectroscopy is its non-
destructive and non-invasive nature, making it an ideal technique

for the direct observation of adsorption processes. With its chem-
ical sensitivity, Raman spectroscopy can monitor the uptake of
various species like CO2,[61a,b,151] N2,[151] O2,[153] or CH4,[154] and
many more.[29c,e] For instance, Andrade et al. used vibrational
spectroscopy to investigate the iodine uptake in Zr-UiO-66 and
different ratios of Hf substituted UiO-66 (25, 51, 75, and 100%
Hf).[155] The crystals were first characterized by PXRD, SEM, and
sorption measurements, yielding a smaller lattice, bigger crys-
tal, and smaller Brunauer-Emmett-Teller (BET) area with increas-
ing amounts of Hf. Additionally, the substitution induced sig-
nificant shifts and relative intensity changes for Raman and IR
bands attributed to a higher acidity of hafnium and stiffening of
the framework. This study demonstrated that UiO-66(Hf) exhib-
ited a preference for capturing iodine, which was confirmed by
the emergence of new Raman transitions in the range of 100–
210 cm−1 (Figure 27A). Through the application of Raman spec-
troscopy and chemometrics, the species responsible for the ob-
served bands were identified as I3

−, perturbed I2, and free I2. Ad-
ditionally, FTIR measurements yielded alterations in the oxo and
hydroxyl groups of the cluster upon iodine adsorption into UiO-
66(Hf).

Although the adsorption process of mixed gases is impor-
tant, the determination of mixed gas isotherms remains chal-
lenging. Nath et al. used Raman spectroscopy to determine bi-
nary gas adsorption isotherms at the single crystal level.[156] The
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Figure 27. Investigation of adsorption processes. A) Iodine uptake in UiO-66. Reprinted with permission.[155] Copyright 2022, American Chemical
Society. B) Mixture adsorption of methane and ethane gas. Reproduced with permission from.[156] Copyright 2022, American Chemical Society.

different adsorbents can be chemically distinguished by their spe-
cific Raman transitions, and allow for observing multiple host-
guest interactions simultaneously. Methane features a strong
band at 2916.8 cm−1, and ethane has a doublet of maxima at
2897.7 and 2953.4 cm−1. The bands shift to lower wavenum-
bers upon adsorption and display a broadening that is tenta-
tively assigned to a combination of confinement effects, mul-
tiple adsorption sites, and mode coupling. The linear depen-
dence of the Raman signal on the number of molecules allows
to quantitatively monitor the gas uptake via the integrated in-
tensity of adsorbent-associated peaks compared to Raman reso-
nances of the MOF. No visible changes upon gas exposure indi-
cate a rigid framework. Since the above-mentioned bands of CH4
and C2H6 do not spectrally coincide, both gases can be monitored
simultaneously, revealing a competitive binding to the frame-
work (Figure 27B). Confocal Raman microspectroscopy gener-
ates sorption isotherms on the sub-milligram scale. It character-
izes the sorption of mixtures of gases with high sensitivity and
chemical information and can disentangle the individual sorp-
tion contributions of both gas species, giving an advantage over
gravimetric and volumetric methods.

4.3. Responsive MOF Systems

Raman spectroscopy is an excellent tool for investigating the
response of frameworks to external stimuli, particularly in the
case of photoswitchable MOFs. These MOFs are well-suited for
Raman-based investigations as the light stimulus is often im-
plemented in the Raman instrument, e.g., when multiple lasers
are integrated into one single microscope setup. Such an ap-
proach was, for example, used to investigate MOFs based on
an azobenzene photoswitch. The incorporation leads to a light-
induced structural contraction along with gas sorption. The re-
lease of the adsorbent is done via negative gas adsorption by
light-gated breathing. Krause et al. conducted Raman measure-
ments on DUT-163 under a dry nitrogen atmosphere during ex-
posure to light at 365 nm.[141] The purpose of the irradiation was
to promote the E/Z-isomerization, but no significant changes
were observed in the Raman and DRIFT spectra. This absence
of E/Z-isomerization was further confirmed by nitrogen adsorp-
tion measurements. However, a bathochromic shift was observed
in the DRUV–VIS spectrum after 365 nm irradiation, indicat-
ing a dynamic response of the framework to the gas adsorption

Adv. Funct. Mater. 2023, 2307518 2307518 (29 of 53) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202307518 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [30/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.afm-journal.de

Figure 28. Spectroscopic investigation of DUT-163 and its linker reacting to light in situ. A) UV–Vis absorption spectra upon 365 nm irradiation of the
n-butyl derivative of the linker molecule nBu4dacdc in CHCl3 (blue to red) and DRUV–Vis absorption spectra of DUT-163 (purple to light blue), B) Cor-
responding Raman spectra of compounds in (A) upon 365 nm irradiation, C) DRUV–Vis absorption spectra of DUT-163 (purple) upon loading with n-
butane (orange), 365 nm irradiation (light blue) and irradiation at 365 nm in the presence of 2-methylpropane (green), D) and associated Raman spectra
upon loading with 2-methylpropane and irradiation at 365 nm. Adopted and reproduced under the terms of the Creative Common Attribution 4.0 Int.
(CC-BY 4.0) License.[141] Copyright 2022, The Authors. Published by Springer Nature.

(Figure 28). The contraction occurring within the MOF is based
on the buckling of azobenzene.

4.4. In Operando Measurements

Raman spectroscopy offers high sensitivity via enhanced pro-
cesses, which enables the detection of small concentrations of
molecules in single crystals. It eliminates the need for labeling,
and the samples require minimal preparation, allowing measure-
ments to be taken in any physical state. Raman spectroscopy
can monitor even reactions inside MOFs. For instance, alkene-
based light-driven molecular motors can be incorporated in zinc
pillared-paddle wheel BrYO-MOFs (moto-MOF).[157] These mo-
tors exhibit large-amplitude, repetitive unidirectional rotations
(Figure 29A). The photochemical and thermal isomerization of
these motors was investigated both in solution and solid state. In

solution, UV–VIS measurements revealed a bathochromic shift
after irradiation with 395 nm, confirming the formation of the
metastable isomer. Raman spectra recorded in CH3Cl displayed
a sharp band at 1562 cm−1 attributed to the olefin stretch vi-
bration. Following irradiation at 395 nm, a new band appeared
at 1550 cm−1, arising from the stretch vibration of the central
double bond of the metastable isomer. Raman measurements al-
lowed for monitoring the decrease of this band due to thermal he-
lix inversion over time (Figure 29B). The activation barrier could
be calculated from the rate constant, yielding a value in good
agreement with the UV–VIS calculations. The desymmetrized
analog of the motor system was also followed quantitatively by
Raman scattering, identifying the E/Z-isomer at 1290 cm−1.

Measurements performed at the solid-state samples detected
changes in the framework in situ. Irradiation with light at 395 nm
led to a decrease of the signal at 1562 cm−1, coupled with a si-
multaneous increase at 1550 cm−1. This behavior mirrored the
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observations made in the solution, confirming the occurrence
of the same isomerization process. At −5 °C, a high ratio of the
metastable to stable isomer, similar to that observed in solution,
was obtained, indicating that the motors undergo photoisomer-
ization inside the MOF. Upon discontinuing the irradiation, the
metastable isomer disappeared due to thermal relaxation. Fur-
thermore, the entire process was found to be repeatable. The
desymmetrized sample exhibited similar behavior. In this exam-
ple, Raman spectroscopy provided valuable insights into photo-
chemically and thermally driven rotary motion in solution and
solid state. The measurements confirmed an unhindered 360°

rotation for molecular motors incorporated into MOF systems.
In another, notable study, Jeong et al. leveraged the spatial res-

olution offered by confocal Raman microscopy to investigate the
distribution of two linker molecules, azobis(4-pyridine) (AP) and
trans-1,2-bis(4-pyridyl)ethane (BE), within a three-dimensional
MOF denoted as [Ni(HBTC)(XX)] (where HBTC = benzene-
1,3,5-tricarboxylate and XX represents either AP or BE). The
researchers showed that the linker distribution can be mod-
ulated by exchanging the pillars (AP and BE) depending on
the temperature.[25b] To accomplish this, Ni(HBTC)(AP) was im-
mersed in a solution of BE-Dimethyl-formamide (BE-DMF) at
two temperatures: 5 °C and at 100 °C. In both cases, the AP pillars
in the MOF were gradually replaced by BE pillars over time. How-
ever, the exchange process occurred more rapidly at high tem-
peratures. Raman maps clearly illustrated the spatial evolution
of the exchange process. At 100 °C, the AP pillars close to the
surface were first replaced by BE, resulting in the formation of
core-shell structures (Figure 30A,C). Conversely, at 5 °C, the ex-
change process uniformly replaced AP with BE throughout the
crystal, leading to the formation of uniformly distributed crys-
tals (Figure 30B,D). To differentiate both types of pillars, Raman
peaks at 1150 – 1180 cm−1 and 1630 – 1650 cm−1 were employed.
Jeong et al. attributed the observed behavior to different diffusion
and exchange rates at different temperatures. At high tempera-
tures, the exchange rate surpassed the diffusion rate, causing BE
pillars to replace AP pillars before reaching the center of the crys-
tal. Conversely, at low temperatures, the diffusion rate exceeded
the exchange rate, resulting in the uniform distribution of BE pil-
lars inside the crystal before the exchange took place. This study
highlights the power of Raman microscopy to elucidate spatially
resolved molecule transformations within MOFs.

4.5. Sensing Applications

Using MOFs in combination with SERS offers two signifi-
cant advantages: 1) MOFs exhibit selective adsorption proper-
ties, leading to an increased concentration of the desired target
molecules within the framework. 2) The combination of MOF
with SERS results in a strong signal enhancement due to the
chemical and electromagnetic mechanism. This combination en-
ables highly sensitive, selective, and rapid sensing of molecules,
even down to picomolar (pM) concentrations.[158] This improve-
ment in sensitivity is particularly valuable for detecting and an-
alyzing multiple chemicals simultaneously. The strong signal
enhancement of SERS (compared to spontaneous Raman scat-
tering) also allows for significantly shorter integration times
while still maintaining sufficient signal intensity. This advantage
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Figure 30. Raman maps of AP and BE pillars during exchange processes. A) Schematic diagram illustrating the distribution of AP (red) and BE (blue)
during the exchange at 100 °C. It shows a concentric pillar distribution, representing core-shell intermediates formed as BE gradually replaces AP.
B) Schematic diagram of AP (red) and BP (blue) distribution during the exchange at 5 °C showing uniform pillar distributions. C) Optical Photographs,
Raman maps, and relative amounts of AP and BE pillars after 3 min at 59% conversion showing a concentric pillar distribution and core-shell con-
formation. D) Optical photographs, Raman maps, and relative amounts of AP and BE pillars after 3 days at 58% conversion showing a uniform pillar
distribution. Adopted and reproduced under the terms of the Creative Common Attribution 4.0 Int. (CC-BY 4.0) License.[25b] Copyright 2022, The Authors,
Published by Springer Nature.

facilitates time-resolved measurements with reasonable resolu-
tion, enabling the study of dynamic processes. For the detection
of low-concentration species in gas mixtures, Yang et al. devel-
oped a special prism array with Ag@ZIF-8 core-shell nanocubes
deposited on the prism surfaces for SERS detection (Figure
31).[101a] The prism array drastically increased the number of col-
lisions of gas molecules with other prisms and the Ag@ZIF-
8 nanocubes on the prisms’ surface. The porous ZIF-8 layer
slows down the gas molecules, while a thin layer of recognition
molecules (e.g., cysteamine) around the Ag core binds the analyte
molecules to the Ag nanocubes, enabling SERS measurements.

With this approach, the researchers could simultaneously mea-
sure the concentration of benzaldehyde, 3-ethyl-benzaldehyde,
and glutaraldehyde species in a gas mixture. The lower detection
limit for benzaldehyde and 3-ethyl-benzaldehyde reached as low
as 1 part per billion (ppb).

4.6. Non-Invasiveness

Stand-off Raman spectroscopy can analyze dangerous or frag-
ile untreated samples via physically separated instrumentation,

Figure 31. Schematic of the array-assisted SERS chip for gas sensing. A) Spectrum depicting the detection of multiplex aldehydes using the label-
free SERS method. B) Design of Ag@ZIF-8 nanocubes. C) The mixture of analytes is pumped into a slot anchored on a heating plate to evaporate
the compounds. D) Gaseous analytes flow through the SERS array chip. E) Simulations show the gas flow in a co-directional triangular prism array.
Reproduced with permission.[101a] Copyright 2020, American Chemical Society.
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Figure 32. Overview Schematic Display of The Stand-Off MOF-SERS Platform for Real-Time Air Monitoring. Left: Schematic of the SERS active substrate
and a zoom-in to a single Ag-ZIF-8 core–shell cube. Middle: The SERS substrate being measured from a safe distance. Right: Exemplary SERS fingerprint
spectra. Reproduced with permission.[101b] Copyright 2019, American Chemical Society.

providing a safe distance between the sample and the measure-
ment system.[158a] Phan-Quang et al. implemented a novel ap-
proach by growing a 44 nm thick layer of ZIF-8 around 120 nm
long gold nanocubes, forming Ag-ZIF-8 core-shell tubes.[101b]

These core-shell structures were then self-assembled into 1.3 μm
thick substrates comprising 10–15 layers of the single core-shell
units. This assembly technique resulted in the formation of mul-
tiple “hotspots” of the electromagnetic field between the gold
nanocubes and consequently led to a significant EM SERS en-
hancement. The functionality of the SERS substrate was initially
validated by measuring the spectra of 4-methylbenzenethiol at
different concentrations. The results demonstrated good linear-
ity between the SERS intensity and the concentration of the an-
alyte within the range of 50 to 0.5 parts per billion (ppb). This
indicated the substrate’s capability for sensitive and quantitative
analysis. Moreover, the researcher successfully applied their sub-
strate to monitor CO2, (poly)cyclic aromatic hydrocarbons (PAH),
naphthalene, and toluene in the air at distances of up to 10 m
(Figure 32). Remarkably, these measurements were conducted
during the day despite the substantial background due to day-
light.

4.7. Guidelines

So, how do we choose a Raman technique for our MOF sys-
tem? The applicability of Raman techniques depends on the pre-
cise MOF structure, its optical responses, stability, and the scien-
tific question that shall be answered. Generally, all Raman tech-
niques provide chemical sensitivity to the framework, metals, lig-
ands, and functional groups of MOFs. They will monitor the in-
teraction and response of a MOF system with guest molecules
by observing the shifting, appearing, and disappearing of bands
in the spectrum, however, under specific requirements. A quick
overview of the prerequisites, advantages, and limitations of each
technique is given in Table 3 and discussed in the following sec-
tion. For more details, please refer to Sections 2 and 3.

Spontaneous Raman scattering signal scales linearly with the
number of molecules present inside the observation volume,
making it a quantitative alternative to gravimetric and volumet-

ric techniques at high concentrations. Additionally, Raman scat-
tering provides a spatial resolution down to 200 to 400 nm, de-
pending on the excitation wavelength. The main drawback of
spontaneous Raman scattering is the low scattering cross sec-
tion and the resulting low signal. Consequently, it is difficult
to detect molecules that are exceptionally weak Raman scatter-
ers, and/or present in low concentration. This limitation can be
partially ameliorated through an increase in laser power, sam-
ple volume/concentration, and/or an extension of measurement
duration, which is usually in the second to minute range lim-
iting in operando applications. Similarly, increased laser power
can lead to photo-induced stress, structural damage to the MOF
framework, protracted measurement durations, and compro-
mised temporal resolution.

For little scattering MOF systems or applications that require
high time resolution and/or increased concentration sensitiv-
ity, enhanced Raman processes are necessary. The first mech-
anism that can alleviate this problem is RRS since it employs
the same equipment as used for spontaneous Raman measure-
ments. A major requirement, however, is that the MOF sys-
tem under investigation exhibits suitable electronic transitions
that are energetically close to the exciting laser frequency. This
can be achieved by tuning the wavelength of the Raman laser
close to the electronic resonance. In a noticeable study by Pe-
tersen et al., RRS could elucidate the crystal growth of a MOF
system [Co2(bpy)3(NO3)4]n made of cobalt(II) nitrate and 4,4′-
bipyridine (bpy) by monitoring the nucleation process.[159] The
researchers demonstrated that RRS is applicable for investigat-
ing MOFs made by bpy or related pyridyl-based ligands since
their 𝜋-𝜋* electronic transition in the UV provides strong RR
enhancement for excitation in the UV (≈220 nm). Interestingly,
larger amounts of soluble Co2+-bpy species were formed in the
solution prior to crystal growth. While an electronic resonance
can lead to enhanced signals, it is frequently connected to en-
hanced fluorescence, obscuring the Raman transitions. Further-
more, it can disturb the linear dependence on laser intensity and
concentration. For quantitative measurements, it is advisable, in
particular, for photo-active MOFs to monitor the signal depen-
dence with respect to wavelength, excitation power, and sample
concentration.
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If there are no suitable electronic transitions for RRS available
or if single-molecule sensitivity is required, SERS spectroscopy is
the method of choice. While SERS is usually recorded on a con-
ventional Raman system, it demands advanced sample prepara-
tion techniques to bring the analyte (MOF or guest molecule) in
close proximity to a SERS active material, limiting its application.
Further on, the SERS signal dependence on the concentration
is not always quantitative at first due to the nonlinear enhance-
ment of Raman resonances depending on their spectral proxim-
ity to the plasmon resonance of the employed substrate and re-
quires careful calibration. An advantage of MOFs is their func-
tion as local concentrators. SERS can benefit from MOFs with
high affinity and specificity that provide high concentration while
bringing the analyte close to the active material on the metal sur-
face (see Section 2.2.2) to reach high sensitivity and time reso-
lution as a prerequisite for sensing measurements. This sensi-
tivity could be theoretically further linked with high spatial res-
olution when using TERS. As described in Section 3, TERS en-
ables chemically sensitive scanning of surfaces with 20 to 30 nm
resolution and often a signal enhancement of up to 6 orders of
magnitude. To the best of our knowledge, TERS was not uti-
lized to measure MOFs yet, which may be due to the specialized
instrumentation.[65]

Lastly, CRS provides significant signal enhancement indepen-
dent of electronic or plasmonic resonances, however, at the ex-
pense of advanced and costly instrumentation. CRS is suitable for
fast chemical sensitive 2D or 3D imaging to highlight, e.g., the
heterogeneity of crystals or the distribution of guest molecules
or defects within.[64] The frame rate of CRS compared to con-
ventional Raman mapping is increased from hours per frame to
multiple frames per second with comparable spatial resolution
(see Section 2). While fluorescence is usually a minor issue for
CRS, CARS suffers particularly from a strong non-resonant back-
ground due to the solid-state nature of MOFs. Lastly, it is impor-
tant to note that the high-power laser pulses that are required for
CRS excitation may lead to damage in the MOF for some sam-
ples.

5. Applications of Raman Imaging to Address
Societal Needs

Given the challenges we currently face in our world, such as
climate change, resource scarcity, and environmental pollution,

there is a growing need for sustainable chemistry and applica-
tions for addressing societal needs. MOFs have captured the at-
tention of researchers and scientists as a potential solution due
to their tunable properties, high selectivity, and potential for en-
vironmentally friendly applications. In this section, we wish to
outline how Raman spectroscopy contributes to the characteriza-
tion and design of new MOF-based materials for environmental
remediation, healthcare, and energy storage. A short overview of
applications is given in Table 4 and discussed in detail in the fol-
lowing section.

5.1. MOFs for Generating Pure Water

Water is an essential part of life. Organisms are made of it, live
in it, or drink it. Yet access to clean, fresh, and safe water re-
mains a challenge for a significant portion of the global pop-
ulation. MOFs exhibit high porosity, large surface areas, and
exceptional adsorption capabilities, making them ideal candi-
dates for water treatment applications. The unique properties of
MOFs allow for the selective removal of contaminants,[169] such
as heavy metals,[170] antibiotics and pesticides,[171] dyes,[172] and
even microorganisms[173] from water sources. Catalysis is an-
other strategy to generate clean water. Here, MOFs can support
the purification mechanism by adsorption and photocatalytic
decomposition.[174] One of the key advantages of MOFs is their re-
generation and reusability, making them economically viable and
sustainable for long-term water treatment solutions.[170b] In ad-
dition to their adsorption selectivity, MOFs can be tailored to spe-
cific pore sizes, turning them into excellent materials for mem-
branes with nano-, meso- and macropores. These membranes
can be utilized for the removal of contaminants but also desalina-
tion and nanofiltration.[173,175] A recent study by Han et al. devel-
oped MOF-Graphene composite membranes that allow for solar-
driven seawater desalination with nearly 98% solar-to-thermal
efficiency.[175] Confocal Raman microspectroscopy could con-
firm that the graphene layer was correctly embedded within the
MOF.

Other exciting directions are water harvesting applications
from the air. Water scarcity is a pressing issue in arid regions
such as Africa and the Middle East, where access to clean and
drinkable water is limited. Here, groundwater, the main source
of drinkable water, is often contaminated with salt, heavy met-
als, chemicals, and pollutants from industrial and agricultural

Table 3. Raman techniques overview. Advantages and limitations. Abbreviations: Background (Bg); Not applicable (N.A).

spRaman RRS SERS TERS CARS SRS

Enhancement – 103−4 (<106) 104−10(<1011) ≈106 ≈107−8 ≈107−8

Fluorescence High Bg Electronic
transition
required

High Bg High Bg Usually None Usually None

Setup complexity Simple Simple Simple Advanced Advanced Advanced

Sample preparation Simple Simple Advanced Advanced Simple Simple

Scanning 3D 3D N.A. 2D 3D 3D

Spatial resolution 200–400 nm 200–400 nm 200–400 nm 20–30 nm 200–400 nm 200–400 nm

Acquisition time / pixel ≈1 min ≈1 ms >= μs >= μs

Quantitative Yes Mainly Mainly Yes Usually not Yes
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Table 4. Summary of MOFs probed by Raman techniques.

Applications Year MOF structure Analytes Key-findings Method Source

Water harvesting 2023 Zr MOF-801 H2O AWH performance is affected by intra– and
interparticle effects

CARS

spRaman

[64b]

2022 Zr MOF-801 H2O Missing metal clusters are a further source of
localized water adsorption and condensation

CARS

spRaman

[64a]

Gas separation 2012 RPM3-Zn Paraffin Selective separation of C1-C4 paraffin and two pairs
of C2 isomers

spRaman [61c]

Gas storage 2022 UiO-66(Cu) NH3 Enhanced ammonia adsorption on defective
UiO-66-Cu(II)

spRaman [160]

Photo-catalytic reduction 2023 AgNC + MOF-801 CO2 Nanocomposites for photocatalytic reduction spRaman [161]

Biomedical degradation 2017 MIL-100(Fe) MIL-100(Fe) Degradation of carboxylate nano- and microparticles
in simulated body fluid

spRaman [162]

2020 MIL-100(Fe) – Extracellular pH influences the speed of NP
degradation leading to pyroptosis

spRaman [163]

Drug release 2019 Au-nanostar + ZIF-8 HOECHST Delivery of bioactive molecules via a
thermoplastic-driven release mechanism

SERS [164]

Energy storage 2020 Ni/MOFDC – Defect introduction after removal of passive
Ni(OH)2 for aqueous battery-type energy storage

spRaman [165]

2021 ZIF-8 – Solid-state gas-steamed MOF approach, designed
to fabricate carbon cages

spRaman [166]

Hazardous substance
sensing

2021 UiO-67 Nitro-analytes Detection of nitro-based explosives from vapor spRaman [167]

2018 ZIF-8 Organic compounds Detection of volatile organic compounds and
polycyclic aromatic hydrocarbons

SERS [100]

Biomedical sensing 2014 AuNPs/MIL-101 𝛼-Fetoprotein Nanocomposites for detection of 𝛼-Fetoprotein SERS [62c]

2018 Core-Shell GSP/ZIF-8 4-Ethylbenz-aldehyde SERS detection of 4-Ethylbenzaldehyde SERS [29f]

2015 AgNPs@MIL-101 Dopamine SERS detection of dopamine SERS [168]

2016 Au tetrapods
@IRMOF-3

Peptides SERS detection of N-terminal pro-brain natriuretic
peptide

SERS [158b]

Food safety 2014 AuNP/MIL-101 p-Phenylene-diamine SERS detection of p-phenylenediamine SERS [62c]

2018 Core-Shell

Au/MIL-101

Methenamine SERS detection of methenamine SERS [101c]

2020 AuNPs@UiO-66-NH2 Coccine Dye

Orange II

SERS detection of New Coccine and Orange II Dyes SERS [99]

activities. MOFs offer a versatile solution to address these chal-
lenges. MOF materials can absorb water in a low-humidity envi-
ronment and harvest water from the air. Until now, more than
20 types of MOFs, including MOF-303, MOF-801, or MOF-808,
showing high affinity to H2O molecules were reported.[70b] MOF-
801 [Zr6O4(OH)4(fumarate)6] established itself due to excel-
lent water adsorption properties and high chemical stability.[176]

It is meanwhile used in different water harvesting devices,
some even relying on fluidized bed reactors that facilitate water
desorption.[177] Another technical development to increase water
production could be core-shell MOF composites, such as CaCl2-
encapsulated Fe-ferrocene MOF hollow microspheres.[178] This
arrangement facilitates the photothermal release and the overall
adsorption of water molecules.

Compared to other materials, MOF-801 has an outstanding
water adsorption capacity of 0.28-0.4 g of water per g of dry
MOF between 20–90% RH. Benchmarking the uptake of crys-

talline material, however, is commonly done at the bulk level
by gravimetric assays. These characterizations can be extended
with Raman spectroscopy and CARS microscopy to monitor in-
dividual particles in situ, generating valuable insights into the
behavior at the single crystal level. Fuchs and Knechtel et al.
developed a novel methodology based on Raman spectroscopy
(Figure 33), enabling the acquisition of single-particle water
adsorption isotherms and kinetic curves with sub-micrometer
resolution.[64b] The noninvasive nature of correlative Raman
imaging and spectroscopy revealed that the water harvesting per-
formance of MOF–801 is strongly affected by intra– and inter-
particle effects. Four-Wave-Mixing (FWM) and CARS imaging
could localize water molecules and identify interparticle conden-
sation as a major contribution. Spontaneous Raman scattering
determined quantitatively a significantly faster kinetic for single
crystals. These studies indicate an upper limit of around 91.9
L/kgMOF/day for MOF-801.
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Figure 33. Water uptake in MOF-801 crystals was monitored by Raman spectroscopy. A) Raman spectra of dry MOF-801 and water. B) Raman image
based on the C═C stretch vibration at 1670 cm−1 in XY and XZ plane showing an isolated single MOF-801 crystal. Red lines mark the position for
recording SC isotherms and kinetics in (D). Scale bar: 5 μm. C) Raman spectra of MOF-801 at increasing relative humidity (RH) confirm consecutive
binding of water molecules in the tetrahedral (purple dotted cube) and octahedral (red dotted cube) binding sites of the crystal structure. D) Absolute
water uptake of single crystal (SC) MOF-801 derived from the ratiometric Raman analysis at varying humidity. Adsorption (black) and desorption (cyan)
are reversible. E) Kinetic of water uptake within the same crystal after exposure to selected relative humidities. The uptake saturates in less than 60 s.
Adopted and reproduced under the terms of the Creative Common Attribution 4.0 Int. (CC-BY 4.0) License.[64b] Copyright 2023, The Authors, Published
by the American Chemical Society.

In another study by Fuchs et al., spontaneous and coherent Ra-
man spectroscopy were employed in a correlated fashion to inves-
tigate the distribution of adsorbed H2O molecules inside MOF–
801.[64a] Clusters of single crystals showed an inhomogeneous
distribution caused by defect sides inside the material. As a re-
sult, missing linkers played only a minor role in the heterogene-
ity. Missing metal clusters could be identified as the source and
trap of localized water adsorption and condensation (Figure 34)
as seen by shifts in the Raman spectrum toward the free linker
spectrum.

5.2. MOFs for Generating Pure Air

Gases play an important role in pollution, chemicals- and energy-
producing industries and can threaten life. Gas separation is
an essential step for capturing, purifying, and isolating specific
molecules. For instance, the energy-demanding olefin/paraffin
dissection is a key process in the industry for the production of
chemical precursors. Hydrocarbon molecules are separated in
great scales to produce fuels and chemical feedstock. MOFs, with
their unique properties, show potential for energy-efficient disin-
tegration of a high number of gases.[179] Furthermore, the high
porosity and surface area make these materials interesting can-
didates for storage of polluting and hazardous gases like carbon
mono/dioxide or ammonia. For the efficient use of the MOF sys-
tems, an understanding of the selection mechanism and influ-
ence of the framework components is important. These parame-
ters are accessible with Raman techniques.

5.2.1. Gas Separation

Nijem et al. investigated the selective separation of C1-C4 paraf-
fin and two pairs of C2 isomers (C2H2–C2H4 and C2H4–C2H6)
in the flexible framework RPM3-Zn with Raman spectroscopy
(Figure 35). Flexible MOFs display promising hydrocarbon selec-
tivity based on gate-opening pressures. This mechanism is ob-
servable in the Raman spectrum by H-bonding between terminal
groups and the C═O bond of the BDC linker. As a result, stronger
H-bonding reduces the gate-opening pressure.[61c]

5.2.2. Gas Storage

The understanding of interactions between guest molecules and
metal–organic frameworks (MOFs) at an atomic level is crucial
for optimizing their adsorption and catalytic performance. Ma
et al. employed Raman spectroscopy to investigate the binding of
ammonia (NH3) to different types of UiO-66 MOFs, specifically
UiO-66-Cu(I) and UiO-66-Cu(II) (Figure 36).[160] Despite having
similar properties, such as the area and the amount of -OH
functional groups, the defective UiO-66-Cu(II) crystals exhibited
enhanced ammonia adsorption compared to their counterparts.
The enhanced adsorption was attributed to a dynamic adsorption
mechanism involving a [Cu(II) ∙∙∙ NH3] interaction within the de-
fective crystals. This mechanism is challenging to observe using
conventional techniques due to the invisibility of protons in NH3
for X-ray analysis and the complex and rapid host-guest dynam-
ics involved in adsorption. Raman spectroscopy revealed changes
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 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202307518 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [30/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.afm-journal.de

Figure 34. Chemical characterization of water clusters in MOF-801. A) Water distribution in MOF-801 crystals visualized by brightfield, FWM, and pCARS
imaging at 10%RH. Numbered circles indicate measurement points in (B). Scale bar: 2 μm. B) Relative amount of adsorbed water observed by Raman
spectroscopy at selected areas in panel (A). C–F) Correlative characterization of areas with enhanced water incorporation by (C) pCARS imaging and
D–F) spontaneous Raman spectroscopy. C) Water cluster sites in regular crystals were identified by pCARS imaging at 38.5%RH. D) Raman spectra at
positions 1 and 2 marked in (C). E,F) Difference spectra between the Raman signature at defect sides and sites of normal crystal growth in the fingerprint
region (F) and C-H stretch to water region I. Differences due to missing clusters (blue) and concomitant reduction in residual DMF (green) and uncaging
of fumaric acid (red) are marked for the corresponding resonances. Arrows indicate the direction of spectral shift. Adopted and reproduced under the
terms of the Creative Common Attribution 4.0 Int. (CC-BY 4.0) License.[64a] Copyright 2022, The Authors, Published by Wiley-VCH.

in the OH-stretch band at 3673 and 3646 cm−1, indicating deple-
tion upon increasing ammonia adsorption. The NH3 molecules
were found to bind to the μ3-OH and defect-OH sites within the
MOF structure. Notably, a new band appeared at 1617 cm−1, rep-
resenting the asymmetric vibration of the adsorbed NH3. This
study highlights the power of Raman spectroscopy in elucidat-
ing the intricate molecular interactions within MOFs, offering
valuable insights for optimizing their adsorption and catalytic
properties.

5.2.3. Photocatalytic reduction

The capture and conversion of greenhouse gases, particularly
CO2, plays a crucial role in combating pollution and reduc-
ing emissions. Noble metal nanocrystals have shown remark-
able potential for efficient conversion through localized surface
plasmon resonances, which can trigger or accelerate a wide
range of reactions. Liu et al. combined the high CO2 reduc-
tion reactivity of silver nanocrystals (AgNC) with the good CO2
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Figure 35. Hydrocarbon selectivity based on gate opening pressure. Flexible framework RPM3-Zn shows selective adsorption based on chain length and
specific framework-gas interaction. Reproduced with permission.[61c] Copyright 2012, American Chemical Society.

adsorption capability of MOF-801 to create nanocomposites for
photocatalytic reduction.[161] They characterized the performance
of different composites (core-shell and corner MOF-AgNC) with
in situ Raman spectroscopy. Initially, Raman scattering was em-
ployed to confirm the successful coating of silver nanocrystals
with mercaptopropionic acid (MPA) and the formation of MOF-
AgNC. The composites showed bands for -CH, -OH, and O-
C-O out of plane bending at 668 cm−1, O-C-O rocking modes
at 761 cm−1, stretching vibrational modes of C-O and rocking
CH at 1227 cm−1, as well as the stretching vibrational modes of
O-C-O and C-C at 1438 cm−1 and 1661 cm−1, respectively. No-
tably, the asymmetric vibration of CO2 at 1550 cm−1 provided
a means to determine the CO2 concentration. Exponential sat-
urated adsorption was detected. After the irradiation with vi-
olet light (420 – 460 nm, Figure 37A), to create the localized
surface plasmons, a band at 1642 cm−1 appeared in the spec-
trum of the core-shell nanocomposite. This band was attributed
to the generation of CO from the photocatalytic reduction re-
action (Figure 37B,C). In the case of the corner MOF-AgNC, a
band at 1158 cm−1, assigned to the CH wagging of HCOO−, ap-
peared. This suggests that, depending on the morphology and
environment, different conversion mechanisms take place trans-
forming CO2 into climate-friendly CO or HCOOH. Addition-
ally, the reactivity could be increased by increasing the intensity
of the incident irradiation light (Figure 37D–F). This approach
provides the possibility for designing photocatalysts for various
reactions.

Figure 36. Ammonia adsorption in UiO-66 and defective UiO-66. De-
fective UiO-66 metal–organic frameworks show enhanced NH3 uptake
and dynamics. Reproduced with permission.[160] Copyright 2022 Ameri-
can Chemical Society.

5.3. MOFs for Biomedical Applications

In biomedical applications, the controlled release of drugs at
the site of the disease is a great chance to reduce negative side
effects and increase the healing result. Drug nanocarriers suf-
fer from limitations like a low loading capacity (liposomes, mi-
celles) or toxicity and unacceptable degradation (inorganic mate-
rials). MOFs feature a versatile structure with stimuli-responsive,
controlled drug release, a high porosity, and biodegradability via
weak coordination bonds.[180]

5.3.1. MOF Degradation

Understanding the degradation mechanism of MOF-based
nanocarriers is crucial to ensure their safety and minimize po-
tential negative effects on patients. In a study by Li et al., Ra-
man spectroscopy was employed to investigate the degrada-
tion of carboxylate nano- and microparticles in simulated body
fluid.[162] The high spatial resolution offered by Raman spec-
troscopy allowed for the simultaneous analysis of morphology
and chemical composition within the same MIL-100(Fe) particle
in a phosphate-containing medium. The Raman spectrum exhib-
ited characteristic peaks corresponding to the ordered crystalline
iron-based structure at 210 cm−1, lattice vibration and network
binding modes at 450 – 600 cm−1, the trimesate linker at 800
cm−1, aromatic ring peaks at 1000 cm−1, C-O-Fe stretching of Fe-
trimesate at 1200 cm−1 and H-O-H bonding vibrations at 1400
– 1600 cm−1 (Figure 38; brown spectrum). After eight days in
phosphate-buffered saline (PBS), the MOF particles underwent
degradation, forming a red core (region I) surrounded by a grey
shell (region II) (Figure 38). The Raman spectrum of the core
(Figure 38; red spectrum) remained similar to that of the non-
degraded MOF, while the Raman spectrum of the shell lost most
peaks (Figure 38; blue spectrum). This change in the Raman sig-
nature suggests the formation of an amorphous phase, trimesate
release, and the formation of phosphate complexes. The MOF
demonstrated a competitive replacement of trimesate by phos-
phate ions in PBS. Furthermore, Raman spectra were recorded
before and after drug loading, as well as after MOF coating and
no significant changes were observed, indicating the absence of
degradation.
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Figure 37. Core−shell MOF-AgNC nanocrystals act as photocatalysts for CO2 reduction under the plasmon-induced electromagnetic field. A) The ex-
tinction spectrum of core-shell MOF-AgNC nanocrystals on the PS matrix reveals the hybrid quadrupole (HQ) mode around 420−460 nm, generating
an electromagnetic field concentrated at the top corners of the nanocrystals. This enhanced electromagnetic field facilitates CO2 reduction reaction, as
depicted in the schematic in (B). C) The relative CO2 concentration can be characterized by the Raman spectrum, which contains contributions from
multiple materials: PS (pink dashed curve), CO2 + PS (green dashed curve), and HOCO* (intermediate) + MOF-801 (blue dashed curve). D) The Raman
shift intensity of the CO2 vibration mode (green labels) and the HOCO* vibration mode (blue labels) was monitored at different times under different
irradiation intensities. E) The first-order rate constant (K) of the CO2 reduction reaction under different irradiation intensities can be obtained by the
slope of the curve of ln(I′/I′t = 0) versus time, where I′ = ICO2/I* and I* is the Raman shift intensity of the silicon substrate. F) The relationship between
the rate constant and the irradiation intensity is linear. The intensity of irradiation I0 = 1.29 W cm−2. Reprinted with permission.[161] Copyright 2023,
American Chemical Society.

Figure 38. Investigation of MOF degradation by Raman. Raman spectra of a single microMOF particle of around 50 microns before (brown) and after
(red and blue) degradation for eight days in PBS (11.9 mM). Raman spectra were recorded on the same particle, both in the red core (region I) and the
degraded grey shell (region II). Adopted and reproduced under the terms of the Creative Common Attribution 4.0 Int. (CC-BY 4.0) License.[162] Copyright
2017, The Authors, Published by Springer Nature.
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In another example, Ploetz et al. found out that biodegrad-
able MIL-100(Fe) nanoparticles can induce pyroptosis, a pro-
grammed cell death mechanism, in cells.[163] While these MOF
nanoparticles are easily tolerable by cells under physiological
conditions,[13c] the researchers demonstrated that the pH of the
extracellular environment plays a crucial role in the activation
of pyroptosis by MOF nanoparticles. Using Raman spectroscopy,
they found out that a slightly acidic environment, as it is present
in tumorous tissue, leads to a shift in redox potential inside the
cell. Consecutively, MOF nanoparticles are faster degraded in
lysosomes, releasing iron ions in an uncontrolled fashion. This
study highlights the potential of MOF nanoparticles as a pH-
responsive platform for targeted cell death applications.

5.3.2. Monitoring the Release

Plasmonic core-shell gold nanostar/zeolitic-imidazolate
framework 8 (ZIF-8) nanocomposites were synthesized by
Carrillo-Carrión et al. for the delivery of bioactive molecules
(Figure 39).[164] The composite material features a thermoplastic-
driven release mechanism of encapsulated cargo. The loading,
leakage, and delivery of the fluorescence stain HOECHST
H33258 (HOE) were followed by SERS and confocal Raman
microscopy. The study investigated both uncoated compos-
ites with and without illumination at 785 nm, as well as a
version of the carrier coated with an amphiphilic polymer, poly-
[isobutylene-alt-maleic anhydride]-graft-dodecyl (PMA). In the
case of uncoated ZIF-8, no HOE signal was detected, indicating
framework degradation prior to cell uptake. However, the PMA-
coated composite exhibited a clear HOE signal in specific regions
before illumination. After 8 hours of illumination, the signal
disappeared, confirming complete cargo release. In contrast, the
condition without illumination showed a persistent HOE signal
after 8 hours, indicating the integrity of the ZIF-8 framework.
The SERS data correlated well with the confocal microscopy
measurements, which showed MOF accumulation near the
nuclei without staining the nuclei, indicating no leakage. The
near-infrared-induced drug release resulted in staining of the
nuclei, demonstrating the effectiveness of the delivery system.

5.4. MOFs for Energy Storage Applications

The demand for efficient and sustainable energy storage systems
has grown with the increasing need for renewable energy sources
and the growing concerns about climate change. To address these
challenges, new materials and technologies that can store and
deliver energy in a reliable and environmentally friendly manner
are important. Metal–organic frameworks and MOF derivatives
like porous carbons show great performance in energy storage
and conversion applications.[181]

5.4.1. Battery-Type Energy Storage

Mofokeng et al. introduced a Ni/MOF-derived mesoporous car-
bon (Ni/MOFDC) as a material for aqueous battery-type energy
storage.[165] Besides other X-ray or electron-based methods, Ra-
man spectroscopy was employed to investigate the material. The

MOF was examined before and after acid treatment (AT). In the
Ni/MOFDC spectrum, a Ni-OH band was observed at 487 cm−1,
along with D, G, and 2D bands at 1350, 1599, and 2450 cm−1,
respectively, originating from MOFDC. In the AT-Ni/MOF spec-
trum, the Ni-OH peak became flattened, and the D and G bands
shifted to 1345 cm−1 and 1589 cm−1, respectively (Figure 40).
However, no changes were observed in the 2D band. Based on
these observations, it can be inferred that the acid treatment re-
sulted in the removal of a passive Ni(OH)2 layer and the genera-
tion of defects in the material.

5.4.2. Energy Storage

Carbon micro- and nanocages have emerged as highly promis-
ing systems for electrochemical energy storage. In an innovative
study, Hou et al. developed a solid-state gas-steamed MOF ap-
proach to synthesize carbon cages with controlled openings and
N, P dopants.[166] Raman spectroscopy played a crucial role in
characterizing the material, particularly through the intensity ra-
tio (ID/IG) of the disorder-induced D band (≈1350 cm−1) to the
tangential stretch G band (≈1600 cm−1). The open carbon cage
OCC-900 and the solid carbon polyhedron SCP-900 exhibited en-
hanced ratios of 1.26 and 1.13, respectively, suggesting decreased
graphitization and an abundance of structural defects in OCCs
following P doping. Furthermore, the research group success-
fully demonstrated the remarkable performance of an aqueous
zinc-ion hybrid supercapacitor based on these carbon cages.

5.5. MOFs as Sensors

The detection of trace amounts plays a crucial role in address-
ing various societal challenges. Whether it is monitoring gases,
hazardous substances, or biological factors, accurately detecting
and quantifying these trace components is of utmost importance.
However, it remains a significant challenge to develop techniques
that can effectively lower the concentration limit or artificially in-
crease the local concentration to achieve sensitive detection. The
development of such techniques is essential to ensure environ-
mental safety, public health, and overall well-being, and MOFs
could be a key.

5.5.1. Hazardous substances (Air/water)

Raman spectroscopy offers a highly sensitive, selective, rapid,
and reversible method for detecting molecules in the vapor
phase. Recently, this technique has been successfully employed
to detect molecules adsorbed on MOF UiO-67 under ambient
conditions (Figure 41).[167] The detection mechanism is based
on the quenching of Raman intensity observed in specific bands.
When various nitro analytes were adsorbed, a significant quench-
ing effect of up to 50% was observed within ≈5 s, and up to 90%
quenching was achieved after 30 seconds. This quenching effect
is attributed to 𝜋–𝜋 interactions between the adsorbents and the
benzene rings of the MOF. Importantly, UiO-67 demonstrates
excellent stability and reversibility, making it a reliable sensor for
the detection of nitro-based explosives. The use of Raman spec-
troscopy in conjunction with MOFs holds great potential for sen-
sitive and selective detection applications.
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Figure 39. Monitoring of drug release and particle stability. A) SERS spectra of the NCs after cell incubation. Spectral kinetics were acquired with and
without NIR illumination (785 nm); solid and dashed lines represent the time points 0 h and 8 h, respectively. B) SERS intensity of the ring breathing
vibration of HOE (980 cm−1), as a function of time, for both materials, with and without NIR light. C) Representative SERS imaging of a single cell
incubated with NC-HOE-PMA. Optical image (top) and SERS images at 0 h (middle) and after 8 h of irradiation (down). D–F) Confocal microscopy
image of cells incubated with D) NC-HOE, E) NC-HOE-PMA E), and F) NC-HOE-PMA after NIR treatment. Blue and orange colors represent HOE and
cell membrane staining (CellMaskTM Deep Red), respectively. Reproduced with permission.[164] Copyright 2019, Wiley-VCH.

For the detection of toxic gases in the air, Koh et al. developed
a “plasmonic nose” that is able to detect a wide range of volatile
organic compounds (VOCs) and polycyclic aromatic hydrocar-
bons (PAH) vapors in air down to ppm levels, while differenti-
ating between different molecules based on their vibrational sig-

natures (Figure 42). This is achieved with a SERS active array of
Ag nanocubes and a 146 nm thick coating of ZIF-8 to adsorb the
gas molecules close to the SERS active surface. Koh et al. showed
that the plasmonic nose is able to detect toluene and chloroform
down to a concentration of 200 ppm and 50 ppb, respectively.[100]
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Figure 40. Raman spectra of Ni/MOFDC and AT-Ni/MOFDC. The inset
shows a typical deconvoluted Raman signal of carbon. Adopted and re-
produced under the terms of the Creative Common Attribution 4.0 Int.
(CC-BY 4.0) License.[165] Copyright 2020, The Authors, Published by the
American Chemical Society.

5.5.2. Medical Applications (Biomarker/Metabolites)

The timely diagnosis of diseases is crucial for effective and afford-
able treatment. Early detection , as stated by organizations like
the World Health Organization,is an essential public health strat-
egy for improving cancer outcomes in all healthcare settings.[182]

However, diagnosing diseases in their early stages can be chal-
lenging, as patients often do not experience noticeable symp-
toms, and the concentration of biomarkers indicating the ill-
ness remains low. Therefore, highly sensitive detection meth-
ods are required. In addition to sensitivity, non-invasiveness and
patient safety are paramount considerations in diagnostic ap-
proaches. The use of potentially toxic labels and invasive pro-
cedures can pose risks and limit the effectiveness of diagnos-
tic methods. Here, MOF-assisted surface-enhanced Raman spec-
troscopy (SERS) offers a promising solution by combining Ra-
man spectroscopy, a non-invasive and non-destructive technique,
with the high sensitivity of SERS and the local concentration en-
hancement provided by MOF systems. Therefore, MOF-assisted
SERS represents a promising technique for early diagnosis of var-
ious diseases, offering a potential breakthrough in the field of
medical diagnostics.

Hu et al. utilized the AuNPs/MIL-101 nanocomposites for the
detection of Alpha-Fetoprotein (AFP) in human serum.[62c] AFP
measurement is particularly crucial during pregnancy, as ele-
vated AFP levels can indicate developmental abnormalities in the
fetus, while low levels can be indicative of conditions like trisomy
21. Abnormal AFP levels in men and non-pregnant women can
also serve as potential indicators of diseases such as Hepatitis or
various liver issues.[183] The SERS-based detection of AFP using
the AuNPs/MIL-101 nanocomposites demonstrated remarkable
agreement with the results obtained from the well-established
ELISA kit, a widely used analytical method. The normal AFP level
for humans is typically around 3.0 ng mL−1,[184] and the lowest
measured AFP concentration with SERS in human serum was
2.7 ng mL−1. These findings highlight the capability of SERS as
a sensitive technique for detecting AFP levels, even at concentra-
tions close to the normal range. Importantly, SERS offers the ad-

vantage of faster detection compared to established techniques,
providing a more efficient and time-saving approach.

Qiao et al. conducted a study in which they successfully synthe-
sized ordered gold superparticles (GSPs) with a size of approxi-
mately 170 nm by assembling small gold nanoparticles (≈6 nm)
in a face-centered cubic lattice. (Figure 43).[29f] These GSPs were
then coated with a layer of ZIF-8, resulting in core-shell parti-
cles referred to as GSP@ZIF-8. The researchers utilized these
particles for the detection of various aldehydes at trace levels in
the parts per billion (ppb) range. Of particular interest to the au-
thors was the detection of 4-ethylbenzaldehyde, as elevated lev-
els of this compound are indicative of early stages of lung can-
cer. To enable the detection of 4-ethylbenzaldehyde, a Raman-
active compound called p-aminophenylthiophenol (4-ATP) was
pre-adsorbed onto the GSP@ZIF-8 particles. This facilitated a
chemical bond between the amino (-NH2) group of 4-ATP and
the aldehyde (-CHO) group of 4-ethylbenzaldehyde. The result-
ing C = N stretching peak at 1623 cm−1 was then detected us-
ing surface-enhanced Raman spectroscopy (SERS). By employ-
ing this technique, it was possible to measure the concentration
of 4-ethylbenzaldehyde down to the ppb level, enabling the early
diagnosis of lung cancer. This approach highlights the potential
of combining core-shell particles and SERS for the sensitive de-
tection of biomarkers associated with various diseases, including
lung cancer.

In a further study, Jiang et al. developed a novel approach
for measuring dopamine (DA) levels in urine by embedding sil-
ver nanoparticles on the surface of MIL-101(Fe).[168] The detec-
tion method relied on surface-enhanced Raman spectroscopy
and the modulation of the SERS signal of 2,2′-azino-bis(3-
ethylbenzthiazoline 6-sulfonic acid) diammonium salt (ABTS) in
the presence of dopamine and hydrogen peroxide (H2O2). Ini-
tially, the researchers measured the SERS signal of ABTS alone
and ABTS in the presence of H2O2. In the presence of H2O2,
ABTS is oxidized to ABTS2+, resulting in a significant enhance-
ment of the SERS signal. However, when dopamine is also added
to the system, it suppresses the oxidation of ABTS by H2O2, lead-
ing to a weakening of the SERS signal. Jiang et al. observed a
strong linear correlation between the concentration of dopamine
and the weakening of the ABTS SERS signal. They achieved a
wide linear range of detection from 1.054 pM to 210.8 nM con-
centrations of dopamine, with a low detection limit of 0.32 pM in
aqueous solutions. The method demonstrated good reproducibil-
ity when applied to real urine samples, enabling the measure-
ment of dopamine levels in the range of 100 pM to 500 pM. This
technique holds promise for future applications in clinical diag-
nostics and monitoring dopamine-related disorders.

Another example, where sensing biomarkers can save a life, is
heart failure. In many cases, this is a life-threatening syndrome
that globally affects more than 64 million people.[185] Early di-
agnosis of heart failure is crucial for effective management and
treatment. One approach to detecting heart failure involves sens-
ing the biomarker N-terminal pro-brain natriuretic peptide (NT-
proBNP), which can indicate the presence of the condition. In
a study by He et al., a sensitive sensor for NT-proBNP was de-
veloped using a MOF sandwich configuration (Figure 44). The
sensor involved the formation of two complexes consisting 1)
of IRMOF-3, gold tetrapods (AuTP), toluidine blue (TB) and an
anti-NT-proBNP antibody (IRMOF-3@AuTPs@TB@Ab2) and
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Figure 41. Detection of nitro compounds by Raman spectroscopy. Schematic showing the detection of nitro analytes by exposing the MOF film to
the analyte vapors resulting in the suppression of Stokes shift peak intensities. Reproduced with permission.[167] Copyright 2019, The Royal Society of
Chemistry.

2) of magnetic CoFe2O4 NP; a gold NP (AuNP) and the anti-
body (CoFe2O4@AuNPs@Ab1). With this sandwich configura-
tion, they were able to measure NT –proBNP with good linearity
and reproducibility with concentrations ranging from 1 fg mL−1

to 1 ng mL−1.[158b]

5.6. Food Safety and Environmental Studies

The rapid growth of industries worldwide has resulted in a sig-
nificant rise in environmental pollution. Unfortunately, certain
pollutants, such as pesticides and excessive fertilizer use, are in-
tentionally released into nature. Moreover, various chemicals em-
ployed to preserve food or enhance its taste and color can be toxic
when consumed in high doses. Consequently, there is a pressing
need for highly sensitive sensors capable of detecting toxins and
pollutants present in the environment and food supply, aiming to
safeguard the health of both humans and animals. To address this

challenge, numerous research groups started to develop MOF-
assisted SERS sensors specifically designed for the detection of
harmful molecules. These innovative sensors offer promising so-
lutions to accurately identify and quantify a wide range of haz-
ardous substances, contributing to the preservation of human
and environmental well-being. By leveraging the unique proper-
ties of MOFs in conjunction with the enhanced signal sensitivity
provided by SERS, these sensors represent a significant advance-
ment in the field of chemical detection, paving the way for im-
proved monitoring and control of toxins and pollutants in various
applications.

Hu et al. conducted a study in which they synthesized gold
nanoparticle-embedded MIL-101 to detect p-phenylenediamine
(PPD), a toxic compound commonly found in hair dyes and
semi-permanent tattoos (Figure 45).[62c] The Scientific Com-
mittee on Consumer Products (SCCP) determined a NOAEL
(No Observed Adverse Effect Level) of 5 mg kg−1 for rats.[186]

Before utilizing the AuNPs/MIL-101 nanocomposites for PPD

Figure 42. Plasmonic nose concept. The schematic shows three different arrangements of Ag nanocubes embedded in ZIF-8 and the corresponding
field strengths around the cubes for detecting volatile organic compounds (VOC) vapor. The light blue horizontal strips indicate different heights of the
ZIF-8 layer. Reproduced with permission.[100] Copyright 2018, The Royal Society of Chemistry.
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Figure 43. Sketch of Volatile organic compound (VOC) detection via GSP@ZIF-8 core-shell structure. A) Diagrammatic sketch of synthesizing GSP@ZIF-
8 core–shell structure: i) gold nanoparticles assembled into GSPs, ii) ZIF-8 shell coated on GSP surface. B) Volatile organic compound (VOC) detection
via SERS spectroscopy. Reproduced with permission.[29f] Copyright 2018, Wiley-VCH.

Figure 44. Schematic Diagram of the SERS-Based Immunosensor for the Detection of NT-proBNP. A) Preparation of MOF-3@AuTPs@TB@Ab2 (top)
and CoFe2O4@AuNPs@Ab1 (bottom) B) SERS spectrum of NT-proBNP measured with the sandwich structure formed with both complexes MOF-
3@AuTPs@TB@Ab2 and CoFe2O4@AuNPs@Ab1. C) Formation of a MOF-3@AuTPs@TB@Ab2/Antigen/CoFe2O4@AuNPs@Ab1 Sandwich struc-
ture, via magnetic separation based on the magnetic properties of CoFe2O4@AuNPs@Ab1. The final measurement consists of a 10 μl droplet on a silica
wafer using a magnet to concentrate the structures on the surface. Adapted with permission.[158b] Copyright 2016, American Chemical Society.
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Figure 45. Sensing of p-phenylenediamine by SERS. (Left) Sketch of embedded Au NPs in MIL-101 and the adsorbed analyte in MIL-101. (Right) An
exemplary SERS spectrum of an analyte. Reproduced with permission.[62c] Copyright 2014, American Chemical Society.

detection, the researchers investigated the penetration of ana-
lytes into the MOF framework to ensure the proximity to the
gold particles required for SERS enhancement. To accomplish
this, they compared the SERS signals of 4,4′-bipyridine and poly
4-vinylpyridine within the nanocomposites. The SERS signal of
4,4′-bipyridine increased over time, indicating the adsorption of
more molecules within the framework. However, for the larger
poly 4-vinylpyridine molecules, no SERS signal was observed,
suggesting that they did not penetrate the framework and, thus,
did not reach the required proximity for SERS enhancement.
Subsequently, Yuling et al. successfully measured PPD concen-
trations ranging from 1.0 to 100.0 ng mL−1 in laboratory condi-
tions using the AuNPs/MIL-101 nanocomposites, achieving high
correlation coefficients of 0.9950. The lowest detectable concen-
tration was as low as 0.1 ng mL−1. Moreover, they applied the
AuNPs/MIL-101 nanocomposites to analyze river and sewage
water samples for PPD content. In the sewage water sample, a
concentration of 1.3 ng mL−1 of PPD was detected, while no PPD
was found in the river water sample. These findings demonstrate
the potential of the AuNPs/MIL-101 nanocomposites as effective
and sensitive tools for the detection of PPD in various environ-
mental samples.

Cai et al. employed a combination of gold nanoparticles
(AuNPs) and MIL-101, where the AuNPs were encapsulated
within a MIL-100 shell, resulting in Au@MIL-101 core-shell
nanoparticles. The synthesis of these nanoparticles involved a
layer-by-layer assembly process. By utilizing this approach, the
researchers successfully detected methenamine, achieving a re-
markable correlation coefficient of 0.9998 within a concentration
range of 1.0× 10−8 M (1.4 ng mL−1) to 1.0× 10−6 M (140 ng mL−1)
under laboratory conditions. The lowest detectable concentration
reached an impressive level of 5 × 10−10 M (0.07 ng mL−1). Fur-
thermore, Cai et al. investigated the detection of methenamine
in a real-world sample by spiking it into vermicelli (pasta). In
this scenario, the lowest detected concentration was 1.0 × 10−9

M (0.14 ng mL−1).[101c] According to the Scientific Committee on
Health and Environmental Risks, methenamine intake of up to
4000 mg per day does not pose health risks.[187] This value cor-
responds to ≈2.9 × 10−3 mol of methenamine, which is several

orders of magnitude higher than the detection limit achieved in
the real-world vermicelli sample.

Wu et al. addressed the concern of harmful food dyes by devel-
oping a method to detect New Coccine (NC) and orange II (OII)
using surface-enhanced Raman spectroscopy (SERS) in conjunc-
tion with UiO-66-NH2 decorated with gold nanoparticles on the
surface for signal enhancement.[99] The detection of these dyes
was initially tested under laboratory conditions, where Wu et al.
successfully detected NC and OII in the concentration range of
0.1 mg L−1 to 1.0 mg L−1, demonstrating excellent linearity. These
findings were further validated in real-world examples, such as a
soft drink and paprika. The detection of both NC and OII is of ut-
most importance due to their potential health risks. OII has been
banned from food usage in most parts of the world, highlighting
the urgency of reliable detection methods. Furthermore, the ac-
ceptable daily intake of NC has been estimated to be only 0.7 mg
kg−1 by the European Food Safety Authority.[188]

6. Conclusion and Outlook

Metal–organic frameworks (MOFs) have emerged as a transfor-
mative class of materials with immense importance on the tech-
nical and scientific landscape, unlocking new avenues in en-
ergy, environment, catalysis, electronics, and healthcare. Given
the wide palette of their applications, host-guest interactions as
well as chemical compositions, structural diversity, designability,
and stability, it is of utmost importance to get in-depth insights
into MOFs at the molecular level. Reactions like nucleation, ad-
sorption, or catalysis require analytical tools, that feature struc-
tural sensitivity and in situ and in operando capabilities at the
same time.

In this contribution, we introduced the large pool of Ra-
man technologies currently available to study materials and ex-
plained the physical principle of Raman scattering, the under-
lying physics behind strategies to enhance the Raman signal,
as well as the instrumentations and developed measurement
modalities for probing MOFs in various applications. Raman
spectroscopy can provide information on different length scales
starting at the atomic level from the framework, to averaged
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crystals on the micrometer scale, up to MOF layers with millime-
ter to centimeter sizes. Equally, Raman scattering can monitor
the temporal evolution of MOFs during reactions. It can probe
chemical processes like charge transfer reactions or bond forma-
tion, starting at the fs-ps regime using transient spectroscopy,
over to intermediates with ns-μs resolution using pump-probe or
time-gated approaches, up to catalytical processes on the ms re-
gion upward using emCCD camera based state-of-the-art Raman
systems.

Consecutively, properties in MOFs that can be investigated
by Raman spectroscopy are vast, starting from structural dy-
namics and states of MOFs, including their morphology, the
framework composition, crystal symmetry, coordination, density,
functionalization, presence of guests, and defects. Raman spec-
troscopy allows for probing reactions of the framework upon
external triggers like light illumination, and interactions with
guest molecules in liquid and gas phase. Here, Raman spec-
troscopy can help identify analytes and intermediates, localize
and investigate site-specific binding, and assess the sorption pro-
cess mechanistically but also thermodynamically. Since Raman
spectroscopy can study MOFs in their pristine form, as well
as in situ or under different environmental conditions, such as
varying temperature or pressure, it allows to monitor structural
changes, guest molecule interactions, and phase transitions in
MOFs, contributing to a deeper understanding of their dynamic
behavior.

Lastly, we discussed recent examples where Raman spec-
troscopy addresses societal challenges in the fields of environ-
mental remediation, healthcare, and energy storage. In the field
of gas storage and separation, MOFs have revolutionized energy
storage and delivery by providing efficient solutions for capturing
and storing gases such as ammonia. Their high porosity and tai-
lored pore sizes enable the design of MOFs with exceptional ad-
sorption capacities relevant for sustainable energy but also envi-
ronmental applications, such as air remediation and atmospheric
water harvesting. On the other hand, MOFs made a profound im-
pact in catalysis and chemical sensing. The ability to incorporate
different metal nodes and organic ligands, but also the function-
alization of MOFs with SERS substrates, for example, allowed
the precise engineering of materials with active sites for unprece-
dented sensitivity down to the single-molecule level in a label-free
manner. This has led to breakthroughs in catalytic processes or
the field of healthcare as a platform for targeted and controlled
drug delivery and drug-sensing.

As the field of MOFs constantly continues to grow, Ra-
man spectroscopy will remain a vital technique in unraveling
the complexity and the full potential of these versatile mate-
rials. Given the wide applicability of MOFs, the big question
is, what might be future perspectives? We believe the future
of Raman spectroscopy in the field of metal–organic frame-
work materials is bright. Besides its applicability to MOFs, Ra-
man spectroscopy is an eminent technique for the characteri-
zation of 2D and van der Waals materials, such as graphene
or boron nitride.[189] Besides advanced material identification,
Raman scattering allows for evaluating these materials con-
cerning the number of monolayers, defects, inter-layer modes,
phonon modes, strain, or conductivities, to name some proper-
ties. Composite materials based on graphene/MOF- or BN/MOF-
hybrid structures hold great promise for applications in the

field of environmental and energy technologies, such as bat-
teries, supercapacitors, or catalysts.[190] Here, hybrid materi-
als might eliminate the instability problems of MOFs un-
der harsh and humid conditions by serving as all-solid-state
supercapacitors.[191] Layer-by-layer MOF/graphene composites
are tunable and could serve as anodes in batteries,[190a,192] but
also as advanced filter systems in environmental research by
acting as molecular sieves, as well as by picking up toxic sub-
stances from air or water.[190a,193] A further combination of 2D
materials with MOFs could be in the field of surface passi-
vation with anti-microbial properties[194] or even as an anti-
fouling coating.[195] At the nanoscale, mixing MOF-nanoparticles
with 2D materials and even polymers,[196] could yield new poly-
meric compound materials with new thermal and elastic prop-
erties. 3D-printed graphene-based materials could act as strain
sensors.[197]

Lately, new correlative approaches have been published, com-
bining Raman spectroscopy with a wealth of different techniques
including AFM, X-ray, SEM, and SEM-EDX.[198] They provide
higher spatial resolution in 2D and 3D down to the crystal struc-
tures combined with chemical information of guest molecules
due to the vibrational contrast of Raman spectroscopy. While
correlative imaging systems continue to advance, we anticipate
that Raman spectroscopy will take a second trajectory, becoming
more portable, cost-effective, and sensitive. We envision a future
where 3D-printed instruments enable field operations through
small and mobile handheld devices. Leveraging MOF-based sen-
sor chips, these analytical instruments could be deployed directly
to the sight of contamination, such as after accidents or explo-
sions, as well as for routine checks in security-critical areas like
airports. In addition to technical advancements, the field is also
witnessing the emergence of innovative data analysis methods,
including deep learning and neural networks.[199] This enables
real-time analysis of potentially unknown compounds on the
fly.[200] In laboratories, these advancements in data analysis will
facilitate the synthesis of dedicated MOF systems on-demand and
the analysis of large sets of sensing data in a significantly shorter
time. This, in turn, will allow for the on-the-fly analysis of ana-
lytes using SERS assays in clinical environments, as well as in
the monitoring of food, water, and air quality control. The ris-
ing implementation and application of Raman techniques and
their combinations will provide advanced characterization meth-
ods and provide further insight into the molecular working prin-
ciple of metal–organic frameworks and composite materials in
the future.
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