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Insights into Spectral Distortion and Nonlinearity in UV-Vis and
Fluorescence Spectroscopy of Molecular Fluorophore Solutions:
Effects of Cascading Optical Processes (Part IV)
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ABSTRACT: Reproducibility and linearity are crucial benchmarks
for any measurement technology. However, UV—vis and
fluorescence spectral distortion and nonlinearity are prevalent,
even in seemingly simple fluorescent solutions that comprise only
one dissolved molecular fluorophore, without exogenous absorbing
or scattering species. In this report, we introduce an analytical
model for the quantification of fluorescence interference on UV—
vis measurements and a conceptual model for mechanistically
understanding the impacts of higher-order cascading optical
processes on fluorescence measurements. The experimental UV—
vis transmittance can be dominated by interfering fluorescence,
even for fluorophore solutions with theoretical absorbance values
far below the instrument’s linear dynamic range (LDR).
Absorption-inner-filter-effect (alFE) correction drastically improves the fluorescence LDR. However, the efficacy of alFE correction
hinges on two competing factors that strongly depend on the fluorophore’s optical properties: the degree of fluorescence interference
in UV—vis and the significance of secondary or higher-order emission triggered by fluorophore absorption of emitted photons. Our
research sheds light on the remarkable complexity of cascading optical processes that can occur even in the simplest fluorescent
solutions. It emphasizes the necessity of critically evaluating optical spectroscopic measurements of fluorescent solutions to improve
the reliability of analyzing and interpreting optical spectra. Moreover, it lays the groundwork for future development of methods
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capable of handling challenging samples that exceed the capabilities of the current tools.

B INTRODUCTION

UV—vis and fluorescence are likely the most taught and
applied measurement technologies serving various application
objectives including chemical quantification,"”” materials
characterization,”® intermolecular interactions,” and intra-
cellular imaging.” While UV—vis is generally viewed as a
simple and robust measurement tool, spectral distortion and
nonlinearity has been long documented for fluorescent
solutions with theoretical absorbances within the instrument
linear dynamic range (LDR).>" !

The analysis of fluorescence data presents an even greater
challenge due to the intrinsic nonlinearity of fluorescence
intensity Iz(4,4,,) with respect to fluorophore concentration
or absorbance A, at the excitation wavelength 4,, as described
in the commonly used physical chemistry model (eq 1) for
correlating fluorophore absorption and emission. The fluo-
rescence quantum yield Q(4,4,) is assumed to depend on
both the excitation and detected emission wavelength 4.
I,(4,) is the excitation intensity while R(4,,) represents the
detector responsivity

L(Ay Am) = Io(A)R(1,) QA4 Ay) (1 — 1074) (1)
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While eq 1 provides valuable photophysical insights into the
origin of fluorescence, its practical utility in fluorescence
measurements is limited, even for the simplest solutions
containing only one type of molecular fluorophore with no
exogenous light absorbers or scatterers.'' For example, eq 1
predicts that fluorescence increases monotonically with
fluorophore concentration or UV—vis absorbance. However,
the correlation between the experimental fluorescence and
fluorophore concentration and absorbance is far more
complex. It is a general observation that after a peak intensity
is reached, fluorescence monotonically decreases with
increasing fluorophore concentration. This is commonly

referred to, in the literature, as the inner-filter effect
(IFE) 7,8,11—15
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The validity of the theoretical model (eq 1) hinges on two
critical conditions that are virtually impossible to meet in
practical fluorescence measurements. First, it assumes that all
emitted photons, regardless of their origination location and
propagation directions, have an equal probability of being
detected. Second, the model assumes that fluorescence
involves only two cascading optical processes: photon
absorption followed by fluorescence emission with no
possibility of light absorption of the emitted photons.
However, conventional spectrofluorometers detect only a
portion of the fluorescence emission produced within the
effective samopling volume defined by the pinhole effect of the
instrument.'”'"">~'” Therefore, any absorption of excitation
photons before they reach the effective sampling volume
reduces the intensity of the excitation light within that volume,
consequently decreasing the fluorescence intensity. This
reduction in fluorescence caused by absorption of excitation
photons is commonly referred to as the primary IFE in the
literature.”'*'>'® We refer herein to the IFE due to absorption
as (alFE) to distinguish it from the IFE caused by light
scattering,'” as the scattering IFE behaves drastically differently
than the alFE.”

Conversely, the absorption of emitted photons can occur
whenever the fluoresced light falls within the wavelength
region where the fluorophore absorption and emission spectra
overlap. This results in reduced fluorescence intensity as well
as spectral distortion because such signal attenuation depends
strongly on the emission wavelength. The fluorescence spectral
distortion and signal attenuation caused by the absorption of

emitted photons is termed as secondary IFE in the
literature,”'>'®*° or the secondary alFE herein.
Ilc::orr(lx’ im) — I}O;bSd(Ax, im)IOO'SAx'f+0'5Am'f (2)
I;OH(}.X, ﬂm) — I}?bSd(/lx, lm)lodxAx'f+dmAm'f (3)

Since the 1950s, a plethora of research has been dedicated to
improving the fluorescence linearit?r and correcting the spectral
distortion caused by alFE.'%"*~'#'%1%2073% Equation 2 shows
the simplest and most used model for the correction of the
alFE in fluorescence spectra obtained with 1 cm X 1 cm square
fluorescence cuvettes. I84(A,4,,) and IP"(A,A,) are the as-
acquired and alFE-corrected fluorescence intensities, respec-
tively.® A, ¢ and A, ¢ are the fluorophore UV—vis absorbance
values at excitation and emission wavelengths, respectively.
This model assumes the spectrofluorometer including the
cuvette is perfectly aligned, and the fluorescence excitation and
detection are both aligned to the center of the cuvette. As such,
the pathlength of the excitation and emission photons is 0.5
cm.

Equation 3 is a generalized model for alFE correction where
d, and d, are the effective excitation and emission pathlengths
in fluorescence measurements, respectively.'”'' These path-
lengths can be readily quantified by taking advantage of the
alFE on solvent Raman spectra."” Consequentially, eq 3
enables alFE correction regardless of the cuvette size and
orientation.

Empirically, alFE correction significantly enhances fluo-
rescence spectral reproducibility and linearity.”*'>'" For
example, as-acquired fluorescence can deviate from linear
dependence on fluorophore concentration even when its UV—
vis absorbance at the excitation wavelength is as low as 0.05.”
In contrast, alFE-corrected fluorescence demonstrates a
substantially higher upper limit for the linear dynamic range,

commonly assumed to be around 2."”">** However, beyond
this extended upper limit, no existing IFE correction effectively
rectifies the nonlinearity between the fluorescence intensity
and fluorophore concentration.

To develop a mechanistic understanding regarding the
effectiveness and limitation of alFE correction in extending the
fluorescence LDR, we proposed a first-principles model (eq 4)
for correlating the experimental fluorescence with fluorophore
light absorbance."' This model assumes that experimental
fluorescence involves up to three cascading optical processes:
fluorophore absorption of excitation photons, followed by
emission, and subsequent absorption of the emitted photons. It
is mathematically valid if the fluorophore UV—vis absorbance
is less than 0.46 within the effective sampling pathlength or 1.4
for the fluorescence measured with our Fluoromax-4
spectrometer that has an effective sampling pathlength I of
0.32."" K(Ayy) represents the collective contribution of the
instrument throughput for photons at the excitation and
emission wavelengths, as well as the R(4,,). Detailed derivation
of eq 4 is presented in an earlier publication."’

(A ) = I(A)K Ay, A1) QA An)IA,
10~ Andt Amedy) (4)

Ilgorr(lxr Am) = IO(/’{x)K(/’{x) lm)lsQ(/lx! Am)Ax,f (5)

The combination of eqs 3 and 4 leads to eq S. Since Iy(4,)
K(AyAd )L, Q(AyA,) is a constant under the measurement
conditions, this equation provides a justification as to why
the alFE-corrected fluorescence using eq 3 is linearly
correlated with the fluorophore solutions as long as the
fluorophore absorbance at the excitation wavelength is less
than 1.4. In practice, however, the upper LDR limit of the
alFE-corrected fluorescence varies significantly from fluoro-
phore to fluorophore because of the fluorescence excitation
and emission wavelengths.

The goal of this work is to derive a mechanistic
understanding of the performance variety of the alFE-
correction method. Filling this knowledge gap is essential
because alFE correction has been commonly employed in
analytical chemistry for identifying the factors responsible for
fluorescence signal variations. For instance, concentration-
dependent changes in fluorescence spectra can stem from
various factors, including fluorophore aggregation, equilibrium
between the same dissolved fluorophore in different structures
or conformations,” > or primarily from the complexities
arising from the cascading optical processes inherent in the
spectroscopic measurements of fluorescent solutions. Under-
standing the limitations of aIFE correction is important for
enhancing the reliability of fluorescence data analysis.

This work is a continuation of our efforts to enhance
evidence-based data interpretation of UV—vis and fluorescence
measurements for optically complex solutions. We recently
published a series of three articles on the effects of cascading
optical processes,'”***” the sequential photon/matter inter-
actions triggered by the same incident photons, on
spectroscopic measurements. Part I reported the impact of
multiplicative scattering, the only cascading optical processes
in scatterer-only solutions, on the UV—vis, scattering intensity,
and scattering depolarization measurements.”® Part II focused
on the impact of cascading optical processes in solutions that
contain both scatterers and absorbers but with no significant
photoluminescence activities.”” The cascading optical pro-
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Figure 1. (Top) Structures and abbreviation of molecular fluorophores. (Bottom) Fluorescence excitation (blue) and emission (red) spectra of (A)
anthracene, (B) R101, and (C) QS. The optical properties of fluorescent solutions under resonance excitation and detection conditions differ on
the excitation wavelength. “A” refers to the wavelength region where the solution is approximately a pure absorber while ORF indicates the region
where the fluorophore absorbs and emits at the same wavelength (on-resonance region). The region labeled “Transparent” indicates no significant

photon/matter interactions at the specified wavelength region.

cesses in these solutions include multiplicative scattering and
absorption of the scattered photons. The interplay among the
light absorption and scattering complicates not only the
experimental UV—vis extinction Eyy(/,), scattering intensity,
and depolarization spectral analysis but also the experimental
quantification of the actual number of photons absorbed even
for solutions where the individual absorption and scattering
extinction values are known. Part I, the final part of the serial
publication, focuses on the impacts of the cascading optical
processes on spectroscopic measurements of fluorescent
solutions. However, with the only exception of UV-—vis
spectroscopic measurements, the studies of the fluorescent
solutions are performed with fluorophore absorbance and
nanoparticle scattering extinction of 1 or below."”

The current study focuses on concentrated fluorescent
solutions (up to ~1 mM) with theoretical UV—vis absorbance
Er(4,) at excitation wavelengths reaching as high as 10. Model
molecular fluorophores used in this study include anthracene,
rhodamine 101 (R101), and quinine sulfate (QS) (Figure 1).
These selections were made with two specific considerations in
mind. First, their excellent solubility in their respective solvents
ensures that the fluorophores are fully dissolved without
significant aggregation. Therefore, the concentration-depend-
ent spectral distortions or nonlinearity can be attributed to
cascading optical processes or potential instrument issues,
rather than changes in the fluorophore’s physicochemical
structures. Second, these model fluorophores exhibit distinct
optical characteristics, as illustrated in Figure 1 and
summarized in Table 1. These differences encompass
variations in quantum yields and Stokes shifts as well as
fractional absorption and emission within the on-resonance-
fluorescence (ORF)-active wavelength region compared to
their absorption and emission spectra, respectively (Table 1).
ORF refers to the fluorescence emission at the wavelength
identical to the excitation photon wavelength.”* ORF occurs
where fluorophore’s excitation and emission spectra overlap
(Figure 1A—C).

13544

Table 1. Integrated Quantum Yields Q, Fractional
Absorption in the ORF Region, Fractional Emission in the
ORF Region, and Stokes Shift of Anthracene, R101, and QS

anthracene  R101 QS
Q 0.36" 096"  0.55%
fractional absorption in the ORF region” 0.407 0.727 0.151
fractional emission in the ORF region 0.378 0.778  0.090
Stokes shift (nm) S 24 98

“Calculations for the fractional absorption/emission in the ORF
region are shown in the Supporting Information.

B EXPERIMENTAL SECTION

Materials and Equipment. Analytical-grade anthracene
(CAS: 120-12-7), Rhodamine 101 (R101) (CAS: 116450-56-
7), toluene (CAS: 108-88-3), and sulfuric acid (CAS: 7664-93-
9) were obtained from Sigma-Aldrich. Analytical-grade ethanol
(CAS: 64-17-5) was purchased from Decon Laboratories, Inc.
Analytical-grade quinine sulfate (QS) dihydrate (CAS: 6119-
70-6) was purchased from Acros Organics. All chemicals were
used as received without further purification. Nanopure water
(182 MQ cm™!, Thermo Scientific) was used for sample
preparation purposes.

An Evolution 300 UV—visible spectrophotometer (Thermo
Scientific) was employed to acquire all UV—vis spectra, while
fluorescence spectra were obtained using a Fluoromax-4
spectrophotometer (Horiba Jobin Yvon, Edison, NJ) equipped
with excitation and detection linear polarizers.

Sample Preparation. Samples of anthracene, R101, and
QS, each with varying concentrations, were prepared using
toluene, ethanol, and 0.5 M sulfuric acid as solvents.

Spectroscopic Measurements. All spectrofluorometer-
based spectra were acquired with an integration time of 0.3 s
and a bandwidth of 2 nm for both excitation and detection
monochromators. The spectral intensity for fluorescence
measurements was reported as a ratio (S1/R1) between the
signal from the sample detector (S1) and the reference
detector (R1). All spectra were obtained using a 1 cm X 1 cm

https://doi.org/10.1021/acs.analchem.4c02173
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Figure 2. (A—C) Experimental UV—vis extinction, (D—F) theoretical UV—vis extinction, (G—I) experimental UV—vis as a function of the
theoretical extinction, and (J—L) percentage fluorescence contribution to experimental UV—vis transmittance as a function of theoretical extinction
for (A, D, G, J) anthracene, (B, E, H, K) R101, and (C, F, I, L) QS. The concentration range studied for each sample is 1 4M to 0.89 mM, 0.1 uM

to 0.128 mM, and 2.0 uM to 1.9 mM, respectively.

square Thorlabs fused quartz fluorescence cuvette with a
sample volume of 3 mL at room temperature.

LPAOS Acquisition. Linearly polarized anti-Stokes-shifted,
On-resonance, Stokes-shifted (LPAOS) spectroscopic acquis-
itions were performed by scanning from 50 nm below to S0
nm above the excitation wavelength.** The excitation polarizer
and detection polarizer were positioned vertically and
horizontally (VH), respectively.

Absorption-Inner-Filter-Effect Correction. The absorp-
tion-inner-filter-effect correction of the as-acquired fluores-
cence spectra was conducted by utilizing eq 3. The d, and d,
values employed in the equation were 0.44 and 0.55,
respectively, quantified through the Solvent Raman method
previously published."’

B RESULTS AND DISCUSSION

UV-Vis Spectroscopy. The UV—vis spectrophotometer
utilized in this study has an upper LDR limit of S in UV—vis
absorbance, as specified by the vendor and experimentally
verified in-house using KMnO, solutions.'”*” When applied to
fluorescent solutions, however, UV—vis spectra obtained with
the same spectrophotometer exhibit significant spectral
distortion and nonlinearity even when the sample experimental

13545

UV—vis intensities all fall within the instrument LDR, and the
spectra exhibit an excellent signal-to-noise ratio (Figure 2A—
C). The solution’s experimental UV—vis spectrum Eyy(4,) is
identical (within the measurement errors) to its counterpart
theoretical UV—vis absorbance spectrum Er(4,) (Figure 2D—
F) only when the fluorophore’s UV—vis absorbance is below a
certain threshold value. The E;(4,) spectra for the samples are
determined using the molar absorptivity deduced from the
Beer’s-law-abiding experimental spectra acquired using diluted
fluorescent solutions. ***>”

While the instrument essentially has a wavelength-
independent upper LDR limit of 5 for KMnO,, a molecular
chromophore with no significant scattering and emission
activities,'” the upper UV—vis LDR limits for the molecular
fluorophores are all significantly lower. For instance, the upper
LDR limit extends to approximately 3 for QS, around 2 for
anthracene, and as low as 1.5 for R101 at an excitation
wavelength of 590 nm (Figure 2G—I). Further, the wavelength
dependence of the upper UV—vis LDR limit differs
significantly among these fluorophores. For instance, the
LDR of QS is essentially independent of the excitation
wavelength while that of anthracene and R101 is strongly
wavelength-dependent. UV—vis spectra taken within their

https://doi.org/10.1021/acs.analchem.4c02173
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Figure 3. (Red) As-acquired LPAOS VH spectra of (A) anthracene, (B) R101, and (C) QS. The excitation wavelength is indicated with the middle
red line. (Black) Solvent LPAOS spectra for identifying and subtracting the solvent light-scattering contribution to the fluorophore LPAOS spectra.
(Blue) LPAOS fluorescence VH spectra of (D) anthracene, (E) R101, and (F) QS obtained through solvent spectral subtraction. ORF occurs at
the excitation wavelength indicated with the dashed vertical line, when anti-Stokes-shifted fluorescence (ASSF) and Stokes-shifted fluorescence

(SSF) are highlighted with blue and red, respectively.

ORF-active wavelength regions (labeled as ORF in Figure
1A,B) exhibit a lower upper LDR limit for both anthracene and
R101. However, UV—vis spectra blue-shifted from their
respective ORF-active regions (labeled as A in Figure 1A,B)
show a consistently high upper LDR limit, close to 3,
irrespective of the excitation wavelength for both fluorophores.

UV—vis can reliably quantify sample UV—vis extinction if
the photons reachin% the detector are predominantly intact
incident photons.” ”*” For fluorescent and scattering
solutions, however, it is inevitable that a small fraction of
emission and scattered photons will reach the UV—vis
detector. Such fluorescence and scattering interferences are
negligible for diluted solutions but can be dominant
contributors to the detected photons in concentrated light-
scattering and/or light-emitting solutions.”'’ Since the
analytes used in this work have no significant scattering
activities, the experimental UV—vis can be parametrized as eq
6.""* Fuy(A,) refers to the contribution of the fluorescence to
the experimental UV—vis signal. The magnitude of Fyy(4,) is
heavily influenced by factors such as the instrument detection
angle, detector responsivity to photons at various emission
wavelengths, fluorophore quantum yield, and the intricate
interplay between light absorption and emission, as elaborated
in the Supporting Information.

I,(A)107 5% 4+ R (1)
IO(AX) (6)

Euv(4,) = —log

_ R 0B
Io(2,) 107 P ) @)

Rearranging eq 6 leads to eq 7, a mathematical model enabling
experimental quantification of the fractional fluorescence

contribution to the UV—vis transmittance F"Vi('l") For
I(A 107V
. Fuy(4y)
convenience, we define S(1, )% = 5 X 100 as the

Io(2,) 1070V Cix
percentage fluorescence contribution to UV—vis transmittance
(PFCUT, pronounced as “P, F, CUT”) (Figure 2J—L).
PECUT increases with increasing fluorophore concentra-
tion. Evidently, fluorescence interference is particularly

significant for anthracene and R101 UV—vis spectra. Even
when the fluorophore Er(4,) is as low as 2, 40% of the
detected photons in the UV—vis measurement can be due to
fluorescence photons (Figure 2J,K). In contrast, a similar
degree of fluorescence interference for QS appears only when
the QS theoretical absorbance is ~3 (Figure 2L).

Fluorescence-induced UV—vis spectral distortion and non-
linearity have been extensively documented in the literature.”"”
This study provides an approach to quantify such fluorescence
interference. However, attempts to devise a data analysis
strategy for correcting these UV—vis abnormalities induced by
fluorescence interference have proven challenging due to
extraordinary complexity in the interplay among light
absorption and emission. Figure 3 shows the LPAOS spectra
of the fluorescent solutions excited at the wavelength where
the UV—vis absorption and emission spectra shown in Figure 1
overlap. Qualitatively, the exceptionally high susceptibility of
R101 and anthracene UV—vis intensities in their ORF-active
wavelength region to fluorescence interference can be
attributed to the notable anti-Stokes’ switched fluorescence
(ASSF) and OREF activity observed with excitation at the ORF-
active wavelength. The fact that R101 UV—vis signal is most
susceptible to fluorescence interference, followed by that of
anthracene, is consistent with the fact that R101 has the
strongest anti-Stokes-shifted fluorescence (ASSF) and ORF
(Figure 3B,E), followed by that of anthracene (Figure 3A,D).
In contrast, QS has negligible ASSF and ORF (Figure 3C,F).
Critically, the ASSF and ORF photons can all be further
absorbed and produce secondary emission, as will be discussed
in the subsequent section.

Fluorescence Spectra. Fluorescence emission spectra
were taken with the same set of fluorophore solutions used
in Figure 2, where the theoretical UV—vis absorbance value of
the most concentrated solution was as high as 10. The as-
acquired fluorescence emission and excitation spectra (Figures
S1—S6) all exhibit nonlinearity and spectral distortion when
the fluorophore absorbance at the excitation wavelength is
above 0.1. The plots in the first and second columns of Figure
4 show only the subset of the as-acquired (Figure 4A,E,I) and
alFE-corrected (Figure 4B,FJ) spectra where spectral dis-
tortion and nonlinearity can be corrected by using

https://doi.org/10.1021/acs.analchem.4c02173
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Figure 4. Fluorescence emission spectra of (top) anthracene, (middle) R101, and (bottom) QS. (A, E, I) As-acquired and (B, F, J) aIFE-corrected
fluorescence emission spectra obtained using Eyy(4,) for alFE correction. These subset spectra are obtained with the low concentration solutions
to show the threshold fluorophore absorbance, above which aIFE correction performed using Eyy(4,) is ineffective. Complete sets of as-acquired
and alFE-corrected spectral data are presented in Figures S1, S3, and SS. (C, G, K) and (D, H, L) Correlations between the as-acquired, aIFE-
corrected fluorescence, and the fluorophore concentration (upper x-axis) or Er(4,) (lower x-axis) at the fluorescence excitation wavelength. The
emission wavelengths for the data in panels (C), (G), and (K) are in the fluorophore ORF-active region, while the emission wavelength for the data

in panels (D), (H) and (L) are red-shifted from the ORF-active region.

experimental UV—vis Eyy(4,) for alFE correction (eq 3). The
plots in the third and fourth column of Figure 4 compare the
concentration dependence of the as-acquired and alFE-
corrected fluorescence intensities. The figures demonstrate
the onset fluorophore concentrations or theoretical absorbance
E1(4,) beyond which alFE is grossly ineffective. The emission
wavelength for Figure 4C,G,K is in the fluorophore ORF-active
regions, while Figure 4D,H,L is red-shifted from the
fluorophore ORF-active regions. A complete set of the data
for all solutions used in Figure 4 is shown in Figures S1, S3,
and SS.

The alFE correction invariably improves fluorescence
reproducibility and linearity, whether or not the experimental
or theoretical UV—vis data are employed for the correction.
However, there is no universal LDR for alFE-corrected
fluorescence. For example, upper LDR limits of the alFE-
corrected fluorescence in terms of fluorophore absorbance can
be as low as ~0.5 for R101 (Figure 4G) and as high as ~2.2 for

QS (Figure 4K) when the fluorophore fluorescence is detected
at their respective ORF-active region. Even for the same
fluorophore, the upper LDR limit can also vary depending on
the detection wavelength. For example, the upper LDR limit of
the alFE-corrected R101 fluorescence detected as its ORF-free
wavelength 650 nm (Figure 4H) is ~2, approximately 4 times
higher than that at the ORF-active region (Figure 4G).

For solutions that are too concentrated for effective alFE
correction, the experimental UV—vis leads to under-alFE
correction for anthracene (Figure 4C,D) and QS (Figure
4K,L) but overcorrection for R101 (Figure 4G,H). However,
theoretical UV—vis absorbance E;(4,) invariably leads to over-
alFE correction, i.e., the alFE-corrected fluorescence inten-
sities are higher than the linearly extrapolated intensities from
the fluorescence data obtained with less concentrated
solutions. The under-alFE correction using the experimental
UV-—vis extinction can be explained by the fact that due to
fluorescence interference, the experimental UV—vis extinction
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Figure S. Fluorescence excitation spectra of anthracene (top row), R101 (middle row), and QS (bottom row). (A, E, I) As-acquired and (B, F, J)
alFE-corrected fluorescence excitation spectra obtained using Eyy(4,) for aIFE correction. These subset spectra are obtained with the low
concentration solutions to show the threshold fluorophore absorbance above which alFE correction performed using Eyy(4,) is ineffective.
Complete sets of as-acquired and alFE-corrected spectra are shown in Figures S2, S4, and S6. (C, G, K) and (D, H, L) Correlation between the as-
acquired, alFE-corrected fluorescence, and the fluorophore concentration (upper x-axis) or theoretical UV—vis absorbance E1(4,) (lower x-axis) at
the fluorescence excitation wavelength. The excitation wavelengths for the data in panels (C, G, K) are blue-shifted from the fluorophore ORF
wavelength region, while excitation wavelengths for the data in panels (D, H, L) are in the ORF-active region.

measurements underestimate fluorophore absorbance. The
observation that even experimental UV—vis overcorrects R101
fluorescence and theoretical UV—vis overcorrects all fluo-
rophore fluorescence suggests additional fluorescence emis-
sions not accounted for by the alFE correction model (eq 3)
or by the first-principles model (eq 4). These models assume
fluorescence involves only three cascading optical processes:
absorption of the excitation light, emission, and reabsorption of
the emitted light. However, the absorption of the emitted light
can produce secondary emission, and so on.

20, 4.) = I(A)Q (4, A )K(A,, Al A ¢

10_(Ax,fdx+Am-fdm) + IF,HE(AX’ /1m)

(®)

IF,SE(/lx’ lm) = /IO(AX)Q(AX’ j'pm)I<(/1x1 )“m)lsAx,f
10741 — 10740 Q (A Aum) A
©)
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A revised model is developed herein (eq 8) to incorporate the
contribution of fluorescence emission triggered by the
absorption of any emitted photons to the experimental
fluorescence, denoted as Igyp(4,4,) in eq 8. Unlike eq 4
that is an analytical model where all parameters are
experimentally measurable or treated as constant, therefore
directly applicable to model the experimental data,'’ eq 8 is a
conceptual model for qualitative understanding of the impact
of cascading light absorption and emission processes on the
fluorescence signal. This model assumes that the alFE within
the effective sampling volume is negligible.

Deriving a mathematical expression for Igup(d,dy,) is
practically impossible. Even the model for the secondary
emission intensity (eq 9) is mathematically intractable. The
integral term in eq 9 describes the fact the secondary emission
at the detected emission wavelength can be triggered by
absorption of primary emission Ipgp(dy4,) as long as the
primary emission wavelength A, is within the fluorophore
ORF-active region. A detailed derivation equation (eq 9) is
shown in the Supporting Information.
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Integrating the alFE-correction model (eq 3) with the
experimental fluorescence intensity model (eq 8) yields eq
10, highlighting that the effectiveness of the alFE-correction
method (eq 3) depends on two competing effects: the extent
of fluorescence interference on fluorophore absorbance
measurements and the magnitude of higher-order emission.
While fluorescence interference leads to underestimated
fluorophore absorbance, which results in under-alFE-correc-
tion, higher-order emission leads to over-alFE correction as
mathematically expressed with the second term in eq 10. As a
result, the upper LDR limit of the aIFE-corrected fluorescence
is the fluorophore concentration below which both higher-
order emission and fluorescence interference on UV—vis
measurements are insignificant or the impacts of higher-order
emission and fluorescence interference on UV—vis measure-
ments on alFE-correction compensate each other.

Using the theoretical UV—vis absorbance Er(4,) for alFE
correction enables the determination of the threshold
fluorescence concentration or absorbance beyond which
higher-order emission is significant. Apparently, R101 has the
lowest threshold absorbance, followed by anthracene and then
QS. These results are consistent with the significance of the
fluorophore absorbance and emission in its ORF-active
wavelength region versus the entire fluorophore absorption
and emission spectra (Figure 1). The fractional light
absorption and emission values, in the ORF-active region,
are 0.407 and 0.378 for anthracene, 0.727 and 0.778 for R101,
and 0.151 and 0.090 for QS, respectively (Table 1). The lack
of significant absorption and emission in the ORF-active region
for QS explains why over-alFE-correction occurs only when its
theoretical absorbance E1(4,) at the excitation wavelength is as
high as 5. In contrast, significant over-alFE-correction
appeared in R101 even when theoretical absorbance is as
low as 1 (Figure 4G). Indeed, the higher-order emission in
R101 is so high that even underestimated experimental UV—
vis can lead to over-alFE-correction (Figure 4G,H).

Spectral distortion and nonlinearity are even more
pronounced in fluorescence excitation spectra than in
fluorescence emission spectra. Plots in the first and second
columns of Figure S are the as-acquired (Figure SA,EI) and
alFE-corrected (Figure SB,F,J) spectra, respectively. These
spectra were acquired with the less concentrated fluorophore
solutions for which the aIFE correction is effective to correct
the spectral distortion and nonlinearity. These alFE
corrections are performed using the experimental UV—vis
spectra (eq 3). A complete set of the data for all solutions used
in Figure 5 is shown in Figures S2, S4, and S6. The third and
fourth column plots in Figure 5 compare the concentration
dependence of the as-acquired and alFE-corrected fluores-
cence intensities (eq 3), which demonstrate the onset
fluorophore concentrations or theoretical absorbance beyond
which alFE is grossly ineffective. The excitation wavelengths
for Figure SD,H,L are in the fluorophore ORF-active region
while those for Figure SC,G,K are blue-shifted from the
fluorophore ORF-active regions.

The general observations on the effectiveness of alFE
correction from the fluorophore excitation spectra are
consistent with those from the emission spectra. When alFE
correction is ineffective, the aIFE correction using fluorophore

theoretical UV—vis invariably causes over-alFE-correction,
while experimental UV—vis yields under-alFE correction for
anthracene and QS but overcorrection for R101. Overall, the
upper LDR limits of the alFE-corrected fluorescence depend
on multiple factors including: (1) the experimental or
theoretical UV—vis intensity used for the correction, (2) the
excitation and emission wavelengths for the fluorescence
measurements, and (3) the optical properties of the specific
fluorophores including the fluorescence QY and the signifi-
cance of fluorophore light absorption and emission in its ORF-
active wavelength region.

B CONCLUSIONS

Cascading photon—matter interactions are intrinsic optical
processes in the spectroscopic measurements of fluorescent
solutions. Our study has revealed that these cascading optical
processes can be highly complex even in the simplest
fluorescent solutions comprising only dissolved molecular
fluorophores, without any exogenous light absorbers or
scatterers. The mathematical model we proposed for
determining the percentage of fluorescence contribution to
UV—vis transmittance provides a means for experimental
quantification of fluorescence interference on UV-vis
measurements. Remarkably, fluorescence interference can be
substantial even when the fluorophore absorbance is as low as
1.5, well below the instrument LDR. In addition, we
introduced an expanded analytical chemistry model for
correlating fluorophore fluorescence and light absorption,
which provides a mechanistic understanding of the effective-
ness and limitation of alFE correction for extending the
fluorescence LDR. The upper LDR limit of alFE-corrected
fluorescence, in terms of fluorophore absorbance, is governed
by two main factors: the accuracy of UV—vis measurements
and the significance of higher-order emission. This limit ranges
from smaller than 1 to larger than 3, depending on the optical
properties of the fluorophore and the fluorescence excitation
and detection wavelengths. Our work underscores the intricate
nature of cascading optical processes even in seemingly simple
fluorescent solutions that provide insights crucial for enhancing
the reliability of data analysis and interpretation in UV—vis and
fluorescence spectroscopy. Furthermore, our findings lay the
groundwork for future investigations into the complexities of
cascading optical processes in concentrated-nanoparticle-
containing fluorescent solutions, where scattering can further
compound the complexity of spectroscopic analysis.
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