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ABSTRACT Photo-bleaching phenomena occurring in chloro-
phyll-a were analysed by irradiation with UV and visible-
spectrum sources. A mathematical formalism was developed to
quantify the optical spatio-temporal properties of the irradiated
solutions. We also measured the spatio-temporal changes of the
optical response in photo-excited solutions. An empirical ex-
pression for the reaction rate was obtained and the model used
to quantify and understand the experimental bleaching results.

PACS 82.50.N; 42.70.G

1 Introduction

Photo-excitation effects of inorganic colloid ma-
terials have been investigated previously in hydrosols [1-6]
for developing various materials-processing methods. The ba-
sic processes observed during photonic excitation were the
destabilisation of inorganic chromophores in liquid systems,
which led to various phenomena such as photo-precipitation,
volume photo-aggregation and surface photo-adsorption phe-
nomena. Recently, photo-excited processes in bio-organic
materials dispersed in liquid media also became of interest
for possible new optical and optoelectronic technological ap-
plications [7, 8] by embedding chromophores in various ma-
trices for non-linear optical properties. The purpose of this
paper is to evaluate and understand the observed ‘optical re-
sponse’ in experiments of photo-excited chlorophyll-a (chl-a)
solutions [9].

2 Photo-bleaching phenomenological model

2.1 Basic definition of the optical transmission

parameters

The photo-bleaching system is shown schemati-
cally in Fig. 1. One exciting photo-bleaching beam from an
appropriate UV or visible-spectrum (VIS) light source prop-
agates through the optical cell in the y direction. At the same
time a He—Ne laser beam probes the cell along the x direction
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FIGURE 1 Schematic view of the photo-exciting and ‘optical response’
diagnostics system used to characterise the bleaching processes of the chl-
a solution contained in a PMMA cuvette of Semadeni Corp., model 3893,
suitable for UV and VIS transparency from about 280 to 800 nm. Typical ab-
sorbances were OD(290 nm) = 0.25, OD(350 nm) = 0.05, OD(400 nm) =
0.001

without affecting the bleaching process since its wavelength is
far from bond-disruptive photon energies.

The optical cell is a UV- and VIS-transparent cuvette with
X-y square cross section of size d.

Following the designations used in Fig. 1, we realise that
the exciting beam intensity Iex(Aex, ¥, 7), Which bleaches the
solution, diminishes spatially along the y axis due to chloro-
phyll optical absorption at Aex but also changes in time and
space due to chlorophyll bleaching. The bleaching rate how-
ever itself depends on the light-penetration depth along the y
axis. Hence the non-bleached chromophore concentration in
the cell, N(x, y, z, t), has approximately only a y-dependent
spatial dependence N(y, ), being otherwise constant with
respect to the other two spatial coordinates, i.e. x and z.
The probing He—Ne beam has an intensity designated by
I, (Xp, X, t) that diminishes spatially due to non-bleaching
light absorption in the x direction and it does not affect the
chromophore concentration N (7 ,1) = N(x, y, z, t). The prob-
ing beam is hence used only for diagnosing the chromophore-
concentration variation during the bleaching process.
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Using the space—time-dependent light-intensity function
I(%, 7, 1) = I(A, x, y,z,1), one may write for convenience
a vectorial equation describing the photon flux intensity
change in any x — y plane of the volume of the irradiated
cell during the bleaching process. Specifically the incremental

absorption of light df = [(;111 :((();))

:| in an infinitesimal layer
— dx . .
dl = |: dy:| can be represented by a generalised 2D, vectorial

Beer—Lambert law:

— o, (A ) dx
dl = N P( p
*x. 5,20 |:Uex (Aex) dyi|

(D
where I is the flux intensity in units of photons/(cm?s) or
W/(cm?s) and N(7,1) is the chlorophyll molecular spatial
concentration which depends on time due to bleaching, given
typically in units of molecules/cm®. & (1) = [ Upg)‘p) i| is
Oex )\ex)
the 2D cross-section vector composed of two components,
i.e. optical non-bleaching o, (Ap) and bleaching oex (Aex) Opti-
cal absorption cross sections, typically given in units of cm?.
. —>

The spatial vector [ = (x, y) represents only formally the
directions of the propagation of the two beams, i.e. x for the
probing beam which measures the non-bleaching light-beam
intensity /,(x) and y for the exciting beam which bleaches the
medium with a beam intensity Iex ().

These vectorial parameters can also be related for conve-
nience to a 2D-generalised vectorial optical absorption coeffi-
cient @ of the medium:

@ (hx,y,2,1) =T (A)N(x, y, 2,0 )

Since at the exciting wavelength A¢x and the probing wave-
length A, we have two different optical attenuation mechan-
isms, we have also two different optical absorption constants,
one, ey, given by

3)

which relates to a bleaching optical absorption coefficient of
the chromophores, and the other, an optical absorption coeffi-
cient due to non-bleaching effects a, given by

ozex()»ex, X, ¥, 2z, t) = aex()»ex)N(x, ¥, 2, 1)

“)

The full explicit vectorial designation of & is hence given by

ap(Ap, x, ¥, 2, 1) = 0p(Ap) N(x, y, 2, 1)

_[ (o xyt) ][ op(np)
o = [aex(kex, X, ¥, 2, ;)} = [Uexgkex) N(x,y,z,1)

Experimentally we measure during UV or VIS light exci-
tation (and for some time after it is stopped) the temporal opti-
cal transmission of the solution in the cell of optical path d by
a laser probing beam, i.e. I,(x = d). The corresponding opti-
cal absorbance correlates to a first approximation (while neg-
lecting effects such as turbulence and convection) to the con-
centration of the chromophores at a plane defined by y = d/2
in the cell. The probing optical transmission is defined as the
ratio of transmitted light intensity through the cell in the x di-
rection at a plane defined by y = d/2,i.e., I'(x =d, y = d/2)

to the incident probing light intensity /5 (x =0, y = d/2). The
transmission parameter, T, = 13 / Ig , can be used to evaluate
the time variation of the probing beam optical absorption co-
efficient of the chlorophyll solution at A, given by

1 1
o) =31 (ro=ay=amn) "

2.2 Optical time-dependent transmission theory of

chlorophyll bleaching

We develop here a simple formalism for the photo-
bleaching process in the solutions. The irradiated zone close
to the cell entrance window becomes highly photo-excited,
obstructing the penetration of the radiation into the bulk
of the photo-reactor. The beam intensities Iex(Aex, ¥, 7) and
Iy (Ap, x, 1) in the cell in the x and y directions can be obtained
by integrating (1) along x and y coordinates respectively.

The generalised vectorial transmission function T(x, y
depending on x and y is given by

T(x)) = [TTP} = [1'1“83?5"(?&} L exp (= [ ouNay)
’ ©)

exp ( - j odex)
0

Using now the following relation between @ and T:
@ =-InT

we obtain from (6) an equation useful for observing the tem-
poral dependence of N from the time evolution of the trans-
mission function 7 :
& -Nt)=—InT (0 7)
Finally, we can assume as an approximation that both the
bleaching beam intensity Iex(Aex, y, ) and the concentration
of the chromophores N(x, y, z, f) are homogenous in the x
direction, since optical excitation occurs mainly in the y direc-
tion (when scattering effects are negligible). This gives after
spatial integration of the probing transmission function in (7),
from x = 0 to x = d, the following result:

N(Ap, Y, t) =——InT,() (8)

|
opd
T,,(1) is the experimentally measured transmission of the non-

bleaching laser probing optical beam with wavelength A, at
x=dandtimet,ie. T,(t) =Ty(y =d/2,x =d, Ap, 1).

2.3 Photo-bleaching reaction-rate formalism

The photo-bleaching rate function R(#) for chro-
mophore depletion is obtained by time derivation of (8):

d7,
opdT, dt

e  WNOpy) 1 d 1

— — (InT,(0)) =—

=— 9
dr opd dt ©
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Hence N(Ap,x =4d/2,y,1) is calculable from the prob-
ing beam transmission function 7,(f). Analysing the chro-
mophore concentration N(f) as a function of time may be
subsequently used from (8) and (9) to suggest possible mech-
anisms for the photo-bleaching.

3 Experimental

The samples for the photo-bleaching experiments
were prepared by extracting chlorophyll-a from Senecio
Mikanioides (Parlor Ivy) leaves by cell suspension and sol-
vation in 95% ethanol as explained in detail in [9]. Photo-
excitation experiments of the chlorophyll solutions by sources
of ultraviolet and visible-spectrum bands along the y axis
were performed with simultaneous perpendicular optical
transmission probing along the x direction of a He—Ne
beam, A = 633 (nm), in 1-cm-optical path cuvettes (Semadeni
Co., type 3893) made of highly transparent polymethyl-
methacrylate (PMMA) [9]. The setup for photo-excitation
and simultaneous orthogonal probing with the He—Ne laser
beam is given in Fig. 1. VIS irradiation from a tungsten—
halogen incandescent lamp with optical fibre guiding was
used for excitation; its spectrum is given in the inset of Fig. 2
and its electrical characteristics in the caption. Also, a UV
source, a polymer-curing illuminator (Dr. Hohnle), was used
whose characteristics are given in the caption of Fig. 3 and
the spectrum shown in the inset. The irradiated samples
were aliquots of 4 ml introduced into the PMMA cuvettes.
The cuvette’s walls were transparent in the whole spec-
trum band of 280—-800 nm, i.e. with an absorbance OD less
than OD = log(T~") = 0.25 at A = 290 (nm) and lower than
OD =0.001 from A =400 (nm) and up, throughout the whole
visible spectrum. When irradiated with broad-band light
sources of short wavelength, A < 400 (nm), the solutions be-
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FIGURE 2 ‘Optical response’ of a chl-a solution for white-light source

irradiation: (a) Iy without UV filtering; (b) Ip with UV removal by glass-
window filtering; (c) 0.5Ip with UV removal by glass-window filtering;
the source was a GE-Thorn quartz-halogen—tungsten lamp, model DDL.
Its maximum electrical rating at 20V was 150 W, through a fibre illu-
minator type Volpi AG, supplying an integrated light intensity of about
Ip =0.375 W/cm? in the spectral region 300—400 nm and Iy = 3.75 W/cm?
in the visible region 400-800 nm at the fibre tip. The spectrum of this
lamp is continuous, black-body type and used typically with a maximum
colour temperature of about 3400 K. The inset shows the typical spectrum of
tungsten—halogen lamps as a function of colour temperature
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FIGURE 3  ‘Optical response’ of chl-a solution for UV light source irradi-

ation; intensities were varied by changing only the areas of the irradiating
beam. (a) Io; (b) 0.251p; (c) 0.051p; (d) 0.0151p; the UV radiation was sup-
plied by a Dr. Hohnle Co. polymer-curing fibre illuminator, type ‘Blue Point’,
with a maximum intensity of /o = 1.45 W /cm? in the UV band 290—390 nm.
The lamp was driven with an overall maximum electrical power of 300 W.
The inset shows the typical spectrum of the UV lamp

came excited by UV and VIS sources in such a way that the
chlorophyll solution was bleached during typical times of
minutes. The bleaching effects were monitored in situ by op-
tical transmission measurements using a He—Ne laser beam
(2 mW, A = 633 nm, 2 mm cross-beam diameter) perpendicu-
lar to the photo-exciting source beam to follow the kinetics
of the photo-bleaching for the two broad-band sources. It is
important to note that the He—Ne beam did not bleach the
chl-a solutions and was very useful therefore for probing the
solution optical properties.

Figures 2 and 3 show respectively typical time-dependent
‘optical responses’ in terms of the probing laser beam opti-
cal transmission during the simultaneous transverse VIS or
UV light-source excitation of the solutions and after the irradi-
ation is stopped for various light intensities. To avoid spectral
shifts of the illuminating sources we have changed the in-
tensities only geometrically by varying the distance of the
illuminators’ fibre tips from the optical cells while keeping
the electrical driving parameters constant in all experiments.
The parametric details are given in the Figs. 2 and 3 captions.
Figure 2 illustrates the influence of the VIS source excitation
for three light-intensity levels, where curve (a) is for a UV
unfiltered tungsten—halogen lamp with VIS broad-band illu-
mination spectra (Thorn-GE lamp, model DDL) and curve (b)
and curve (c) are with simple glass UV filtering.

Using UV broad-band source irradiation (Dr. Hohnle Co.,
polymer curing lamp, model: Blue Point) we obtained a dif-
ferent behaviour for the rising part of the probing transmission
curves (‘optical response’), in the range of light intensities
used, as seen in Fig. 3.

Specifically, we observe for the VIS source irradiation an
‘under-linear’ time-dependent rising behaviour of the ‘optical
response’ curve while, for UV source irradiation, the ‘opti-
cal response’ curves show a ‘supra-linear’ or ‘quasi-linear’
time behaviour. The ‘linearity’ or ‘non-linearity’ concepts re-
fer here only to the sloping shape of the rising parts of the
probing transmission as a function of time, i.e. 7(%).
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3.1 Fitting the experimental data to the model
formalism

We tried to fit the experimental data in the ris-
ing part of the transmission response curves in Figs. 2
and 3, i.e. during the ‘on’-time of irradiation, to the follow-
ing set of experimental-phenomenological time-dependent
functions [9]:

T,(H) =at" with n>1 or n<l (10)
where f denotes time, and a and n are fitting constants where n
is non-dimensional and the dimensions of a are [a] = [¢]".
The results of the fitting obtained in [9] showed for UV ex-
citation n > 1 with a < 0.25 while for VIS excitation n < 1
with a < 0.16. Combining (9) and (10) we obtain for the
photo-bleaching reaction rate the following time dependence:
n
R=— 11
opdt (ah
Using the optical transmission dependence on the concen-
tration of the non-bleached chlorophyll chromO})hores given
in (7) and observing from (10) that t = T /a , we obtain
from (11) the following reaction-rate equatlon

n <a>l/n
R=—_" (£
opd \ T

Finally, using (5) to eliminate 7}, in (12) we obtain a simple
model equation for the photo-bleaching:

( o, Nd )
exp
n

The calculated bleaching reaction rates of the chlorophyll
for different irradiation intensities and wavelengths obtained
using Tp,(H) = Tp(y = %, x=d,p,t) in (12) are given in
Tables 1 and 2.

Here k = d/n and ¢ = (na'/" /d) are new defined parame-
ters with some physical insight. & is the exciting beam charac-
teristic penetrating depth into the solution and ¢ is a character-
istic photo-bleaching rate per unit distance.

12)

nal/n

R =
opd

Ruis(1) = 5 exp (kop N) ¢ k
cm~!sec! cm
a 0.0022 2.78
0.0003 2.60
c 0.0006 2.0
TABLE 1 Photo-bleaching rate for VIS excitation for the curves (a)—(c)
in Fig. 2
Ruyv(H) = exp (kopN) e k
cm~!sec™! cm
a 0.204 1.08
b 0.141 1.02
[ 0.275 0.45
TABLE 2  Photo-bleaching rate for UV light excitation for the curves

(a)—(c) in Fig. 3

The general trend observed in Tables 1 and 2 is that the
higher the exciting beam intensity, the greater the penetration
depth & of the beam and the higher the photo-bleaching rate ¢.
We also observe that ¢ is at least two orders of magnitude
higher for the UV source excitation as compared to the VIS
source excitation. The penetration depth, k, however, differs
only by a factor of 2-3 for the two cases.

4 Discussion

In this section we derive the photo-bleaching time
behaviour of the chlorophyll concentration from the proposed
model. Then we calculate and discuss the chromophore op-
tical cross sections and half lifetimes of the photo-bleaching
processes from combining theory and experimental data.

Using (9) and (11) one obtains the following relation for
the photo-bleaching rate of the chromophores:

dN

—1
2 13
o p (13)
where the parameter f is defined by
n I X0 ? )\' X
,B(Iexo (x=0), Aex, O‘p) = M (14)

opd

and /e, is the intensity of the photo-bleaching irradiation pen-
etrating the cell at the plane defined by

x=0.

Integrating (13) with the initial concentration value N = Nj at
t = ty we obtain
N = No—Bln(tt;") (15)
The initial chlorophyll concentration at t = #y calculated
from spectroscopic analysis was about Ny = 4 (jug/cm?®) or
No = 2.7 x 10" (molecules/cm?).
Using (15) one may define a photo-bleaching reaction
half-life time, #;/,, i.e. the time it takes the initial chlorophyll
concentration to decay to half its initial value, i.e. N (r1/2) =

% = % From (15) we hence realise that the non-bleached

chlorophyll concentration at ¢, is given by

N1/2:N(Il/z):No—ﬁln(ll/ztal):No/Z (16)

with
Ny = 2,3111 ([1/2[&1) .

This characteristic time, t/,, for photo-bleaching, corres-
ponds to a specific experimental transmission T, , while
a maximum transmission value 7}, . corresponds to a char-

acteristic time t,,x for which the chromophore concentration
is down to N (fmax) = N (T ) = Nin- Thus we obtain from
(15) the following specific characteristic transmission values:

—20p Nmind 70'mein

T

P12 and T,

Pmax —

=e

Using the above expressions for the VIS and UV excitations
we obtain from Figs. 2 and 3 the time constants given in
Tables 3 and 4.
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Curve tmax Tomax Tpl P t

min min

a 21 0.51 0.25 3.60

b 40 0.25 0.06 2.40

c 40 0.20 0.04 245
TABLE 3  Calculated half-life times #1/7 and fimax for the VIS excitation

experiments

Curve tmax Tomax Tpl P t
min min
a 4.0 0.91 0.81 3.55
b 39 0.60 0.36 2.45
c 4.0 0.28 0.078 2.35
TABLE 4  Calculated half-life times #1, and #,4, for the UV excitation
experiments
Curve n t Op X 10710 Op X 10-16
min cem?(fp =10~ min)  cm?(fp = 10~'5 min)
a 0.36 3.60 3.412 9.55
b 0.38 2.40 3.487 9.97
c 0.49 2.45 4.504 12.86
TABLE 5 Photo-bleaching cross sections for the VIS light excitation ex-
periments
Curve n 112 Op X 10716 o, x 10710
min em?(fp =109 min)  cm?(1p = 10~'° min)
a 0.92 3.55 8.71 24.40
b 0.98 2.45 9.01 25.72
c 221 2.35 20.25 57.94
TABLE 6 Photo-bleaching cross sections for the UV excitation experi-
ments

Surprisingly we observe from the tables that the reaction
half-life time, #, >, has only a small variation, i.e. 2—4 min for
both VIS and UV excitation while #;,,x differs by a factor of
5-10 (4—40 min). We also observe from Table 2 for the UV-
filtered VIS source a relatively small bleaching rate difference
in the curves (b) and (c) as compared to curve (a), which is
non-UV-filtered, see also Fig. 2. Both results suggest that the
bleaching reaction is caused only by energetic UV photons,
and that the slight differences in the half-life time for UV vs.
VIS source excitation is due only to secondary influences such
as irradiation intensity. We also observe an approximate linear
dependence for the half-life time vs. the intensity of irradi-
ation for the UV case, i.e. t;/2 ~ Iyy, which means that the
photo-bleaching process is directly dose-dependent and pos-
sesses a memory-like effect for the amount of non-bleached
material retained in the reactor at any time after irradiation
stops.

From B given in (14) and (16) we may also obtain an esti-
mation for the chromophore optical cross section:

2n _
op =4 (tiaty ") (17)

The calculated values of o}, are given in Tables 5 and 6
for two short but arbitrary values of initial times f) =
10 x 107> min and 7y = 10 x 10~ min.

From these tables we observe that the optical cross sec-
tions for the two cases, i.e. UV and VIS, are very similar
in magnitude, i.e. in the range 3—13 x 107'® cm=2 for the
VIS and 8—58 x 1071 cm~2 for the UV. This typical value
strengthens again the hypothesis that in both cases it is the UV
photons which are responsible for the bleaching effect. These
optical cross sections are also very similar in magnitude to
cross sections of other photo-chromic organic materials such
as azo dyes and pseudo-stylbene molecules [8] investigated
for photonic non-linear applications.

5 Conclusions

We found in this investigation that the half-life time
t1,2 for the bleaching reaction in the chlorophyll solution is
almost identical for the UV and VIS irradiation, i.e. in the
range 2—4 min, suggesting a UV-based photo-bleaching of the
chlorophyll material that is dose-dependent.

The reaction time period #y,,x that it takes to reach the max-
imum amount of bleached molecules in the experiments is fast
for the UV broad-band illuminator case (& 4 min) as com-
pared to slow (40 min) for the VIS tungsten—halogen-source
excitation. Chlorophyll is therefore bleached much faster by
using the UV broad-band spectral source due to the abundance
of UV photons as compared to the low content of UV photons
of the broad-band VIS source. Using a simple model formal-
ism developed in this work we found that the time-dependent
optical cross sections of the bleaching chromophores were
in the range of 3—18 x 107! cm~? for the VIS source and
8—58 x 1076 cm™2 for the UV irradiation source. This rela-
tively small difference strengthens our conclusion that only
the most energetic photons, i.e. UV photons, are responsi-
ble for photo-bleaching. These results open new ways for
using spectral excitation variations in photonic reversible and
permanent memory applications by realising that permanent
memory writing can be achieved in these systems by UV pho-
tons while VIS photons have a more reversible-type excitation
response.
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