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Abstract 

A multiplexed approach to multidimensional fluorescence spectroscopy is presented.  Numerous 

modifications were made to a home-built Hadamard-Transform Excitation-Emission Matrix (EEM) 

spectrometer resulting in a greatly improved spectral resolution of 5.3 nm, at a data acquisition rate of over 

6 EEM spectra per minute. In addition, provisions were made to simultaneously record optical transmission 

spectra with the 3D EEM spectra. Integration of the spectrometer into a custom-designed stopped-flow 

injection device allowed for the simultaneous collection of UV/Vis absorbance and fluorescence EEM 

spectra of reacting solutions.  

With this optimized configuration, over 8400 EEM spectra were collected while performing two kinetic 

studies on two rapidly evolving chemical reactions with multiple overlapping spectral components. 

Improved reproducibility reduced the uncertainty of kinetic rate constants from 40% to 4%. The third-order 

rate constant for the demetallation of chlorophyll-a to pheophytin-a was experimentally determined to be 

611±20 ×102 M-2∙s-1 as derived from a parallel factor (PARAFAC) analysis where absorbance and 

fluorescence data were combined. A PARAFAC analysis of data collected from the insertion of a copper 

atom into pheophytin-a resulted in several absorbing components and only a single fluorescence 

component. A reaction model with a pre-association complex and sitting-a-top (SAT) complex as 

intermediates explained the absorbance data resulting in a sequence of second-order reactions with rate 

constants of 4.03 ± 0.2 M-1 s-1,  2.71 ± 0.2 M-1 s-1, and 0.28±0.02 s-1∙M-1, respectively. The rate constant of 

fluorescence decay was determined to be 1.7±0.1 M-1∙s-1 which is consistent with the fluorescence signal 

being a combination of the pheophytin-a and the pre-association complex.   
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Introduction 

As chemists, we are able to create, modify, and measure the world around us based on the chemical and 

physical properties of matter. It is hard to imagine the world today without the developments made by a 

global collective of chemists striving to synthesize more effective drugs, designing more efficient batteries, 

or developing novel sensors for every imaginable application.  One of the most informative ways to study 

matter is by studying how it interacts with electromagnetic radiation. These interactions include scattering, 

absorbing, refracting, and emitting of light and allow for the detection and quantification of analytes which 

may otherwise be invisible to our senses. This field of study is known as spectroscopy. This chapter 

introduces key concepts of spectroscopy and provides a detailed description of ultraviolet and visible 

(UV/Vis) spectroscopy, with emphasis on absorbance and fluorescence techniques. 

1.1 Spectroscopy 

The origins of spectroscopy can be traced back to the use of prisms by Sir Isaac Newton to disperse the 

white light emitted from the sun into a semi-continuous spectrum1. Narrow, dark bands in this spectrum, 

found originally by Wollaston2, were closely studied by Fraunhofer3 and the strongest bands were labelled 

from A to H. Fraunhofer’s study of light from other stars revealed a different set of dark bands calling into 

the question the origins of these bands. While these differences in spectral characteristics of stellar bodies 

was a momentous achievement, perhaps a greater contribution to the field was the development of the 

spectroscope used to study the stellar light. This instrument allowed Kirchhoff and Bunsen to postulate the 

theory of absorption and emission of light by matter to explain these Fraunhofer lines4. The discrete nature 

of atomic emission lines indicated the quantized nature of matter which was proposed by Niels Bohr5; 

coinciding with the quantum theories postulated by Planck. The promotion or relaxation of electrons 

between quantized energy levels of an atom required the absorption or emission of light of energy exactly 
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equal to the difference in energy between those states. These transitions are used to study the nature of 

matter by measuring the magnitude of the interaction as a function of frequency or wavelength.  

Modern spectroscopy has evolved far beyond its humble beginnings by expanding the use of the 

electromagnetic spectrum beyond the visible spectrum with the development of sophisticated 

instrumentation to help measure radiation not visible to the human eye. This allows scientists to study, 

characterize, and quantify matter based on the fundamental properties of each unique atom or molecule as 

their unique characteristics can be probed with various distinct regions of the electromagnetic spectrum. 

These include the electronic, vibrational, or rotational motion of a molecule and the electronic structure of 

atoms. Despite these characteristics being vastly different, the concept of quantized energy states remains 

valid. For example, an electron will only be promoted to a higher energy state if it absorbs a photon with 

the energy equal to the energy gap between the lower and higher energy states. For molecular species, 

however, this does not prevent multiple kinds of transitions from occurring simultaneously. For example, 

the promotion of an electron to an excited electronic state can be accompanied by both vibrational and 

rotational transitions without violating the quantized nature of matter. These so-called rovibronic 

(rotational-vibrational-electronic) transitions are so numerous that they obscure the once discrete, purely 

electronic, transitions observed in atomic absorption and emission spectra into broad-band absorption 

and/or emission features spanning 10-50 nm for molecular species. In fact, the full width at half max 

(FWHM) of emission features can give information about the lifetime of excited states6.  

Spectroscopy using the visible region of the electromagnetic spectrum will be the only mode of 

spectroscopy discussed beyond this chapter. Two of the most common forms of spectroscopy using this 

form of radiation are ultraviolet/visible (UV/Vis) absorption/transmission spectroscopy and fluorescence 

spectroscopy. These two techniques are considered complimentary since the absorption of a UV/Vis photon 

can result in the emission of a photon in the form of fluorescence. Absorption spectroscopy provides 

information about the ground electronic state configuration of molecules from their absorbance features 

arising from electronic transitions between frontier orbitals such as the highest occupied molecular orbital 
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(HOMO) and lowest occupied molecular orbital (LUMO). A series of non-radiative relaxation processes 

disperses some of the energy by reorganizing the configuration of the molecule. Fluorescence spectroscopy, 

therefore, provides information on the electronic structure of this new excited state configuration by 

measuring the emitted photons, which have lower energy compared to the absorbed photons (Figure 1-1). 

Radiative and non-radiative relaxation processes are discussed further in section 1.3. 

 

Figure 1-1: Frontier orbital diagram for absorption and emission spectroscopy. The electronic state 

configuration of the ground (S0, S1) is reorganized after excitation  resulting in a new excited state electronic 

configuration (𝑺𝟎
∗ , 𝑺𝟏

∗ ).  

1.2  UV/Vis Absorption Spectroscopy 

1.2.1 Theoretical concepts in Absorption Spectroscopy  

The energy of visible and ultraviolet radiation promotes electrons in atoms and molecules to a higher energy 

electronic states when the incident photon is resonant with an energy gap between two states. The 

magnitude of this transition is described most accurately with a quantum mechanical description of the 

system. Mathematically formulae that describe the probabilistic nature of initial and final electronic states, 

called wavefunctions, are used to calculate the probability of the transition (Equation  1-1).  

 𝑃 = ∫ Ψ′∗𝜇Ψ′′𝑑𝜏 1-1 

These wavefunctions for the initial (”) and final states (‘) describe the orbital, spin, and vibrational 

contribution to each state while the electric dipole operator () dictates the equation to determine the 
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induced dipole from this transition. The magnitude of this transition is then given by the square of the 

probability amplitude. Equations like 1-1 allowed for a series of transition selection rules to be determined 

based on the strong or “allowed” transitions. For example, the transition of an electron from state ‘i’ to state 

‘f’ must not result in a change of spin multiplicity (ΔS=0).   

UV/Vis absorbance spectroscopy is one of the most popular forms of spectroscopy. It utilizes visible and 

ultraviolet light to measure the attenuation of light after propagating through a medium containing 

molecular species that absorb. The intensity of a propagating wave decays exponentially as described by 

the Beer-Lambert law  

 𝐼(𝑥, 𝜆) = 𝐼010−𝑐𝑥𝜀(𝜆) 1-2 

where I0 is the initial intensity of light and c and  are the concentration and the extinction coefficient of an 

attenuating species, respectively. This attenuation, illustrated in Figure 1-2, shows a wavelength 

dependence on the extinction coefficient which suggests that different wavelengths are more attenuated 

than others and are therefore more sensitive at those wavelengths.  

 

Figure 1-2: An illustration of light attenuation in absorbing medium. An incident light wave, reduced in 

intensity due to a Fresnel reflection at each interface, decays exponentially as it propagates through an 

absorbing medium until it exits the medium. 

Absorbance spectroscopy allows for the quantification of chemical compounds according to the Beer-

Lambert law by relating the logarithmic ratio of transmitted light intensity with and without an absorbing 
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species to the absorbance (A) at a specific wavelength (i) as well as the molar extinction coefficient () of 

a compound to its concentration when the pathlength (l) is well defined. 

 − log10 (
𝐼(𝜆𝑖)

𝐼0(𝜆𝑖)
) = 𝐴(𝜆𝑖) = 𝑐𝑙휀(𝜆𝑖)  1-3 

Measuring the absorbance at each discrete wavelength-selected region of UV/Vis light produces an 

absorbance spectrum. 

1.2.2 UV/Vis Absorbance Instrumentation 

Spectrometers are typically used to perform spectral absorption measurements and they share a number of 

similar design aspects. Each instrument must contain a light source to expose to the sample, wavelength 

selection module such as narrow-band transmission filters or a prism or grating to resolve broadband light 

into its individual wavelengths, and a detection device to measure the intensity. The differences between 

instruments lie in the type and location of the dispersion element and the type of detector being used. 

A dispersion element called a monochromator can be positioned either in front of the sample or behind the 

sample, and only light having a narrow wavelength range (ideally monochromatic light) is then transmitted. 

Its intensity is measured by a single channel detector such as a photodiode or photomultiplier tube (PMT). 

The monochromator contains a diffraction grating that separates light by wavelength according to  

 𝜃𝑚,𝜆 = sin−1 (
𝑚𝜆

𝑑
− sin(𝜃𝑖)) 1-4 

A collimated beam of light directed at a surface with periodic grooves separated by ‘d’ at an angle of 

incidence ‘i’ relative to the normal will diffract light of wavelength ‘’ at an angle of ‘m,’ (Figure 1-3). 

A narrow slit is then positioned to allow a predetermine diffraction angle (s) to pass through it. The desired 

wavelength is selected by rotating the diffraction grating to modify the incident angle to thereby select the 

desired wavelength from the predetermined diffraction angle (m,=s). Scanning through a selected spectral 

range produces the sample and reference intensity spectra. 
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Figure 1-3: Dispersion of white light using a diffraction grating. -1, 1 and 0th order dispersion are shown 

for a grating with a periodicity of 600 lines/mm and an incidence angle of 20o from the perpendicular to the 

surface.  

A monochromator coupled to a single-channel detector requires sequential scanning through the spectral 

range which is both time consuming and wasteful of light.  Alternatively, the single-channel detectors were 

historically replaced by photographic films, or in recent decades by multi-channel array detectors such as 

charge-coupled devices (CCD) or complementary metal-oxide-semiconductor (CMOS) photodetector 

arrays. The linear photodiode array spectrometer, a.k.a. the spectrograph, is commonly constructed 

according to the design presented in 1930 by Czerny and Turner7 and is named accordingly. This 

arrangement of optical components such as the diffraction grating, mirrors and array detectors, allows us to 

simultaneously measure the entire spectrum, eliminating the need for moving parts and improving 

acquisition rates.  



 

7 

 

Figure 1-4: Schematic of typical spectrometers. (Left) A symmetric Czerny-Turner spectrometer with 

collimating and focusing mirror is compared to a (Right) non-symmetric Czerny-Turner spectrometer.  

1.3 Fluorescence Spectroscopy 

1.3.1 Theoretical Concepts of Fluorescence Emission 

Fluorescence spectroscopy is a widely used and powerful technique for qualitative and quantitative analysis 

with very low limits of detection. Fluorescence is a form of luminescence that is the result of a relaxation 

of an excited molecule, atom, or complex through a radiative emission. Upon absorption of incident 

electromagnetic radiation, a ground-state electron is promoted to a higher quantum state. This excited state 

is short-lived with lifetimes on the order of nanoseconds8 and will quickly decay to its original ground state 

resulting in the emission of light corresponding to the energy difference between excited and ground state 

(S1→S0) or undergo intersystem crossing to a triplet excited state and decay through a phosphorescence 

process (T1→S0). Alternatively, non-radiative energy loss processes such as vibrational relaxation and 

internal conversion dissipate absorbed energy in the form of molecular vibrations and heat and not light 

emission. A Jablonski diagram (Figure 1-5) illustrates the various pathways excited molecules can take to 

return to a ground state configuration.  
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Figure 1-5: Jablonski diagram showing various relaxation pathways after excitation to higher energy states, 

S1 or S2. Blue lines indicate the promotion of an electron to an excited state through the absorption of a 

photon and orange lines are the relaxation of an electron to the ground state via fluorescence. Purple, green 

and red curly lines represent the non-radiative vibrational relaxation, internal conversion, and intersystem 

crossing, respectively. Straight red lines represent the radiative relaxation (phosphorescence) from a triplet 

excited state.    

The measure of a molecule’s efficiency to relax through a fluorescence emission, the so-called fluorescence 

quantum yield, is given by the ratio of the number of excited molecules that emit a photon via fluorescence 

and all absorbed photons. However, the rate of the various processes is what dictates the fraction of events 

that occur from various levels of the excited state.  

 Φ𝐹𝑙 =
𝑘𝐹𝑙

Σ𝑖𝑘𝑖
=

# 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑃ℎ𝑜𝑡𝑜𝑛𝑠

# 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑃ℎ𝑜𝑡𝑜𝑛𝑠
 1-5 

For instance, the rate of vibrational relaxation and internal conversion processes is typically much faster 

than the rate of radiative decay processes. This results in the majority of radiative relaxation processes to 

occur from the lowest vibrational state of the singlet excited state, S1. This observation is formalized as 

Kasha’s rule which states that the “emitting level of a given multiplicity is the lowest excited level of that 

multiplicity”9.  
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A fundamental concept used to describe the wavelength of these radiative transitions is the Franck-Condon 

principle which says that vibronic transitions occur when there is a favourable overlap between the 

wavefunctions of the initial and final vibrational states of different electronic levels. The semi-classical 

description of this principle states that the transition from initial to the final vibronic state is much faster 

than the nuclear motion of the molecule and the initial and final states must physically similar for the 

transition to be favourable. The quantum mechanical treatment of electronic transitions given in equation 

1-1 can be expanded to show the contribution of both the electronic and vibrational contributions to the 

probability of the transition. 

 𝑃𝑒𝑣 = ∬ 𝜓𝑒
′∗𝜓𝑣

′∗ 𝜇 𝜓𝑒
′′𝜓𝑣

′′ 𝑑𝜏𝑒𝑑𝑟 1-6 

 

  

Integrating over the electronic space, de, equation 1-6 reduces to  

 𝑃𝑒𝑣 = ∫ 𝜓𝑣
′∗𝑃𝑒𝜓𝑣

′′ 𝑑𝑟 1-7 

where Pe is the probability of the electronic transition. This value is independent of nuclear position, ‘r’, 

since nuclear motion is negligible compared to the rate of electronic transitions and can be taken out of the 

integral. The neglect of the motion of nuclei on the time scale of electronic transitions is known as the Born-

Oppenheimer approximation.  The remaining integral is known as the vibrational overlap integral measures 

the degree of overlap between two vibrational states. 

 𝑃𝑒𝑣 = 𝑃𝑒 ∫ 𝜓𝑣
′∗𝜓𝑣

′′ 𝑑𝑟 1-8 

Its square is known as the Franck-Condon factors to which the intensity of the transition is proportional6.   
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Figure 1-6: Illustration of favourable vibronic transitions from the overlap of vibrational wavefunctions in 

different electronic states. A vertical transition from the electronic ground state (E0) to the excited state (E1) 

is due to the favourable overlap between v0” and v4’ wavefunctions.   

An example of potential energy curves of two electronic states (E0, E1) for a diatomic molecule shows 

favourable transitions that occur with high overlap between vibrational wavefunctions (Figure 1-6). This is 

true for both excitation and emission processes. These transitions also illustrate a feature of fluorescence 

spectroscopy which is the difference between the excitation and emission energy; known as the Stokes shift. 

A vertical excitation occurs (E1v4’ ← E0v0”) when a photon with an energy equal to the energy difference 

of the two states is absorbed. The electron relaxes to the lowest vibrational state (E1v0’ ← E1v4’) since the 

lifetime of the excited state is long enough to allow for vibrational motion. This state then vertically relaxes 

by releasing a photon with an energy that corresponds to the energy difference between the two states (E0v2” 
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← E1v0’). The Stokes shift can be calculated from the difference between the energy of the absorbed (hEx) 

and emitted photons (hEm).  

 Δ𝐸𝑆𝑡𝑜𝑘𝑒𝑠 = ℎ𝜈𝐸𝑥 − ℎ𝜈𝐸𝑚 = Δ𝐸𝐸1𝑣4
′ ←𝐸0𝑣0

′′ − Δ𝐸𝐸0𝑣1
′′←𝐸1𝑣0

′  1-9 

1.3.2 Applications of Fluorescence Spectroscopy 

The applications of fluorescence spectroscopy are seemingly limitless and not all applications can be 

discussed. Naturally occurring fluorophores within a sample can be measured directly but numerous 

fluorescence probes have been developed to detect non-fluorescent analytes. As follows from eq 1-5, the 

mechanism of sensing can be based on either the increase, decrease, or a spectral shift of a fluorescent 

signal. Fluorophore molecules can be very sensitive to the local environment. For example, such effects 

have been used to measure the complexation of guest-host complexes10. The ability to measure distances 

on the molecular scale through excited state resonant energy transfers (RET) between two fluorophores 

have been utilized in molecular biology and biochemistry research11.  Another example of current 

applications of fluorescence originates from the fluorescent enhancement from the local plasmon field of 

nanomaterials to improve sensitivity12-14  

Conventional 2-D fluorescence spectroscopy uses a narrow wavelength excitation source, frequently a UV 

laser to generate an emission spectrum (“laser-induced fluorescence”, LIF) that allows for identification 

and quantification of an analyte. This is a useful technique when a sample contains a single fluorescent 

compound or when complex samples have two or more compounds that are spectrally resolved. However, 

when samples contain many spectrally overlapping fluorophores, quantification and/or identifications can 

become very challenging.  

1.4 Conclusion 

A concise theoretical introduction to the field spectroscopy was presented in this chapter with an emphasis 

on UV/Vis absorption and fluorescence spectroscopy. This included some common design elements of 

spectrometers and potential applications. However, detection and quantification of a specific analyte can 
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be difficult using these 2-D techniques due to spectral interference from other analytes and are therefore 

somewhat limited in their applications. To overcome the limitations of 2-D fluorescence spectroscopy, a 

multidimensional fluorescence technique known as excitation-emission-matrix (EEM) spectroscopy can be 

used to resolve overlapping spectral features. In the following chapter, EEM spectroscopy will be discussed 

further.   
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Multiplexed 3-Dimensional Fluorescence Spectroscopy  

A 3-D fluorescence technique called excitation-emission-matrix (EEM) spectroscopy will be discussed as 

a way to overcome the limitations of conventional 2-D fluorescence spectroscopy. Followed by a brief 

overview of popular multivariate data analysis methods to handle the increased dimensionality of EEM 

datasets. Additionally, the concepts of Hadamard-transform multiplexing are presented to demonstrate the 

multiplex advantage of Hadamard-Transform EEM spectroscopy. 

2.1 Multidimensional Fluorescence Spectroscopy  

Conventional 2-D fluorescence spectroscopy is a powerful spectroscopic tool for analyzing samples with a 

single fluorescent analyte but its poor resolving power limits the technique. To increase the resolving power 

of the technique, a 2-D fluorescence spectrum is collected at a series of discrete excitation wavelengths 

within a select spectral range. The resulting fluorescence spectra combine to produce a 3D matrix called an 

excitation-emission matrix (EEM) is commonly displayed as a contour plot.  

To illustrate the resolving power of EEM spectroscopy, an integrated fluorescence and EEM spectrum of 

two similar fluorescent molecules were generated from a literature database1. The integrated fluorescence 

spectra of fluorescein and rhodamine 6G excited at 445 nm appears as a single fluorescence feature but the 

individual component shows they are heavily overlapped. The EEM spectrum, however, resolves these 

features into two distinct peaks that allow for improved qualitative and quantitative measurements.  The 

resolving power can be seen in Figure 2-1 
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Figure 2-1: Illustration of the resolving power of EEM spectroscopy. (Left) An integrated fluorescence 

spectrum of a sample containing an equal concentration of fluorescein and rhodamine 6G excited using 445 

nm. (Right) An EEM of the same mixture recorded using 0.25 nm excitation intervals. 

2.2 Instrumentation  

With conventional double-monochromator EEM instruments, such as the Varian Eclipse Excitation and 

Emission Spectrophotometer (VEES), an EEM spectrum is produced by using the first monochromator to 

select an excitation wavelength (Ex) and measuring the resulting emission intensity at that wavelength 

(Em) by scanning through the desired spectral range with the second emission monochromator. This 

process is repeated for each new excitation wavelength within the desired excitation range at a preselected 

wavelength interval. This scanning approach suffers from both poor light throughput and long acquisition 

rates. By replacing the second monochromator with a spectrometer, the entire emission spectrum can be 

measured simultaneously resulting in a drastic improvement in acquisition time. The Horiba Duetta is such 

an instrument but the inclusion of an additional absorbance detector also allows for the correction of both 

primary and secondary inner filter effects (IFE)2. However, the Duetta, like the VEES, underutilizes 

excitation light since their designs are based on an excitation monochromator.   

The published applications of EEM spectroscopy range from the detection of dissolved organic matter 

(DOM)3 to the characterization of foodstuff4, 5. Additionally, EEM instruments have been utilized to analyze 

complex mixtures of silver clusters6.  However, due to the long acquisition times required, the applications 
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of EEM spectroscopy have been limited to non-reacting samples, very slow reactions, or quenched 

reactions7-9.   

2.3 PARAFAC Analysis 

The purpose of analyzing spectral data sets is to resolve spectral components from the data and assign each 

component a score corresponding to a concentration at a given time when performing kinetic studies. The 

increased dimensionality of data produced from 3D techniques such as EEM spectroscopy requires 

multivariate data analysis techniques. Three-mode Principle Component Analysis (PCA) and Tucker310 are 

popular decomposition methods for multi-way data but parallel factor (PARAFAC) analysis has emerged 

as the most popular of these multiway methods and was independently introduced by Harshman11 and 

Carrol and Chang12. 

 The PARAFAC model of 3-way arrays uses ‘f’ sets of three spatially orthogonal loading vectors (aif, bjf, 

and ckf) to describe ‘f’ unique components to minimize the sum of squares of the residual (SSR) of the error 

matrix (eijk) and the data set. Each component consists of one score vector and two loading vectors to 

describe the data set13.  

For EEM data sets, the loading vectors represent the excitation and emission axis and the score vector 

represents the concentration for a particular time or sample. A 2-component model can also be represented 

graphically (Figure 2-2). 

 𝑥𝑖𝑗𝑘 = [∑ 𝑎𝑖𝑓𝑏𝑗𝑓𝑐𝑘𝑓

𝐹

𝑓=1

] + 𝑒𝑖𝑗𝑘 2-1 
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Figure 2-2: A graphical representation of a 2-component PARAFAC model (xijk) with 2 sets of spatially 

orthogonal component vectors (1 score, 2 loadings) and an error matrix (eijk). 

In order to find a solution for such a model, an alternating least squares (ALS) method is implemented. A 

user must first select the number of components to be included in the model and set a convergence criterion 

to determine when the model has reached a sufficient “good” model. The model is then initialized by 

making a random guess at the model. Then, while holding 2 component vectors constant, the set of 

parameters for the other vector is estimated. The parameters for the other two vectors are estimated in the 

same manner the process is repeated until the minimal change to the model occurs as specified by the user13.  

2.4 Multiplexing  

Multiplexing refers to the combination of multiple discrete measurements within a single measurement by 

a system. This combined measurement can then be mathematically deconvoluted to obtain each discrete 

measurement. The multiplex or Fellgett advantage refers to the improvement of the signal-to-noise (SNR) 

ratio compared to individual measurements with the same system14. This advantage is discussed further in 

section 2.4.1. 

The use of multiplexing has been proven enormously useful in the fields of signal transmission. The two 

most well-known examples of this are the use of wavelength-division multiplexing (WDM) in fiber-optic 

communications15 and frequency-division multiplexing (FDM) used in the telecommunication industry16. 
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In principle, these techniques are identical in that they combine multiple encoded signals within a single 

transmission. The multiplexed signal, which is transmitted through free space or via fiber optic, is less 

impacted by the effects of signal loss during transmission.  

Fourier-transformed infrared (FT-IR) spectroscopy is a common multiplexing technique that measures the 

interference pattern of a spectral band of infrared radiation as a function of the displacement of a mirror 

within an interferometer. The Fourier-Transform of this pattern converts the spatial domain (cm) to the 

frequency domain (cm-1). This allows the transmitted signal intensity to be plotted against the frequency.  

 

Where f(x) is the interference pattern function in the spatial domain, x, and F(𝜈) is the Fourier-Transform 

of f(x) in the frequency domain, 𝜈. Another common form of spectroscopic multiplexing is the Hadamard-

Transform (HT) which uses square matrices consisting of 1’s and -1’s to selectively combine multiple 

signals. A multiplexing approach to multidimensional fluorescence spectroscopy allows for a superior 

signal to noise ratios and therefore acquisition rates17.  

2.4.1 Weighing Design  

It can be difficult to visualize the multiplex advantage in terms of spectroscopic analysis, so a clever thought 

experiment was introduced by Graff18. In this thought experiment, a collection of rocks is to be weighed 

using a single pan balance and the goal is to weigh each rock with the smallest error possible. By employing 

a sequential weighing scheme where each rock is weighed separately, the mass of each rock is determined 

with the error intrinsic to the scale itself. Suppose this scale has an uncertainty of 0.1 units with each 

measurement. This can be represented mathematically using matrix analysis, as follows by first imagining 

that we have 4 rocks weighing 9, 6, 3, and 4 units: 

 [

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

] × [

𝑅1

𝑅2

𝑅3

𝑅4

] = [

𝑊1

𝑊2

𝑊3

𝑊4

] ± [

𝑒1

𝑒2

𝑒3

𝑒4

],    𝑅𝑛 = [

9
6
3
4

],    [

𝑒1

𝑒2

𝑒3

𝑒4

] = [

0.1
0.1
0.1
0.1

] 2-3 

 𝐹(𝜈) = ∫ 𝑓(𝑥)𝑒−2𝜋𝑖�̃�𝑥𝑑𝑥
∞

−∞

 2-2 
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where 𝑅𝑛 is the mass of all given rocks, 𝑊𝑛 is the mass measured by the scale, and 𝑒𝑛 is the error associated 

with each measurement that we have arbitrarily decided to be 0.1 units. Constructing a weighing matrix 

where a ‘1’ in a row corresponds specific rock to being placed on the scale and a ‘0’ in that same row is a 

different rock being off the scale, the sequential weighing scheme would be an identity matrix (I) as large 

as there is a number of samples since only a single rock is being weighed at a time. Once each rock has 

been weighed, the 𝑅𝑛 vector can be solved for by multiplying 𝑊𝑛 by the inverse of the weighing matrix. 

Since it is the identity matrix and 

 𝐼−1 = 𝐼   2-4 

We can determine that the mass of each rock 𝑅𝑛 is the mass measured by the scale 𝑊𝑛 with the error intrinsic 

to the scale 𝑒𝑛.  

  𝑅𝑛 ± 𝑒𝑛 = 𝑊𝑛 ± 𝑒𝑛 = [

9
6
3
4

] ± [

0.1
0.1
0.1
0.1

]  2-5 

However, if the rocks were weighed using a carefully constructed multiplexed weighing scheme, 𝐻𝑛, where 

all rocks were weighed in a series of unique combinations, the resulting 𝑊𝑛 vector would contain mass 

information from multiple rocks and would need to be decoded using the inverse of the multiplexed 

weighing matrix, 𝐻𝑛
−1. For example, a possible weighing scheme could be designed in such a way that each 

row of the weighing matrix, 𝐻𝑛, determines whether a specific rock is placed on the balance 

 [

0 1 1 1
1 1 0 0
1 0 1 0
1 0 0 1

] × [

𝑅1

𝑅2

𝑅3

𝑅4

] = [

𝑊1

𝑊2

𝑊3

𝑊4

] ± [

𝑒1

𝑒2

𝑒3

𝑒4

]     2-6 

which is indicated in 𝐻𝑛 by a 1. For example, the first row indicated that the 2nd, 3rd, and 4th rock should be 

placed on the scale. If the same collection of rocks had been weighed from the previous weighing example, 

a new 𝑊𝑛 vector will have been constructed. 
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 𝑊𝑛 = [

13
15
12
13

] ± [

0.1
0.1
0.1
0.1

] 2-7 

Where the error of each measurement is the intrinsic error associated with the scale. Just like the first 

example where the rocks are weighed sequentially, decoding this vector and determining the rock mass 

vector, 𝑅𝑛, begins by calculating the inverse of the weighing matrix 𝐻𝑛 given by, 

 𝐻−1 =
1

det(𝐻)
𝑎𝑑𝑗(𝐻)  2-8 

Where det(𝐻) is the determinate of the weighing matrix and 𝑎𝑑𝑗(𝐻) is the adjucate of the weighing 

matrix18. We can now see that a poorly selected weighing matrix will be invalid for multiplexing purposes 

as not every square matrix is invertible. This occurs when det(𝐻) = 0 meaning the weight vector produced 

using this type of matrix cannot be decoded.  

The careful selection of the weighing matrix means that the inverse of 𝐻𝑛 can be calculated (det(𝐻𝑛) ≠ 0) 

and therefore 𝑅𝑛 can be calculated as follows. 

 𝐻𝑛
−1 =

1

det(𝐻𝑛)
𝑎𝑑𝑗(𝐻𝑛) =

1

3
[

−1    1    1    1
   1    2 −1 −1
   1 −1    2 −1
   1 −1 −1    2

] 2-9 

 

 𝑅𝑛 = 𝐻𝑛
−1 × 𝑊𝑛 =

1

3
[

−1    1    1    1
   1    2 −1 −1
   1 −1    2 −1
   1 −1 −1    2

] × [

𝑊1

𝑊2

𝑊3

𝑊4

] = [

9
6
3
4

] 2-10 

We arrive at a vector containing the corrected masses for each rock. The new error term for each element 

in Rn is then calculated by propagating the error according to the following formula 

 𝐸𝑛 = √((𝐻𝑛,1
−1 × 𝑒1)

2
+ (𝐻𝑛,2

−1 × 𝑒2)
2

+ (𝐻𝑛,3
−1 × 𝑒3)

2
+ (𝐻𝑛,4

−1 × 𝑒4)
2

) 2-11 
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Where 𝐸𝑛 refers to the error calculated from demodulation operations. Since each term in 𝑅𝑛 is calculated 

from a linear combination of all terms in 𝑊𝑛 scaled by 𝐻𝑛
−1. The final uncertainty associated with each term 

in 𝑅𝑛 reveals the advantage of employing a multiplexed weighing scheme. 

 𝑅𝑛 ± 𝐸𝑛 = [

9
6
3
4

] ± [

0.067
0.088
0.088
0.088

] 2-12 

A reduction between 22-33% is obtained from the 𝐸𝑛 vector. It is interesting to note that the error associated 

with 𝑅1 on the rock that weighs 9 units is lower than the other rock mass uncertainties. This reduction in 

uncertainty originates from the original multiplexing scheme shown in equation 2-6. Rock number one is 

placed on the scale 3 times while the remaining three rocks are only measured twice. This suggests that 

weighing a rock more often in a multiplexing scheme will reduce the final uncertainty for that rock after 

demultiplexing occurs. Since matrices are only invertible if they are square, we cannot devise weighing 

schemes to have more measurements than there are samples to be measured. Instead, we could collect more 

samples for measurement which allows us to construct new, larger multiplexing matrices to improve on our 

error measurements. Some possibilities for these new matrices are discussed below. 

2.4.2 Hadamard Matrices  

Hadamard matrices (𝐻𝑛) are a special group of square matrices consisting of 1s and -1 that was first defined 

by Sylvester in 186719 and further studied by Hadamard in 1893. Hadamard noticed that matrices produced 

by Sylvester possessed linearly independent orthogonal column vectors (𝑣𝑖) such that the inner product of 

these vectors always equalled zero. This allowed Hadamard to postulate his famous inequality20. 

 det(𝐻𝑛) ≤ ∏‖𝑣𝑖‖

𝑛

𝑖=1

 2-13 

The equality sets the conditions to maximize the determinant of a matrix, Hn, only when the matrix consists 

of orthogonal vectors (vi). These matrices are considered Hadamard matrices and satisfy the condition 
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 𝐻 = [
𝐻    𝐻
𝐻 −𝐻

] = [
1 1
1 −1

]   𝐻𝑛 × 𝐻𝑛
−1 = 𝐼 2-14 

As well as, 

 𝐻𝑛 × 𝐻𝑛
𝑇 = 𝑛𝐼 2-15 

However, only matrices of certain orders are valid for Hadamard construction. The first postulated 

Hadamard matrices were limited to orders of 2𝑛 in size but further study has revealed matrices of almost 

every multiple of 4 in size. For matrices of 2𝑛 length, they can be decomposed into 2𝑛 rows to serve as a 

multiplexing design for instruments designed to make multiple measurements with a reduced associated 

error compared to a sequential measurement design.  

2.4.2.1 Sylvester-Type Matrix Construction 

In order to construct a Sylvester-Type Hadamard matrix of order 2𝑛, an initial ‘matrix’ of 𝐻 = 1 is used to 

generate our first matrix under the form  

 𝐻 = [
𝐻    𝐻
𝐻 −𝐻

] = [
1 1
1 −1

]    2-16 

Which will serve as the 21 order Hadamard matrix. The construction of higher-order matrices utilizes a 

Kronecker product operation of the 21 Hadamard with itself to create a 22 order matrix which will be 4𝑥4 

in size. 

 𝐻2 = 𝐻1 ⊗ 𝐻1 = [
𝐻1(1,1)

[𝐻1]   𝐻1(1,2)
[𝐻1]

𝐻1(2,1)
[𝐻1] 𝐻(2,2)[𝐻1]

] = [

1    1    1    1
1 −1    1 −1
1    1 −1 −1
1 −1 −1    1

]   2-17 

In order to create a Hadamard matrix of order 2𝑛, the Kronecker product operation is repeated on the new 

matrix with itself 𝑛 − 1 times to arrive at the final matrix. This process is visualized for a 23 order or 8x8 

Hadamard Matrix below. 
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Figure 2-3: The visual construction of a 23 order Hadamard matrix by employing Kronecker product 

operations starting from 21 order matrices on itself until the desired matrix size is obtained.  

It should be noted that other valid Hadamard matrices exist for integers (N) where the quotient of 𝑁/12 

and N/20 are powers of 2. These matrices are constructed in a similar manner as the 2𝑛 matrices are shown 

above except they start by generating an initial matrix of order ‘N’ and performing Kronecker operations 

to achieve the desired matrix size. This allows for an additional level of control when designing 

multiplexing schemes. However, the study of Hadamard matrices has afforded additional methods of 

construction that are discussed below.  

2.4.2.2 Paley-Type Matrix Construction 

An alternative multiplexing design can utilize a Paley-type Hadamard matrix that is also orthogonal square 

matrices consisting of 1s and -1s that satisfy the condition stated in equation 2-13. Unlike the Sylvester-

type construction that is valid for orders of 2𝑛, 2𝑁 12⁄ , 𝑜𝑟 2𝑁 20⁄ , valid Paley matrices are multiples of four 

(4𝑛) and a prime numbers plus one (𝑝 + 1) which allow for more available multiplexing orders. In fact, 

there are two types of Paley Hadamard matrices. Type I, whose order minus one (𝑛 − 1) has a remainder 

of 3 when divided by 4; also described mathematically as: 

 3 = (𝑛 − 1)𝑚𝑜𝑑(4) 2-18 
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and type II, whose order minus one (𝑛 − 1) has a remainder of 1 when divided by 4; also described 

mathematically as: 

 1 = (𝑛 − 1)𝑚𝑜𝑑(4) 2-19 

In order to construct a 4n order Paley-type I matrix, Paley describes the following set of restrictions for a 

𝑛𝑡ℎ order square matrix, 𝐻𝑖,𝑗
21. 

 𝐻𝑖,𝑗 = +1                (𝑖 = 0 , 𝑗 = 0) 2-20 

 𝐻𝑖,𝑗 = 𝜒(𝑗 − 𝑖)       (1 ≤ 𝑖 ≤ 𝑝 , 1 ≤ 𝑗 ≤ 𝑝 , 𝑖 ≠ 𝑗) 2-21 

 𝐻𝑖,𝑗 = −1                  (1 ≤ 𝑖 ≤ 𝑝) 2-22 

Where 𝜒(𝑗 − 𝑖) refers to the Legendre symbol ((𝑗 − 𝑖) 𝑝⁄ ) and ′𝑝′ is a prime number equal to 𝑛 − 1. 

Equation 2-20 states that the first row and column of an ‘n’ sized matrix is populated with 1’s. Additionally, 

equation 2-21 states that the elements located at (𝑖, 𝑗) 𝑤ℎ𝑒𝑟𝑒 𝑖 = 𝑗 shall be set -1. The remainder of the 

elements within 𝐻𝑖,𝑗 are populated based on the Legendre symbol which uses quadratic residue modulo to 

determine whether an element will be a +1 or -1 according to  

 
𝑗 − 𝑖

𝑝
= {

       1     𝑖𝑓   (𝑗 − 𝑖) =  (𝑗 − 𝑖)2𝑚𝑜𝑑(𝑝) 

   −1     𝑖𝑓   (𝑗 − 𝑖) ≠  (𝑗 − 𝑖)2𝑚𝑜𝑑(𝑝)
    2-23 

An element shall be set to +1 if the any of remainders of (𝑗 − 𝑖)2 divided by p is equal to (𝑗 − 𝑖). If not, the 

element shall be set to -1. It should be noted that the column and rows containing only +1’s within the 

matrix are referred to as the zeroth row and column. Figure 2-4 illustrates the construction of a Paley-type 

matrix of 4(1) order. 
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Figure 2-4: Paley Matrix Construction. (Left) 1’s populates any rows and columns where matrix indices 

equally to zero. Middle: -1’s populates matrix elements where indices are equaling each other.  Right: The 

remaining elements are populated with 1’s or -1’s depending on the Legendre criteria established in 

equation 2-23. 

2.4.3 Hadamard Multiplexing 

By returning to the stone weighing thought experiment, we could see that each element of a Hadamard 

matrix’s row could code for whether a specific rock is placed on the left or right scale depending on whether 

the vector element is a 1 or -1, respectively. For a 2𝑛  order Sylvester-type matrix, where 𝑛 = 2, we could 

return to the same collection of rocks, where 𝐻𝑛 is defined as  

 𝐻𝑛 = [

1    1    1    1
1 −1    1 −1
1    1 −1 −1
1 −1 −1    1

] 2-24 

The resulting weight vector (𝑊𝑛) would be the difference between the left (counted as a negative value) 

and the right balance (counted as a positive value). For example, the second row requires the 1st and 3rd rock 

to be placed on the right side of the balance and the 2nd and 4th rock be placed on the left side of the balance. 

By following the Hadamard multiplexing design, we arrive at  

 𝑊𝑛 = [

22
2
8
4

] 2-25 



 

25 

which has information about every rock within each measurement. Deriving the mass vector again begins 

with the calculation of the inverse of the Hadamard matrix (𝐻𝑛
−1) followed by the multiplication with 𝑊𝑛 

resulting in  

 𝑊𝑛 = [

9
6
3
4

] 2-26 

It should come to no surprise that the correct mass vector was obtained but the true benefit of this 

multiplexing scheme cannot be assessed until the error for each term is calculated. By assuming that the 

uncertainty of each measurement is again 0.1 units, the resulting error vector (𝐸𝑛) is now 

 𝐸𝑛 = [

0.05
0.05
0.05
0.05

] 2-27 

A uniform 50% reduction in error shows the advantage of carefully selecting the weighing schemes as well 

as the use of a double pan scale. Since every rock was on the scale for each measurement, we obtain 

information about each rock 4 times. Comparatively, the sequential weighing design or a single pan scale 

leave rocks off the scale with each new row which results in a higher uncertainty 

However, it is not always possible or prudent to have multiple measurement devices within a system to use 

a ‘double pan’ multiplexing scheme. In these situations, Hadamard matrices of either type can be converted 

to ‘S-matrices’ where all elements of the matrix consist only of 1’s and 0’s. 

2.4.4 S-Matrices  

In the event an analytical system is set up with only a single measurement device, equivalent to a single 

pan balance, a Hadamard matrix cannot serve as a valid multiplexing scheme. The presence of both positive 

and negative numbers requires the use of two measurement devices to account for the duality of the 

multiplexing scheme. To remedy this problem, an S matrix can be used that is derived from any valid 

Hadamard matrix. 
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The conversion begins by first removing the first column and rows of any Hadamard matrix so that a 

𝑛 × 𝑛 matrix becomes (𝑛 − 1) × (𝑛 − 1).  This is followed by the conversion of an -1’s to 1’s and 1’s to 

zeros. This simple conversion is illustrated below for a 4(2) order Paley-type Hadamard matrix. 

 

Figure 2-5: Conversion of a 4(2) order Paley-type Hadamard matrix to an ‘S’ matrix for single 

measurement device multiplexing. Removal of the first row and column followed by the conversion of 1’s 

to 0’s and -1’s to 1’s. 

The resulting odd ordered matrix has a greater amount of 1’s than 0’s per row which will allow for each of 

the 4𝑛 − 1 objects to be weighed more frequently resulting in a greater error reduction compared to a matrix 

where only the -1’s are converted to 0’s and 1’s remain as such. This difference is minimal for large order 

multiplexing schemes but can have a large impact on the error reduction on small order matrices (𝑛 < 24). 

2.4.5 Multiplexing Advantage  

The reduced uncertainty associated with the weighing of an object using a multiplexed approach has already 

been shown to be more effective when an object is included more frequently in a multiplexing scheme. The 

only way further reduce the uncertainty is by weighing more objects with a larger matrix. However, the 

dependence of the number of objects being weighed on this uncertainty reduction has not been quantified. 

A quantitative comparison of Hadamard matrices against ‘S’-matrices further supports the concept that 

weighing an object more affords a greater reduction in error. 

The multiplex advantage can be quantified by assuming that a measurement device possesses an inherent 

error of 1 unit per measurement, then calculate a multiplicative error reduction factor (ERF) that an ‘N’ 
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order multiplex scheme can provide. For example, the ERF for an object being weighed using an ‘N’ order 

matrix (HN) would be calculated using the following formula. 

 𝐸𝑅𝐹 = √∑(𝐻𝑛,𝑖
−1 ∗ 𝑒)

2
𝑁

𝑖=1

  2-28 

Where 𝐻𝑛,𝑖
−1 and e refer to the elements of the multiplexing scheme used to demodulate the encoded masses 

collected by the measurement device and is the error associated with each measurement collected with that 

device. 

By repeating this error analysis for all valid Paley and Hadamard matrices up to order 128, including their 

S-matrix derivatives, the dependence on the size of the multiplexing matrix on the ERF can be determined 

(Figure 2-6). For Hadamard matrices, the measurement error is reduced by 1/n and ‘S’ matrices reduce the 

error by  

 
𝐸𝑅𝐹(𝑛) =

4𝑛

(𝑛 + 1)2
 

2-29 

By comparing the Paley and Sylvester type Hadamard matrices, we can see several overlapping orders. It 

is interesting that we obtain an identical ERF for both Sylvester and Paley-type Hadamard matrices, as well 

as S-matrices, of the same order. This shows that any matrix of order ‘N’ that satisfies the Hadamard 

equality stated in equation 2-13 will achieve equivalent ERF values. This allows for more options when 

selecting a multiplexing scheme as certain orders are only valid for Sylvester-type Hadamard matrices and 

vice-verse for Paley-type matrices. In fact, when limiting the order of our multiplexing scheme to 128, (127 

in the case of S-matrices) we can select from 20 unique matrix orders to design our multiplexing scheme 

which gives the user excellent control over their multiplexing design. Figure 2-6 clearly shows that 

Hadamard and Paley matrices afford the greatest reduction of measurement error while ‘S’ matrices result 

in higher relative errors.  
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Figure 2-6: Illustration of the relative reduction on measurement uncertainty due to the multiplex advantage 

using Sylvester (Blue) and Paley (Orange) Hadamard matrices compared to their S-matrix derivatives; 

Sylvester S-Matrices (Yellow) and Paley S-Matrices (Purple). The sequential design also illustrates the 

intrinsic error of the measurement deviceAnother way to quantify the multiplex advantage is through a 

signal-to-noise enhancement factor (SNE) where Hadamard matrices afford a (𝑛)
1

2 enhancement where ‘S’-

matrices improve the signal to noise by; 

 𝑆𝑁𝐸 =
𝑛 + 1

2𝑛1\2
     2-30 

Interestingly, for large matrices as n→∞, the ratio of SNE factors for Hadamard (SNEHad) and ‘S’ (SNES) 

matrix is 2. 
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 lim
𝑛→∞

𝑆𝑁𝐸𝐻𝑎𝑑

𝑆𝑁𝐸𝑆
= 2 2-31 

This is consistent with the idea that an ‘S’ matrix derived multiplexing scheme contains only 1’s and 0’s 

and therefore weighs an object approximately half as many times than a Hadamard matrix which is 

comprised of -1’s and 1’s.  

2.5 Application of Hadamard Transforms to Excitation Emission Matrix Spectroscopy 

If we wish to apply this concept of multiplexing to spectroscopic applications, we first must translate our 

understanding of weighing objects presented in Section 2.4 to the idea that we are “weighing” the 

spectroscopic response of our sample to a series of specific combinations of wavelengths. These wavelength 

combinations will be related to Hadamard or S-matrices depending on whether our instrument has two 

detectors or one detector, respectively. Most applications only require a single detector and S-matrices are 

the more common type of multiplexing matrix used for spectroscopic applications despite the Hadamard 

matrix's superior SNE. Either Sylvester or Paley derived ‘S’ matrices could serve as our multiplexing 

designs given their equivalent ERF from matrices of the same size (See Figure 2-6). 

Secondly, we must devise an instrument to selectively weigh our wavelengths that conform to the 

multiplexing scheme we select. Previous applications have employed a series of physical masks that are 

applied to the dispersed spectrum of a white light source to produce a modulated excitation signal - much 

like a spectral barcode - by allowing specific wavelengths to pass through in order to ‘weigh’ the 

spectroscopic response of the chemical system18. Spatial dispersion of these wavelengths with the use of a 

grating or prism followed by the masking component produces a modulated excitation light according to 

the masks derived from the desired multiplexing scheme. Selecting larger matrices to improve our spectral 

resolution would require the mask to be divided into more narrow columns as well as increasing the number 

of unique masks. Thankfully, the ‘S’ matrices derived by Paley are cyclic in nature (Figure 2-5) and only 

requires a single physical mask that would slide across the dispersed light and modulate the excitation light 

according to the modulation matrix22. By contrast, ‘S’ matrices derived by Sylvester require 𝑁 unique 
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physical masks for an 𝑁 order multiplexing scheme23. Advances in optical technology have now allowed 

for modulation devices to easily transition between masks of either type in our instrument. 

Lastly, we must be conscious of the discrete nature of multiplexing schemes. When producing a modulated 

excitation spectrum, ‘on’ wavelengths should ideally not have any spectral overlap with neighbouring ‘off’ 

wavelengths. This overlap would be interpreted as a signal and carry through our demodulation in EEM 

spectra as a series of lines parallel to the Rayleigh scattered lines with an intensity proportional to the degree 

of overlap. The implication of this property is that the spectral resolution and, therefore the number of 

available wavelength channels of our instrument will be limited by the spectral overlap of neighbouring 

mask columns. As multiplexing schemes increase in size, columns within the mask become smaller and 

eventually approach the resolution limitation of the instrument. 

2.5.1 Hadamard-Transform Excitation-Emission-Matrix Generation 

In order to generate a fluorescence EEM spectrum, our excitation spectrum must be modulated according 

to the multiplexing matrix of our choosing. We start by defining a matrix 𝐻𝑛 which will be decomposed 

into ‘n’ rows to serve as the modulation sequence for the excitation light source. Each row is commonly 

referred to as a “mask”, since the initial attempts at multiplexed spectroscopic measurements utilized 

physical masks22, 24-26. The modulation device would then apply such a modulation or mask on the dispersed 

spectrum of a white light source. The modulation device utilized in this instrument is a digital micromirror 

array (discussed in section 3.1.5) that has been aligned such that each column corresponds to a unique 

narrow range of wavelengths. By dividing the mirror array into n columns and since each mirror column 

can be turned on/off independently of all other mirror columns, we are able to modulate the entire dispersed 

spectrum by programing specific combinations of columns to be “on” or “off” according to the multiplexing 

matrix. This can be mathematically described as 

 
𝐻𝑛𝑆 = [

𝐻1𝑆
⋮

𝐻𝑖𝑆
] = [

𝐻1

⋮
𝐻𝑖

] × 𝑆    
2-32 
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where 𝐻𝑖𝑆 describes a unique excitation spectrum derived from the original excitation spectrum (𝑆) that 

has been modulated by the 𝑖𝑡ℎ row of the multiplexing matrix (𝐻𝑛). This is illustrated in Figure 2-7. 

 

Figure 2-7: Decomposition of Multiplexing Matrix for Spectral Modulation. (Top) The first row of a 7x7 

Paley S matrix being converted into a modulation mask to be displayed by the DMD. (Bottom-Left) A 

series of modulation masks are generated and used to generate 7 unique excitation spectra. (Botton-Right) 

A simulated view of a DMD displaying the first mask (𝐻1𝑆) indicating on and off states. 

Before collecting encoded fluorescence spectra generated by our modulated excitation spectrum, the 

instrument must be properly calibrated in order to determine the range of wavelengths associated with each 

column.  

2.6 Conclusion 

The concepts presented in this chapter provide a concise theoretical knowledge of multidimensional 

fluorescence spectroscopy, the advantages of a multiplexed approach to measurements and how these 

concepts can be applied to a multiplexed approach to multidimensional fluorescence spectroscopy. In the 

following chapters, the ideas of Hadamard multiplexing will be implemented for the construction and 

𝑯𝟏𝑺 
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application of a home built Hadamard-Transform excitation-emission-matrix spectrometer for 

simultaneous absorption and fluorescence data collection. The SNR improvement afforded from this 

multiplexed approach to multidimensional fluorescence measurements significantly reduced spectral 

acquisition times and allowed for two kinetic studies on rapidly evolving chemical reactions with multiple 

absorbing and fluorescing analytes.  

References 

1. Taniguchi, M.; Lindsey, J. S., Database of Absorption and Fluorescence Spectra of >300 Common 
Compounds for use in PhotochemCAD. Photochemistry and Photobiology 2018, 94 (2), 290-327. 
2. Horiba, Duetta Fluorescence and Absorbance Spectrometer-Brochure. In 
https://static.horiba.com/fileadmin/Horiba/Products/Scientific/Molecular_and_Microanalysis/Duetta/D
uetta_brochure.pdf, 2019. 
3. P. G. Coble, Characterization of marine and terrestrial DOM in seawater using excitation emission 
matrix spectroscopy. Marine Chemistry 1996, 51, 325-46. 
4. Elcoroaristizabal, S.;  Callejón, R. M.;  Amigo, J. M.;  Ocaña-González, J. A.;  Morales, M. L.; Ubeda, 
C., Fluorescence excitation–emission matrix spectroscopy as a tool for determining quality of sparkling 
wines. Food Chemistry 2016, 206, 284-90. 
5. Lenhardt, L.;  Bro, R.;  Zeković, I.;  Dramićanin, T.; Dramićanin, M. D., Fluorescence spectroscopy 
coupled with PARAFAC and PLS DA for characterization and classification of honey. Food Chemistry 2015, 
175, 284-91. 
6. Ramsay, H.;  Simon, D.;  Steele, E.;  Hebert, A.;  Oleschuk, R. D.; Stamplecoskie, K. G., The power 
of fluorescence excitation–emission matrix (EEM) spectroscopy in the identification and characterization 
of complex mixtures of fluorescent silver clusters. RSC Advances 2018, 8 (73), 42080-6. 
7. Andrews, N. L. P.;  Fan, J. Z.;  Omrani, H.;  Dudelzak, A.; Loock, H.-P. In Comparison of lubricant oil 
antioxidant analysis using remaining useful life of lubricant oil determined by fluorescence spectroscopy 
and linear sweep voltammetry, Imaging and Applied Optics 2015, Arlington, Virginia, 2015/06/07; Optical 
Society of America: Arlington, Virginia, 2015; p AIM2D.3. 
8. Omrani, H.;  Dudelzak, A. E.;  Hollebone, B. P.; Loock, H.-P., Assessment of the oxidative stability 
of lubricant oil using fiber-coupled fluorescence excitation–emission matrix spectroscopy. Analytica 
Chimica Acta 2014, 811, 1-12. 
9. Omrani, H.;  Munzke, D.;  Reich, O.;  Dudelzak, A.; Loock, H.-P. In Assessment of Lubricant Quality 
by Fiber-Coupled Fluorescence Spectroscopy, Imaging and Applied Optics, Arlington, Virginia, 2013/06/23; 
Optical Society of America: Arlington, Virginia, 2013; p AM4B.3. 
10. Kroonenberg, P. M.; de Leeuw, J., Principal component analysis of three-mode data by means of 
alternating least squares algorithms. Psychometrika 1980, 45 (1), 69-97. 
11. Harshman, R. A.; Lundy, M. E., PARAFAC: Parallel factor analysis. Computational Statistics & Data 
Analysis 1994, 18 (1), 39-72. 
12. Carroll, J. D.; Chang, J.-J., Analysis of individual differences in multidimensional scaling via an n-
way generalization of “Eckart-Young” decomposition. Psychometrika 1970, 35 (3), 283-319. 
13. Bro, R., PARAFAC. Tutorial and applications. Chemometrics and Intelligent Laboratory Systems 
1997, 38 (2), 149-71. 
14. Fellgett, P. B. Theory of Infra-Red Sensitivities and its Application to Investigations of Stellar 
Radiation in the Near Infra-Red 1949. 

https://static.horiba.com/fileadmin/Horiba/Products/Scientific/Molecular_and_Microanalysis/Duetta/Duetta_brochure.pdf
https://static.horiba.com/fileadmin/Horiba/Products/Scientific/Molecular_and_Microanalysis/Duetta/Duetta_brochure.pdf


 

33 

15. Butler, R. K.; Polson, D. R., Wave-division multiplexing in the Sprint long distance network. IEEE 
Communications Magazine 1998, 36 (2), 52-5. 
16. Weinstein, S.; Ebert, P., Data Transmission by Frequency-Division Multiplexing Using the Discrete 
Fourier Transform. IEEE Transactions on Communication Technology 1971, 19 (5), 628-34. 
17. Andrews, N. L. P.;  Ferguson, T.;  Rangaswamy, A. M. M.;  Bernicky, A. R.;  Henning, N.;  Dudelzak, 
A.;  Reich, O.;  Barnes, J. A.; Loock, H. P., Hadamard-Transform Fluorescence Excitation-Emission-Matrix 
Spectroscopy. Analytical Chemistry 2017, 89 (16), 8554-64. 
18. Graff, D. K., Fourier and Hadamard: Transforms in Spectroscopy. Journal of Chemical Education 
1995, 72 (4), 304-9. 
19. Sylvester, J. J., LX. Thoughts on inverse orthogonal matrices, simultaneous signsuccessions, and 
tessellated pavements in two or more colours, with applications to Newton's rule, ornamental tile-work, 
and the theory of numbers. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of 
Science 1867, 34 (232), 461-75. 
20. Hadamard, J., Resolution d'une question relative aux determinants. Bull. des Sciences 
Mathematiques 1893, 17. 
21. Paley, R. E. J. J. o. M.; Physics, On orthogonal matrices. 1933, 12 (1-4), 311-20. 
22. Decker, J. A., Experimental Realization of the Multiplex Advantage with a Hadamard-Transform 
Spectrometer. Appl. Opt. 1971, 10 (3), 510-4. 
23. Sloane, N. J. A.; Harwit, M., Masks for Hadamard transform optics, and weighing designs. Appl. 
Opt. 1976, 15 (1), 107-14. 
24. Harwit, M., Spectrometric Imager. Appl. Opt. 1971, 10 (6), 1415-21. 
25. Phillips, P. G.; Harwit, M., Doubly Multiplexing Dispersive Spectrometer. Appl. Opt. 1971, 10 (12), 
2780-1. 
26. Phillips, P. G.; Briotta, D. A., Hadamard-Transform Spectrometry of the Atmospheres of Earth and 
Jupiter. Appl. Opt. 1974, 13 (10), 2233-5. 
 



 

34 

 

 

Visible Spectrum Hadamard-Transform Excitation-Emission-Matrix 

Spectrometer 

This chapter provides a comprehensive description of a homebuilt Hadamard-Transform (HT) Excitation-

Emission-Matrix Spectrometer (EEMS) that works solely within the visible region of the electromagnetic 

spectrum. It will be further referred to as the VHT-EEMS. This chapter also outlines the various 

modifications made to the VHT-EEMS to improve key performance metrics including its acquisition rate 

as well as its excitation and emission spectral resolution. This chapter will conclude by demonstrating the 

ability of the VHT-EEMS to perform preliminary kinetic studies on rapidly evolving chemical systems. 

3.1 Design of the Visible Hadamard-Transform Excitation Emission Matrix Spectrometer 

3.1.1 Design Overview  

Keeping in mind the requirements laid out in section 2.5.1, a prototype instrument was constructed to allow 

for the modulation of excitation light needed for Hadamard-Transform Excitation-Emission-Matrix 

Spectroscopy (HT-EEMS). This instrument utilized a Digital Micromirror Device (DMD) for excitation 

light modulation and was shown to reduce the acquisition rate of an Excitation-Emission-Matrix (EEM) 

spectrum by a factor of  𝑛(𝑛 + 1)/2 over a conventional scanning EEM spectrometer1. 

The instrument was already described in an earlier form in the Ph.D. dissertation by Dr. Nicholas Andrews2 

and a paper submitted to Anal.Chem.1. Since these initial publications, a variety of modifications have been 

made to the instrument to enhance the excitation light throughput and the spectral resolution achievable 

with the DMD. Furthermore, a series of custom optical slits were integrated into the system to improve 

light coupling into the CCD spectrometer without significant losses in spectral resolution.  

The current system (see Figure 3-1) is comprised of a white LED that is coupled with a custom fiber bundle 

which serves as an optical slit for a spectrograph. The dispersed light is then focused onto a digital 
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micromirror array (DMD) comprised of 786,432, 10.8𝜇m x 10.8𝜇m programmable mirrors, such that each 

column of mirrors reflects a very narrow bandwidth of light. The optical output from the DMD is then 

directed towards a series of collection mirrors and lenses so they can be coupled into 22 “excitation fibers” 

which are part of a bifurcated fiber optic probe that directs the excitation beam towards a sample. Any light 

that is scattered or emitted by the sample is then collected by 15 other “emission fibers” within the same 

probe such that it collects and directs the light towards a 2048-channel Avanates CCD spectrometer 

retrofitted with custom optical slits. The instrument is controlled by a custom-written Matlab® code with a 

graphical user interface (GUI) for ease of use. 

 

Figure 3-1: An overhead view of the current VHT-EEMS showing the path of light as it travels through 

the system. Yellow arrows indicate white (not dispersed) light travelling either through fiber optic bundles 

or free space and red-green-blue (RGB) arrows indicate dispersed light travelling through the spectrograph, 

being projected onto the DMD, and being collected by the refocusing optics. 
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3.1.2 Excitation Source: Fiber-Coupled Broadband LED   

 
Figure 3-2: ThorLabs Warm White Fiber-Coupled LED (Part MWWHF2). (Top Left): External view of 

the heat sink housing of LED that serves as the broadband visible light source for excitation modulation. 

(Top Right): An internal view of the LED mounted on a metal-core printed circuit board. (Bottom): Typical 

emission spectrum of MWWHF2. 

The prototype VHT-EEMS instrument was initially constructed utilizing a light-emitting diode (Cree 

CXB1830, ~3000 lm, Ø14 mm, bandwidth ≈ 400-800 nm) as the excitation light source3, 4. This lamp was 

butt-coupled to a fiber bundle containing 11 optical fibers (core diameter: 400 m). However, this LED had 

an emitting diameter of 14 mm which meant only a fraction of the light was coupled into the fiber bundle. 

A new light source was purchased with a much smaller emitting area to ensure the light is fully coupled 

into the bundle.  
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In the work presented here, we used a 4000 K colour-correlated Warm-White Fiber-Coupled LED (Part 

MWWHF2) which was acquired from Thorlabs with a nominal output of 23.1 mW from a 400 m core 

fiber with a wavelength range of  ~425 – 750 nm5. A typical emission spectrum of a ‘warm light’ LED can 

be found in Figure 3-2. This LED sits in a metal housing to passively dissipate heat, thereby eliminating 

the need for active cooling. Also, the emitting area of this LED is only 1mm2 which will improve light 

coupling efficiency. The LED was powered by a variable current/voltage power supply giving control over 

the output intensity. Under a current-limited configuration, a typical current supplied to the LED was 

between 900 and 1000 mA with the appropriate voltage being applied. 

3.1.3 Excitation Fiber Slit  

During the initial construction of the VHT-EEMS, a vertical fiber bundle made was consisting of 11 fibers 

(400 m Core/440 m Cladding/0.22NA) with the other end embedded in an SMA905 connector (Figure 

3-3). This allowed for an easy connection to the newly acquired fibre-coupled LED. However, this vertical 

slit critically limits the focusing width of the dispersed light being projected onto the DMD due to the size 

of this initial slit. Also, a slit not vertically aligned perfectly will induce spatial broadening of the excitation 

light. Additionally, the bundle within the SMA connector has a diameter of 2.3 mm which is far larger than 

the 1 mm emitter diameter of MWWHF2. This leaves certain exterior fibers underfilled and with the large 

gaps in between each fiber, the light coupling is inefficient. To remedy this, a second fiber bundle was 

constructed using 37 fibers (100 m core) which has an approximate diameter of 1 mm when bundled 

within an SMA connector. 
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Figure 3-3: 400 m excitation fiber slit. (Left) Eleven 400 m optical fibers bundles into an SMA adapter. 

(Right) Eleven 400 m fibers arranged in a vertical bundle to serve as the excitation slit. 

A vertical bundle consisting of 37 fibers with an SMA 905 terminated end for facile coupling to a fiber-

coupled LED is not available commercially so this component must be manufactured in house. As 

mentioned previously, a slit that is not perfectly aligned within the plane of the spectrograph will induce 

additional spatial broadening. Therefore, great care is required to manufacture a well-aligned fiber slit. 

The manufacturing process began by milling out a small housing component from transparent acrylic 

material with a 4.6 mm groove to hold the vertical bundle. Two additional pieces of acrylic were cut to 

ensure the fiber bundle remained flat within the groove and to attach the vertical bundle component to the 

spectrograph.  
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Next, a 100 m core fiber (100 m Core/110 m Cladding 0.22NA) was cut into 37 pieces (length: 30 cm). 

To ensure a straight bundle, these pieces were arranged side-by-side on a flat surface and a small amount 

of glue was forced into the grooves between the fibers using manual pressure. Sliding a finger along the 

bundle forces the fibers together and eliminates any gaps in between them.  

 

Figure 3-4: Illustration of fiber slit manual alignment. The fibers are forced together by sliding a finger 

along with the bundle while glue fills any grooves to maintain the straight bundle.  

Once dried, the linear bundle can be laid into the grooved acrylic piece with a small amount of epoxy on 

either side. The other acrylic piece is then laid into the groove on top of the bundle to hold it in place while 

the epoxy hardens.  

The other ends of the fibers are then bundled into a 1 mm SMA adapter. To aid the bundling, a small rubber 

boot normally used for strain relief was used to organize the fibers into a tight bundle before being inserted 

into the SMA connector. Both ends of the fiber bundle were then polished to reduce scattering and further 

enhance light throughput. Figure 3-5 shows both ends of the bundle along with the acrylic housing used to 

hold the vertical bundle in place. 
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Figure 3-5: 100 m fiber optical slit. A) Illustration of 37, 100 m fibers stacked vertically to serve as an 

optical slit for excitation light dispersion. B) Image of the polished vertical fiber bundle while transmitting 

white light. C) Illustration of the SMA connector with 37 fibers in a hexagonal pattern. D) Image of the 

polished SMA connector.  E) Image of the assembled acrylic housing. 

3.1.4 Spectrograph  

In order to direct white excitation light onto the DMD to achieve our requirement for a unique range of 

wavelengths for each DMD mirror column, an Ocean Optics USB2000 spectrometer was cannibalized to 

access the asymmetric Czerny-Turner spectrograph within. The component housing the linear diode array 

(LDA) was removed leaving the spectrograph components unchanged; including the opening for our 

customized fiber slit. The spectrograph module can then be simply oriented to project the dispersed light 
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onto the DMD such that each column of the DMD reflects a unique, narrow spectral band. A detailed 

procedure for the alignment of the spectrograph will be given in Section 3.1.10. The ability to focus each 

unique spectral band onto a single mirror column critically relies on the focusing mirror’s focal length 

whereas the spectral resolution depends on the initial size of the fiber slit. 

The spectrograph’s initial configuration was optimized for the detector to be positioned at the focal plane 

of the mirror. Ideally, the mirrors of the DMD had to be placed into the same plane where the linear array 

detector had been in the original spectrometer. However, using the spectrometer's original optical 

components, the DMD could not be oriented such that the micromirror plane was aligned with the focusing 

mirrors focal plane which resulted in poorly focused dispersed light (Figure 3-7). Replacing the focusing 

mirror with a new mirror with a longer focal length allows for the DMD to be positioned such that the DMD 

is aligned with the focal plane of the focusing mirror. A circular parabolic mirror (Ø1",f = 10 cm) was 

purchased from Thorlabs (CM254-100-G01) and cut to match the size of the original mirror.  
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Figure 3-6: A picture of the spectrograph utilized to disperse and focus white light onto the DMD with 

yellow arrows indicating transversing white light. The components are 1) 100 m fiber slit, 2) Collimating 

mirror, 3) 600 line/mm reflective diffraction grating on a rotational turret, 4) f = 10 cm parabolic focusing 

mirror.  
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Figure 3-7: Schematic of old and new focusing mirrors. (Left) Original 4.5 cm focal length focusing mirror. 

(Right) New 10 cm focal length focusing mirror. 

The new focusing mirror, along with the 100 m excitation fiber slit, allows the spectrograph to properly 

focus the dispersed light onto the DMD and drastically improve the optical bandwidth that can be selected 

by a single column of mirrors. The quantitative results of this improvement will be discussed in more detail 

in section 3.2.1. 

3.1.5 Digital Micromirror Device 

The light modulation device for this instrument is a digital micromirror device (DMD) that contains over 

780,000 micromirrors. This optoelectric device made by Texas Instruments© utilizes a complementary 

metal-oxide-semiconductor (CMOS) memory layer array that controls the tilt angle of a single micromirror 

to either the “on” or “off” state by altering the electrostatic potential between the micromirror and the 

CMOS layer electrodes6. When aligned properly, each of the 1024 columns of the micromirror array will 

correspond to a unique range of wavelengths that comprise the broadband light source (Figure 3-7, Figure 

3-8). The source can then be modulated by programming a series of “on” or “off’ states into the memory 

cell of the device which corresponds to 1’s and 0’s respectively. The controlling software will then 

sequentially call for the mirrors to switch to the next position and remain in that state while the emission 
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spectrometer integrates the total spectrum for a predetermined amount of time. This flip about a central 

hinge results in a ±12o pitch to either the “on” (+) or “off” (-) position (Figure 3-8) which requires a 44 s 

window time. As described in Section 2.4.1, a 𝑛 × 𝑛 modulation matrix is decomposed into ‘n’ rows to 

serve as modulation masks. To generate a mask from each row, that is fully distributed across the 1,024 

DMD columns, the number columns corresponding to a single matrix cell can be easily calculated by, 

 𝐶𝑜𝑙𝑢𝑚𝑛 𝑊𝑖𝑑𝑡ℎ = 1024 ÷ 𝑛 3-1 

where n is the size of the modulation matrix. Most Paley matrices have several columns remaining after a 

mask has been created. These are permanently set to the off position and will not be involved in the light 

modulation. However, certain matrices produce masks that permanently assign up to 5% of total mirrors to 

a permanent “off” position7.  These matrices are not used for light modulation as they significantly limit 

the available spectral range of excitation light. 

The useable spectral range for light modulation is limited to 420-700 nm due to a coating on a protective 

window that seals the DMD. This spectral range matches the emission spectrum emitted from the broadband 

white LED. In practice, the entire range of the visible spectrum is not available at a time. Instead, the 

spectral range is limited to a 180 nm range due to the implementation of the new focusing mirror that widens 

the focused image. The start and endpoint of the 180 nm range are then dictated by the orientation of the 

spectrograph relative to the plane of the DMD as well as the orientation of reflective grating and the coating. 

The alignment procedure is explained in detail in 3.1.10. 
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Figure 3-8: Digital micromirror array. (Left): Image of dispersed light projected onto the DMD. (Right) 

Schematic of a single mirror tilted 12o about the central point. (Bottom) Illustration of light modulation by 

the DMD. Columns that are coded to be in the on state reflect the light towards light collection optics. Off 

light is directed away. 

 

10.8 μm x 10.8 μm mirrors 

±12o tilt 
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3.1.6 Focusing Optics  

Light reflected off the DMD is divergent by the nature of the Czerny-Turner spectrograph focusing the light 

onto the DMD. In order to efficiently collect the modulated excitation light, a series of parabolic mirrors 

collimate and focus the modulated light in both optical axes. An additional focusing lens with a shorter 

focal length provides additional focusing to minimize the instrument footprint and improving light coupling 

into the front end of the bifurcated probe.  

Aside from the primary objective of coupling as much light into the fiber bundle, we must ensure that light 

coupling into the fibers is “white”, i.e. not dispersed. The wavelength-specific coupling efficiency of 

modulated excitation light could result in a greater intensity of certain wavelengths depending on the 

number of collection fibers that have an overlapping acceptance cone with the excitation fiber.  

3.1.7 Bifurcated Fluorescence Probe 

A bifurcated fluorescence probe was built during the construction of the prototype Hadamard-Transform 

EEM instrument. It contained a total of 37 core fibers (400 μm Core/440 μm cladding/470 μm coating) 

embedded in a metal housing. 22 of these fibers were arranged in an 11x2 rectangular bundle to couple 

excitation light from the focusing optics and direct it to the sample. The remaining 15 fibers collected any 

scattered or emitted light from the sample and directed it towards a spectrometer. The initial configuration 

terminated the emission bundle with an SMA connector for easy connection to the spectrometer. However, 

this circular arrangement of fibers poorly couples light into the rectangular slit of the spectrometer. The 

emission fibers were therefore also arranged in rectangular bundle (7x1 and 8x1) to improve light coupling 

as well as coupling light from all fibers more uniformly. 

When collecting an EEM spectrum, a metal sheath with a fused silica bevelled spacer window is placed in 

front of the bifurcated bundle. The use of a bevelled window spacer served two purposes. The first is to 

allow for a sufficient overlap between the emission light cones and excitation light cones (Figure 3-9). As 

excitation light is allowed to propagate through the medium, the cone diverges according to the numerical 
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aperture (NA) of the fiber which relates to the refractive index of the core and cladding layers as well as 

the refractive index of the medium the fiber is working in, described by equation 3-2.  

 𝑁𝐴 = √𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

2 = 𝑛𝑠𝑝𝑎𝑐𝑒𝑟sin (𝜃max  ) 3-2 

The maximum acceptance half-angle (𝜃max  ) of a fiber is also the divergence angle of light exiting the fiber. 

To ensure all the light is collected by the emission fibers, the following trigonometric function can be used 

to calculate the minimal length of the spacer (L).  

 𝐿 =
𝑊 2⁄

tan(𝜃𝑚𝑎𝑥  )
 3-3 

where W is the width of the fibers including the coating and cladding. If the value for 𝜃max  is calculated by 

using 𝜂𝑠𝑝𝑎𝑐𝑒𝑟 for the smallest useable wavelength for this instrument, which is governed by the UV-

reflective coating on the DMD, the minimum length of the spacer to ensure a full overlap of excitation and 

emission cones for all wavelengths can be calculated. The refractive index of fused silica at 420nm can be 

estimated utilizing the Sellmeier equation8. 

 𝑛2 − 1 =
0.6961663𝜆2

𝜆2 − (0.0684043)2
+

0.4079426𝜆2

𝜆2 − (0.1162414)2
+

0.8974794𝜆2

𝜆2 − (9.896161)2
 3-4 

Using equations 3-3, 3-4, the minimal length of the window spacer to ensure full overlap is 2.75 mm. The 

fused silica window has a measured thickness of 5mm, before beveling, which will ensure full overlap of 

excitation and emission cones; even after beveling has occurred. The presence of the spacer has proven 

extremely important for a highly absorbing sample in previous studies9.  

The second purpose of the bevelled spacer window is to limit the Fresnel reflection of excitation light at 

the widow/solution interface. The Fresnel reflection at this interface is maximized when the incident light 

is normal and can cause detector saturation. However, beveling the surface to reduce the angle of incidence 

to ~9o has been previously shown by this group to reduce the reflection of excitation light10 
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Figure 3-9: Bifurcated Fluorescence Probe. (Left) Assembled bifurcated bundle containing 22 excitation 

fibers and 15 emission fibers with a bevelled winder spacer. The inset image shows the 22 excitation fibers 

when all mirrors are switched to the “on” position. (Right) Schematic of bifurcated fiber bundled illustrating 

the purpose of the spacer window, which allows for a better spatial overlap between excitation and emission 

cones and hence maximizes the total amount of emitted light collected by the probe. The bevelled edge 

simultaneously limits Fresnel reflection of excitation light while improving light coupling into the emission 

fibers.  

3.1.8 Emission Spectrometer  

The current fluorescence emission spectrometer utilizes a 75 mm symmetrical Czerny-Turner spectrograph 

containing a 600 line/mm reflective diffraction grating blazed at 400 nm. The dispersed light is then focused 

onto a CCD detector consisted of 2048 active pixels with a pre-configured range of 360-880 nm. The 

spectrometer also included a detector collection lens and order sorting coating (OSC) for improved light 
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coupling efficiency and the elimination of higher-order stray light, respectively. Additionally, the 

spectrometer was retrofitted with a replaceable optical slit component to control the emission resolution. 

The reported resolution of the spectrometer utilizing a 25 m optical slit is 0.7 nm while a 200 m slit 

achieves a 4.6 nm resolution11.  

The spectrometer slit is interfaced with the VHT-EEMS instrument by inserting the rectangular bundle of 

fibers that served as collection fibers in the bifurcated probe into the optical slit opening.  However, the 

problem with the optical slits that accompanied the commercial spectrometer was the current bundle of 

emission fibers arranged in a 2x7 fashion is too wide to fully enter the SMA905 connector. This meant the 

bundle could only be held approximately 11.4 mm away from the slit opening (Figure 3-10). This drastically 

reduces the amount of light getting through the slit thus requiring longer integration times to obtain spectra 

of sufficient quality.  

 

Figure 3-10: Illustration of rectangular bundle interface with a commercial optical slit. The rectangular 

bundle can only be partially inserted into the SMA905 connector resulting in only a fraction of light being 

coupled into the slit. 

 

The possibility of not using a slit was proposed as the fiber bundle was already in a rectangular pattern and 

could serve as a fiber slit. In fact, this would have very little effect on spectral acquisition when the 400𝜇𝑚 

excitation slit was been utilized along with the old focusing mirror, but the modifications made to the 
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instrument have made this impossible. Since the rectangular bundle consists of 2 rows of fibers, two 

adjacent peaks appear on a calibration spectrum when a single mirror column is turned on due to effectively 

having two slits.  An alternative solution was to create a replicate of the commercial slit using a 3D printer 

with an improved interface with the rectangular fiber bundle. 

 

 

 

Figure 3-11: 600 m 3D Printed Optical Slits.  A) Rendered sketch up designed for 3D Printing B) 3D 

Printed optical slits. C) Internal schematic of rectangular bilayer inserted into the tapered 3D printed optical 

slit 

A series of optical slits were designed using Sketchup® to improve light coupling into the emission 

spectrometer while obtaining a similar spectral resolution at a fraction of the cost of purchasing a custom 

slit. The commercial slits featured 1mm long optical slits with circular female SMA connector ports while 

A 

 B C 



 

51 

the first optical slit was designed to have a 4mm long, 600 m slit with a square opening for insertion of 

the rectangular fiber bundle. The opening features tapered walls as they were necessary for the printing 

process as tiered layers can be difficult to achieve.   

 

Figure 3-12: Comparison of the commercial slit with 3D Printed Slit.  Total integration of the spectrum 

obtained using the 100 m 3D printed slit was ~4.5 greater than the spectrum obtained utilizing the 

commercial 100 m slit.  

 

Tapering also allows for the fiber bundle to be inserted into the 3D-printed piece and to have it sit very 

close to the slit, maximizing the amount of light entering the spectrometer.  Additionally, the length of the 

slit was increased from 1mm to 4mm allowing for even more light to be coupled into the spectrometer.  In 

fact, as much 4.5 times more light can be coupled into the spectrometer utilizing the 3D-printed slit 



 

52 

compared to the commercial slit (See Figure 3-12). This reduces the integration time needed for each 

encoded fluorescence spectrum and therefore the total time required to generate an EEM spectrum.  

To view the morphology of various slits, a representative image of each slit was captured using an optical 

microscope with a bottom Illumination using a 5x magnification objective lens (Figure 3-13). Light from 

the bottom passed through the slit resulting in a very bright region in the image. Altering the saturation and 

contrast of the image in the image processing program, ImageJ, resulted in a very clear boundary between 

polymer and slit which can be analyzed using the plot profile function on ImageJ to show the approximate 

width of each slit along with the variability of the edge regions.  

 

Figure 3-13: Optical Microscope Images of 100, 200, 400 m 3D-Printed Slits (5x Mag) Several 

measurements show width variability along the slit. Measurements were calibrated by measuring a calliper 

set to 1000 m under the same magnification. 

Figure 3-14 shows that each slit converges towards the appropriate width, but the plots of the left and right 

edges show the variability of the slit width in the outer 20 m likely due to the deformation of the hot 
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polymer as the 3D printer printed each layer.  This variability means each slit must be analyzed 

spectroscopically to determine its effective slit width. The results of these measurements are given in 3.1.2. 

 

 

Figure 3-14: Plot Profile of 100, 200, and 400 m slits to show width variation along the optical slit.  

3.1.9 Intsrument Control Software  

In order to control all electronic components of the instrument, a MATLAB code was written to produce a 

graphical user interface (GUI). This GUI controls the DMD by loading pre-made modulation masks onto 

the memory layer of the device while simultaneously coordinating the timing of the flipping of the mirrors 

with the acquisition of spectra by the emission spectrometer. The GUI is also used to collect calibration 

spectra for calibration, encoded fluorescence spectra, and demodulating encoded fluorescence matrices. 

Additionally, the GUI functions to collect a series of EEM spectra with a set integration time while 

recording a timestamp for kinetic analysis.  

3.1.10 Optical Alignment  

In order to perform an optical alignment of the VHT-EEMS, the bifurcated fluorescence probe is first 

directed at a reflective or white scattering surface to lower the required integration time and give immediate 

feedback to alignment movements. Also, the 25 m commercial slit is inserted into the emission 
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spectrometer. The DMD is then made to display a series of masks where alternating columns of mirrors are 

flipped to the “on” position while the emission spectrometer continuously acquiring and displaying intensity 

spectra (Figure 3-15). The first mask is an entirely “on” mask followed by a series of masks where the 

DMD is divided into progressively thinner columns until mirror columns are as wide as a 128-channel 

modulation mask column.  

 

Figure 3-15: Illustration of spectrograph alignment masks beginning with an all On mask (1) followed by 

masks with alternating On/Off columns that are 128, 64, 32, 16, and 8 mirror columns wide corresponding 

to masks, 2,3,4,5, and 6, respectively.  

Starting with the all “on” mask, the spectrograph is positioned such that the spectrum produced by this 

mask produces the desired spectral range. The developed instrument prototype only allows for a 180 nm 

bandwidth and the LED’s emission profile produces an approximately 250 nm wide spectrum. When the 

desired spectral range is achieved, the next mask is displayed. An iterative approach translates and rotates 

the entire spectrograph using a translation stage and a central pivot point where the spectrograph is attached 

to the translation stage in order to produce narrow linewidth peaks (Figure 3-16). The next mask is displayed 

when no appreciable change is made to the spectral width of each column and the iterative approach is 
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repeated. This process is repeated until a new mask is unable to produce more narrow peaks and adjacent 

peaks are no longer well resolved. 

 

Figure 3-16: Illustration of the spectrograph-DMD alignment procedure. Axes of movement or rotation are 

indicated with dotted lines and the type of movement at each axis.  

The reflective grating can be rotated on its turret if the spectrograph cannot be oriented to reduce the spectral 

linewidth. The position of focusing optics also needs to be adjusted in order to maximize the collection of 

the “on” light. Once the VHT-EEMS has been satisfactorily aligned, the calibration procedure outlined in 

section 3.1.11 can be followed to prepare for HT-EEM spectral acquisition. 

3.1.11 Instrument Calibration 

To calibrate the modulation device, each column, whose width is defined by the dimension of the 

multiplexing matrix being used, is sequentially switched into the “on” position (Figure 3-17). The light 
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reflected from this column of mirrors is collected and directed towards the spectrometer. The spectrum 

generated by each column is then fit to a Gaussian function to determine the spectral width, the central 

wavelength of the column, and intensity. Central wavelength and column intensity will serve as the 

excitation coordinate of the final EEM spectrum and the intensity correction factor, respectively.  

 

Figure 3-17: Illustration of a 7 channel instrument calibration series used to determine the central 

wavelength of each mirror column section for a 7-channel modulation scheme. 

The spectral width of each column along with the total number of available mirrors and spectral range of 

the multiplexing device can be used to determine the spectral resolution of the instrument and to determine 

the optimal size of the modulation matrix. On the other hand, the spectral resolution of the excitation scheme 

is not identical to the spectral resolution of the EEM spectrometer, since the increased dimensionality of 

the instrument allows a higher resolving power than would be possible for 2D techniques due to the ability 

to resolve closely spectrally similar signals in the second dimension, i.e. along the fluorescence emission 

axis. This is illustrated in Figure 3-18 by plotting two peaks as they would appear on a 2D spectral plot then 

comparing the separation of these peaks on a 3D plot. 
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Figure 3-18: Comparative separation of 2D and 3D spectroscopic techniques.  (Left) The two peaks with 

FWHM of 5.5 nm and are separated by 5.5 nm as they would appear on a 2D fluorescence plot. (Right) 

Two peaks as they would appear on a 3D excitation-emission matrix spectrum. 

 

Two peaks that appear strongly overlapped in a 2D spectrum are well resolved in a 3D plot which nicely 

illustrates why multidimensional spectra are so useful for chemical analysis.  

Now that the system has been properly aligned and calibrated, each unique modulated excitation spectrum 

(HiS) can be used to induce a unique fluorescent response (Fi) from a sample.  

 [𝐻𝑛𝑆] × [𝑀𝑛] = [𝐹𝑛] = [
𝐹1

⋮
𝐹𝑖

]  3-5 

These encoded fluorescence spectra contain fluorescent information from each “on” column. To obtain the 

EEM spectrum (Mn) the encoded fluorescence matrix (Fn) must be demultiplexed by multiplication with 

the inverse of the modulated excitation matrix to obtain an excitation-emission-matrix spectrum. 

 [𝑀𝑛] = [𝐹𝑛] × [𝐻𝑛𝑆]−1  3-6 

The final EEM has n excitation channels and as many channels as the emission detector possess – in our 

case governed by the channels of the fluorescence spectrometer. This demodulation scheme is illustrated in 
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Figure 3-19 where the unique encoded fluorescence spectra are demodulated to produce the EEM spectrum. 

This spectrum is then plotted as a contour plot. 

 

 

Figure 3-19: Illustration of 7 channel encoded fluorescence matrix demodulation by multiplication of 

inverse modulated excitation spectrum matrix. (Bottom) 7 channel excitation-emission-matrix spectrum of 

3.5 m sulforhodamine 640 in ethanol integrated for 400 ms per modulated excitation spectrum (HiS). 

 

3.2  Instrument Characterization 

3.2.1 Spectral Resolution  
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The most striking change observed with the newly updated system is the improvement of limiting spectral 

bandwidth of the excitation light. The spectral resolution was reported by Andrews to be 23nm (FWHM)3 

while the current optimized system is limited to a spectral full-width half max (FWHM) of 5.3 nm (Figure 

3-20).   

    

Figure 3-20: Excitation Linewidth Comparison with 25 m emission slit. (Left) A 127 channel calibration 

series displaying every fourth mirror column collected with 400 m excitation slit and 4.5 cm focal length 

mirror. (Right) A 127 channel calibration series displaying every fourth mirror column collected with 100 

m excitation slit and 10 cm focal length mirror. 

This change was brought about by implementing the custom built 100 m excitation slit and replacing the 

focusing mirror within the spectrograph which allowed for a superior spatial focusing of dispersed light 

onto the DMD. In order to fully characterize the changes brought about by the new components, a series of 

calibration spectra were collected for every Paley matrix ranging from 7 to 127 utilizing the old 400 m 

fiber excitation slit and the new 100 m fiber excitation slit. Table 3-1 shows the average FWHM of each 

calibration series for each fiber slit when using the new focusing mirror.  

 

Table 3-1: Limiting Spectral Width of Excitation Lines with 25 m Emission Slit  

Average Full-Width Half Max of Calibration Spectra (nm) 
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Size of Paley 

Matrix 400 μm Excitation Slit 100 μm Excitation Slit 

7 30.7 28.2 

11 22.2 19.2 

19 16.7 11.9 

23 15.9 10.2 

31 15.1 8.3 

43 14.6 6.8 

47 14.5 6.5 

59 14.3 6.0 

67 14.4 5.9 

71 14.3 5.9 

83 14.2 5.7 

127 14.4 5.3 

 

The limiting excitation linewidth is for small modulation matrices show similar values but the 100 

m excitation slits can produce much more narrow excitation lines compared to the 400 m when using 

larger matrices. A limiting linewidth of ~14 nm is realized for the 400 m excitation slit already shows an 

immediate improvement of ~10 nm over the previously reported limiting linewidth due to the installation 

of the new focusing mirror. Another 9 nm improvement is realized for the limiting excitation linewidth 

when using the 100 m fiber excitation slit. However, the 400 m fiber slit reaches the limiting spectral 

linewidth using a 43-channel calibration series whereas the 100 m continues to see narrower spectral 

linewidths up to the 127-channel calibration series. This improvement is also illustrated in Figure 3-23. 
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Figure 3-21: Average Full-Width Half Max (FWHM) of calibration spectra utilizing 400 and 100 m fiber 

excitation slits and a commercial 25 m emission slit.  

Both the excitation slit width and the size of the modulation scheme impact the average FWHM of the 

calibration spectra. However, we must also quantify the effect that the emission slit width has on the FWHM 

of calibration spectra. This is done by collecting calibration spectra using all possible combinations of 

excitation and emission slits width and modulation scheme. As expected, the 400 m excitation slit, when 

combined with the 400 m 3D printed slit, produces the largest average FWHM. However, only small 

improvements are obtained when combining the 400 m excitation slit with narrower emission slits. 

Combinations of all emission slits with the 100 m excitation slit showed a greater effect of emission slit 

width on FWHM of the calibration spectra as evident by the wider range of average FWHM values that 

were achieved (Figure 3-22). This suggests the control of FWHM is limited by the 400 m excitation slit 

but greater control is possible when using the 100 m excitation slit.  Unfortunately, based on the total 
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cross-section of all the fibers bundled into each excitation slit, the 100 m excitation slit provides only 20% 

of the signal intensity compared to the 400 m excitation slit.   

 

Figure 3-22: The effect of slit width on spectral resolution. A Comparison of the spectral linewidth of 

calibration spectra utilizing different excitation and emission slits shows calibration spectra collected with 

400 m excitation slit produced an average FWHM ranging from 15.8 nm to 14.2 nm while the limiting 

average FWHM produced by the 100 m excitation slit ranged from 9.4 nm to 5.3 nm. 

The configuration of the VHT-EEMS can be tailored to the needs of the sample being analyzed based on 

the number of fluorophores present, their spectral characteristics and the required integration time when 

performing kinetic studies. 
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If such a sample contains multiple fluorophores, a configuration that provides less excitation light, but 

narrow excitation and emission linewidth may be necessary, especially if the fluorophores are similar in 

their spectral characteristics. Alternatively, for a sample with multiple fluorophores that are spectrally well 

separated or samples that only contain one or two fluorophores, a configuration that provides more light 

and wider excitation and emission linewidths can be used. Using wider slits is useful especially if the 

quantum yield or the concentration of the fluorophore(s) are low or if short integration times are required.  

It is interesting to observe the 3D printed slits producing calibration spectra that have wider linewidths than 

their geometric width might have predicted. Instead of classifying these slits by their physical slit width, it 

is instead beneficial to determine their effective slit width based on the average FWHM of the spectrometric 

lines when collecting calibration spectra. 

In order to determine the effective size of the 3-D printed slits, the achievable spectral resolution of the slits 

is compared to commercial slits supplied by the spectrometer’s manufacturer, Avantes. A calibration curve 

is created by plotting the average full-width half max of the calibration series using the 127-channel Paley 

modulation scheme. This calibration curve is then extrapolated to determine the effective size of the 100 

and 200 m 3D-printed slits (Figure 3-23). The calibration series shows the 100 and 200 m 3D printed 

slits have an effective slit width of 253 and 412 m, respectively. This effectively larger size compared to 

the plot profile analysis (Figure 3-14) could suggest a misalignment of the 3D printed slits from the 

spectrographs optical axis or perhaps the light exiting the emission fiber bilayer is able to penetrate the 

tapered slit and produce an effectively larger slit. Future designs could create a tapered slit with a thicker 

final wall to limit light penetration or a darker material could be used instead. 
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Figure 3-23: Spectral resolution calibration series using commercial optical slits compared to 3D printed 

spectral resolution performance. A linear calibration curve created from the commercial optical slits is 

extrapolated to determine the effective slit width of the 3D printed slit from the average limiting linewidth 

of the 127-channel calibration series. 

3.2.2 Benchmarking of the Visible Hadamard-Transform Excitation-Emission-Matrix Spectrometer 

With all modifications made the VHT-EEMS, the system needs to be compared to commercially available 

EEM spectrometers. In order to benchmark the performance of the VHT-EEMS, we conducted a 

comparative study of spectra obtained by a conventional double monochromator scanning excitation-

emission-matrix (EEM) spectrometer with the spectra obtained using the Hadamard-Transform multiplex 

approach to EEM acquisition. All recorded spectra were obtained using closely matching acquisition 

parameters. Additional comparisons were made to spectra obtained using the VHT-EEMS configured to 

collect emission spectra by applying excitation wavelengths in sequence. Lastly, the VHT-EEMS 

y = 0.0057x + 5.2

R² = 0.98

4.5

5.5

6.5

7.5

8.5

9.5

10.5

0 100 200 300 400 500 600 700 800

A
v

er
a

g
e 

F
u

ll
 W

id
th

 H
a

lf
 M

a
x
 (

n
m

)

Spectroscopic Slit Width (μm)

Calibration Series

100um 3DP Slit

200um 3DP Slit

400um 3DP Slit



 

65 

acquisition rate was tested to determine the minimum acquisition time necessary to obtain an EEM of 

sufficient quality.  

To compare the VHT-EEMS to a commercial Varian Eclipse Excitation and Emission Spectrophotometer 

(VEES), a spectrum of sulforhodamine (3.5 M) was collected by the VEES with excitation and emission 

monochromators set to 5nm spectral linewidth. Excitation and emission scanning steps were set to 2.5 nm 

and 1 nm, respectively, and the scan rate was set to 600 nm/min for a total acquisition time of 37 minutes. 

The EEM spectrum shows a single fluorescent feature with an excitation maximum at 576 nm and emission 

maximum at 600 nm as expected.  

 

Figure 3-24: EEM spectrum of 3.5 M Sulforhodamine in ethanol collected using the Varian Eclipse 

Excitation and Emission Spectrophotometer adapted with a bifurcated fibre bundle.  
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A series of Hadamard-Transform EEM spectra of 3.5 M sulforhodamine 640 were obtained by applying 

increasingly larger modulation matrices to obtain more excitation channels (Figure 3-28). The VHT-EEMS 

was configured with the 100 m fiber excitation slits and 100 m 3D printed emission slit while integration 

time for each mask was set to 1000 ms such that a single EEM would be obtained in as many seconds as 

there are channels. These spectra of 3.5 M sulforhodamine 640 showed excellent agreement with the 

VEES spectrum by showing an absorption maxima at 576 nm or very close to it and emission maxima at 

600 nm. Small discrepancies with those spectra obtained with smaller modulation matrices are due to not 

having a channel centred exactly at 576 nm. This would result in an apparent blue or redshift in the 

absorbance maxima depending on whether the channels central wavelength was higher or lower than 576 

nm. Thankfully, this problem is negligible for larger matrices as the channel linewidth is quite narrow when 

using the 100 𝜇m excitaion and emission slits as a non-576 nm central wavelength channel would only 

induce a small red or blue shift.  

The EEM acquisition rate, due to the application of a multiplexing design to modulate the excitation light, 

has been significantly reduced by more than an order of magnitude. In fact, a 30-fold increase in rate is 

found for 67 channel EEM which was obtained in 67 seconds instead of 37 minutes.  This multiplex or 

Fellgett advantage produces a superior signal to noise ratio compared to sequentially obtained EEM 

spectra12. Since nearly half of all available excitation channels are in the “on” position for each mask, the 

induced fluorescence is detected as a whole and therefore requires reduced integration time to rise above 

the detector noise. Additionally, the use of a CCD spectrometer eliminates the need to scan through the 

emission wavelength range. New EEM spectrometers such as the Horiba Duetta can collect an EEM 

spectrum at rates comparable to the VHT-EEMS. Despite the excitation light being scanned sequentially, 

the CCD detector is extremely sensitive allowing for rapid acquisition of even dilute samples. In fact, the 

S/N ratio is quoted as 6000:1 making it more than 10 times more sensitive than the VHT-EEMS’ Avantes 

CCD spectrometer11, 13.   
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Figure 3-25: HT-EEM spectrum of 3.5 M Sulforhodamine in ethanol collected using the Visible 

Hadamard-Transform Excitation-Emission-Matrix Spectrometer. A 100 m excitation fiber slit and 100 

m 3D printed emission optical slit were used and each mask was integrated for 1000 ms. The total 

acquisition time for 19, 31, 47, 67-channel modulated spectra were 19, 31, 47, and 67 seconds, respectively. 

3.2.3 Temporal resolution 

The temporal resolution of any multidimensional fluorescence spectrometer is limited by a few main 

factors. These include the intensity of excitation light incident upon the sample, quantum yield and 

concentration of the fluorophores present, and the sensitivity of the detector in use. Conventional scanning 

spectrometers utilize highly sensitive photomultiplier tubes (PMT) but light incident upon the sample is 

very weak as relatively narrow excitation and emission bandwidth settings must be used to produce 

reasonably resolved fluorescence emission and excitation spectra.  The VHT-EEMS must also adhere to 
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these criteria as well but additional considerations must be taken when determining how quickly an EEM 

spectrum can be acquired. Ultimately, the speed of acquisition reduces to how long each mask must be 

integrated in order to capture enough photons to rise above the detector noise. Utilizing Sulforhodamine 

640 as an example, the VHT-EEMS is clearly capable of collecting high-quality EEM spectra in a matter 

of seconds (Figure 3-26). 

  
Figure 3-26: Hadamard modulated EEM Spectrum Speed Test. The resulting Hadamard modulated EEM 

spectra of 3.5 M sulforhodamine 640 when integrating for 400, 200, 100 and 50 ms per mask shows 

sufficient fluorescent signal to identify the presence of the fluorophore.  

3.2.4 Multiplex Advantage 

Even though the VEES can verify the ability of the VHT-EEMS to produce an accurate EEM, these two 

systems cannot be used to determine the multiplex advantage. Both systems utilize a variety of different 
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optical components with different sensitivities making a true comparison impossible. Therefore, a self-

comparison of the VHT-EEMS is required to determine the multiplex advantage of Hadamard modulation 

of excitation light. To do this, a series of spectra were obtained by exciting the sample with the Hadamard 

modulated light source. These are compared to spectra obtained by exciting the sample with unmodulated 

excitation wavelengths to represent the sequentially scanned spectra (Figure 3-28).   

To calculate the multiplex advantage for each Hadamard modulation scheme, the signal-to-noise ratio 

(SNR) was determined by calculating the ratio of the maximum signal to the average noise level within a 

standard region. The ratios for the sequentially and Hadamard modulated EEM spectra can then be divided 

to determine the signal-to-noise enhancement (SNE). As expected, the Hadamard modulated EEM spectra 

have much higher SNR for all modulation schemes tested and can produce SNE between 2.5 and 12.8 for 

7 and 127 channel modulation schemes, respectively, when integrating for 1000 ms. This agrees well with 

the predicted SNE given by equation 2-30. These numbers vary slightly as integration times are shortened 

but the general trend of SNE is maintained to very short integration times (~50 ms per mask). Shorter 

integration times don’t collect enough photons to exceed the noise threshold even when modulating the 

excitation light. 

 

Figure 3-27: Signal-to-noise ratio (SNR) analysis of sequential and Hadamard Spectra. EEM spectra 

generated from the Hadamard modulation consistently show a larger SNR when comparing the sequentially 

generated EEM spectra. The SNE also shows larger modulation schemes can produce greater enhancements 

as the multiplex advantage would predict. 
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Figure 3-28: Comparison of Hadamard modulated and sequential EEMs using VHT-EEMS. Each 

Hadamard-Transform EEM spectrum of 3.5 M Sulforhodamine 640 in ethanol was collected by 

integrating each encoded fluorescence spectrum (Fn) for 1000 ms before demodulating with the inverse of 

the modulation matrix. Sequential scans were also integrated for 1000 ms.The multiplex advantage becomes 
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visually more apparent when collecting data at very short integration times or very weakly fluorescent 

samples. Integration times of 100 ms still produce a recognizable EEM spectrum of sulforhodamine 640 

when using Hadamard modulation but a sequential scan is unable to detect enough photons to rise above 

the detector noise (Figure 3-29). 

 

Figure 3-29: VHT-EEMS speed test comparison. A 67-channel Hadamard-modulated EEM spectrum of 

3.5 M Sulforhodamine 640 obtained by setting the integration time to 100ms per mask is compared to a 

67-channel sequential EEM spectrum of 3.5 M sulforhodamine 640 with each mirror column also being 

integrated for 100ms.  

3.3 Monitoring a Fast Chemical Reaction 

The excellent spectral agreement of the VHT-EEMS to the VEES, coupled with an order of magnitude 

reduction in the EEM acquisition rate, suggests that the VHT-EEMS is an excellent analytical tool to study 

the kinetics of complex chemical systems and/or perform online analysis on rapidly evolving chemical 

systems. These preliminary studies could indicate whether multiple fluorophores are present in the sample 

at one time and exploit the extra dimensionality that excitation-emission matrix spectroscopy (EEMS) 

offers. Such a study is described below in an attempt to determine the onset of the fluorescent signal of a 

rhodamine-based fluorescent iron sensor14 (RhFl) as well as to gain a sense of the chemical pathways that 

are involved with the sensors. The rhodamine derivative describe by Liu et al is initially non-fluorescent 
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but undergoes a ring-opening reaction when complexed with Fe (III) and becomes fluorescent or “turns 

on”. The addition of sodium pyrophosphate tetrabasic (Na4P2O7) was shown to dissociate the fluorescent 

complex to “turn off” the sensor.   

 

Figure 3-30: Reaction scheme of fluorescent Fe (III) sensor. A ring-opening reaction produces a readily 

fluorescent compound that can be reversed with the addition of Na4P2O7. 

The aqueous sensor solution was combined with an aqueous iron solution such that the concentration of 

each solute upon mixing was 2.5, 5 and 10 M for the sensor and 100 M for iron. To ensure pseudo-1st 

order kinetics, the concentration of iron is at least 10-fold higher than the concentration of the sensor. 

Shortly after mixing, the VHT-EEMS was used to collect EEM spectra every 30 seconds by integration for 

600ms utilizing a 47-channel modulation scheme until the reaction had reached completion. A PARAFAC 

analysis with convergence criteria set to 10−10 revealed a single fluorescent component with 86.9 % 

explained variation in the PARAFAC model (Figure 3-31). To study the kinetics of the complexation 

reaction, a differential rate law is derived from Figure 3-30. 

 

𝑑[𝑅ℎ𝐹𝑙 − 𝐹𝑒3+]

𝑑𝑡
= 𝑘1[𝑅ℎ𝐹𝑙][𝐹𝑒3+] − 𝑘−1[𝑅ℎ𝐹𝑙 − 𝐹𝑒3+] 

 

3-7 

Given pseudo-1st order conditions 

 𝑘1
′ ≈ 𝑘1[𝐹𝑒3+]0 3-8 

Eq 3-7 becomes 
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𝑑[𝑅ℎ𝐹𝑙]

𝑑𝑡
= −𝑘1

′ [𝑅ℎ𝐹𝑙] + 𝑘−1[𝑅ℎ𝐹𝑙 − 𝐹𝑒3+] 3-9 

The solution of equation 3-9 is 

 [𝑅ℎ𝐹𝑙 − 𝐹𝑒3+] = (
𝑘1

′ [𝑅ℎ𝐹𝑙]0

𝑘1
′ + 𝑘−1

) (1 − e−(k1
′ +𝑘−1)𝑡) 3-10 

  

Figure 3-31: PARAFAC and kinetic analysis of the rhodamine-based iron sensor. A single fluorescent 

component (Left) found by the PARAFAC analysis shows exponential growth curves for various sensor 

concentrations (Right). 

The observed rate of complexation can be described with 

 
𝑘𝑜𝑏𝑠 = 𝑘1[𝑅ℎ𝐹𝑙]0 + 𝑘−1 

3-11 

Fitting the growth curves from Figure 3-31 with a single exponential function shows a linear relationship 

with sensor concentration on the observed rate and a non-zero intercept (Figure 3-32). The complexation 

constant can be calculated from the slope and intercept from Figure 3-32 and Equation 3-11. The association 

complex determined for the irons sensor is 7.605±0.007 ×104 M-1. Additionally, a Benesi-Hildebrand plot 

was constructed to determine the association constant for the sensor-iron complex (Figure 3-32). The ratio 

of the intercept and slope from this double reciprocal plot produced a complexation constant of 5.8±0.2 

×104 M-1. The reported complexation constant of 3.8×104 M-1 falls outside of the uncertainty of both our 

measurement, but experimental conditions, such as temperature, could factor into this disparity. 
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Figure 3-32: Comparison of complexation plots of RhFl. (Left) The observed rates of rhodamine-based 

sensor activation shows a linear correlation with varying sensor concentration and a non-zero intercept. 

(Right) A Benesi-Hildebrand plot displays a linear correlation with the equilibrium signal and initial sensor 

concentration.While the study revealed that only a single fluorescent species appeared when the sensor was 

exposed to iron, the VHT-EEMS was able to collect over 900 EEM spectra in the span of 7.5 hours. The 

kinetic data collected allowed for the determination of formation and dissociation rate constants and 

therefore the association constant.  

3.4 Conclusion 

A series of modifications were made to the VHT-EEMS to improve its ability to control excitation and 

emission linewidth compared to the version published by Andrews et al.1. By improving the focusing of 

excitation light onto a digital micromirror array and utilizing excitation fiber slits of varying sizes, the 

excitation linewidth can be modified to meet the needs of the fluorescent sample being analyzed. The ability 

to improve the fluorescent signal by employing a multiplexing design to modulate excitation light was also 

demonstrated by comparing to sequentially obtained EEM spectra by the VHT-EEMS and the VEES. The 
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multiplex advantage could then be calculated by comparing SNR of sequential and Hadamard modulated 

spectra of different sized modulation schemes. 

These improvements allowed the VHT-EEMS to perform preliminary kinetic studies on rapidly evolving 

chemical systems. Even though the study suggested that the chemical reaction did not undergo multiple 

steps, and only a single fluorophore was observed, the temporal resolution was more than enough to study 

the system online without needing to quench the reaction. Chapter 4 utilizes the VHT-EEMS to perform a 

full kinetic study on a complex fluorescent system with multiple fluorescent species. 
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Kinetic Analysis of Chlorophyll Acidification and Metallation with 

Simultaneous Fluorescence and Absorbance Measurement by Stopped-Flow 

Hadamard-Transform Excitation-Emission-Matrix Spectroscopy 

This chapter describes the development and validation of a simultaneous fluorescence and absorbance 

detection instrument utilizing the visible light Hadamard-Transform Excitation-Emission-Matrix 

Spectrometer (VHT-EEMS) described in CHAPTER 3. The VHT-EEMS is coupled to a home-built 

stopped-flowed injection device with a 10 mm flow cell for kinetic studies of two rapidly evolving chemical 

systems with multiple fluorescent and absorbing species. The first study aims to repeat earlier work1 on the 

interconversion of two chlorophyll species in an attempt to reduce the uncertainty of the measurements of 

the rate constants. The second study demonstrates for the first-time simultaneous fluorescence and 

absorbance analysis using Hadamard multiplexing by studying a chemical system that converts a 

fluorescent species to a non-fluorescent species with the formation of a chemical intermediate. A total of 

8400 EEM-fluorescence and absorption spectra were obtained over the course of these two kinetic studies. 

4.1 Introduction  

It can be difficult to quantify multiple fluorophores in a complex chemical system when using 2-

dimensional spectroscopic techniques. This is especially true when the spectra of these fluorophores are 

highly overlapped. 3-dimensional techniques such as excitation-emission-matrix spectroscopy (EEMS) 

have proven very useful when quantitatively analyzing both static and dynamic chemical systems2-4. 

Usually, these the EEM spectra cannot be collected online and in real-time, because conventional scanning 

excitation-emission-matrix (EEM) spectrometers require 20-60 minutes to record a single EEM spectrum. 

In previous studies by our group, such reactions were monitored by removing small aliquots of the solution 

and quenching the reaction by quickly lowering the temperature5. Newer EEM spectrometers, such as the 
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Horiba Duetta, are able to acquire spectrum in under a minute. This instrument uses a spectrograph coupled 

to a charge-coupled device (CCD) sensor to record the dispersed fluorescence spectrum instead of the much 

slower scanning monochromator6. The acquisition time of this instrument remains limited by the scan rate 

of the excitation light source, an obstacle we overcome by using Hadamard multiplexing of the excitation 

light.  

Previously we demonstrated that the visible light Hadamard-Transform Excitation-Emission-Matrix 

spectrometer (VHT-EEMS) coupled to a bifurcated fiber probe is a useful tool for the kinetic analysis of 

rapidly evolving chemical systems, given its high data acquisition rate (up to 4 EEM spectra per minute)  

and ability to record spectra in situ and in real-time.1 Unfortunately, the results of our previous work were 

inconsistent with previously reported work7. We determined that the uncertainty of the experimentally 

determined rate constants for the acidification of chlorophyll a (Chla) and production of pheophytin a 

(Pheoa) was over 35%. To reduce this uncertainty, in this chapter we couple the VHT-EEMS to a stopped-

flow injection device (Figure 4-1). 

In stopped-flow injection devices, the reagent solutions are loaded into driving syringes which are rapidly 

depressed to inject the solutions into a mixing chamber until a predetermined volume has been injected. 

This volume has to exceed the total volume of the mixing chamber to completely clear the previous sample 

to avoid cross-contamination. Stopped-flowed devices are commonly used when studying chemical systems 

that reach completion in a matter of milliseconds due to their ability to rapidly and accurately mix and 

deliver two or more solutions into a reaction cell for observation; The time required for injection and mixing 

is known as the “dead time”. It is critical that the stopped-flow device’s dead time be much less than the 

half-life of the reaction. Otherwise, the initial stages of the reaction will be missed. A stopped-flow injection 

device having a dead time of less than 2 ms8 is quite complex with pneumatic pistons and automatic 

triggering for data collection. Simpler designs with manual injection and data collection can be used for 

slower chemical reactions like the reactions being studied here.  
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4.2 Construction of Stopped Flow Device 

A simple stopped-flow device was constructed in-house for the purpose of simultaneous fluorescence and 

absorbance chemical analysis. Two 30 ml Luer-lock syringes (A) are connected to two 3-way valves (D) 

with 0.25” ID chemical resistant tubing to serve as the driving syringes. The ports opposite to the driving 

syringes are connected to 0.25” tubing fitted with 1-way check valves (I) to eliminate backflow into the 

driving syringes. This tubing is connected to a T-junction (B) to mix and direct solutions to a 10 mm reaction 

cell (C). The bifurcated fiber bundle (E) was adhered to the front wall of the flow cell with a refractive 

index matching gel for maximum light transmission and minimal backscattering between the HT-EEM 

spectrometer and the cell. An additional check valve connected to the exit port of the flow cell directs 

solution to the stopping syringe to limit injection volume to a set amount while preventing contamination 

of the current solution with a previously reacted solution. 

 

Figure 4-1: Schematic of a stopped-flow device. Two drive syringes (A) rapidly deliver two analytes to a 

t-joint (B) where they mix and are delivered to the flow cell (C) for study. Flow direction is controlled with 

3-way valves (D) and 1-way check valves (I). The VHT-EEMS fiber bundle (E) probe is held perpendicular 

to the flow cell’s window with a prism adhered to the opposite side of the cell (J). A drive plate (F) delivers 

equal volumes of both solutions. Flow is stopped when a certain volume has been delivered to the stopping 

syringe (G) hitting the stopping pin (H). An inset image shows the perpendicular arrangement of the fiber 

probe with the 10 mm flow cell. 

J J 
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4.3 Simultaneous Fluorescence and Absorption Spectroscopy  

4.3.1 Absorption Spectroscopy  

In order to relate the optical absorption to the analyte concentration, the analyte must be contained in a 

vessel that has very well-defined dimensions since absorbance measurements are dependent on the 

absorption pathlength as governed by the Beer-Lambert law.  

 𝐴 = 𝑐𝑙𝜖 = − log(𝐼 𝐼0⁄ ) 4-1 

Here c is the concentration of the absorbing species, l is the pathlength,  is the molar absorptivity, and I 

and I0 are the sample and reference transmitted light intensities, respectively.  The use of a 10 mm quartz 

cuvette (Fireflysci, Type 48 flow-through cell - 10mm light path) as a flow cell meets this criterion.  

Experimentally, there are many possible options to consider when designing the absorbance detection 

instrument. The obvious configuration is derived from a conventional absorption spectrometer and involves 

placing a photodiode or an array detector against the cuvette wall on the opposite side of the bifurcated 

probe. A broadband photodiode would then measure the total intensity of transmitted light with each 

modulated excitation spectrum (Ii). The spectra could be demodulated in the same manner that encoded 

fluorescence spectra are. Alternatively, a linear array detector could be used to record the transmitted light 

and require no demodulation as they measure the intensity of each transmitted wavelength via dispersive 

optics. The photodiode approach would be more sensitive and much cheaper, but also be limited to the 

same number of channels as the EEM spectrum.  

Both these configurations require the addition of a new light detection instrument that must be carefully 

aligned, calibrated, and incorporated into the triggering of the VHT-EEMS. This added complexity can be 

entirely avoided by utilizing the Fresnel reflected light from the back wall of the flow cell as it is already 

being collected by the bifurcated probe along with any scatter or emitted light. The intensity measurements 

required for the absorbance calculations are already contained within the “Rayleigh line” of the EEM 

spectrum and can be easily extracted after demodulation (See 4.3.3). The Rayleigh line corresponds to the 
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diagonal line in the EEM spectrum where excitation wavelength and emission (here: transmission) 

wavelength are identical. This configuration allows the reflected light to pass twice through the solution 

thereby doubling the sensitivity of the absorbance measurement. While this method is also limited to the 

same number of spectral channels as the EEM spectrum being collected by the VHT-EEMS, it requires 

only minimal optical reconfiguration. 

4.3.2 Fresnel Reflection 

Fresnel reflection occurs at the interface of two media with differing refractive indices where the intensity 

of reflected light is related to the absolute difference of refractive indices at the interface. To calculate the 

relative intensity of the light travelling back through the flow cell, Fresnel reflection between several 

interfaces must be accounted for. In order to simplify these interactions, it is assumed that the cell contains 

a non-absorbing solution and that the incident light is normal to the surface. The reflected intensity, Rn, is 

then given by  

 𝑅𝑛 = |
𝑛1 − 𝑛2

𝑛1 + 𝑛2
 |

2

 
4-2 

In calculating the amount of light that contributes to the Rayleigh line we ignore scattering from the solution 

and spatial dispersion of the uncollimated beam through the sample. It is also assumed that the optical 

interface between the fiber probe and the fused silica cell does not contribute to the scattering signal. The 

first reflective surface, S1 then exists between the solution within the cell and the fused silica inner wall of 

the cell. The refractive index of each material is approximated to by those of water nsol = 1.33 and fused 

silica glass nfs = 1.46 at 588 nm9, respectively. Secondly, the light not reflected will encounter the second 

interface, S2, between the fused silica outer wall and the air (nair = 1.0). That reflected light will again need 

to again travel through the inner wall/solution interface, S1. The intensity of the light which travelled 

through the solution twice is described by a summation of the light directly reflected at surface one, S1, and 

that light which traversed through the fused silica wall and back into the solution (See Figure 4-2). 
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 𝐼𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 = 𝐼0𝑅𝑆1
+ [𝐼0(1 − 𝑅𝑆1

) × 𝑅𝑆2
× (1 − 𝑅𝑆1

)] 4-3 

where I0 is the intensity of light incident on the inner wall of S1. This can be further simplified to 

 𝐼𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 = 𝐼0 (𝑅𝑆1
+ (1 − 𝑅𝑆1

)
2

× 𝑅𝑆2
) 4-4 

Substitution for the simplified equation for Fresnel reflection at each surface, given by, 

 𝑅𝑆1
= |

𝑛𝑠𝑜𝑙 − 𝑛𝑓𝑠

𝑛𝑠𝑜𝑙 + 𝑛𝑓𝑠
 |

2

    &    𝑅𝑆2
= |

𝑛𝑓𝑠 − 𝑛𝑎𝑖𝑟

𝑛𝑓𝑠 + 𝑛𝑎𝑖𝑟
 |

2

 4-5 

we arrive at the final equation for calculating the total percentage of reflected light.  

 𝐼𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 = 𝐼0 |
𝑛𝑠𝑜𝑙 − 𝑛𝑓𝑠

𝑛𝑠𝑜𝑙 + 𝑛𝑓𝑠
 |

2

(|
𝑛𝑠𝑜𝑙 − 𝑛𝑓𝑠

𝑛𝑠𝑜𝑙 + 𝑛𝑓𝑠
 |

2

+ (1 − |
𝑛𝑠𝑜𝑙 − 𝑛𝑓𝑠

𝑛𝑠𝑜𝑙 + 𝜂𝑓𝑠
 |

2

)

2

× |
𝑛𝑓𝑠 − 𝑛𝑎𝑖𝑟

𝑛𝑓𝑠 + 𝑛𝑎𝑖𝑟
 |

2

) 
4-6 

With the approximations made, the calculated intensity of the reflected light does not exceed 4% of incident 

light with most of the reflected light being contributed from the reflection from S2 due to the larger refractive 

index contrast between glass and air. Since the light exiting the fiber probe is not collimated, we have to 

reduce this reflected intensity by a factor that depends on the numerical aperture of the fibers and the travel 

distance.  

Bescherer et al. determined the coupling efficiency from a fully filled multimode fiber with a core diameter 

of 100 m to a second identical multimode fiber with the same core diameter. Their calculations and 

experiments showed that no more than 10% of the light can be captured if the fiber ends are 1 mm apart 

and separated by a liquid with n = 1.33. This calculation is scalable, and we expect that an emitting surface 

with a similar numerical aperture and a diameter of 2 mm would recapture 10% of the light after traversing 

across 20 mm of aqueous sample liquid. This estimate ignores the fact that the emitting surface consists of 

a fiber bundle of 22 discrete fibers having an overall diameter of about 3 mm and the collecting surface is 

another fiber bundle of 15 fibers with a similar diameter. Nevertheless, we can estimate that the intensity is 

lowered by at least a factor of ten since the light exiting the fibers is not perfectly collimated. This gives an 

overall collection efficiency of 0.1 x 4% = 0.4%, 
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Despite the greatly reduced amount of light returning to the bifurcated probe, the signal from Fresnel 

reflections is still far greater than any collected fluorescence. A problem arises due to the overlapping 

regions between neighbouring excitation channels. When a modulated excitation spectrum is collected, 

channels that are encoded as off will have some spectral overlap with adjacent on channels and artificially 

produce a signal. This signal is carried through the demodulation and is interpreted as noise. This noise will 

often be of similar intensity as the collected fluorescence light resulting in poor quality spectra. In order to 

reduce this noise, the amount of light that returns to the bifurcated probe must be significantly reduced 

without reducing the flux of light into the cell. Equation 4-6 shows that the light returning to the probe 

occurs from the reflected light at the two interfaces, S1 and S2. The major contributor is the S2 interface due 

to the greater difference in refractive indices of the fused silica and air. Eliminating or reducing the 

refractive index difference would reduce the intensity of the light returning to the probe and therefore the 

overlapping noise regions relative to the collected fluorescence and produce higher quality spectra. 

We effectively reduced the reflections from S2 by adhering a prism made also from fused silica on the far 

side of the flow cell (Figure 4-1). The connection was made with an index matching gel to further reduce 

Fresnel reflection (Figure 4-2). The resulting light intensity returning to the probe is described by equation 

4-7. After eliminating the Fresnel reflections from S2, the intensity of the transmitted light is now 

comparable to the fluorescence being collected and we observed that noise occurring from overlapping 

excitation bands is drastically reduced and the EEM spectral quality is vastly improved. 

 𝐼𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 = 𝐼0(𝑅𝑆1
) 4-7 
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Figure 4-2: Comparison of Fresnel reflection of a flow cell with and without the prism. Without the prism 

(Left), both the reflected light from the S1 and S2 interface is collected by the bifurcated fiber bundle. 

Adhering the prism to the back wall (Right) eliminates the S2 reflection and unwanted noise from the EEM 

spectrum while still retaining fluorescence intensity.  

With the prism placed on the opposite side of the probe, light does not undergo a Fresnel reflection at S2 is 

either refracted away or undergoes a total internal reflection at the prism-air interface depicted in Figure 

4-2. The reflected light returning to the probe in this configuration is less than 0.1% of the original incident 

light intensity (I0) and the overlapped regions of the modulated excitation spectrum induce negligible noise.  

S1 

S2 
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4.3.3 Double Pass Absorbance Cell  

In order to validate the ability of the VHT-EEMS to simultaneously collect fluorescence and absorbance 

data, a series of fluorescent calibration solutions were prepared. 0.5, 1.5, 2.5, and 3.5 M solutions of 

sulforhodamine 640 in ethanol were injected into the flow cell equipped with a 2” prism adhered to the 

back wall of the flow cell with a refractive index matching gel. Several EEM spectra were collected by the 

VHT-EEMS with several modulation schemes having HT dimensions between 19 and 127. A 

comprehensive list of modulation matrices can be found in Chapter 2. Since sulforhodamine 640 (SR640) 

is both highly absorbent and fluorescent within the VHT-EEMS’ excitation range, it was selected as a 

candidate for the validation study. UV/Vis absorbance measurements were also collected from each 

solution by a Varian Bio 100 UV/Vis spectrophotometer (VBio100) with a 10 mm quartz cell. 

A visual inspection of the SR640 EEM spectra reveals that the fluorescent emission at 600 nm increases in 

intensity as concentration increased. As expected, the Rayleigh line appears to be attenuated between 550 

and 600 nm proportionally to the increasing SR640 concentration (See Figure 4-3).  
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Figure 4-3: EEM spectra of SR640 in ethanol collected by the VHT-EEMS. Each spectrum was collected 

by modulating the excitation light using a 67-channel Walsh function with integration time set to 1000 ms 

per mask.  

To generate the corresponding absorbance spectra from these VHT-EEMS spectra, intensity profiles are 

extracted from the “Rayleigh line”. Since absorbance is a measured in relation to a blank sample, the 

intensity profile must also be extracted from an HT-EEM spectrum of the solvent blank; in this case, 

ethanol. Figure 4-4 illustrates this extraction procedure where intersecting red lines are used to indicate the 

location of the intensity profile being extracted from the solvent blank and the 3.5 M SR640 sample. A 

custom MATLAB® code was written to automate this procedure and can be found in the Appendix. Once 

the intensity blank and sample intensity profiles have been extracted, the absorbance spectrum is calculated 

according to equation 4-1 for the entire wavelength range of the white LED source. This is repeated for 

each SR640 EEM spectrum collected from the calibration solutions.   
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Figure 4-4: Extraction of intensity values from 67-channel HT-EEMS Spectra. The intersection of red lines 

on both plots indicates the location of the intensity values are extracted from the Rayleigh line from both 

the solvent blank (Left) and the SR640 spectra (Right).  

Figure 4-5 compares the absorbance spectra of the SR640 calibration solutions using Walsh functions of 

different lengths. Utilizing short Walsh functions results in absorbance spectra that exhibit discrete features 

as the spectral separation of each channel is too large to capture all spectral features. These discrete 

absorbance spectra provide good qualitative information for simple samples with a single absorbing species, 

but a quantitative analysis requires that one of the excitation channels should be near the maximum 

absorbance of the sample. Longer Walsh functions increase the spectral resolution resulting in continuous 

absorbance spectra suitable for quantitative analysis of samples that contain several absorbing species 

within the spectral range. The ability to record and differentiate between similar absorption spectra is crucial 

when combined with EEM spectroscopy as multiple fluorescent and non-fluorescent species are often 

present within the sample. Such an approach to simultaneous fluorescence and absorbance measurement is 

particularly useful when a fluorescent species undergoes a reaction that quenches fluorescence as the 

absorbance spectrum confirms the desired product is being formed as opposed to an unwanted degradation 

pathway. Additionally, additional absorbance measurements can reveal more complex mechanisms than 

fluorescence information alone. 
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Figure 4-5: Absorbance spectra of SR640 calibration solutions with different modulation schemes where 

markers indicate the location of each channel. Discrete features of absorbance spectra obtained with small 

modulation (19,31) schemes are replaced by smooth absorbance spectra from larger modulation schemes 

(67, 83). 

 

In order to determine the minimum number of channels needed to produce an absorbance spectrum 

comparable to a conventional scanning spectrophotometer, absorbance spectra from the same calibration 

series were collected on a Varian Bio 100 scanning spectrophotometer (VBio100) with a scanning step set 
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to 2 nm. Figure 4-6 compares VBio100 absorbance spectra to those collected with the VHT-EEMS which 

shows more continuous features of absorbance spectra extracted from EEM spectra acquired using larger 

modulation schemes (≤67 channels) and match the VBio100 spectra very well. 

 

 

Figure 4-6: Comparison of Varian Bio 100 and VHT-EEMS SR640 absorbance spectra. Absorbance 

spectra obtained with the Varian Bio 100 (Left) with data intervals set to 2 nm are compared to absorbance 

spectra from Figure 4-5.  

The minimum threshold for the number of channels needed by the VHT-EEMS to produce absorbance 

spectra that match conventional instrumentation can be determined by producing calibration curves from 

spectra obtained from both instruments. Calibration curves in Figure 4-7 were generated from the 

absorbance value at the max for various modulation schemes divided by the pathlength, A/L (see equation 

4.1). Since the VHT-EEMS absorbance data is obtained from a double pass absorption cell, absorbance 

values are expected to be double that of the VBio100 values. Smaller modulation schemes produce a slope 

that differs from the expected value due to their discrete features but increasing the size of the modulation 

scheme produces values closer to the expected value.  
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Modulation schemes beyond a 67-channel modulation scheme do not afford improved slope values. 

However, the slope is still lower than that measured using the VBio100 spectrometer. One possible 

explanation for this is the overlap of the fluorescence emission spectrum with the absorbance spectrum. 

Since the configuration of the flow cell with the prism reduces the intensity of reflected light returning the 

bifurcated probe, fluorescence and reflected light are now comparable in intensity. Fluorescence following 

absorption at shorter wavelength reduces the absorbance values of VHT-EEMS obtained absorbance 

spectra where overlap occurs.  

 

Figure 4-7: Absorbance calibration curves of VHT-EEMS compared to VBio100.  Fitted lines for VHT-

EEMS data (Red) and VBio100 data (Blue) show linear response with SR640 concentration with an 

improved agreement for the VHT-EEMS data obtained with larger modulation schemes.  
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4.4 Kinetic Study of Chlorophyll Acidification  

4.4.1 Acidification of Chlorophyll 

Excitation-Emission-Matrix spectroscopy has been used previously to assess the health of algae in seawater 

by measuring the fluorescence of chlorophyll and other pheopigments10. In fact, chlorophyll is an extremely 

abundant fluorescent species in nature and chlorophyll fluorescence has been used to understand the 

biochemistry of photosynthetic processes to measuring the health of chlorophyll-containing fruits and 

vegetables11. Joslyn and MacKinney were the first to show that the treatment of chlorophyll species with 

various acids removes the central magnesium atom and replace it with two protons to create a pheophytin 

derivative12 (See Figure 4-8).  However, these studies were performed using offline analyses by 

withdrawing small aliquots and quenching the reaction7. Such an approach can lead to inaccuracies as the 

withdrawal and quenching step is not instantaneous and the reaction will proceed until fully quenched.  

To avoid sampling inaccuracies from withdrawing from a reaction vessel, the VHT-EEMS coupled with 

the homebuilt stopped-flow injection device is used to monitor the reaction online. Our previous attempts 

to study the kinetics of this chemical system without such an injection device produced rate constants with 

uncertainty values up to 35%1. Even considering these large inaccuracies, which were attributed to 

reproducibility issues, it was remarkable that the HT-EEM spectrometer was able to monitor this relatively 

fast chemical reaction having two optically overlapped fluorophores, Chla and Pheoa. We hoped that by 

repeating this kinetic study using the new stopped-flow device we could reduce reproducibility problems 

by ensuring mixing volumes are always consistent and data collection begins directly after mixing.  

Before studying chlorophyll acid degradation kinetics, the chlorophyll must be extracted, treated, 

characterized and quantified by various spectroscopic and chromatographic techniques. The following 

paragraphs describe the preparation of the samples.  
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Figure 4-8: Proposed reaction of chlorophyll a with acid to produce pheophytin a. Two protons displace 

the central magnesium atoms from the chlorin ring to produce the free base derivative of Chla, Pheoa. 

4.4.2 Pigment Extraction 

In order to obtain the highest concentration of pigments from our source, fresh baby spinach, a method has 

been developed with the intention to eliminate potential interferences to fluorescence (quenchers or 

scattering centers) and to avoid pigment degradation by thermal, oxidative, and photodegradation pathways. 

The extraction efficiency is not considered, only that the ratio of Chla and chlorophyll-b (Chlb) extracted 

from the spinach is consistent with literature values. The following steps were taken: 

1) Pour 200 ml of ethanol into a 250 ml beaker and ensure the hand blender can fit into the beaker and 

will be entirely submerged in the solvent. Place 7.5-10 g of spinach into the beaker and push the leaves 

down to ensure they are fully submerged.  
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2) Blend the spinach using the hand blender using a series of pulses until only fine pieces remain and the 

solution has taken on a dark green colour. 

3) Allow the solution to sit for an hour at room temperature before performing a crude filtration to remove 

any large particles from the solution.  

4) Transfer the solution to a fridge and let chill for 1 hour. The formation of particulates should be evident 

at this point. If no particulates are visible return the sample to the fridge and let it sit for another hour 

until the particulate formation is visible.  

5) Using a Luer-Locked syringe and 0.45 m filter cartridge, filter the solution as soon as possible after 

removing the solution from the fridge to limit the amount of solvation of the precipitate.  

6) The filtrate is degassed by sonication for 5 minutes followed by bubbling N2 into the solution to remove 

any dissolved oxygen. 

7) The solution is stored in an amber vial and under inert atmosphere (N2) at 4oC until needed. 

The extraction from a biological source can pose some complications if left unchecked as naturally 

occurring enzymes within the chloroplast and cell wall induce pigment degradation13. This is especially 

true given that our extraction method destroys the delicate leaves releasing more potential interferences or 

degradation enzymes into solution. Thermal treatment to render the enzymes inactive has to be avoided as 

the pigments are known to degrade as well14. Cold filtration is shown to remove fine particles that scatter 

excitation light by inducing agglomeration in Figure 4-9. Other methods often call for centrifuging the 

sample to remove sample turbidity15.  Removing this turbidity becomes very important for absorbance 

measurements as the pathlength of light in turbid samples is uncertain.  
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Figure 4-9: Comparison of fluorescence of chlorophyll extract filtered at room-temperature (left) and after 

cold filtration (right). Cold filtration removes scattering material from the extract solution. Only the 

fluorescence emission (red line) is visible when exciting with a 532 nm laser while an extract filtrated at 

room temperature primarily scatter the green light.  

 

4.4.3 HPLC Analysis  

In order to determine the visible absorbance profiles of the various pigments extracted from spinach, a 

reverse-phase HPLC separation was performed. An octadecyl (C-18) modified silica preparatory column 

and absolute ethanol served as the stationary and mobile phases, respectively. Additionally, a 10 mm HPLC 

flow cell was coupled to the preparatory column to allow for the collection of absorbance spectra of the 
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eluents. A broadband white LED source, very similar to the excitation source (425-680 nm) of the VHT-

EEMS, was directed through the cell and the transmitted light was collected by a 600m fiber optic cable 

and directed towards a CCD array spectrometer (Ocean Optics USB 2000).  

 

Figure 4-10: HPLC chromatogram of a fresh and acidified spinach extract. The fresh extract chromatogram 

(Top) highlights the elution of Chlb (880 s) and Chla (930 s) between two pairs of red bars. The acidified 

extract (Bottom) also highlights the elution of the chlorophyll derivatives, Pheob (760 s) and Pheoa (800 s) 

with respective red bars. 

Chlorophyll and pheophytin show broad absorption features across the entire visible spectrum while the 

other non-fluorescent pigments like carotenoids and xanthophylls absorb between 450 and 500 nm15. The 

relatively polar xanthophylls elute from the column before any chlorophylls or pheophytins while the non-

polar carotenoids elute after the fluorescent pigments (See Figure 4-10). These potential interferences 

would create large absorbance reading in this region limiting the usable concentration of spinach extracts 

for kinetic trials. Modifying the spectral range of excitation light away from this region eliminates the 

interferences from non-fluorescing chemical species and allows for more reliable fluorescence and 

absorbance measurements of chlorophyll pigments.  
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Figure 4-11: Absorption profiles of chlorophyll pigments in fresh and acidified extracts obtained from the 

HPLC flow cell absorbance analysis. QX, QY, of Chla and Pheoa and the Soret band of Chla and Chlb are 

labelled. 

The absorbance spectra of each chlorophyll and pheophytin compound extracted from the HPLC 

chromatograms show characteristic strong near-UV absorption known as the Soret band along with weaker 

visible transitions between 500 and 700 nm, the so-called Q-bands (See Figure 4-11). Chlorophylls and 

pheophytins are both a type of tetrapyrrole classified as chlorins. They can also be understood as “reduced 

porphins” as their conjugated structure contains 2 fewer -electrons than porphins contain. The electronic 

transitions observed for each pigment can be explained by a 4-orbital system described by Gouterman16. 

The two highest occupied molecular orbitals (HOMOs) and two lowest unoccupied molecular orbitals 

Qy Bands Qx Bands 

Soret Band 
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(LUMOs) for a metal-containing chlorin such as chlorophyll exhibit two major Q-band transitions, termed 

Qx and Qy. Removing the metal cation to produce the free base analog, pheophytin, causes these visible 

transition bands to separate into two unique bands Qx and Qy bands. These Qx and Qy bands for Chla and 

Pheoa, along with the Soret band for Chla and Chlb, are labelled in Figure 4-11. The Soret bands for Pheoa 

and Pheob lie outside of the spectral range of the light source used to collect the HPLC absorption spectra 

seen in Figure 4-11. The wavelength maxima of these transitions are affected by substituents around the 

tetrapyrrole ring which allows for the quantification of both chlorophyll pigments by UV/Vis absorbance. 

4.4.4 UV/Vis Quantification 

To prepare an extract solution for a kinetic study, the concentration of chlorophyll pigments must be 

accurately determined. Since the total absorbance by the extract solution at any wavelength is a linear 

combination of the absorbance of all absorbers, the concentration of each pigment can be determined from 

a single absorbance spectrum so long as the absorbance coefficient (i) of each absorber contained within 

the sample is known.  

 [𝐴𝑖] = ∑ 𝛼𝑖𝑐𝑖

𝑖

 4-8 

   

The determination of Chla and Chlb concentrations in the extract solution described by Lichtenthaler and 

Buschmann provides i for a variety of common extraction solvents13. To avoid interferences from other 

pigments that absorb in the near-UV region, this method utilizes the absorbance coefficients of the Qy bands 

for Chla and Chlb as indicated by green and red vertical lines at 664.1 nm and 648.6 nm, respectively, in 

Figure 4-12. The accompanied HPLC absorbance traces in Figure 4-12 show these locations coincide with 

the max of the Qy band.  

Equations 4-9 and 4-10 are the general formulae for the determination of Chla and Chlb and are derived 

from two linear equations with two unknowns that originate from the absorbance of the extract solution. 

Here, (i)maxj, represents the absorbance coefficient of Chli at the absorbance maximum of Chlj and Amaxi 
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refers to the absorbance reading at the max of Chli. Once the solvent is selected, the absorbance coefficients 

populate the equation and the absorbance values.  

 
[𝐶ℎ𝑙𝑎] =

𝛼(𝑏)𝑚𝑎𝑥𝑏 × 𝐴max 𝑎 − 𝛼(𝑏)𝑚𝑎𝑥𝑎 × 𝐴max 𝑏

𝑧
 4-9 

   

 [𝐶ℎ𝑙𝑏] =
𝛼(𝑎)𝑚𝑎𝑥𝑎 × 𝐴max 𝑏 − 𝛼(𝑎)𝑚𝑎𝑥𝑏 × 𝐴max 𝑎

𝑧
 4-10 

 

Where, 

 𝑧 = 𝛼(𝑏)𝑚𝑎𝑥𝑎 × 𝛼(𝑏)𝑚𝑎𝑥𝑏 − 𝛼(𝑎)𝑚𝑎𝑥𝑏 × 𝛼(𝑏)𝑚𝑎𝑥𝑎 4-11 

 

 

Figure 4-12: UV/Vis absorbance spectrum of spinach extract in ethanol with HPLC traces. Chla and Chlb 

concentrations are calculated from the absorbance and molar absorptivity of Chla and Chlb at 648.6nm and 

664.1nm. 
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Using the molar absorptivity of Chla and Chlb in ethanol, along with the absorbance values at the max of 

Chla and Chlb, equations 4-9 and 4-10 are used to calculate the pigment concentration of the extract solution. 

 

 [𝐶ℎ𝑙𝑎](𝜇𝑔 𝑚𝑙⁄ ) = (13.36𝐴664.1 − 5.19𝐴648.6) ∗ (
2.8ml

0.3ml
) ∗

1000𝑚𝑙

1𝐿 ∗ 𝑀𝑀𝐶ℎ𝑙𝑎

= 105.7𝜇𝑀 4-12 

 

 

 [𝐶ℎ𝑙𝑏](𝜇𝑔 𝑚𝑙⁄ ) = (27.43A648.6 − 8.12A664.1) ∗ (
2.8ml

0.3ml
) ∗

1000𝑚𝑙

𝑀𝑀𝐶ℎ𝑙𝑏 
= 36.5𝜇𝑀 4-13 

 

The extraction protocol outlined in 4.4.2 produces a very concentrated extract solution with a roughly 3:1 

ratio of Chla to Chlb which is the expected ratio for spinach extraction15. The extract solution can now be 

diluted to achieve a pigment concentration that will allow for simultaneous fluorescence and absorbance 

measurements.  

4.4.5 Preliminary Study 

Prior to conducting a kinetic study of chlorophyll degradation by acidification, the VHT-EEMS must be 

compared to a conventional scanning EEM spectrometer such as the Varian Eclipse Excitation and 

Emission Spectrophotometer in order verify VHT-EEMS spectra collected are indeed accurate. A scanning 

EEMS spectrum of extract solution ([Chla] = 40 M), as well as an acidified extract solution acidified with 

0.12 M HCl, was collected with excitation and emission slits set to 5 nm and data intervals for excitation 

and emission set to 2.5 nm and 5  nm, respectively. These spectra are then compared to EEM spectra 

collected by the VHT-EEMS using 67-channel modulation and an integration time of 1000ms. 

Figure 4-13 shows the corrected EEM spectra collected by the VHT-EEMS and scanning EEMS have an 

excellent agreement for both the fresh and acidified extract solutions. The noise in regions at 480 and 660 

nm observed for the spectra obtained with the VHT-EEMS is due to the broadband LED providing very 

little light in this region. The resulting fluorescence is comparable to the baseline noise and is enhanced 

when the light source correction vector is applied to the spectrum. The corrector accounts for the intensity 
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differences of the various excitation channels and produces the true fluorescence spectrum. This successful 

validation of the VHT-EEMS’ ability to collect EEM spectra that agree with conventional scanning EEM 

spectrometers allows for a kinetic study of the transformation of chlorophyll to pheophytin using the VHT-

EEMS. 

 

Figure 4-13: Comparison of scanning EEMS and VHT-EEMS EEM spectra of a fresh and acidified spinach 

extract. Conventional scanning EEM spectra (Top) were obtained with emission and excitation optical slits 

set to 5 nm and excitation and emission ranges were scanned every 2.5 nm and 5 nm, respectively. VHT-

EEMS spectra (Bottom) were collected using a 67-channel modulation scheme with 1000 ms integration 

time per mask. Fresh Extract (Left) contained 40M of Chla and was used to make the acidified extract 

(Right).  
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4.4.6 Experimental Design 

In order to monitor the rate of conversion of chlorophyll to pheophytin at a constant acid concentration, the 

experiment was designed such that the acid concentration was in excess to achieve pseudo-first-order 

reaction conditions. Since the stopped-flow injection device is being used to initiate the reaction and the 

volume of the acid solution and extract solution injected into the reaction cell are identical, the initial 

reactant concentrations must be twice of what the desired concentrations are. A fresh spinach extract 

solution was prepared so the Chla concentration after injection is 20 M while four HCl solutions were 

prepared to produce 1, 1.5, 2, and 3 mM acid concentration after injection. With the acid concentration at 

least 50-times higher than the chlorophyll concentration, pseudo-first-order conditions are expected. The 

reaction between 20 M Chla and HCl at various concentrations was run in triplicate. 

The integration time was selected to collect sufficient fluorescence signal, while also providing an adequate 

time resolution to successfully fit the data. Based on the observed rates of conversion from a previous study1 

and the concentration of Chla, an integration time of 450 ms per mask was selected. These spectra will be 

noisier than those spectra shown in Figure 4-12 but data analysis techniques are able to reduce the noise as 

discussed in Section 4.4.7.3.  

Finally, the VHT-EEMS was calibrated such that the excitation bandwidth extended from 480-660 nm to 

avoid interferences from non-fluorescent pigments that absorb in the near-UV, as shown in Figure 4-10.   

4.4.7 Data Analysis  

4.4.7.1 Raw Data  

After completing the kinetic trials, the raw data is visually inspected to ensure that the expected reaction 

occurred and the spectra are consistent with the results of the preliminary study in 4.4.5. To aid in this visual 

analysis, the Rayleigh line is removed using the MATLAB® code, EEMcut, found in the DOMfluor toolkit 

written by Stedmon17. Additionally, this analysis was conducted without applying the light source corrector 

as this would induce significantly more noise than what was seen in Figure 4-13 due to the reduced 
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integration time. The resultant EEM spectra shown in Figure 4-14 confirm that the conversion of Chla to 

Pheoa is indeed occurring as evident from the development of discrete Q-band transitions.   

      

      

Figure 4-14: EEM spectra of 1.5 mM HCl and 20 M Chla as Chla is being converted to Pheoa. Each 

spectrum was collected in approximately 30 seconds and the reaction reached completion in roughly 8000 

seconds. 

Since these kinetic trials were conducted utilizing the double-pass absorbance cell, the raw absorbance 

information can further confirm that the desired reaction occurred. In fact, absorbance measurements 

produce data that is more comparable to the steady-state EEM spectra shown in Figure 4-13 than raw EEM 

spectra since no light correction factor is required. The overlaid absorbance data from the acidification of 
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the extract solution seen in Figure 4-15 not only confirms the correct reaction occurred but further validates 

the observed changes of EEM spectra collected during these trials.  

 

Figure 4-15: Representative absorbance data for the conversion of Chla to Pheoa. An absorbance spectrum 

is overlaid at 5-minute intervals to produce such a plot. Absorbance features rise from 535 and 610 nm and 

fall from the 570-630 nm range. 

The raw absorbance data in Figure 4-15 also provides information regarding the mechanism of the reaction. 

A clear isosbestic point at ~555 nm indicates the observed reaction is a two-component chemical system. 

Only the conversion of Chla to Pheoa is observed by the VHT-EEMS while the reaction of Chlb is not 

observed. This is attributed to the lower concentration of Chlb as this would reduce the relative rate of 

conversion to Pheob when compared to the rate of conversion of Chla to Pheoa. Additionally, the sensitivity 

of the VHT-EEMS may be insufficient to measure the lower concentration of Chlb, and therefore the 

potential concentration of Pheob, since the location of their excitation occurs at the weakest parts of the 

light source spectrum. 
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Final validation of the VHT-EEMS’ ability to produce reliable absorbance spectra comes in the form of a 

visual comparison of initial and final absorbance spectra collected by the VHT-EEMS and the VBio100 

spectrophotometer. These initial and final absorbance spectra (Figure 4-16) shows excellent agreement 

between instruments except for the spectral region in which the light source of the VHT-EEMS is weakest. 

This region possesses large uncertainty for the VHT-EEMS since the relative intensities of blank and 

sample transmitted light are comparable to detector noise. Such a large uncertainty in this region suggests 

data should be truncated before applying further data processing techniques.  

    

Figure 4-16: A comparison of initial and final absorbance spectra as collected by the VHT-EEMS double-

pass absorbance set up (Left) and the VBio100 spectrophotometer (Right).  

4.4.7.2 Kinetic Analysis  

The chemical system of study has been shown to be a single step reaction where Chla is consumed and 

Pheoa is produced at rates that vary with different concentrations of acid7. This can be represented by the 

following chemical reaction, 

 𝐶ℎ𝑙𝑎 + 2𝐻+
𝑘1

 → 
 

 𝑃ℎ𝑒𝑜𝑎 + 𝑀𝑔2+ 4-14 
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Where k1 represents the rate of the forward reaction. From equation 4-14, we can derive differential rate 

laws for the consumption of Chla (Equation 4-15) and the production of Pheoa (Equation 4-16). 

 
𝛿[𝐶ℎ𝑙𝑎]

𝛿𝑡
= −𝑘1[𝐶ℎ𝑙𝑎][𝐻+]2 4-15 

 

 
𝛿[𝑃ℎ𝑒𝑜𝑎]

𝛿𝑡
= 𝑘1[𝐶ℎ𝑙𝑎][𝐻+]2 4-16 

These equations show the production of Pheoa as a 3rd order reaction with 1st order dependence on [Chla] 

and a 2nd-order dependence on [H+]. To study the effect of acid concentration on the conversion of Chla to 

Pheoa, the reaction can be turned into a pseudo-1st order chemical reaction by increasing the acid 

concentration, [H+], to be largely in excess such that its concentration remains approximately constant. A 

new rate term, k1’, can then be defined to include the acid concentration term, [H+]. This is represented by  

 
∵ [𝐻]0 ≈ [𝐻]𝑡    

 𝑘1
′ = 𝑘1[𝐻+]2 

4-17 

Equations 4-15 and 4-16 can then be rewritten as 

 
𝛿[𝐶ℎ𝑙𝑎]

𝛿𝑡
= −𝑘1′[𝐶ℎ𝑙𝑎] 4-18 

 

 
𝛿[𝑃ℎ𝑒𝑜𝑎]

𝛿𝑡
= 𝑘1′[𝐶ℎ𝑙𝑎] 4-19 

Given the form of these differential equations, the following single exponential fitting equation can be 

used to model the growth of Pheoa (Equation 4-20) and decay of Chla (Equation 4-21).  

 [𝑃ℎ𝑒𝑜𝑎]𝑡 = 𝐴0,𝑃ℎ𝑒𝑜𝑎
(1 − 𝑒−𝑘1

′ 𝑡) + 𝑐 4-20 

 

 [𝐶ℎ𝑙𝑎]𝑡 = 𝐴0,𝐶ℎ𝑙𝑎
𝑒−𝑘1

′ 𝑡 + 𝑐 4-21 

   

4.4.7.3 Combined Fluorescence and Absorbance PARAFAC Analysis  
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To perform a kinetic analysis on fluorescence and absorbance data discussed in section 4.4.7.1, the spectral 

components of Chla and Pheoa must first be resolved from one another and be assigned a value that is related 

to their concentration (score) at a particular time.  Parallel factor (PARAFAC) analysis has been shown as 

a powerful tool for the resolution of multicomponent systems for such a kinetic study1, 2, 7. The fluorescent 

and absorbance data will be combined into a single, combined data set to ensure that the components 

associated with Chla and Pheoa will be assigned the same score for both absorbance and fluorescence data. 

However, the data must first be processed before combining the data sets.  

If the raw, 2D absorbance spectrum was simply concatenated such that the absorbance spectrum was a new 

emission channel, a PARAFAC analysis would not yield any useful information about the absorbance data; 

it would simply be grouped with the excitation vector. However, if the absorbance data was transformed 

from a 2D spectrum to a representative 3D spectrum and then concatenated to the corresponding EEM 

spectrum, a PARAFAC analysis would produce a hybrid emission vector that contains the emission vectors 

from the EEM portion of the combined data set and from the absorbance vector. The approach allows for a 

direct comparison of the excitation and absorbance vector to identify non-fluorescent absorption regions. 

Practically, the 3D absorption spectrum is obtained by multiplying each 2D absorption spectrum by its 

transposed self to generate an n x n “EEM” spectrum where the excitation and emission vectors are the 

absorbance spectrum (Figure 4-17). For example, when 67-element Walsh functions are used and 3600 

spectra were recorded, the final dimension of the transformed absorbance data set is 67×67×3600. The 

hybrid emission vector is then obtained by combining the EEM spectra with the 3D absorption spectrum. 



 

106 

  

Figure 4-17: Conversion of 2D absorbance data to 3D data for PARAFAC analysis. Multiplication of an 

absorbance spectrum by the transpose of itself produces a representative EEM spectrum that is compatible 

with PARAFAC code. 

The EEM data must also be corrected to show the true fluorescence intensity as the light intensity is different 

in each of the excitation channels. This is particularly important when combining EEM and absorbance fits 

since our absorbance is measured relative to the transmission and is therefore invariant to excitation channel 

intensity differences across the spectrum. An uncorrected fluorescence EEM spectrum, on the other hand, 

does not have a properly scaled excitation spectrum. Therefore, in a combined fit with uncorrected 

fluorescence excitation intensities PARAFAC cannot assign complimentary absorbance and fluorescence 

elements to a single component.  
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A second complication arises from the presence of the Rayleigh line in the EEM spectra. The diagonal line 

shows different attenuation features depending on the absorption of the reactants and products, but in a 

multilinear fit a diagonal line is incompatible with the PARAFAC algorithm as each point along the line is 

interpreted as a unique component. In general, component-dependent diagonal features such as Raman or 

Rayleigh lines are not multilinear while fluorescent signals arising from a common excited state are 

multilinear18. Since PARAFAC will assign each point on the Rayleigh line as a new component, we would 

require much higher-order fits to properly model the data. Therefore, Rayleigh features were removed from 

all EEM spectra using the EEMcut function in MATLAB®. The result of this treatment is shown in Figure 

4-14. 

A very important step of PARAFAC preprocessing is the truncation of data such that the resulting combined 

EEM spectrum does not contain any regions devoid of information. This step drastically reduces 

computational demand, especially for the current data set that contains over 4.9×107 data points. Truncating 

EEM spectra such that excitation and emission range from 500-660 nm and 640-755 nm, respectively, 

reduces the size of the fluorescence data set by over 4.8×107 data points. This truncation of the data included 

the regions of the spectrum produced with weak excitation lines. It is also important to remove potentially 

interfering regions of the spectrum. The final dimensions of this data set are 3600×431×60 where 3600, 

431, and 60 are the number of spectra collected, the emission vector, and the excitation vector, respectively. 

The data cube has over 93 million intensity entries and a size of 0.93 GB (93,096,000 × 8 bytes). The 3-D 

absorbance data set must be similarly truncated to ensure it remains compatible with the fluorescence data 

set. The excitation and emission ranges are truncated between 500-660 nm which produces a 3600×60×60 

data set and further eliminates over 3 million data points. 

Prior to assembling the combined data set, each portion must be weighted so they equally contribute to the 

PARAFAC analysis as the magnitude of the fluorescence and absorbance measurements occur on very 

different scales. Additionally, each fluorescence spectrum contains 25,860 intensity entries while the 

absorbance portion contains 3,600. An equal contribution is achieved by normalizing the fluorescence and 
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absorbance data by the sum of the respective sets such that each data set sums to 1. The processed 

fluorescence and absorbance data are then assembled into a 3-dimensional data cube to prepare for 

PARAFAC analysis (Figure 4-18).  

 

Figure 4-18: Generation of a hybrid absorbance and fluorescence spectrum (Right) for a combined 

PARAFAC analysis from normalized absorbance (Left-Top) and fluorescence (Left-Bottom) 3D spectra. 

When applying the PARAFAC analysis developed by Bro18 to a data set, several user inputs must be 

selected to obtain meaningful data spectral data. The input parameters selected for this dataset consists of 

a convergence criterion of 10−15 with a non-negativity restriction while looking for 3 spectral components 

for 10 iterations. The iteration that produces the model with the lowest sum of the residual (SSR) is selected 

as the PARAFAC model. The isosbestic point observed in the raw absorbance data (Figure 4-15) suggests 

that two components are present but a higher component fit was required to fully resolve the components 

of Chla and Pheoa from a component partially attributed to Chlb. The resulting PARAFAC analysis produced 

three spectral components with an 86.9% core consistency and 77.0 percent explained. The excitation, 

emission, and absorbance component loadings components, along with their score are displayed in Figure 

4-19. 
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Figure 4-19: The results of the combined fluorescence and absorbance PARAFAC analysis. (Top) 

Excitation (Left), emission (Middle), and absorbance (Right) loading vectors for components 1,2 and 3. 

The corresponding excitation and emission vectors are utilized to generate EEM spectra (Bottom).     

The absorbance loading vectors of each component can be compared to the absorbance profiles from the 

HPLC analysis (Figure 4-11) to confirm their identity. The presence of discrete Q-band transitions exhibited 

by component #1 found by the PARAFAC analysis shows excellent agreement to the absorbance profile of 

Pheoa.  The scores associated with this component grow as the reaction progresses as we would expect 

Pheoa to do. Similarly, component #2 can be assigned to Chla and this is also confirmed through the 

comparison of the HPLC absorbance spectrum for Chla showing near-degenerate Q-band transitions and 

the decreasing PARAFAC score as the reaction proceeds. The absorbance and emission vectors for these 

components show nearly identical profiles when normalizing suggesting absorption to all excited states 

results in fluorescent emission. The third component shows a very interesting collection of loading vectors. 

The excitation vector resembles the absorbance profile of Chlb, but the absorbance and emission vectors 

resemble those of Chla. This complex combination of spectral vectors is difficult to interpret but the score 

of this component remains constant for the duration of the reaction and cannot be fit. This is consistent with 
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the relative rate of conversion for Chla and Chlb to their respective pheophytin derivatives7. More 

importantly, the PARAFAC algorithm could separate this feature and ensure the other components are 

exclusively Chla and Pheoa.   

 

Figure 4-20: Comparison of normalized excitation and absorbance vectors from a combined PARAFAC 

analysis for components #1 (Left), #2 (Middle), and #3 (Right)    

As expected from the rate laws shown above (4.4.7.2), the rates at which components #1 and #2 grow and 

decay, respectively, show a strong dependency on the concentration of HCl. The pseudo-first-order rate 

constants of this reaction can then be evaluated and related to the third-order rate constant as the 

concentration of the acid is known. All kinetic trials were fit using the equations derived in section 4.4.7.2 

by a non-linear fitting function written into a MATLAB® script, which can be found in the Appendix. 

Figure 4-21 shows the fitting results and the corresponding residual on the fit. The dependence of the 

observed rates on acid concentration can be seen in Figure 4-22. 
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Figure 4-21: Representative fitted data from Chla acidification for different acid concentrations using fitting 

equations given above with fitting residuals below with their colour set to match the data above it. 

Table 4-1: Fitting Parameter of Non-Linear Fitting 

 
Component #1 Fitting Component #2 Fitting 

[HCl] (M) 𝒌𝟏(𝒔−𝟏) 𝑹𝟐 𝒌𝟏(𝒔−𝟏) 𝑹𝟐 

1.0 × 10−3 

2.01E-04 0.97 1.70E-04 0.986 

1.97E-04 0.97 1.63E-04 0.986 

2.43E-04 0.96 2.02E-04 0.986 

1.5 × 10−3 

7.06E-04 0.98 6.32E-04 0.989 

7.45E-04 0.97 6.67E-04 0.987 

8.88E-04 0.97 8.31E-04 0.985 

2.0 × 10−3 

1.57E-03 0.97 1.46E-03 0.987 

1.64E-03 0.97 1.56E-03 0.985 

1.85E-03 0.97 1.76E-03 0.983 

3.0 × 10−3 

5.69E-03 0.94 4.80E-03 0.966 

6.03E-03 0.92 5.20E-03 0.964 

5.59E-03 0.94 4.92E-03 0.972 
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Figure 4-22: Observed rate of Chla conversion to Pheoa. The dependence of squared acid concentration on 

the rate of consumption of Chla (Top) and creation of Pheoa (Bottom) given with 3 confidence intervals.  
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As expected, given the stoichiometric ratios shown in equation 4-14, the rate of conversion of Chla to Pheoa 

is linear with respect to the squared acid concentration. Third-order rate constants of 611±20 ×102 M-2∙s-1 

and 710±30 M-2∙s-1 for Chla decay and Pheoa growth are derived from the slope of each plot in Figure 4-22. 

These rate constants reveal that the decay rate of Chla is slightly slower than the growth Pheoa but that they 

agree well with one another. These values can also be compared to the Chla decomposition rate constant of 

450 ± 170 M-2s-1 as determined in our previous study1. The use of the stopped-flow injection device has 

reduced the uncertainty of these measurements from approximately 40% to 4%. 

The conversion of Chlb to Pheob was not observed as this conversion occurs at a rate of two orders of 

magnitude slower than the conversion of Chla to Pheoa
7. However, the spectral contribution of Chlb could 

be resolved from Chla and Pheoa and did not impact the kinetic analysis. This study not only showed that 

fluorescence and absorbance data can be simultaneously collected from a rapidly evolving reaction by 

confining the sample to a vessel with well-defined dimensions, but that these features can be combined and 

analyzed jointly using PARAFAC. This approach successfully attributed the absorbance, excitation, and 

emission features of Chla and Pheoa to the same component and a combined kinetic analysis was performed. 

The combined PARAFAC analysis also allowed for a direct comparison of excitation and absorbance 

loading vectors to determine the possible presence of non-fluorescing states.  
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4.5 Kinetic Study of Copper Metallation of Pheophytin  

4.5.1 Copper Insertion into Chlorin  

 

Figure 4-23: Reaction scheme showing the conversion of pheophytin-a to copper chlorophyll-a as 2 protons 

within the chlorin ring are removed and copper is inserted forming covalent and dative bonds to pyrrolenine 

nitrogen atoms on the inner rim of the chlorin ring. 

In the section above we showed that the HT-EEM spectrometer, coupled with the stopped-flow injection 

device, is a suitable instrument to conduct a kinetic study on a rapidly evolving chemical system with two 

fluorescent compounds. In this chapter, we showcase the utility of the instrument to quantitatively 

determine simultaneous fluorescence and absorbance data collected by performing a kinetic study on a 

chemical system that converts a fluorescent compound to a non-fluorescent compound. This chemical 

system is the insertion of a copper (II) atom into the empty chlorin structure of Pheoa to produce copper-

chlorophyll-a (Cu-Chla), depicted in Figure 4-23. The decrease of fluorescence as Pheoa is converted to Cu-

Chla was explained by Gouterman as a consequence of a charge transfer to a triplet state for open-shell 
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diamagnetic metals such as Cu(II)16. The excited, charge-transfer state can either relax radiatively through 

a phosphorescent emission or non-radiatively via vibrational relaxation after intersystem crossing to 

vibrational states of the singlet state.  

This chemical reaction is well suited to showcase the capabilities of the VHT-EEMS with the capacity to 

rapidly collect simultaneous absorbance and 2D fluorescence measurements. Without absorbance 

measurements, there is no data to support the hypothesis that Pheoa undergoes a metal insertion mechanism 

to make Cu-Chla; fluorescence only shows that the signal attributed to Pheoa is decreasing. Absorbance 

measurements have also been shown to provide mechanistic information from clear isosbestic points (See 

Section 4.4.7.1). This is important for this reaction as intermediate complexes, known as sitting-a-top (SAT) 

complexes, were initially postulated in 196019 and have been shown for these types of metal insertions into 

porphyrins both experimentally20, 21 and theoretically22, 23. Such a structure involves the bonding of the metal 

ion to two pyrrolenine nitrogen atoms while protons are still bound to the other two nitrogen atoms24.  

4.5.2  Copper-Chlorophyll Study  

Prior to conducting a kinetic study to determine the effect of copper concentration on the rate of insertion 

of copper into Pheoa, the expected product, Cu-Chla must be synthesized and spectrally characterized to 

ensure its presence can be definitively reported from the spectra collected during the kinetic trials.  

The preparation of Cu-Chla begins by extracting Chla into ethanol from fresh spinach, as outlined in section 

4.4.7.1, followed by a spectral quantification using the method described in section 4.4.4. The extract 

solution is then diluted with ethanol and dilute HCl (aq.) such that the final concentration of Chla and HCl 

are 40 M and 4 mM, respectively. A small aliquot was then treated with copper (II) 

trifluoromethanesulfonate (CuTrif) and was allowed to react for 24 hours at 4oC. This resulted in a colour 

change from olive green to pale green and the complete elimination of fluorescence. The complete loss of 

fluorescence supports the successful conversion from Pheoa to Cu-Chla.  
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To further support the conversion of Pheoa to Cu-Chla, the sample was analyzed by reverse-phase HPLC 

and UV/Vis absorbance measurements. Pheophytin treated with CuTrif was injected into the same HPLC 

instrument described in section 4.4.3 operating under identical conditions. The resulting 2D absorbance 

chromatogram is displayed in Figure 4-24. The sample’s major component eluted from the column and was 

detected by the flow cell absorbance set up at ~540 seconds. This component exhibited the expected 

absorbance profile for metallated chlorin (See Figure 4-24) and was attributed to Cu-Chla.  A second 

component was also eluted at ~510 seconds that possessed chlorin-like spectral features but was present in 

lesser quantity than Cu-Chla. This component is most likely the copper inserted derivative of pheophytin-

b, which is Copper-Chlorophyll-b (Cu-Chlb). A kinetic study will determine whether Cu-Chla and Cu-Chlb 

have similar reaction rates or follow the trend observed in the chlorophyll acidification study (Section 4.4).  

A UV-Vis absorbance spectrum of the extract-treated with HCl and CuTrif was also collected using the 

VBio100 to verify the absorbance profiles extracted from the 2D absorbance chromatogram. The two 

absorbance profiles are compared in Figure 4-24. Interestingly, there is a discrepancy between the 

absorbance spectra collected by the HPLC set up and the VBio100. The most notable discrepancy is the 

disagreement of the location of the major Q-band at ~640 nm. This difference is partly attributed to the 

absence of HCl and CuTrif for the Cu-Chla sample that had been eluted from the column. Another 

explanation of their difference is the spectrum obtained by the VBio100 is affected by other absorbers in 

the sample, like Cu-Chlb. 
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Figure 4-24: Spectral and chromatographic analysis of copper chlorophyll solution.  (Top) 2D HPLC 

absorbance chromatogram of spinach extract treated with HCl and Copper triflate. The red lines indicate 

the elution of Chl chlorophyll pigments. (Bottom) Absorbance spectra of Pheo (green) and Cu-Chla (red) 

collected by the VBio100 compared to the extract HPLC profile of Cu-Chla (blue). 

4.5.3 Experimental Design 

In order to determine the effect of copper concentration on the rate of insertion, a series of copper solutions 

were prepared and mixed with an acidified spinach extract solution using the stopped-flow injection device. 

The extract solution was first prepared according to the method described in 4.4.2 and the concentration of 
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Chla was quantified prior to acidification using the method described in section 4.4.4. The solution was then 

diluted with ethanol and 0.12M HCl such that the final concentration of Chla would have been 40 M if it 

did not undergo a conversion to Pheoa. Mixing with the stopped-flow device results in a 50% dilution and 

the concentration of Pheoa in the reaction mixture was therefore 20 M. A final HCl concentration of 4 mM 

was selected to ensure a rapid and complete conversion of Chla to Pheoa and therefore a final injection 

concentration of 2 mM. Lastly, 4 solutions were prepared of CuTrif in ethanol such that the final 

concentration after mixing with the acidified extract solution in the stopped-flow device is 0.25, 0.5, 0.75 

and 1.0mM. This excess of CuTrif ensures pseudo-1st order conditions and allows for the reaction rate 

dependence on copper concentration to be studied. 

With the solutions prepared, the instrument must be set up properly to study the chemical reaction of interest 

by selecting appropriate instrument collection parameters. Much like the study of the acidification of Chla, 

this requires careful consideration of the spectral excitation range, integration time, and modulation matrix 

size. The excitation range of 480-640 nm was selected to avoid spectral interferences from other chemical 

species. A 67-channel modulation scheme was selected since section 4.3.3 showed that a modulation 

scheme below 67 channels generated discontinuous absorption spectra. The reaction was expected to 

proceed relatively quickly, which requires the temporal resolution not exceeding an EEM every 30 seconds 

to ensure sufficient data points are collected. This equates to an integration time of 450 ms per mask which 

was shown, in section 4.4.7.3, to be sufficiently long to produce EEM spectra of sufficient intensity and 

spectral resolution.  

4.5.4 Data Analysis 

4.5.4.1 Raw Data 

As previously discussed in 4.4.7.1, the raw data collected from the kinetic trials can provide insight into 

data processing parameters such as the number of components required for both the fluorescence and 

absorbance PARAFAC analyses. The timestamped fluorescence data shown in Figure 4-25 shows the 

decaying fluorescence of Pheoa as the reaction proceeds, with all fluorescence being lost by the 52-minute 
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mark. The overall shape of this fluorescence feature remains consistent, which suggests only a single 

fluorescent compound is present throughout the reaction. The subsequent fluorescent PARAFAC analysis 

is expected to identify only a single fluorescent component but higher-order fits will be performed to be 

sure.  

 

Figure 4-25: Raw EEM fluorescence data from a 0.25 mM Cu2+ insertion trial.  The Rayleigh line has been 

removed and all data below this line has been set to zero using the EEMcut function from MATLAB.  
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Figure 4-26: Raw absorbance data from a 0.25mM Cu2+ insertion trial.  (Top) Spectral changes are shown 

from absorbance spectra displayed at 5-minute intervals with arrows to indicate the general rise and fall of 

absorbance features as the reaction progresses. (Bottom) Initial and final absorbance spectra from the VHT-

EEMS (Left) and VBio100 (Right) show almost identical absorbance features. 
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The complementary absorbance spectra from a 0.25 mM Cu2+ trial in Figure 4-26 shows that the absorbance 

profile changes well beyond the 52-minute mark, thereby indicating the expected formation of the non-

fluorescent Cu-Chla. The HPLC absorbance analysis revealed that the insertion of Cu into Pheoa to form 

Cu-Chla results in the reduction of the Qx peak at ~535 nm and a blue shift of the Qy band at 650 nm. The 

absorbance spectra obtained from the VHT-EEMS are consistent with absorbance spectra from the 

VBio100 (Figure 4-26). However, the lack of an isosbestic point suggests a more complicated reaction 

mechanism than a single step insertion as observed above for the conversion of chlorophyll into pheophytin 

(Figure 4-23) and suggests intermediate formation such as an SAT complex. The absorbance PARAFAC 

analysis must then be set to look for, at least, three absorbance components. 

A combined PARAFAC analysis like that shown in 4.4.7.3 failed to provide similar results to a separate 

absorbance and fluorescence PARAFAC analysis. The minute changes measured by the absorbance data 

could be resolved properly when concatenated to the much larger EEM matrix containing only noise 

information. Therefore, the fluorescence and absorbance data sets are analyzed by the PARAFAC algorithm 

separately.   

4.5.4.2 Absorbance PARAFAC Analysis  

The analysis of the raw absorbance spectra indicated the formation of an intermediate complex and the 

subsequent PARAFAC analysis must be configured to look for a minimum of 3 spectral components. As 

in section 4.4.7.3 above, the raw absorption data is not compatible with the PARAFAC analysis code as it 

is designed to analyze fluorescence EEM datasets. Once again, the absorbance spectra are converted to 

representative 3D EEM spectra by multiplying each spectrum by the transpose of itself. This process, 

illustrated in Figure 4-27, has been used previously to analyze NIR spectra to quantify water species in 

acetone25. PARAFAC components resulting from this data will have identical excitation and emission 

loading spectra. In fact, non-identical excitation and emission spectra are indicators that the PARAFAC 

analysis has grouped components together and higher component fitting is then required for that dataset.  
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Figure 4-27: Conversion of 2D absorbance data to 3D data for PARAFAC analysis. Multiplication of an 

absorbance spectrum by the transpose of itself produces a representative “absorbance EEM” spectrum 

that is compatible with PARAFAC code. 

Each of the 4800 new n×n “absorbance EEM” spectra are compiled into a data cube and truncated to remove 

noisy regions of the spectrum outside of the 490-640 nm range to prepare for PARAFAC analysis. This 

region is smaller than previously used for the acidification study due to the noisy absorbance Qx peak at 

650 nm. A 3-component PARAFAC analysis with convergence criteria set to 1×10-8 and nonnegativity 

constraints isolated 3 absorbance components with a core consistency of 79.7% and percent explained of 

99.95%. These components and their scores are shown in Figure 4-28. By comparing the absorbance spectra 

of components isolated by the PARAFAC analysis with the absorbance spectra obtained with the VBio100 
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and HPLC analysis (Figure 4-26 and Figure 4-24), we identified component #1 as our starting material, 

Pheoa. Component #2 is identified as an SAT intermediate complex of Pheoa and Cu and Component #3 is 

the fully inserted Cu-Chla product. 

The PARAFAC score of component #2 rises and falls as expected for an intermediate SAT complex and 

component #3 rises and eventually plateaus under 1.0 mM CuTrif conditions (Figure 4-29). Component #1 

falls monotonously as one might expect for the Pheoa starting material but appears to have a slight increase 

in component score followed by a quick decay for the trial with the lowest Cu concentration. The formation 

of a new species with an indistinguishable absorbance spectrum from Pheoa but a larger absorption cross-

section would explain the observed increase of PARAFAC score for component 1. At higher copper 

concentrations, this pre-SAT species is consumed faster than created to form the species associated with 

component 2 and is therefore not observable with the VHT-EEMS. To confirm this hypothesis, a kinetic 

model must be developed and the PARAFAC scores must agree with the model.   

 

Figure 4-28: Absorbance components from a 3-component PARAFAC fit. Representative scores for each 

CuTrif concentration found for PARAFAC component 1 (Top), 2 (Middle), and 3 (Bottom). 

4.5.4.3 Kinetic Analysis  

A visual analysis of the raw absorbance data suggested an intermediate formed prior to the full insertion of 

copper into Pheoa. The results of the PARAFAC analysis of the copper insertion data set suggested further 

complexity by the formation of a pre-SAT complex that is only observable for low copper concentration 

trials. These observations are summarized by the chemical reaction scheme 
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𝑃ℎ𝑒𝑜𝑎 + 𝐶𝑢 

𝑘1

⇌
𝑘−1

{𝑃ℎ𝑒𝑜𝑎 + 𝐶𝑢} 
𝑘2

⇌
 𝑘−2

𝑆𝐴𝑇 
𝑘3

⇌
𝑘−3

 𝐶𝑢 − 𝐶ℎ𝑙𝑎 4-22 

A series of equilibrium steps see the formation of a pre-SAT complex, Pheoa + Cu, followed by the SAT 

complex and finally the fully inserted Cu-Chla. The corresponding rate laws will be numerically integrated. 

If reverse reactions in the equilibrium steps are very slow the respective terms in the integrated rate law 

will converge to zero. The following differential rate laws can be written to describe the rate of change of 

each species  

 𝛿[𝑃ℎ𝑒𝑜𝑎]

𝛿𝑡
= −𝑘1[𝑃ℎ𝑒𝑜𝑎] + 𝑘−1[{𝑃ℎ𝑒𝑜𝑎 + 𝐶𝑢}] 4-23 

 𝛿{𝑃ℎ𝑒𝑜 + 𝐶𝑢}

𝛿𝑡
= 𝑘1[𝑃ℎ𝑒𝑜𝑎] − [{𝑃ℎ𝑒𝑜𝑎 + 𝐶𝑢}](𝑘−1 + 𝑘2) + 𝑘−2[𝑆𝐴𝑇] 4-24 

 𝛿[𝑆𝐴𝑇]

𝛿𝑡
= 𝑘2[{𝑃ℎ𝑒𝑜 + 𝐶𝑢}] − [𝑆𝐴𝑇](𝑘−2 + 𝑘3) + 𝑘−3[𝐶𝑢𝐶ℎ𝑙] 4-25 

 𝛿[𝐶𝑢𝐶ℎ𝑙]

𝛿𝑡
= 𝑘3[𝑆𝐴𝑇] − 𝑘−3[𝐶𝑢𝐶ℎ𝑙] 4-26 

Since the reactions were conducted under pseudo-1st order condition with copper in excess, the dependence 

of copper is not shown explicitly but is contained within the rate terms. Data was numerically integrated 

using the Solver function in MS Excel to minimize the sum of the residuals squared (SSR) of the entire 

model by fitting all kinetic terms at once for each insertion trial. This model assumed only Pheoa is present 

at time zero and no other parallel reactions are occurring. Fitting the PARAFAC scores of component #1 is 

achieved by combining values obtained from equations 4-23 and 4-24 with a scaling factor applied to each 

equation to account for the increasing score within the first several minutes. To ensure the numerical 

integration properly fits this feature, the model is initially truncated to the initial 100 data points. Once 

fitting parameters are obtained for short times, the model can be extended to longer times to obtain fitting 

parameters for component #3. The numerical integration successfully fit the PARAFAC scores for each 

insertion trial. The raw data and representative fits, as well as the residual on each fit, can be seen in Figure 
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4-29 for each absorbance component. The observed rate fitting parameters derived from the numerical 

integration are displayed in Table 4-2.  

The pre-SAT complex and the reactants were assigned to the same PARAFAC component because they 

have the same absorbance spectrum, but the pre-SAT complex absorbs more strongly and therefore the 

PARAFAC score increases as it is formed. This increase of the absorption cross-section, and therefore 

molar absorption coefficient, is consistent with the increase of polarizability that may be expected when a 

metal ion is weakly associated with the extended -system present in Pheoa. 

 

Figure 4-29: Representative fitted data from copper insertion trials using numerical integration.  Excel’s 

solver function was utilized to minimize SSR of the fitted model and produced fitted curves for component 

1 (Left), 2 (Middle), and 3 (Right). 

The term used to describe the reverse reaction from Cu-Chla to the SAT complex, k-3, converged to zero 

with each fit suggesting the formation of Cu-Chla is highly favourable and copper remains within the chlorin 

structure once inserted. Both k-1 and k-2 terms did not converge to zero indicating the first two reactions are 

under equilibrium and were properly described by equation 4-22. The forward reaction terms for the 

equilibrium steps (k1 and k2) were all greater than their respective reverse reactions indicating the 

equilibrium favoured the formation of the respective products.  
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At low copper concentrations, the rate of conversion from the reactant to the pre-SAT complex and the 

subsequent conversion of the SAT complex are slow enough for the VHT-EEMS to observe measurable 

quantities of {Pheoa + Cu} before being converted to the SAT. However, increased concentration of copper 

increases both of these rates and these short-lived features are difficult to measure by the VHT-EEMS. The 

fitting of the model presented in equation 4-22 supports the hypothesis that the pre-SAT intermediate is 

only observable at lower copper concentrations. The rate of conversion of the SAT complex to Cu-Chla (k3) 

and the pre-SAT complex (k-2) is much slower than the rate of SAT formation (k2) resulting in a large 

amount of SAT found in solution. 

Table 4-2: Observed Rate of Copper Insertion into Pheoa.  Rate constants ki are given according to eq 

4-22, The rate constant k-3 = 0 in all fits. Reactant and pre-SAT scaling factors are given to account for 

increased molar absorption coefficient. 

[Cu] 

(mM) 

Trial 

# 

Scale 

Reactant 

Scale 

pre-SAT 
k1 (s

-1) k-1 (s
-1) k2 (s

-1) k-2 (s
-1) k3 (s

-1) 

0.25 

1 3.79E-05 6.13E-05 9.11E-04 1.14E-05 1.76E-03 1.78E-05 8.66E-05 

2 4.06E-05 4.58E-05 7.81E-04 1.15E-05 1.96E-03 1.80E-05 8.59E-05 

3 3.48E-05 3.88E-05 7.71E-04 1.55E-05 2.19E-03 1.99E-05 8.69E-05 

0.50 

1 3.58E-05 4.86E-05 1.56E-03 1.44E-05 2.39E-03 1.44E-05 1.27E-04 

2 3.45E-05 4.84E-05 1.69E-03 1.44E-05 2.51E-03 1.44E-05 1.18E-04 

3 3.34E-05 4.94E-05 1.68E-03 1.41E-05 2.17E-03 1.31E-05 1.37E-04 

0.75 

1 4.00E-05 4.74E-05 2.80E-03 1.39E-05 2.84E-03 1.24E-05 1.99E-04 

2 3.86E-05 4.80E-05 3.18E-03 1.39E-05 3.20E-03 1.25E-05 2.12E-04 

3 3.60E-05 4.62E-05 3.26E-03 1.39E-05 3.34E-03 1.25E-05 2.27E-04 

1.0 

1 3.46E-05 4.82E-05 3.62E-03 1.38E-05 3.75E-03 1.24E-05 2.78E-04 

2 3.36E-05 4.57E-05 3.54E-03 1.38E-05 3.93E-03 1.24E-05 2.78E-04 

3 3.44E-05 4.62E-05 3.95E-03 1.38E-05 4.24E-03 1.24E-05 3.05E-04 

Figure 4-30 shows the pseudo-first-order rate constants of Table 4-2 as a function of copper ion 

concentration and allows for the determination of 2nd-order rate constants from the slope of the respective 
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linear fit. Rate constants were determined as k1, = 4.0±0.2 s-1∙M-1, k2, = 2.7±0.2 s-1∙M-1, and k3 = 0.28±0.02 

s-1∙M-1, respectively.  

The non-zero intercept observed on the rate dependence on the conversion of  PAC to the SAT complex is 

similar to the observed rate dependence plot for the fluorescence data (Figure 4-32). This step of the copper 

insertion reaction may be competing with other parallel reactions.  

 
Figure 4-30: Rate dependence of copper insertion steps on copper concentration  with 3 confidence 

intervals. Rate constants are derived from the slope of each plot for k1 (Top-Left), k2
 (Top-Right), and k3 

(Bottom).  
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4.5.4.4 Fluorescence PARAFAC Analysis  

Much like the kinetic study described in section 4.4.7.2 and 4.5.4.3, the 4800 fluorescence EEM spectra 

collected during the copper insertion kinetic trials were compiled into a 3D data cube to prepare for 

PARAFAC analysis. The cube was normalized to the sum of the data set and preprocessed with the EEMcut 

code to remove Rayleigh scattering followed by truncation of the data to include only relevant regions of 

the fluorescence spectrum and reduce the overall size of the cube.  A 2-component PARAFAC analysis 

with convergence criteria set to 1×10-12 and non-negativity constraints resulted in one fluorescence 

component (see Figure 4-31) and one noise component with a 98.2% core consistency and 33.7% percent 

explained. Comparing the excitation profile of the corrected fluorescence component in Figure 4-31 with 

the absorbance spectra collected by the VBio100 in Figure 4-26 confirms that the fluorescence component 

is Pheoa. The absence of additional fluorescent components is consistent with the hypothesis that the copper 

insertion results in a non-fluorescent compound. 

 

Figure 4-31: PARAFAC analysis of fluorescence data from copper insertion trials resulted in 1 

fluorescence component EEM component (Left). PARAFAC scores show a strong dependence of the 

observed decrease in fluorescence intensity on copper concentration and are successfully fit with the kinetic 

model of eq 4-22.    
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Utilizing the kinetic model develop in 4.5.4.3, the scores of the single fluorescent component were 

successfully fit via numerical integration in Excel using the Solver function. However, only the rate of 

formation of the pre-SAT complex contributed to the fit, i.e. a single forward reaction led to a mono-

exponential fluorescence decay associated with rate constant, kF. The rate constants obtained by the 

exponential fit are shown as a function of the copper concentration to (See Figure 4-32). A linear fit to the 

data in Figure 4-32 resulted in a second-order rate constant of kF = 1.7±0.1 M-1∙s-1 and an intercept of 2×10-

4.  

By comparison to the rate constants obtained from the absorbance study (k1 = 4.03 ± 0.2 M-1 s-1 and k2 = 

2.71 ± 0.2 M-1 s-1) the rate constant of derived from fluorescence data is much smaller, indicating that both, 

the reactant Pheoa as well as the {Pheoa+Cu} association complex contribute to the fluorescence of 

component 1. We note that the reactant and pre-SAT complex were also grouped together by the PARAFAC 

algorithm since they displayed the same absorbance spectrum, albeit with different absorption cross-

sections. If the fluorescence PARAFAC analysis similarly grouped these two components together, the rate 

of decay would be a combination of k1 and k2 absorbance rate constants, i.e. the time constants 1/kF = 

F=1+2 are additive. The reciprocal addition of k1 and k2 obtained from the absorbance study produces a 

combined rate constant of 1.6 M-1∙s-1 which agrees with the fluorescence decay rate constant kF = 1.7±0.1 

M-1∙s-1 within the measurement uncertainty. The fluorescence decay rate constant is therefore attributed to, 

both, the reactant (Pheoa) and the pre-SAT complex.  
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Figure 4-32: Observed rate of reaction for the insertion of copper into Pheoa to produce Cu-Chla with a 

fitted line and ±3 confidence intervals.  

Previous studies of the insertion of divalent metal ions have shown similar rate dependencies on insertion 

into macrocycle structures like Pheoa
24, 26. There is also evidence in the literature that redox-active metal 

cations such as Cu(II) can reversibly oxidize or cause a ring-opening of chlorin molecules resulting in 

elevated y-intercept values on plots like those in Figure 4-3227. However, the choice of counterion was 

shown to play a role in protecting chlorins from undergoing these unwanted reaction pathways. The 

presence of both chloride and acetate anions is expected to suppress the reversible oxidation of Pheoa when 

using CuTrif to perform metal insertion reactions27. 
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4.6 Conclusion 

This chapter demonstrated the ability of the HT-EEM Spectrometer to function as both a fluorescence and 

absorbance spectrometer and helped study static and rapidly evolving chemical systems by monitoring 

reactions within an optical flow cell. Stopped flow injection of reactants into the optical cell was shown to 

improve the reproducibility of previous kinetic trials and reduced uncertainty on earlier kinetic rate 

constants. Additionally, the absorbance and fluorescence data were combined and simultaneously analyzed 

by PARAFAC allowing for excitation, emission, and absorbance features to be assigned to a single 

component and a direct comparison to excitation and absorbance vector to identify non-fluorescing 

absorption features to be made.  

The study of copper insertion into Pheoa demonstrated the advantage of simultaneous fluorescence and 

absorbance sensing as a fluorescence study alone would have concluded the conversion of Pheoa to Cu-

Chla was a single step process. The extra dimensionality of absorbance data showed this decay of 

fluorescence consisted of multiple sequential reactions. Section 4.5 further showed the utility of PARAFAC 

by successfully modelling the fluorescence and absorbance of Pheoa as it was converted to Cu-Chla. Despite 

only having a single fluorescent species, PARAFAC was able to separate the signal associated with that 

species from a noise component. The isolation of 3 absorbance components, 2 with very similar absorbance 

profiles showed the remarkable spectral and time resolution of the VHT-EEMS.  
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Conclusion and Future Works 

This chapter provides a concise summary of the work presented in this thesis on the improvement of the 

performance of a homebuilt Hadamard-transform excitation-emission-matrix spectrometer and its 

application to kinetic studies on rapid chemical reactions. A brief discussion on the outlook of Hadamard-

transformed EEM spectroscopy including ongoing and future work concludes this chapter. 

5.1 Thesis Summary 

Improvements to the performance of the Hadamard-Transform excitation-emission-matrix spectrometer 

(VHT-EEMS) presented in Chapter 3 were achieved through a series of modifications to the optical system. 

Specifically, the average limiting full-width half max of excitation channels was dramatically reduced from 

23 nm to 5.3 nm. This was the result of a new 100 m vertical fiber bundle coupled with a new focusing 

mirror within the spectrograph to reduce the width of focused light onto the digital micromirror device 

(DMD). Unfortunately, with the new fiber bundle, the intensity of excitation light was reduced by 

approximately 80% resulting in reduced emission intensity. Normally, the integration time would be 

increased to account for this reduced emission but this reduces the data acquisition rate and would, 

therefore, limit the utility of the VHT-EEMS towards kinetic studies. The implementation of 3D printed 

spectrometer slits improved light coupling efficiency by optimizing the interface between the rectangular 

bundle of emission fibers and the spectrometer resulting in higher acquisition rates. The construction of 

more vertical fiber bundles with different core diameters (i.e. 50 m, 200 m, 300 m) would give a user 

more control over the excitation intensity and the limiting spectral resolution. 

The application of the VHT-EEMS to a preliminary kinetic study demonstrated its excellent temporal 

resolution by measuring the growth of a single fluorescent component and calculating the association 
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constant of the iron-rhodamine complex. While this could have been done using 2-D fluorescence 

spectroscopy, it showed the VHT-EEMS could be used to perform preliminary studies on new reactions 

with reaction completion rates on the order of minutes to determine if multiple fluorescent compounds exist.  

The integration of the VHT-EEMS to a stopped-flow injection device with a 10 mm flow cell allowed for 

the simultaneous collection of fluorescence and absorbance spectra. Applying this configuration of the 

VHT-EEMS to repeat a kinetic study on the acidification of chlorophyll reduced the uncertainty of kinetic 

rate constants by an order of magnitude by increasing the repeatability of reaction conditions. Additionally, 

a combined PARAFAC analysis on combined absorbance and fluorescence data attributed absorption and 

fluorescence features to the same components. The utility VHT-EEMS as an absorption spectrometer was 

displayed by performing a kinetic study on the insertion of copper into pheophytin macrocycle. The metal 

ion insertion rendered the product non-fluorescent and therefore required absorbance measurements to 

confirm the presence of the product. While our study provided quantitative information on all rate constants 

involved in this multistep process, the uncertainty of kinetic rate constants could have been further 

improved by better control of the experimental conditions for all trials. For example, a thermal regulator 

would ensure consistent reaction conditions and activation energies could be determined by performing 

kinetic studies at different temperatures. 

The expanded dimensionality of the VHT-EEMS to include absorbance information was extremely 

beneficial when applied to the copper insertion study. By expanding the dimensionality even further to 

include other forms of spectroscopic information, it would stand to reason that this would also be beneficial. 

A powerful spectroscopic technique that used visible light is Raman scattering spectroscopy. Raman 

scattering is an inelastic scattering phenomenon that can provide vibrational information about analytes. 

The modifications needed to perform a simultaneous fluorescence, absorbance and Raman spectroscopy 

are discussed in section 5.2.1. 

A drawback of the VHT-EEMS is the limited spectral excitation range as a consequence of the UV coating 

on the DMD. While the chemical systems studied in this thesis contain fluorophores capable of fluorescing 
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in the visible region, the majority applications for EEM instruments require excitation in the ultraviolet 

region of the spectrum1-6. Work is underway in our team to extend the excitation region into the near-UV 

region of the spectrum as described below. 

5.2 Future/Ongoing Work 

The instrument described in this work represents the first iteration of HT-EEM instruments. While the 

improvements to the spectral resolution and acquisition rate of the VHT-EEMS are significant, the current 

design is far from optimized. Replacing the cannibalized spectrograph with a custom optical board could 

improve spectral focusing onto the DMD and reduce losses and stray light. To further improve the 

sensitivity of the instrument, the current CCD detector could be replaced with a more sensitive spectrometer 

like those contained within the Horiba Duetta7. The usable excitation range is currently limited to the visible 

spectrum due to a UV coating on the DMD housing. The entire DMD module could be replaced by a new 

DMD without this coating or the protective housing could be removed. Replacing the DMD with a device 

with a larger mirror array could also increase the excitation bandwidth. A brighter broadband light source, 

such as an arc lamp or supercontinuum source, could replace the visible LED to give even higher data 

acquisition rates. 

An alternative approach is to expand our available spectral range with several discrete light sources. This 

approach was taken by our group with a new Hadamard-Transform excitation-emission-matrix 

spectrometer with 7 discrete fiber-coupled light-emitting diodes (LED) ranging from 340-415 nm. While 

this system currently functions apart from the DMD VHT-EEMS, combining the capabilities of both 

instruments is entirely possible as a square multiplexing matrix of size N×N can be divided into two separate 

matrices with dimensions N×7 and N×N-7 to control the LEDs and DMD, respectively. Experimentally, 

the triggering of the LED HT-EEMS can be configured from a transistor-transistor logic (TTL) pulse 

originating from the DMD and a new bifurcated fiber bundle containing excitation fibers from both 

instruments is constructed. A combined instrument would offer a continuous excitation spectrum from 340-

600 nm.  
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While several optical components could be upgraded to provide greater sensitivity, the sensitivity could 

also be improved by using Hadamard matrices instead of their ‘S’ matrix derivatives. The signal to noise 

enhancement afforded from Hadamard modulation is approximately 2-times greater than from ‘S’ matrices. 

However, this approach would require two DMD modules, two spectrometers, and two bifurcated optical 

probes; effectively double the optical components needed. Operation with a single light source is possible 

by directing the +1 diffraction order towards one DMD and the -1 order to the other. This also ensures 

consistent intensities and spectral ranges. Alternatively, one can collect the light from the mirrors flipped 

away from the current collection fiber into a second bundle used for independent absorption or fluorescence 

measurements. While this would require only a single light source and DMD, one still requires two 

excitation fiber bundles, two emission bundles and a second spectrometer. In both cases, a combination of 

improved optical components and two-detector Hadamard modulation could improve the signal-to-noise 

by an order of magnitude. 

The improvement to temporal resolution obtained through a multiplexed approach excitation-emission 

matrix spectroscopy allows for kinetic studies to be performed on rapid chemical reactions. Temporal 

resolution is currently limited by the integration time (ti) for each mask and the size of the multiplexing 

scheme (n). Each EEM spectrum is then a composite of the n encoded fluorescence spectra over the 

collection period n×ti. However, temporal resolution can be improved if a new EEM spectrum was 

generated with each new encoded fluorescence excitation mask and the previous n-1 spectra. By simply 

replacing the oldest encoded fluorescence spectrum with the newest spectrum and demodulating, a new 

EEM spectrum is generated with the addition of each new mask in the cycle. This “supercycled approach” 

to EEM acquisition can increase the data acquisition rate by a factor of n. 

5.2.1 Applications 

A major limitation of conventional EEM spectroscopy is the limited throughput due to long acquisition 

times. However, a multiplex approach drastically reduces this problem. A combination of the improved 

resolving power of EEM spectroscopy with the expanded dimension of absorption makes the VHT-EEMS 
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an excellent candidate for an HPLC detection system. Normally coeluting analytes cannot be quantified but 

an HT-EEMS could spectrally resolve and quantify these analytes. Future HT-EEM instruments could also 

be used to collect EEM spectra outside of the laboratory for quality control testing. Other applications 

include quick measurements of spatially distributed samples, such as dissolved organic matter in the 

analysis of natural surface water, or the measurement of EEM spectra in the wells of a micro-well array. 

The bifurcated fiber probe is ideal for this work given its flexibility.  

In order to collect Raman information with future multiplexed instruments, several upgrades need to be 

made to the system to improve the sensitivity. Aside from a greatly increased spectral resolution, one would 

also require a much brighter excitation light source since the intensity of Raman scattered light is dependent 

on the fourth power of excitation intensity (IR ∝ 𝐼𝐸𝑥
4 ). A supercontinuum source could provide the required 

bandwidth and brightness for Raman analysis. Additionally, this source can be pulsed or modulated, unlike 

the current light source which means the Raman scattered light could be separated from the fluorescence 

emission provided a fast gated system is being used for light detection. 

The fluorescence measurements presented in this work are considered steady-state fluorescence 

measurements since our sample is irradiated with a continuous light source and integration times are much 

longer than the lifetimes of the excited state. However, time-resolved fluorescence measurements can be 

used to determine the photophysical properties of a molecule by measuring fluorescence lifetimes. One 

approach to measuring fluorescence lifetimes is measuring the decaying fluorescence emission using time-

correlated single-photon counting (TCSPC) detection systems after a short pulse irradiates the sample. A 

multidimensional approach to fluorescence lifetime measurements would require an array of TCSPC 

channels to detect the emission intensity decay at ‘n’ excitation wavelengths. The multiplexed approach 

also requires multiple TCSPC channels but the sample would be exposed to ‘n’ unique combinations of the 

excitation channels to produce ‘n × #emission channels’ encoded fluorescence lifetime decay plots. 

Combining the encoded fluorescence spectra produced by different masks at like times ‘t’ and demodulating 

the matrix would then produce an EEM spectrum at each fluorescence decay time ‘t’. the result is a four-
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dimensional data cube which would allow the user to obtain a fluorescence decay plot at each unique 

excitation and emission coordinate.  
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Appendix 

Matlab Code 

EEM Absorbance Extraction Code 

Generating Absorbance Spectra from Blank and Sample EEM Spectra 

Blank and M serve as the blank and sample EEM spectra, respectively. 

Ex and Em are the excitation and emission vectors of EEM spectra. 

Code written by Adam Bernicky on October 10th, 2019. 

  

Dim=size(M);                             % Dimensions of the EEM 

nEx=Dim(2);                               % Length of excitation vector 

nEm=Dim(1);                               % Length of emission vector 

Ray=zeros(nEx,1);                     % Pre-allocating size of Rayleigh vector 

in=zeros(nEx,num-1);                  % Pre-allocating size of intensity vector 

inb=zeros(nEx,1);                         % Pre-allocating size of blank intensity vector 

    for j = 1:nEx 

        m = find(Em(:,1)>=(Ex(j,1)));    % Find all element in emission is greater than Ex(j) 

        Ray(j,1)=m(1);                    % Finds the closest emission element to Ex(j) 

    end 

  

    for j = 1:nEx 

             if j==1 

         inb(j,L)=Blank(Ray(j,1),j);      % Extracts Blank Intensity from Rayleigh Line 

             end 

         in(j,L)=M(Ray(j,1),j);           % Extracts Sample Intensity from Rayleigh Line 

    end 

  

Absorb=real(-log10(in./inb));            % Calculating the absorbance spectrum 
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Exponential Fitting Code 

 

Fitting of PARFAC Data using Custom Fitting Functions 

CompF1 and CompF2 are the PARAFAC  

Written by Adam Bernicky on October 17th, 2019 

 

Setting up Fitting Parameters for Exponential Fit 

fo1 = fitoptions('Method','NonlinearLeastSquares',...   % setting the bounds, starting point, and convergence  

               'Lower',[0,0,0],...                             % criteria for the fit function of component #1   

               'Upper',[0.1,0.1,0.1],... 

               'StartPoint',[0.1 0.1 0.5]); 

            fo1.TolFun=10^(-15); 

            fo1.TolX=10^(-15); 

ft = fittype('a*(1-exp(-k1*x))+c','options',fo1);       % defining the fitting function for component #1 

 

fo2 = fitoptions('Method','NonlinearLeastSquares',...   % setting the bounds, starting point, and convergence 

               'Lower',[0,0,0],...                             % criteria for the fit function of component #2 

               'Upper',[0.1,0.1,0.1],... 

               'StartPoint',[0.1 0.1 0.5]); 

            fo2.TolFun=10^(-15); 

            fo2.TolX=10^(-15); 

ft2 = fittype('a*exp(-k1*x)+c','options',fo2)               % defining the fitting function for component #2 

 

Pre-allocating Space for Fitting Parameter  

FVal1=zeros(5,10) 

FVal2=zeros(5,10) 

 

Data Fitting 

for i=1:12 

    [coeff1,fit1]= fit(Time,compF1(:,i),ft);                % Fitting of kinetic trial 'i' of component #1 

    FVal1(2:4,i+1)=coeffvalues(coeff1);                     % Extraction of fitting variables 

    FVal1(5,i+1)=fit1.rsquare; 

    [coeff2,fit2]= fit(Time,compF2(:,i),ft2);               % Fitting of kinetic trial 'i' of component #2 

    FVal2(2:4,i+1)=coeffvalues(coeff2);                     % Extraction of fitting variables 

    FVal2(5,i+1)=fit2.rsquare; 

end 

 


