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Abstract. This study examined the absorption and fluorescénce spectra of chlorophylls and other
pigments extracted in ethanol solutions from common edible plant,species. Chlorophyll-a was the
dominant fluorescent chromophore in all plant varieties. The fluorescence curves for all extracted
solutions exhibit after optimizing by concentration dilutionran,increase in the fluorescence with a typical
prominent leading Gaussian peak at a wavelength ofs674 nm. This peak is followed by a decreasing
shoulder extending into the near-infrared range beyaond 724" nm. The dilution of the solutions with
ethanol reduces the optical absorption from the other, pigments and shows simultaneously an improved
resolution of the chlorophyll-a spectral absorptien peaks: This investigation provides new insights into
the optical absorbance and other photo-excited processes that impact the fluorescence of chlorophylls,
such as agglomeration, photobleaching and, photo-aggregation. The findings may be used for bio-
diagnostics, fluorescent quantum dets and big=sensors.
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INTRODUCTION

The sensitivesdetection of biomolecules is very important in many
bioengineeting applications. Chlorophyll pigments, for instance, have found uses in
bio-technologieal fields such as medical diagnostics and the development of new
materials for bio-devices [1, 23]. Since chlorophyll-a (Chl-a) is a key molecule in
photosynthesis, its properties have been studied extensively in vivo and in vitro for
manysyears [5, 9, 16, 24]. However, specific details on the fluorescence of the Chl-
a molecule per se, dissolved in simple solutions other than those related to
photosynthesis, are still not quite abundant, and thus difficult to compare [10, 26].
In fact, a comprehensive understanding of Chl-a spectra mechanisms in specific
solutions such as ethanol is very hard to conclude from the vast information scattered
in the literature in so many partially overlapping sub-domains [26]. This has resulted
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in overlooking how dilution affects the fluorescence efficiency of Chl-a molecules
in non-toxic solvents such as ethanol. Fortunately, it is easier to characterize this
molecule in these solvents as compared to leaves, which are bound to protein
complexes and membranes that complicate the interpretation of their spectral
properties. Diluted Chl-a solutions can also be easily combined with other
chromophores from plants and other organic or even inorganic materials to
investigate new applications such as amplified stimulated emission (ASE), which
can be used to create new types of lasers and efficient solar cells [2, 4].

MATERIALS AND METHODS

Twenty edible plants, namely: Artemisia arborescens, spinaeh,‘sage, chives,
mentha, parsley, celery, dill, mangold, beet greens, corianderroesemary, lettuce,
leek, green cabbage, rocket, basil, green onion, sorrel and red, cabbage were
purchased from the market and used in this research. Ethanel of 95 % purity was
used as the solvent for obtaining the chlorophyll solutions:

CHLOROPHYLL EXTRACTION

The as extracted chlorophyll (Chl) solutiens were prepared by mixing standard
batches of 10 g ground leaves with 30 'mL ‘0f 95 % ethanol. Ethanol was chosen
because it is non-toxic, completely soluble in water, and a good solvent for organic
materials such as chlorophylls, which are ‘inherently quite hydrophobic [20]. The
ground wet slurry was filterediat roem temperature (25 °C) using Whatman filter
paper No. 1, to obtain clearsChlorephyll solutions. The solutions were then stored in
the dark at 5 °C untilopticalsspectral experiments were conducted at room
temperature. Standard 36 mL volume solutions were used for the spectral
experiments. The &@s-extracted Chl solutions concentrations, denoted as C1, were
further diluted with the same ethanol solvent in 7 steps, to also obtain a whole range
of lower chromophores concentrations according to the following procedure. The C2
diluted concentrations were obtained by combining 1/2 of the volume of the C1
solutiops™i.enl1.8 mL with additional 1.8 mL 95 % pure ethanol. By repeating this
consecutiveldilution method 6 more times, we obtained even lower concentration
solutiensdenoted as C3—C8. The absolute actual concentrations in pug/cc were finally
obtained from the spectral optical density measurements of each solution sample.

SPECTRA ACQUISITION

A Pasco Spectrometer system model 2600, equipped for both optical
absorbance and fluorescence measurements, was employed. The fluorescence
measurements were conducted by the optical orthogonal method with a blue-violet
LED exciting source of 405 nm peak wavelength, bandwidth of 5 nm, and maximum
power of 40 mW. The photodetection system had an overall spectral resolution of 2
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nanometers. The measuring system was connected to a PC with specific software for
calibrating, measuring, and processing the raw acquired spectra.

For the spectral experiments, polymethylmethacrylate (PMMA) standard
cuvettes with an optical path length of 1 cm were used. The cuvettes are transparent
throughout the spectrum band of 350-800 nm, with an absorbance of less than
optical density (OD) = 0.001. The standard volume samples of 3.6 mL were taken
for each spectral run. Stabilized steady-state optical absorption and fluorgscence
measurements were carried out in the whole VIS-NIR optical spectral range.

As explained above C1 denotes the extracted solutions sampleSyandstheir
concentrations. The diluted samples with the highest measured fluorescence are
denoted as Copt and the most diluted ones as C8. It was observed,that during the
spectral steady-state measurements, the fluorescent signal increases=monotonically
up to a maximum level. A quasi-steady state then follows during which the
fluorescence level is constant. After a prolonged exposure. to,the exciting light, the
fluorescence decreases to lower levels due to photobleaching'and photo-aggregation
effects, observed also elsewhere [27]. To obtain reproducible‘results, a protocol was
used where the fluorescence was captured exactly, at,its maximum level, occurring
typically within 40-60 seconds. All measurements were performed with an
integration time of 800 msec and averaging 20,scans per sample.

RESULTS AND*DISSCUSSION

OPTICAL ABSORPTION,AND FLUORESCENCE SPECTROSCOPY

In this section wevpresent the experimental results of the absorbance and
fluorescence spectra far thes3 representative Chl concentrations designated as C1,
Copt and C8 ofsall 20 plants. Table 1 shows the typical concentrations C1 of the
various chromophores calculated from the absorbance spectra of all plants in the as
extracted solutions,/The concentration of the specific chromophores present in the
solutiops=was estimated using the Beer-Lambert law from the actual optical density
(OD) af theymain pigments' absorption peak lines using their extinction coefficients
¢ (el *em) taken from similar ethanol-based solutions published in the literature
[7, 10, 15]. The following molar extinction coefficients at the specific main peaks
were used: 83,890 (mol-~cm™) at 432 nm for Chl-a, 97,640 (mol-~cm™) at 470 nm
for Chl-b, 141,000 (mol-*cm™) at 453 nm for B-carotene and 60,000 (mol-‘cm™?) at
535 nm for betanin [7, 10, 15].
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Table 1

C1 concentrations (ug/cc) for the chromophores of all plants in this investigation

Plant Chl-a Chl-b Carotene | Betanin

Artemisia arborescens | 14.45 9.07 4.58 6.97

Spinach 14.21 9.15 4.38 6.55

Sage 14.03 8.87 4.28 5.88

Chives 13.98 8.05 4.06 4.58

Mentha 13.97 8.54 4,16 3.48

Parsley 13.87 9.01 4.72 5.29

Celery 13.21 7.93 3.85 4.90

Dill 12.96 7.58 3.75 3.37

Mangold 12.93 7.71 3.95 5.65

Beet Greens 12.81 7.88 3.85 4,52

Coriander 12.72 6.88 3.55 531

Rosemary 12.65 6.80 3.51 3:22

Lettuce 12.83 7.56 3.85 1.53

Leek 12.60 6.76 3.56 2.39

Green cabbage 12.21 6.46 3.39 1780

Rocket 12.10 6.80 3.38 3.52

Basil 12.04 6.76 3.39 3.32

Green onion 11.89 6.31 331 2.15

Sorrel 11.41 6.00 3.13 0.88

Red cabbage 9.07 5:09 2.44 3.76
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Fig. 1. Optical absorption spectra (blue curves) and fluorescence spectra (red curves) of the as
extracted solutions concentrations — C1 (9 — 15 ug/cc). The OD in the annexed table is given in
decreasing order and together with the black numbers above or below the absorption curves aid in the
identification of the specific plant absorbance curve.

Figure 1 shows the typical optical absorbance spectra (blue curves) obtained
for all plants of the as-extracted concentrations C1 in the spectral range of 400 to
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800 nm. The Chl-a calculated concentrations C1 as seen from Table 1 are in the
range of 9—15 pg/cc. The right annexed table in Figure 1 shows the specific optical
densities at 432 nm for all samples. The OD values are proportional to the
concentrations of Chl-a. In the annexed table, F denotes the peak fluorescence of
every specific plant and A is the corresponding wavelength.

The absorption spectra have very similar shapes for the various plant solutions,
though they mostly show grossly resolved spectral peaks for the C1 concentrations,
especially in the blue spectral band. The pointed arrows at 410 nm, 43241m, 580,nm,
610 nm, and 660 nm correspond to the well-established Chl-a optical absorption lines
[10]. The arrows positioned at about 470 nm and 648 nm pertaipnto €hlsb and the
main -carotene absorption lines also appear at about 453 nm and\482-am. A smaller
betanin peak is observed at about 535 nm [7, 15]. The red curves on,the right depict
the fluorescence spectra of the plant solutions samples exeited at 405 nm. One may
observe that the fluorescence curves show for all plantssa“leading Gaussian peak
located in the red spectrum followed by a decreasing shoulder in the near-infrared
(NIR). The gray shading in the 674-724 nm band specifies the wavelength range
throughout which the particular Gaussian peak=wavelengths are scattered for the
different plants at C1 concentration. Mostsplants exhibit at these high pigment
concentrations, quite low fluorescence, typically much less than 15 a.u. apart from 2
exceptions (green onion and red cabbage).\This result corresponds to the observation
that at high chlorophyll concentration, the“fluorescence is quenched [10]. The low
intensity fluorescence valuesbtained for the higher C1 concentrations can be
attributed to several quenchihg processes such as scattering due to aggregation and
photobleaching [17, 18] detailed later in the discussion.

In Figure 2, we present the optical absorbance spectral plots (blue curves) and
in the annexed table, the specific optical density (OD) at 432 nm for the plants
solutions dilutedsto the so called “optimum concentrations” Copt, typically obtained
for Chl-a in the,range 1-7 pg/cc. The Copt concentrations samples are defined as
those providing thesighest fluorescence values F, as seen in the annexed table. The
OD values in_the table are arranged here also in decreasing order for all plants. As
compared to Figure 1, the typical Chl-a absorption spectral peaks in the blue
spéectrumeean be observed here to possess a much better resolution.
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Fig. 2. Optical absorption spectra (blue curves) and fluoreseence spectra (red curves) of all plant
solutions at optimal Chl-a concentrations — Copt (1-7 pug/cc)s, The OD decreasing values in the table
together with the black numbers above the absorption curves.aid, to identify the specific plant curve.

The fluorescence spectra obtainedherejalsoexhibit a higher fluorescence, ~85
a.u., when compared to the as-extracted\C1l concentration samples. Also, the
fluorescence Gaussian peaks' wavelengths are blue-shifting from the scattered
spectral lines seen in Figure 1, gonverging to exactly 674 nm for all plants. This blue
shift due to dilution is about’5 —50 pm towards the spectral line of 674 nm, as can
be gathered from the M ceoldmn, in the table of Figure 1. The small shoulder
fluorescence peak at 724,nm"ip’ the near-infrared (NIR) also increases by dilution
like the leading GauSsian peak but remains unshifted and stays locked at 724 nm for
all samples' congentrations.
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In Figure 3, we finally present the optical absorption spectra (blue curves) of
all plant solutions for the lowest concentration case, C8 (0.003—0.6 ug/cc), obtained

after 7 dilutions.
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Fig. 3. Optical absorption spectra (bluescurvesiand fluorescence spectra (red curves) of all plant
solutions for the lowest Chl-a concentrationscase — C8 (0.003-0.6 pg/cc). The OD decreasing values
in the table together with the black numbers above the absorption curves aid in identifying the
specific plant optical absorption curve.

The OD values'shown here are at least 3 times lower than in Figure 2, and
about 10 times lowerthan for the C1 values, but the spectra still show the presence
of mainly the <Chl<a chromophores. The absorption spectra and the adjacent table
show that &s thesplant solutions are diluted beyond their optimum concentration
Copt, the.chromaphores' sources of the absorption maxima (blue lines) become less
clear in the 400—500 nm range. This makes it more difficult to distinguish between
thespeaks'.contributions of Chl-a at 432 nm, B-carotene at 453 nm, and Chl-b at 470
nm.\Ihe*fluorescence amplitudes (red curves) are distributed here in the wide range
(0.71=78.70 a.u.), but still clearly show the Gaussian peaks at 674 nm and the
shoulder peak is still frozen at 724 nm. This means that even in the low Chl-a
concentration case, there are enough pigments left in the solutions to produce a
significant fluorescence.
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DETAILS OF THE CONCENTRATION EFFECT ON THE SOLUTIONS SPECTRAL
CHARACTERISTIC PARAMETERS

Our analysis of the positions and amplitudes of the absorption peaks and
fluorescence spectra depicted in Figures 1-3 suggests that Chl-a is the primary
chromophore contributor to the samples' fluorescence. The additional dilution of
solutions with ethanol, giving the spectra in Figures 2—3, led to an absolute increase
in the fluorescence intensity due to less absorption losses of the emitted photons in
the solutions' irradiated volume. It also resulted in a better resolution of the,optical
absorbance spectral peaks compared to the as-extracted samples' spectra depicted in
Figure 1. The better resolution of the Chl-a absorption peaks is believedtowoccur, due
to the relatively stronger absorption of Chl-a chromophores in theqvolume during
dilution, as compared to the other less prevalent pigments, emphasizing even more
the dominant influence of the Chl-a molecules at lower Cencentrations. The
fluorescence small shoulder peak in the near-infrared (NIR) band also increases
during dilution to the optimized concentration Copt, follewing the leading Gaussian
peak behavior, though its wavelength location remains unshifted at ~ 724 nm for all
concentrations (Figures 1-3). This is consistent with the*results published in [11,
19], which attributes the shoulder fluorescence appearance to the mechanism of re-
absorption of the Gaussian peak fluorescence=by nearby molecules and the
subsequent emission of photons in the NIRwThe decreasing fluorescence of the
diluted solutions in Figure 3 compared ta\Figure 2 can be attributed to the excessive
depletion and rarefication of the chremophore concentration due to the dilution
procedure beyond the optimal concentration. This overall diminishing fluorescence
is similar to that observed for the high concentration case C1, but for C8 it is due to
the rarefication mechanismywhile,in/the C1 cases it is due to excessive absorption
and scattering.

In Figure 4, we present the absorbance ratio Ra = A432/A660 at 432 nm and
660 nm for 8 representative plant solutions. The general increasing trend of this ratio
above Ra > 1 asa function of dilution steps can be explained by considering how the
dilution is affecting, the absorption curves from purely volume geometrical
considerations.
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Fig. 4. Absorbance ratio Ra vs. dilutions steps for the 8 plants denoted/in the inserts. Red dots
represent the optimized diluted concentrations where the fluerescence is maximal for each plant.

Red light can penetrate further inside,a chlorophyll-a solution than blue light.
This means that blue light is absorbed mainlypat the entrance of the cell, and thus
relatively fewer molecules contribute\to ‘the blue absorbance signal at the
photodetector side than red photons. "Hence,*as the concentration of the solution is
reduced, the blue photons penetrate to“longer distances and contribute relatively
more to the measured absorbange than before the dilution. Eventually, a balance is
reached, and the absorbance frameth blue vs. red light is maximized. This balance
occurs in the figure at the red.poifts, which represent the optimized concentrations.
The shaded area between‘the 3 dotted curves is obtained by fitting the absorbance
ratio to a power lawLy =ax® for the specific plants 1, 5, 6 and represents the behavior
of Ra vs. the dilution'steps. The increased absorption pathlength of the blue photons
by dilution leadsd¢hussto an increase in the ratio Ra as concentration decreases. This
is the general trend observed in Figure 4 and this effect has been reported in other
studiesfas well«[3, 14]. Further details of the photoexcitation processes involved
during'dilution are deduced from Figures 5a—5b displaying the linear-log plot of the
fluareseence spectra and peak wavelength respectively of the Chl-a concentrations
C1-C8 for all 20 plants.
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Fig. 5. Linear-log plots of (a) fluorescence intensity and (b) wavelength of.theyaptimal fluorescence
peak vs. Chl-a concentration for all plants investigated at all concentrations C1—€8. The red points
indicate the optimal concentration obtained for,each'plant.

The fluorescence intensity plateau at ~85 a.u. in Figures5a is obtained for most
plants at their optimized diluted Chl-a concentratien‘€opt, in the range of 1-7 pg/cc.
The fluorescence plots of the plant solutionstsamples in Figure 5a show that the
curves decrease sharply at both concentratien extremal zones due to aggregation,
agglomeration, or dilution mechanisms of the/molecules. The smaller fluorescence
obtained for the highly concentrated, samples is caused by the stronger optical
absorption and scattering, while at theyvery diluted end it is due to the excessive
depletion of the chromophoressin the solutions. It was mentioned also in [19] that
when the concentration of 4Chlsa molecules decreases by dilution, the Gaussian
fluorescence peak undergoessa hlte shift towards the 674 nm wavelength. This
outstanding phenomenoniis clearly observed in Figure 5b, which plots the Gaussian
peak wavelength vs¢Concentration for all the various plants solutions. Since this peak
spectral line at 674 nm was obtained for all 20 plants investigated, it may be called
the ‘intrinsic’ ‘@r snatural Chl-a fluorescing line. This is a wavelength which
characterizes thenflaorescence of the unperturbed Chl-a molecules in ethanol
solutions.asyrealized from comparing the results in Figure 1 with Figures 2 and 3.
The blue shift stops at a mean critical concentration of ~ 4 ug/cc, when the
aggregated«/Chl-a molecules are assumed to disperse into isolated monomer
molecules surrounded only by ethanol molecules. For further dilutions, the peak
remains fixed at 674 nm. Interestingly, the shoulder small peak at 724 nm is also
kind of a specific natural wavelength characterizing the re-emitted fluorescence from
the neighboring Chl-a molecules. However, unlike the Gaussian primary
fluorescence peak, it does not shift with dilution and stays fixed for all plants and all
concentrations.

The ratio between the Gaussian peak fluorescence at 674 nm and the shoulder
smaller peak fluorescence at 724 nm, i.e., Fgs, is given next in Figure 6. It shows
that although the shoulder peak fluorescence intensity increases like the Gaussian
fluorescence peak with dilution, Fgs increases even steeper beyond the optimal
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concentration. A similar plot was observed in another work [12]. This can be
understood by realizing that the self-absorption mechanism at 674 nm and re-
emission of photons at 724 nm becomes less dominant when the concentration of the
molecules becomes much lower than Copt. Thus, when a Chl-a molecule emits a
photon of about 674 nm energy, this photon can be absorbed by a neighboring Chl-
a molecule, which can then emit another photon of lower energy. This lossy energy
process can continue, with each successive photon being emitted at a,longer
wavelength. The extended spectral shoulder of the fluorescence into the NIR.is then
likely due to the emission of photons at these longer wavelengths.

16
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Fig. 6. Fluorescence ratio Fas vs, dilutions\for 18 of the plants denoted in the inset. The red dots
represent the optimized diluted’coneentrations where the fluorescence is maximal for each plant.

In Figure 7, showing the” Gaussian fluorescence bandwidth (BW) vs. Chl-a
concentration, four{distinct mechanisms can be suggested to occur in the M1-M4
zones. The first mechanism, effective at M1, is the behavior of the highly
concentrated. Chla solutions. Due to various photo-excitation processes, the
chromophare particles may become photo-bleached, photo-aggregated, aggregated,
and agglomerated [17, 18], all of which are characterized by wide spectral
bandwidths.}, Photobleaching usually lowers the optical density and also the
flugrescenee intensity of the solutions during irradiation [12, 18]. Previous work in
our ‘laboratory has demonstrated large differences in the photosensitivity of the
monomeric versus the aggregated pigments [17, 18]. We have also observed photo-
aggregation processes in colloid solutions accompanied by photo-deposited layers
and turbidity in the cuvettes [17, 18]. Thus, preferential photobleaching of monomers
versus aggregates and the competition between these processes may indeed affect
fluorescence efficacy.
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Fig. 7. Linear-log plot of the Gaussian fluorescence bandwidth vs. Chl-a,oncentration for all plants.
The dotted blue circle encircling the red points denotes the optimized solutions Zone while the smaller
dotted purple square the zone where the slope becomes shallower.

From point M1, the Gaussian peak bandwidth (BW)"decreases steeply as the
concentration of Chl-a is diluted from 15 pg/cc tovabeut4 pg/ce. This effect can be
explained by assuming that when the Chl-a meleecules are in close proximity, their
excitonic coupling is enhanced, leading to a moresefficient energy transfer between
neighboring molecules, resulting in a broadening of the fluorescence bandwidth. As
the solution is diluted towards M2, thetagglomerated molecules undergo a dispersion
process, eventually becoming mastly monomers. The dotted purple square at M2
indicates where this process starts. Thus, when the Chl-a molecules are dispersed or
de-aggregated in a diluted solution, their excitonic coupling decreases, leading to a
narrower fluorescence dandwidth. Alternatively, the FoOrster resonance energy
transfer (FRET) mechanism can also explain this behavior [6, 13]. However, since
the Chl-a molecule§ in)solution are not tightly packed together like in leaves, the
dephasing of the emission spectrum is more likely due to one of the other
mechanisms_mentioned above. The small recurring increase in BW from the M2 to
M3 zone at aroundé pg/ce can be explained by another effect. As the concentration
of chlorophyll decreases below M2, the interaction zone between the photons and
molecules becomes greater for the shoulder spectra fluorescing photons. This is
because the shoulder wavelengths photons with a lower energy than the Gaussian
peakgphotons, possess a longer penetration depth. The expansion of the local zone
for the shoulder photons means that more shoulder photons can be absorbed by the
remaining chlorophyll molecules, thus increasing their collection efficiency. This
increased collection efficiency of the longer wavelength shoulder photons in the
detector leads to an overall increase in the Gaussian bandwidth causing the "hilly"
curves shapes seen near point M3. Continuing from point M3 to further dilutions
beyond the optimum level Copt decreases again the interaction between the
molecules in the excited zone. This effect reduces both the Gaussian fluorescence
and simultaneously its bandwidth, although with a shallower slope since the
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molecules are then already de-aggregated monomers. Then in the fourth zone,
towards M4, the shallower slope of the BW is due to the excessive reduction of the
monomers concentration in the solution. Now, from the shallower slope plot the ideal
monochromatic bandwidth value of the Chl-a molecule fluorescence line at 674 nm
can be obtained by extrapolating the curves from the M2—M3 zone towards the M4
zone. This gives for the single Chl-a molecule of concentration (~1.5 x 10 pg/cc)
a theoretical bandwidth of 14 nm.

THE ENERGY MODEL OF THE SPECTRAL BANDS TRANSITIONS

We can now allocate from the measured absorption spectrasfonalhplants the B
and Q absorption bands of the Chl-a molecule along with their.correspoending energy
bands Sn. These absorption and corresponding fluores¢ing bamds have been
discussed previously in many published papers [8, 21, 22725 We include here also
the third absorption band designated by Qx* for the €hl=a"molecule accounting for
the small absorption peak at Aa=580 nm, clearlysseentin“Figures 1-3. This peak,
which can be observed also in the spectral plots of many other published works of
Chl-a, is rarely mentioned and discussed explicitly in only a few [21, 25].
Concluding, the absorption peaks at specifi¢ Xa.0¢curring in the Q and B bands can
be associated with the lowest five energylevels of the molecular bands Sn as follows:
660 nm with S1, 610 nm with S2, 580'am.with 'S2*, 432 nm with S3 and 410 nm with
S4. These wavelengths correspond.to thexzero energy level in each of the specific Sn
bands as shown in Table 2.

Table 2 shows the zero energydevels in each Sn band from the SO ground level,
as measured by our experimentalspectra and compared to similar values from other
sources in the literature [8y21, 22, 25].

Table 2
S bands parameters
Bands Sn, 4 Other sources [8, 21, 22, 25] This work

B,Q Aa (nm) E (eV) ra(nm) | E(V) | Aa(nm)
By S4 400-420 3.1-2.9 410 3.02 10

Bx S3 420-440 2.9-2.8 432 2.86 9
Qx* S2+* 498-588 24-2.1 580 2.14 60

Qx S2 600-640 2.0-1.9 610 2.03 20

Qy S1 | 650-680 1.9-1.8 660 1.88 33

The absorption bandwidth Ala for every energy band S1-S4 is estimated from
the points where the absorbance value from the corresponding peak shows a turning
or saddle point at the adjacent local minima. We conclude the spectral transitions in
our plants by presenting the Jablonski diagram in Figure 8, after [21], which
schematically shows the excitation, absorption, and fluorescence processes for a
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typically chosen plant, parsley. The diagram provides both energy and wavelength
scales for the absorption spectra (green curve) and fluorescence emission (red curve).
The excitation line 405 nm of the violet-blue LED source used in our investigation,
and for comparison also green and red-light excitation lines, are also drawn in the

diagram.
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3.3 5
A(nm) Energy Levels
400— Blue LED . 405 (3.06) B
—~5 - 7 s, (B
3.0+ ~ 410(3.02) c N
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Fig. 8. Jablonski energy diagram for'Chlsa in aroptimized parsley solution. The absorption and
fluorescent spectra show the naturalspectral peaks of Chl-a with the fluorescence lines at 674 and 724
nm. The specific wavelengthsdre givermin’nm with corresponding energies eV in the parentheses.

The right-hand,side‘ef the diagram shows the different singlet states — Sn of
the Chl-a molecule{ The SO state is the molecular ground state, and the S1 state is the
first singlet exgited,state. The S2—S4 levels denote the higher excited states. The S1
— SO transitions” arerthe final and most important ones responsible for the red
fluorescence of €hl-a. Excited electrons from the other Sn > S1 bands rapidly relax
to S1 via vibrational non-radiative energy dissipation and internal conversion (IC)
transitigns. The excited Chl-a electrons by the 405 nm radiation propagate serially
down'the energy levels of Chl-a, as seen in the Jablonski diagram, finally populating
the singlet band S1. The Gaussian fluorescence peak at 674 nm, observed in our
research for all plant solutions and denoted as the intrinsic Chl-a fluorescence line,
appears in the diagram as a transition from the Qy band level to some low vibration
level in the SO band. As mentioned previously, the small spectral peak in the NIR at
724 nm appears to originate from self-absorption of the monomers, also creating a
vibronic band shoulder after the Gaussian due to the presence of vibrational modes
in the pigment molecules, causing the fluorescence energy to be spread out over a
range of wavelengths in the NIR.
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CONCLUSIONS

This study investigated in detail the absorption and fluorescence spectra of
chlorophyll solutions extracted from 20 various edible plants by extra dilution in
ethanol. The results showed that all plants exhibited several common spectral
characteristics. Two broad emission peaks were observed for all Chl-a
concentrations, ranging from 0.003 to ~15 pg/cc. The leading Gaussian peak
fluorescence of all plant solutions shifted towards the intrinsic spectral emission line
of 674 nm during dilution, by 5 to 50 nm. The Gaussian peak bandwidthdecreased
at the same time by dilution from 60 to 30 nm. A small, localized\peak of the
fluorescence shoulder in the NIR region was observed for all coneentrations, which
can be attributed to the smaller secondary re-emission fluorescence of the
chlorophyll-a molecule at 724 nm. These findings suggest that the spectral
fluorescence properties of chlorophylls can be sensitively, tuned by controlling the
concentration in a suitable solvent, such as ethanol. ThisimethodCould be practically
useful for bio-diagnostics in various environments, as Well.as/dn applications such as
fluorescent quantum dots, lasers, and medical sensors.
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