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ABSTRACT: UV−vis spectrophotometry and spectrofluorometry
are indispensable tools in education, research, and industrial
process controls with widespread applications in nanoscience
encompassing diverse nanomaterials and fields. Nevertheless, the
prevailing spectroscopic interpretations and analyses often exhibit
ambiguity and errors, particularly evident in the nanoscience
literature. This analytical chemistry Perspective focuses on
fostering evidence-based data interpretation in experimental studies
of materials’ UV−vis absorption, scattering, and fluorescence
properties. We begin by outlining common issues observed in UV−
vis and fluorescence analysis. Subsequently, we provide a summary
of recent advances in commercial UV−vis spectrophotometric and
spectrofluorometric instruments, emphasizing their potential to
enhance scientific rigor in UV−vis and fluorescence analysis. Furthermore, we propose potential avenues for future developments in
spectroscopic instrumentation and measurement strategies, aiming to further augment the utility of optical spectroscopy in nano
research for samples where optical complexity surpasses existing tools. Through a targeted focus on the critical issues related to UV−
vis and fluorescence properties of nanomaterials, this Perspective can serve as a valuable resource for researchers, educators, and
practitioners.

■ INTRODUCTION
The interactions between photons and matter have long
captivated scientists and researchers, standing as one of
nature’s most intriguing and profound phenomena. Optical
spectroscopic techniques, dedicated to studying such inter-
actions, have emerged as indispensable tools in scientific
research, technology advancement, and education. Their
applications in nano research are especially prominent because
of the tunability in nanoparticle optical properties as a function
of particle size, shapes, chemical composition, even internal
packings and surface morphology including surface defect.1−4

This unique photoelectronic property makes nanomaterials
increasingly popular in diverse disciplines including energy,
chemistry, medicine, environment, and materials sciences.5−7

Reliable quantification of nanomaterials’ optical properties,
including their absorption, scattering, and emission activities, is
essential for rational nanomaterials design and applications.
Despite the extensive history and broad utility of UV−vis

and fluorescence techniques, numerous issues are associated
with the analysis of spectral data obtained from solutions
containing nanoscale or larger materials. A significant
distinction of small dissolved molecular chromophores and
fluorophores from their respective nanoparticle counterparts is
the escalating scattering activities observed in the solutions

containing nanoscale or larger analytes. In a simple
assumption, the scattering cross section of a nonabsorbing
particle is proportional to the square of its volume. While small
dissolved molecular chromophores, due to their small sizes,
can be treated as pure absorbers in UV−vis measurements,
scattering by nanoparticles, owing to their large sizes, can be
very strong, and the cross section can be comparable to or even
surpass their absorption cross-section and dominant in
extinction. The high scattering activity complicates the UV−
vis and fluorescence spectral acquisition and interpretation. As
one example, the long-held general practice in assigning UV−
vis spectra obtained with dissolved molecular chromophore as
an absorbance spectrum is generally invalid for solutions
containing nanoscale or larger materials. This is because both
absorption and scattering contribute to the UV−vis extinction
spectra.8−12 Further complication arises if one considers
interference of forward scattered and emitted photons in the
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UV−vis spectral acquisition.10−12 However, it has been
prevalent in current literature to assign the UV−vis spectrum
as absorbance or absorption extinction spectrum,13−19 even for
samples likely having strong scattering activities. The impact
on the scattering activity of numerous nanomaterials has been
published extensively in previous works.10−12,20−22

Reliable quantification of nanoparticles absorption, scatter-
ing, and emission activities is essential for rational materials
characterization, design, and applications as these optical
processes differ significantly in their causes, effects, and
applications. As examples, metal oxide nanoparticles with
strong scattering activities in the UV ranges has been used
extensively as sun block, while plasmonic nanoparticles find
utilities in biosensing due to their strong scattering in the
visible to infrared wavelength range.23−25 The applications of
photoactive nanoparticles, referring to chromogenic and
fluorogenic nanomaterials, are even more diverse, ranging
from photocatalysis,26−28 photoluminescence,29−31 photody-
namic therapy,32−34 photoelectronics,35−38 and photothermal
energy harvesting,39−41 just to name a few. For these
applications, it is the absorbed photons, not the scattered
photons, that are directly responsible for chemical reactions in
photocatalysis, light emission in photoluminescence, and
singlet oxygen generation in photodynamic therapy. However,
light scattering can alter the propagation direction and path
length of photons within samples, affecting the location and
probability (thereby, the amount) of photon absorption and
emission (for fluorogenic nanoparticles).11,42−45 As a result,
this scattering indirectly impacts the performance of photo-
activated applications in these samples.
The complexity of scattering in the quantification of

materials’ absorption and emission properties has been widely
acknowledged for a long time.10−12,46 Several experimental
approaches have been proposed to enhance the analysis of
analyte optical properties in turbid solutions, including
absorption, scattering, and fluorescence activities as well as
scattering and fluorescence depolarizations or anisotropy. The

latter two terms are interchangeable as measures of the spatial
distribution of scattered and emitted light.47 For example, Lin
et al. reported a two-channel spectrometer to quantify the
UV−vis absorption and scattering extinction contribution to
the plasmonic nanoparticle UV−vis extinction spectrum.48

Home-developed integrating-sphere-based UV−vis spectrom-
eters have also been used for measuring sample UV−vis
absorbance.45,49−53 However, most of these earlier techniques
rely on custom-built instruments or accessories, making it
challenging for educators and researchers to adopt, verify, and
implement them. Consequently, ambiguous and erroneous
data interpretations persist despite these technical advan-
ces.54,55

The objective of this analytical chemistry Perspective is to
shed light on the challenges and opportunities of UV−vis
spectrophotometric and spectrofluorometric analysis, espe-
cially for samples containing nanoscale or larger materials. To
facilitate the independent verification and broad adoption, we
limit our discussion to techniques utilizing broadly accessible
commercial UV−vis and fluorescence instruments along with
commonly available commercial accessories for these instru-
ments. Our intention is to empower researchers to enhance the
scientific rigor of spectral acquisition and analysis using readily
accessible tools, thereby advancing evidence-based data
interpretation. This Perspective is organized into four sections.
First, a primer will be provided to explain the optical processes
in the context of spectroscopic measurements with solution
samples. This background knowledge is crucial for developing
a mechanistic understanding of the signal origins in conven-
tional UV−vis and fluorescence measurements and the
challenges in spectral analysis. Second, a concise literature
review will be presented, highlighting common literature
examples of ambiguous and even erroneous spectral inter-
pretation and analysis. By examining these cases, we can gain
insights into potential pitfalls and challenges faced in the
characterization of nanomaterial optical properties. Third, a
critical assessment is provided on the strengths and weaknesses

Figure 1. (A) Conventional and (B) augmented Jablonski energy diagram. Intersystem crossing and phosphorescence are omitted for clarity. Light
absorption and emission are depicted by gray lines with upward arrows and blue lines with downward arrows, respectively. The absorption by hot
molecules shown on the ORF wavelength region is indicated by the horizontal lines with gradient color.
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of the recent spectroscopic techniques developed using
commercial UV−vis spectrophotometric and spectrofluoro-
metric methods. By evaluating these advancements, we can
identify areas where improvements can be made and where
current techniques excel. Finally, an outlook is provided on the
future use of optical spectroscopy in education and research
and highlights potentially impactful research topics. This
section aims to inspire and guide future investigations in
utilizing optical spectroscopy for nanoscale applications,
identifying promising avenues for further exploration.

■ PHOTO AND MATTER INTERACTIONS, A PRIMER
FOR OPTICAL SPECTROSCOPIC TECHNIQUES

Augmented Jablonski Energy Diagram. The conven-
tional Jablonski energy diagram (Figure 1A), extensively used
in student textbooks and literature, is limited in depicting the
complexity of light interactions with nanoscale and larger
materials concerning light absorption, scattering, and emission.
All materials can be classified into four groups based on their
optical complexities under illumination with UV−vis light: (1)
absorbers with negligible light scattering and emission
activities, (2) scatterers with no significant absorption or
emission, (3) materials that both absorb and scatter light, and
(4) materials that absorb, scatter, and emit light.
To facilitate a comprehensive discussion on photophysical

processes resulting from light irradiation on nanomaterials, we
assume that the nanoparticles exhibit fluorescence activity and
possess overlapping excitation, scattering, and emission
spectra. For these samples, the optical processes under UV−
vis excitation can be depicted with an augmented Jablonski’s
energy diagram (Figure 1B) that includes the light absorption,
scattering, and fluorescence emission. Beside the scattering that
occurs across all excitation wavelengths, another new feature in
the augmented Jablonski diagram is light absorption and
emission by hot molecules, which are the molecules in the
ground electronic state but at excited vibrational and rotational
states. Based on Boltzmann’s distribution, fluorophores at
ground electronic states can also be at excited vibrational/or
rotational states. The light absorption by hot molecules can
push the red-edge absorption wavelength to wavelengths
longer than the blue-edge emission wavelength, which is why
fluorophore fluorescence excitation and emission spectra
commonly have an overlapping wavelength region. Exciting
fluorophores with light in the overlapping wavelength regions
simultaneously produces anti-Stokes-shifted fluorescence
(ASSF), on-resonance fluorescence (ORF), and Stokes-shifted
fluorescence (SSF).20,21,56,57 The terms ASSF, ORF, and SSF
refer to fluorescence emission wavelengths that are shorter
than, equal to, and longer than the excitation wavelength,
respectively. Experimental detection of ASSF, ORF, and SSF is
straightforward using a spectrofluorometer by scanning the
detection wavelength continuously from the anti-Stokes-shifted
(blue) side to the Stokes’s shifted (red) side of the excitation
wavelength that is at the wavelength region the fluorophore
both absorb and emit.21,57,58

The red-edge absorption wavelength and the blue-edge
emission wavelength depicted in the conventional Jablonski
energy diagram (Figure 1A) are identical, and it corresponds to
the energy difference between the ground and first excited
electronic states, with both states assumed to be in their lowest
vibrational states. Therefore, this energy diagram predicts the
appearance of ORF. Evidently, however, this conventional
Jablonski energy diagram not only fails to explain the presence

of concurrent ASSF, ORF, and SSF emission that have been
observed for numerous molecular and nanoparticle fluoro-
phores,21,57,59−61 it also oversimplifies the ORF. Instead of a
delta function at a single ORF wavelength λr predicted in the
conventional Jablonski energy diagram (Figure 1A), the full
width at half-maximum of experimental ORF spectra varies
from a few nanometers to tens of nanometers.21,57−59

For discussion convenience, we divide the UV−vis wave-
length depicted in the augmented Jablonski energy diagram
into three wavelength regions (Figure 1B) based on the sample
optical complexity under resonance excitation and detection
conditions: a blue region where the analyte absorbs and
scatters but does not emit, an ORF region where the analyte
absorbs, scatters, and emits, and a red wavelength region where
the analytes scatter light and emit but do not absorb. Note that
the sample optical complexity in these wavelength regions
varies depending on the spectroscopic techniques. For
instance, for UV−vis measurements that have no detection
monochromator, fluorescent nanoparticles depicted in the
augmented Jablonski energy diagram function as simultaneous
light absorbers, scatterers, and emitters in the blue and ORF
wavelength regions, while they solely act as pure scatterers in
the red wavelength region. This detailed conceptual under-
standing of nanoparticle optical properties under different
conditions is essential not only for qualitative optical spectral
interpretation but also for the quantification of materials’
optical properties.

■ CURRENT UV−Vis SPECTROPHOTOMETRIC AND
SPECTROFLUOROMETRIC ANALYSIS IN NANO
RESEARCH

UV−Vis Spectroscopy. The century-old Beer’s law (eq 1)
is the mathematical model used for analyzing UV−vis spectra,
which states that the UV−vis extinction (ET(λx)) is propor-
tional to the materials’ molar extinction coefficient ε(λx),
concentration C, and cuvette path length (l). The subscript T
in ET(λx) is to highlight the fact that this equation is a physical
chemistry model that can deviate significantly from the
analytical signal, even when the experimental extinction is
within the linear dynamic range (LDR) specified by the
instrument vendors.

=E l C( ) ( )T x x (1)

The analytical chemistry model (eq 2) is far more complex
than Beer’s law. eq 2 is derived by parametrizing the
experimental UV−vis extinction EUV(λx) as the analyte
extinction, scattering extinction, and sampling conditions.12

For generality, the analytes are assumed to be simultaneous
absorbers, scatterers, and emitters under excitation wavelength
λx.

= [ +

+ ]

+E I S I

I d I

( ) log ( )10 ( ) ( )

( , ) ( , ) ( )

S A
UV x 0 x

( ( ) ( ))
x S x

F
x m F x m m 0 x

a x a x

(2)

The solvent UV−vis absorption and scattering extinction are
assumed to be negligible in comparison to the respective
counterparts Aa(λx) and Sa(λx) by the nanoparticle analytes.
This is generally the case in practical UV−vis measurements.
IS(λx) is the scattered light intensity of the sample solutions.
ηS(λx) represents the fraction of the scattered light reaching the
detector used in the UV−vis spectrophotometer. IF(λx,λm) is
the total fluorescence at the emission wavelength (λm) and
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excited with the excitation wavelength (λx), while ηF(λx,λm)
represents the fraction of the fluorescence reaching the UV−vis
detector. The integration is necessary due to the absence of
detector monochromator, any fluorescence photons reaching
the detector, regardless of their wavelength, interfere with
experimental UV−vis acquisition.
Experimental confirmation of the scattering and fluorescence

interference on UV−vis measurements is straightforward by
studying the sample UV−vis LDR and by comparing the
conventional UV−vis spectrum with that acquired with the
integrating-sphere-assisted UV−vis method (ISUV).10−12 For
molecular chromophores that are approximately pure
absorbers, the experimental UV−vis spectrum maintains
excellent linearity if the sample optical density is within the
instrument LDR specified by the vendor (Figure S1(A−D)).
However, for nanoparticles that are scatterers, simultaneous
absorbers and scatterers, or simultaneous absorbers, scatterers,
and emitters, the upper limit of the experimental LDR can be
significantly lower than that for the pure absorbers (Figure
S1(E−L)).12 Their experimental LDR upper limit depends not
only on particle sizes but also on the excitation wavelengths,
complicating the UV−vis spectrum data interpretation and
analysis.
There are countless ambiguous and even erroneous UV−vis

spectral interpretations and analyses in nano research. It has
been common practice to interpretate, explicitly or implicitly,
the UV−vis spectra obtained with solutions containing
nanoscale and larger materials as absorbance spectra for
quantification of nanomaterials’ absorption activities,62−64

nanocrystal band gaps,65−67 as well as for identification of
broadband absorbers.68−70 The latter is based on the
observation that the sample UV−vis spectrum exhibits a
similar intensity across a broad range of wavelengths. This
approach is problematic, because UV−vis measurements do
not directly provide a direct measurement of absorbance or
absorption extinction. Instead, it is the sum of the absorption
and scattering extinctions in the best situation. Indeed, the
wavelength-insensitive UV−vis responses may be attributed to
the intrinsic scattering extinction or spectral distortion caused
by forward scattered and fluorescence light. As an example, the
UV−vis features of the fluorescent polystyrene nanoparticles
become much more wavelength-independent at high concen-
trations compared to those at low concentrations (Figure
S1I).12

Another recurring concern in nanoscience literature is the
calculation of materials’ extinction coefficients using exper-
imental UV−vis spectra without adequately accounting for
potential spectral distortions caused by scattering and
fluorescence interferences. It is essential to recognize that
experimental UV−vis spectra do not necessarily follow Beer’s
law even when the apparent intensity is within the instrument
LDR. Fortunately, recent advancements made using broadly
available commercial UV−vis and fluorescence instruments
have paved the way for elevating the rigor of UV−vis spectral
analysis (vide inf ra).
Fluorescence Spectroscopy. Spectrofluorometers are

likely the most versatile instruments. A commercial spectro-
fluorometer equipped with common accessories such as an
integrating sphere and excitation and detection linear polarizer
allows for a variety of materials characterization applications.
The discussion in this subsection is limited to the fluorescence
emission intensity spectrum, as it is the most applied
spectrofluorometric analysis.

To facilitate discussion, it would be beneficial to revisit the
mathematical models frequently employed in fluorescence
spectral analysis. eq 3 is the popular textbook model based on
the definition of the fluorescence quantum yield Q(λx,λm), ratio
of the number of emitted photons I(λm)/km(λm) versus the
number of absorbed photons I(λx)(1−10−A(λx))/kx(λx).
K(λx,λm) is a constant that contains the combined contribution
from (1) the conversion factors km(λx) and kx(λx), the two
variables converting the emitted light intensity I(λm) and
absorbed light intensity I(λm))(1−10−A(λx)) into the number of
emitted and absorbed photons and (2) the instrument
excitation and detection efficiency, including the detector
quantum efficiency at each wavelength. To be general, we
assume that the fluorescence quantum yield Q(λx,λm) is a
function of both the excitation wavelength λx and emission
wavelength λm. eq 3 can be simplified into eq 4 when the A(λx)
< 0.05 and by replacing A(λx) with fluorophore concentration
using eq 1.71 For simplicity, K’(λx,λm) is used, which equals
2.303 K(λx,λm).

=I K Q I( , ) ( , ) ( , ) ( )(1 10 )A
x m x m x m x

( )x (3)

=I K I Q C( , ) ( , ) ( ) ( , )x m x m x x m f (4)

= + [ ] + [ ]
I
I

k q K q
( , )
( , )

(1 )(1 )0 x m

q x m
q 0 a

(5)

eq 4 has been used extensively in analytical and physical
chemistry. Indeed, the popular generalized Stern−Volmer’s
(SV) equation (eq 5) is rooted in eq 4. The (1 + Ka[q]) term
depicts the impact of static quenching (i.e., the fraction of
fluorophores that bind to the ligand and become non-
fluorescent). In other words, this term describes the effect of
ligand-fluorophore interactions on the concentration of the
fluorophore Cf in eq 4. The addition of a static quencher
reduces the concentration of the free fluorophore to Cf/(1 +
Ka[q]), where Ka is the equilibrium fluorophore and the ligand
binding constant. The term 1 + kqτ0[q] in eq 5 depicts the
impact of dynamic quenching (i.e., the collisions between the
excited fluorophores and ligands that lead to nonradiative
relaxation). This term describes the effect of the ligand/
fluorophore interaction on Q(λx,λm) in eq 4. The presence of a
dynamic quencher reduces the fluorescence quantum yield
from Q(λx,λm) to Q(λx,λm)/(1 + kqτ0[q]).
Since eq 3 serves as the fundamental basis for eq 4 and eq 5,

examining the validity of eq 3 in practical fluorescence
measurements reveals the challenges both in general
fluorescence analysis and specifically within the context of
nano research. Indeed, this model fails even for the simplest
fluorescent solutions that contain only one molecular
fluorophore. eq 3 predicts that the sample fluorescence
monotonically increases with increasing fluorophore absorp-
tion. However, in practice, the experimental fluorescence
intensity can decrease with increasing fluorophore light
absorption, even when the solution absorbance surpassing
the threshold value is as low as 0.3 (Figure S2).72

Further complications arise if the samples contain
chromogenic species that absorb but do not emit. The
chromophore reduces fluorescence intensity by absorbing the
excitation and/or emission photons but does not contribute to
fluorescence signal generation. The impacts of fluorophore and
chromophore absorption on the fluorescence emission follows
a first-principles model (eq 6a or eq 6b) developed based on

Analytical Chemistry pubs.acs.org/ac Perspective

https://doi.org/10.1021/acs.analchem.3c03490
Anal. Chem. 2023, 95, 17426−17437

17429

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c03490/suppl_file/ac3c03490_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c03490/suppl_file/ac3c03490_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c03490/suppl_file/ac3c03490_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c03490/suppl_file/ac3c03490_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c03490/suppl_file/ac3c03490_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c03490/suppl_file/ac3c03490_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.3c03490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the pinhole effect (Figure 2A) in practical spectrofluorometric
acquisition.72 This model considers the absorption inner filter
effect arising from the sample absorption (by both the
fluorophore and chromophore) of the excitation (Ax,s) and
emission (Am,s) photons along the effective fluorescence
excitation (dx) and emission (dm) path lengths.72 Ax,f refers
to the light absorption by the fluorophore at the excitation
wavelength. Subscripts x and m in the absorbance terms refer
to the excitation and emission wavelengths, respectively. The
subscripts f and s in the absorbance terms refer to the
absorbance by the fluorophore or the sample and are
interchangeable if the sample solution contains one molecular
fluorophore.

= +I I Q K A( , ) ( ) ( , ) ( , ) 10 A d A d
x m x x m x m x,f

( )x,s x m,s m

(6a)

= +I I K C( , ) ( ) ( , ) 10 A d A d
x m x x m f

( )x,s x m,s m (6b)

eq 6b is obtained by simply grouping the terms that are
constants in applications where the sample fluorescence
quantum yield is constant and the sample absorbance follows
Beer’s law.72,73 Experimental validation of eq 6a has been
conducted using a fluorophore both with and without addition
of a chromogenic species that has no direct chromophore and
fluorophore interactions.72,74

eq 6a or eq 6b can be viewed as an analytical chemistry
model for analyzing fluorescence spectra obtained with
samples with no significant scattering activities. It is far more
effective than the physical chemistry model (eq 3) to explain
the correlation between sample light absorption and
fluorescence emission. While the physical chemistry model is
effective to explain the origin of fluorescence emission (i.e.,
light absorption triggers fluorescence emission) it fails to
capture the fact that absorption can also attenuate the
fluorescence photons.72,75

The fact that chromophores can reduce fluorescence
intensity without direct fluorophore/chromophore interactions
(i.e., through either fluorophore binding or collision with the
fluorophores) cautions the use of Stern-Volmer’s (SV)
equation for fluorescence study of intermolecular interactions.
Indeed, the SV equation is effective only under a series of
stringent conditions, some of which have been discussed in an
excellent review by Gehlen.76 Unfortunately, such conditions

are very difficult, or even impossible, to meet or verify for
solutions used in nano research.77 Regardless of the possibility
of static and dynamic quenching, as modeled by the SV
equation, the addition of light-absorbing nanoparticles to
fluorescent solutions or the incorporation of absorbing
molecules into fluorescent nanoparticles will attenuate the
sample fluorescence. This occurs due to the absorption inner
filter effect that becomes significant when the sample
absorption is higher than a threshold value as small as
0.05.71,72,78

=
+

I I Q K k S A( , ) ( ) ( , ) ( , ) ( )

10 A d A d S

x m x x m x m s x,f

( ) ( )x,s x m,s m (7)

Light scattering can also perturb the fluorescence intensity
by modifying the fluorescence signal generation and detection.
Although scattering itself does not produce fluorescence, as
rightfully implied by eq 3, it can change the locations and
number of photons absorbed as well as the path of emitted
photons (Figure 2B). Compared to the light absorption,
however, the impact of scattering on fluorescence is
significantly smaller.12,74 Empirically, the effects of light
scattering on the fluorophore fluorescence can be modeled
by adding two additional terms into eq 6a, depicting two
competing effects of scattering on fluorophore fluorescence.
The η(S) term in eq 7 represents the scattering inner filter
effect, depicting the extent of fluorescence signal reduction
caused by the scattering on the excitation photons propagating
to the effective sampling path length defined by the instrument
pinhole effects (Figure 2B). Note that η(S) is invariably larger
than zero but should be significantly smaller than the scattering
extinction in practical fluorescence acquisition. Unlike light
absorption, which terminates the excitation or emission
photons, scattering changes only the propagation paths of
the excitation photons. These scattered photons remain
effective for fluorescence generation before exiting the cuvette,
and some of these emitted photons can propagate to the
fluorescence detector, partially compensating for the scattering
inner filter effect on fluorescence signal reduction.12

On the other hand, the ks(S) term in eq 7 is the effective
sampling path length enhancement factor, which is invariably
larger than 1, due to longer path lengths of the scattered
photons traveling within the effective sampling path length
defined by the instrument pinhole effects. Therefore, the

Figure 2. Simplified excitation and detection scheme of typical commercial spectrofluorometers for (A) fluorescent samples that contain no
significant light scatterers (simultaneous absorber and emitter) and (B) fluorescent samples that do contain significant light scatterers
(simultaneous scatterer, absorber, and emitter). The two pinholes on the detection chamber represent the collective effects of the optical elements
that impose spatial constraints on the detected fluorescence photons. Only a fraction of photons generated in the effective sampling path length (ls)
can reach the detector and produce fluorescence signal. The effective volume available for detection is represented by the yellow box.12
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overall effect of scattering on fluorescence intensity depends on
these two competing factors, which can enhance, reduce, or
have no significant impact on the experimental fluorescence as
experimentally demonstrated with Eosin Y mixed with
nanoparticle (Figure S3).12

It is a common observation that addition of nanomaterials to
fluorophore-containing solutions modifies (enhances or
reduces) sample fluorescence.79−81 However, the influence of
absorption and scattering on the fluorescence signal has often
been overlooked or insufficiently addressed.82−84 The failure to
correct the absorption inner filter effect (IFE) typically results
in an underestimation of the sample’s true fluorescence
intensity or an overestimation of nanoparticle-induced
fluorescence quenching. Since the impact of scattering on
sample fluorescence intensity is usually small, correcting only
the sample IFE caused by sample absorption is usually
adequate for most applications. To achieve this correction
for nanomaterial samples one must be able to quantify the
material’s absorption and scattering extinctions in the UV−vis
spectrum of the sample as outlined, in Figure 3.

Another area that also suffers from ambiguity is the effect of
stimuli treatments on the fluorescence properties of the
photoluminescent nanoparticles. Example stimuli treatments
include temperature, solvent, and electrolytes, including
addition of acid and base for changing sample pH.85−89 It is
not uncommon for researchers to attribute the fluorescence
intensity changes as the changes in the fluorophore quantum
yield. However, as shown in the expanded analytical chemistry
model (eq 7), the fluorescence spectrum (both spectral
intensity and shape) depends on multiple parameters,
including the fluorescence quantum yield, fluorophore and
sample absorbance, and sample scattering. All latter two
parameters can also be susceptible to stimuli treatments,
offering an alternative explanation to the fluorescence spectral
changes. As an example, our recent study revealed that while
the apparent fluorescence intensity generally decreases with
increasing temperatures, the fluorescence quantum yield can
increase or decrease depending on the excitation and emission
wavelengths.73 Indeed, a decrease in fluorescence intensity
does not necessarily indicate a decrease in the quantum yield,
nor does an increase in fluorescence intensity imply an increase
in the quantum yield. The quantum yield can increase even
when the intensity decreases if the decrease of emitted photons
is slower than the decrease of the absorbed photons.
Conversely, the quantum yield can decrease even when the
fluorescence intensity increases if the increase in emitted
photons is slower than the increase in absorbed excitation
photons. To improve the reliability of fluorescence analysis of
stimuli treatment on the nanoparticle emissivity, one should
have a full characterization of the nanoparticle absorption and
scattering properties, as the two optical processes affect the
emission photon generation and detection.

■ RECENT PROGRESS IN UV−Vis
SPECTROPHOTOMETER- AND
SPECTROFLUOROMETER-BASED
MEASUREMENTS

ISUV and Integrating-Sphere-Assisted Resonance
Synchronous Spectroscopy (ISARS). The recently devel-

Figure 3. Workflow for correction of the sample absorption inner
filter effect on fluorescence spectra for samples where the sample
scattering extinction is small (<0.5) and scatterers’ size are small
(≲300 nm).

Figure 4. (A) Scheme of ISARS spectral acquisition. The excitation and detection wavelengths are kept the same (resonance) and varied
simultaneously (synchronous) during the ISARS data acquisition. (B) Sampling scheme of the commercial IS-equipped UV−vis
spectrophotometer.45
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oped ISUV and ISARS methods (Figure 4), utilizing
commercial UV−vis spectrophotometers and spectrofluorom-
eters, respectively, offer convenient approaches for enhancing
UV−vis spectral interpretation and analysis.45 The integrating
spheres needed for ISARS and ISUV spectroscopic measure-
ments are both commercially available from their respective
vendors. Integrating spheres have been used in UV−vis-based
spectroscopic acquisition for experimental quantification of the
diffused UV−vis reflectance/absorption of the solid sam-
ples.90−92 The key difference between the ISUV techniques
and the integrating-sphere-based diffuse reflectance/absorption
quantification is that the former detects forward propagated
light. In contrast, the quantification of reflectance/absorption
measures the light propagated backward to the integrating
spheres when light is illuminated on solid samples.
Integrating spheres are common accessories for the

fluorescence QY analysis. The key differences between the
QY and ISARS measurements are the excitation and detection
wavelength controls. The excitation wavelength is fixed in the
QY quantification, but the detection wavelength usually varies
from 5 to 10 nm anti-Stokes’s shifted from the excitation
wavelength to the expected red edge of the fluorescence
spectrum. In contrast, both the excitation and emission
wavelengths vary in the ISARS measurements and are kept
identical during the excitation spectroscopic acquisition.45 As a
result, the ISARS collects all scattered and transmitted lights,
together with ORF photons, if the excitation wavelength is in
the sample ORF-active wavelength region. Since the ORF
quantum yield is small (<0.1),57,59,60 its impact on the ISARS-
based absorbance quantification is negligible in practical
applications. In other words, ISARS selectively detects

materials’ light absorption. Detailed procedures for conversion
of the ISARS-based sample absorbance to its double-beam
UV−vis absorbance and subsequent separation of the sample
double beam UV−vis extinction spectra into its absorption and
scattering extinction spectra have been recently reported
(Figure 5).45

Taken together, the ISUV spectra and ISARS methodology
pave ways for evidence-based UV−vis spectral interpretation
and analysis (Figure 6). The agreement between the sample
UV−vis and ISUV spectra justify the assignment of UV−vis
spectra as the absorbance spectrum, while the agreement of
sample and solvent ISARS offers justification for assigning an
experimental spectrum as the scattering extinction spectrum.

Figure 5. (EUV) experimental extinction spectra of (A) fPSNP43, (E) fPSNP95, and (I) fPSNP180. (B, F, J) UV−vis absorption extinction spectra
derived from (Adb) ISARS-based absorbance spectra for the samples shown in (A), (E), (I), respectively. (Sdb) UV−vis scattering extinction spectra
of (C) fPSNP43, (G) fPSNP95, and (K) fPSNP180 samples, which were obtained by subtracting the experimental extinction spectrum in (A, E, I) by
the corresponding absorption extinction spectrum in (B, F, J), respectively. (D, H, L) UV−vis total extinction, absorption extinction, and scattering
extinction intensity at 440 nm for the fPSNP43, fPSNP95, and fPSNP180, respectively.

12

Figure 6. Workflow for enhancing evidence-based UV−vis spectral
interpretation.

Analytical Chemistry pubs.acs.org/ac Perspective

https://doi.org/10.1021/acs.analchem.3c03490
Anal. Chem. 2023, 95, 17426−17437

17432

https://pubs.acs.org/doi/10.1021/acs.analchem.3c03490?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c03490?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c03490?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c03490?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c03490?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c03490?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c03490?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c03490?fig=fig6&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.3c03490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


For samples that do not belong in either category, a combined
UV−vis and ISARS study is needed for reliable data
interpretation.
Linearly Polarized Resonance Synchronous (LPRS)

and Linearly Polarized anti-Stokes-Shifted, on-Reso-
nance, and Stokes-Shifted (LPAOS) Spectroscopy. LPRS
and LPAOS spectroscopy are two recently developed
spectrofluorometer-based technologies that were previously
referred to as polarized resonance synchronous spectroscopy
(PRS2) and polarized anti-Stokes shifted, on-resonance, and
Stokes-shifted (PAOS), respectively.21,56 These advancements
have been achieved by leveraging the independent controls of
wavelength and polarization in excitation and detection light
within commercial spectrofluorometers. Like resonance
synchronous and ISARS spectroscopic techniques, the LPRS
spectrum is obtained by maintaining identical excitation and
detection wavelengths during spectral acquisition. However,
the resonance synchronous and ISARS utilizes nonpolarized
light for excitation and detection, while the LPRS acquisition
employs linearly polarized light for both excitation and
detection (Figure S4(II)). The LPRS signal encodes the
sample absorption, scattering, and emission intensity occurring
at the excitation wavelength.56,61,93,94 While the scattering and
ORF increases LPRS intensity, light absorption reduces the
LPRS signal through the absorption inner filter effect.74

LPAOS also employs linearly polarized light for both excitation
and detection. Unlike the LPRS acquisition where the
excitation and detection wavelengths are kept identical, the
detection wavelength in current LPAOS measurement varies
continuously anti-Stokes side to the Stokes-shifted side of the
excitation wavelength.21

The emerging LPRS and LPAOS methodologies have
greatly expanded the utility of spectrofluorometers for
extracting information that was previously inaccessible. The
key new information enabled by these two techniques includes:
(1) ORF intensity, quantum yield, and depolarization
spectra;60,95 (2) scattering intensity and depolarization
spectra;20,21,56,60,61,93 and (3) absorption and scattering
extinction contribution to their extinction spectrum (Figure
S5).21,59,74 Note that the LPRS and LPAOS quantification of
absorption and scattering extinction is valid only when the
sample light scattering can be approximated as Rayleigh
scattering. In such a case, the spatial distribution of the
scattered light can be evaluated based on the scattering
depolarization spectrum.

■ OUTLOOKS FOR IMPROVING THE RELIABLITY
AND UTILITIES OF UV−Vis
SPECTROPHOTOMETRIC AND
SPECTROFLUOROMETRIC TECHNIQUES

UV−Vis Nomenclature and Data Presentation. The
casual and inconsistent nomenclature and data presentation
undoubtedly contribute to the widespread ambiguous
interpretation and analysis of the UV−vis spectra. Spectra
are often named based on the method of data acquisition or
their underlying mechanistic origins. The data obtained with
UV−vis spectrophotometers are referred to by various names
in the current literature, such as “UV-vis spectrum,” “UV-vis
extinction spectrum,” and most commonly “UV-vis absorbance
spectrum.” Clearly, the as-acquired spectrum should be
referred to as a “UV-vis spectrum” to indicate that the data
was obtained using a UV−vis spectrophotometer while

acknowledging that the reliability and the underlying physical
origins of the spectral features are yet to be investigated. The
term “UV-vis extinction spectrum” should be reserved for the
UV−vis spectra that are known, through either prior
knowledge or experimental confirmation, to be free of
significant forward scattering and fluorescence interference
and are thereby the sum of absorption extinction and scattering
extinction. The term “UV-vis absorbance” or “absorption
extinction spectrum” is even more specific than the UV−vis
extinction spectrum and is designated to spectra obtained with
samples that have been proven to exhibit no significant
scattering extinctions. Due to the overuse and misuse of the
term “UV-vis absorbance spectrum”, we advocate to eliminate
this term in UV−vis education and research and to instead use
“absorption extinction spectrum” for the UV−vis spectra
proven to be free of significant scattering extinction
contribution. With the advent of ISUV and ISARS
spectroscopic techniques, it is now entirely possible to conduct
evidence-based UV−vis spectral interpretation with the
workflow outlined in Figure 6.
Another important step in mitigating ambiguous UV−vis

data analysis is to report the as-acquired UV−vis spectra with
clearly labeled spectral intensities, rather than solely relying on
normalized UV−vis data or simply ignore the scale of the UV−
vis intensity. In nano science literature, it has been quite
common to present normalized or arbitrarily scaled and/or
baseline-offset spectra obtained from materials of varying sizes,
concentrations, and compositions in the same figure.96−98

While these approaches might be effective to highlight spectral
differences among the samples, it can obscure potential issues
in data reliability as UV−vis spectra can be highly distorted
even when the sample UV−vis intensity is within the
instrument LDR.10−12 To promote evidence-based spectral
interpretation, we believe it is imperative to avoid reporting the
processed UV−vis spectra without the as-acquired spectra
either in the Supporting Information or in the main text.

Nomenclature of Resonance Synchronous Spectrum.
Since its initial mention in the seminar work on resonance
synchronous detection of porphyrin aggregation by Collings et
al.,99 the term “resonance light scattering” (RLS) has gained
popularity in the literature as a reference to “resonance
synchronous spectrum and technique”.100−102 The term
“resonance light scattering” implies that the resonance
synchronous spectrum signal arises from sample light
scattering, emphasizing the mechanistic origins of the observed
phenomenon. In contrast, the term “resonance synchronous
spectrum” is based on the method of spectral acquisition with
no reference to the spectral signal origins.
We advocate the term “resonance synchronous spectrum”

and urge the research community to avoid the use of RLS to
refer to the data obtained with the spectrofluorometer in the
resonance synchronous mode. The signal origin of resonance
synchronous spectrum is highly complicated, as it involves the
complex interplay among sample light absorption, scattering,
and on-resonance emission.56,74,95 As examples, the resonance
synchronous spectra of molecular chromophores can be
significantly lower than that of the solvent controls in the
wavelength region that the chromophore absorbs.58,99,103

Assigning the resonance synchronous spectrum as RLS
spectrum would lead to the wrong conclusion that a molecular
chromophore has a negative scattering! Another example is
that the resonance synchronous spectrum of molecular
fluorophores can be totally dominated by fluorophore
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ORF.56,57 In such cases, assigning the resonance synchronous
spectrum as an RLS leads to the misclassification of the ORF
as scattering or resonance scattering. Further, resonance light
scattering refers to elastic scattering that occurs when the
incident photons are close to the absorption band.99,103,104

Even for the resonance synchronous features that are known to
originate from scattering, assigning scattering as the resonance
scattering requires further justifications.
ORF as a New Tool for Materials Characterization.

With their expanding capabilities, it is now straightforward to
use commercial spectrofluorometers to acquire the fluorophore
ORF spectra and determining the ORF peak wavelength,
bandwidth (full width at half-maximum), emission depolariza-
tion, and emission cross-section.21,59,60 Empirically, the ORF
spectra obtained to date with molecular and nanoparticle
fluorophores (Figure 7) all comprise of a single Gaussian
peak.57−60 The successful acquisition of the ORF features
paves the way for addressing questions on how the ORF
encodes the materials’ structural characteristics and optical
properties. One significant question in nano research pertains
to the determination of the bandgaps of photoelectronic
nanomaterials,65−67 which represent the minimum energy
required for an electron to transition from the valence band to

the conduction band. The current method used to calculate
these bandgaps relies on the red-edge UV−vis spectrum
wavelength.105 However, these aspects face two main issues.
First, the red-edge UV−vis wavelength does not necessarily
correspond to the red-edge absorption wavelength, as
nanoparticle UV−vis spectra often include both scattering
and absorption contributions, and scattering is a universal
property across the entire electromagnetic wavelength range.
Second, the red-edge absorption wavelength is subjective and
can vary depending on instrumental sensitivity, sampling
conditions, and the user’s chosen threshold for determining
significant UV−vis transitions.
However, ORF can serve as a robust and objective method

for measuring the bandgap of fluorescent nanoparticles. This
approach enables cross-validation among different researchers,
ensuring consistent and reliable determination of the bandgap.
A Gaussian fitting of ORF features will produce peak ORF
wavelength and bandwidth (full width at half-maximum
(fwhm)). One possible way is to use the fitted ORF peak
wavelength to calculate the materials’ bandgaps. Another
approach is to report the range of bandgap defined by the ORF
peak wavelength and fwhm. The latter method offers an
advantage, as it states the fact that the onset of the electronic

Figure 7. (first column) PNC composition in vertical-form, bright-field, and fluorescence photographs. (second column) UV−vis extinction
(black), absorption (red), scattering (green), and ORF cross-section spectra. Dashed lines indicate the SSF emission spectra. (third column) ORF
QY (black) and the SER spectra (blue). PNCs: (A−C) CsPbCl1.2Br1.8, (D−F) CsPbCl0.6Br2.4, (G−I) CsPbBr2.1I0.9, and (J−L) CsPbBr1.6I1.4.
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transition depends on the Boltzmann distribution of materials
at their ground electronic states. Evidently, substantial future
work is needed for the nano- and measurement science
community to develop a consensus on the ORF-based bandgap
quantification.
Another question that remains to be answered is the ORF

sensitivity to the sizes, shapes, and compositions of
fluorescence nanoparticles such as semiconductor quantum
dots, perovskite nanoparticles, and metal clusters. We
hypothesize that ORF from monodispersed nanocrystals
comprise signal Gaussian peaks, while the polydispersed
nanocrystals will have broad spectral peaks that require peak
fitting with multiple Gaussian peaks. Testing this hypothesis,
however, requires improvement in the instrument capability
for improving the ORF spectral acquisition and high precision
nanofabrication.
Scattering Depolarization Spectroscopy as an

Emerging Analytical Technique. The sensitivity of light
scattering depolarization to the sizes, shapes, refractive index,
and concentrations of the scattering particles, as well as the
wavelength of incident light, has long been estab-
lished.61,106−108 Historically, however, the quantification of
scattering depolarization has been difficult, as it was
implemented majorly by home-developed instrumentation
and has often been used for quantification of scattering
depolarization at one specific laser wavelength,109−111 which
limits the accessibility and information content of the
technique. The advent of LPRS and LPAOS spectroscopic
techniques enables routine acquisition of sample scattering
depolarization spectra with commonly accessible instruments,
which opens doors for exploring the utility of scattering
depolarization spectroscopy for materials characterization. To
explore the full potential of scattering depolarization spectros-
copy, however, a series of instrument and data analysis issues
should be addressed. First, the limit-of-detection of the
scattering depolarization performed using the commercial
spectrofluorometer is ∼0.01, which is inadequate for
quantification of the scattering depolarization for spherical
nanoparticles or small solvent molecules such as CCl4 (Figure
S6), where the calculated scattering depolarization can be as
small as 10−4.59,61,93 Second, the precision of the scattering
depolarization measurement also needs to be improved to
investigate its sensitivity to nanoparticle morphological
features.

■ CONCLUSION
The century-old UV−vis spectrophotometry and spectrofluor-
ometry have remained the most affordable and accessible tools
in education, research, and technology development. Based on
the recent advances in the understanding of photon/matter
interactions, this Perspective provided an augmented Jablonski
energy diagram that better captures the complexity of the
optical processes that can occur in spectroscopic measure-
ments in nano research compared to the conventional
Jablonski diagram. The roadmaps offered and the technology
summarized in this work should enhance the evidence-based
data interpretation of UV−vis and fluorescence spectroscopic
techniques in student education and research. The casual and
mostly erroneous usage of the terminology has been
detrimental for promoting critical thinking for student
education and scientific rigor in research. We strongly urge
the research community to use methodology-based nomencla-
ture, instead of the ones with connation to the photophysical

origins of the measurement signal to refer to the experimental
spectrum. The spectral assignment should be performed only
after verification of the reliability of the measurement data and
be supported by experimental evidence. The latter has now
become possible with the new measurement technologies
recently developed with broadly accessible UV−vis and
fluorescence instruments. Through a targeted focus on the
critical issues related to UV−vis and fluorescence properties of
nanomaterials, we hope this Perspective can serve as a valuable
resource for researchers, educators, and practitioners. By
promoting evidence-based approaches and improving the
understanding of the limitations and opportunities with
spectroscopic techniques, we seek to push the boundaries of
optical spectroscopy and pave the way for groundbreaking
discoveries in the exciting domain of nanoscience.
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