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Nanoparticles of 1,2-bis[4’-methyl-2'-(2”-pyridyl)thiazolyl]perfluorocyclopentene (1) were prepared
by laser ablation (355 nm) of microcrystalline powder suspensions in a water—sodium
dodecylsulfate medium. AFM studies coupled with microfiltrations reveal that the resulting
suspension is mostly made of nanoparticles with 25 4+ 10 nm diameters. The resulting yellow

transparent colloidal aqueous suspension is both photochromic (®or_,cg = 0.20 and

Dcr_or = 0.96) and fluorescent (P = 0.017). 1 is not photochromic in the bulk solid, whereas
it is only weakly fluorescent in CH;CN (@ = 0.005); thus, the nanoparticles present a trade-off
between these two states where the two properties show reasonable efficiencies. Upon UV
irradiation of the opened form of 1, the fluorescence of the colloidal suspension decreases and
shows a bathochromic shift. The emission is recovered upon visible irradiation. Such a behaviour
enables us to consider nanoparticles of 1 as a ratiometric fluorescent photoswitch.

Introduction

Among the different properties combined with photochromism
in order to obtain photoswitchable systems, fluorescence has
been attracting a particularly fast growing interest during the
last decade.'? Molecular engineering leads to the design of
molecules and materials, which can be more or less classified
in three categories: (i) molecules consisting of one single
moiety exhibiting both fluorescence and photochromism,**
(i1) multi-component organic molecules and hybrid assemblies
(dyads, triads) including metal particles where energy or
electron transfer can be reversibly altered by the photochromic
moiety,”” and (iii) multi-component polymers where fluorescence
is reversibly quenched by a photochromic unit through
shielding or energy transfer.>* From such a combination of
properties, several applications can be envisaged, from
data storage to biological sensing.®’'' One major asset of
fluorescence is the possibility of detecting it at the
single molecule level, owing to the availability of advanced
spectroscopic tools.'?

Although molecular engineering helps in the design of
molecules with some targeted properties, their variation in
matrices, assemblies or materials is very difficult to predict.'?
For example, among photochromic molecules, only a few of
them keep this property in the bulk state.'*'* However, some
advantages can also be drawn from this puzzling influence of
the state of the material on physico-chemical properties: quite
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recently, an enhancement of the fluorescence in nanoparticles
of photoswitchable molecules was observed.'> These objects
have drawn the attention of many scientists working on
photochromism.”'""'6!7 In this article, we demonstrate that
forming nanomaterials can help to find a balanced trade-off
between photochromic and fluorescent properties.

We have previously reported on a diarylethene,'® 1,2-bis[4'-
methyl-2'-(2”-pyridyl)thiazolyl]perfluorocyclopentene (1)
(Scheme 1). 1 exhibits efficient photochromism, and its
opened form (OF) is only weakly fluorescent in acetonitrile
solution. Contrarily, the bulk state has completely opposite
features: the material is highly fluorescent, but no photo-
chromism was evidenced. This exclusive behaviour was
explained as being the result of the competition between
fluorescence and photochromism processes, and prevented us
from obtaining an efficient fluorescence photoswitching. We
report herein on the fabrication of nanoparticles of 1 by
laser ablation,'”' in order to find a compromise between
fluorescence and photochromism in this intermediate state.
The nanoparticles were characterized, and their ability to
switch the fluorescence in an aqueous colloidal solution was
demonstrated.

Scheme 1  The photochromic reaction between the opened form (OF)
and the closed form (CF) of 1,2-bis[4’-methyl-2’-(2”-pyridyl)thiazolyl]-
perfluoro cyclopentene (1).
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Experimental section

Synthesis and solvents. The organic synthesis of compound 1
has been described previously.'® A yellow crystalline powder
of 1-OF was obtained. Millipore filtered water (conductivity
< 6x 1078 Q7" em™" at 20 °C) was employed as an aqueous
solvent for the laser ablation experiments and spectroscopy.

Deposition substrates. Microscope cover slip substrates
(Roth) were carefully cleaned in a water—surfactant ultrasonic
bath for 30 min, washed in distilled water, sonicated in ethanol
for 30 min and dried for 2 h at 80 °C prior to use.

Polycrystalline thin film preparation

Vapor deposition method. The deposition of thin films was
carried out using a Leybold vacuum chamber. The crystalline
powder (15 mg) from the synthesis was introduced into the
crucible (¢ = 10 mm x 25 mm long quartz cylinder) and
heated in a furnace by a tungsten filament at a rate of
10 °C min~' (from 25 to 165 °C). The temperature was
controlled by a thermocouple. The deposition pressure
(1-2 x 107> mbar) was fixed by an exhaust vacuum system.
Organic molecules were condensed from the vapor phase onto
a microscope cover glass substrate positioned behind a
mechanically operated shutter. The growth rate was
monitored in situ by a piezoelectric quartz crystal micro-
balance. Part of the substrate was hidden to prevent the
material deposition, and to allow the measurement of the
thickness of the deposited material by atomic force microscope
(AFM). The thickness was estimated to be ~400 nm by
this method.

Nanoparticles synthesis and characterization

Fabrication of nanoparticles. Nanoparticles were prepared
by the laser ablation method following a previously described
procedure.'!®  First, micrometer-sized crystals of 1-OF
0.3 mg, 5.7 x 1077 mol) were put into a quartz cuvette
(1 cm optical path length), containing an aqueous solution
of sodium dodecyl sulfate (SDS, 0.025 M, 3 mL). Then the
mixture was simultaneously stirred using a magnetic stirrer
and exposed to the third harmonics (355 nm) of a nanosecond
Nd:YAG laser (20 mJ pulse™! em™2, 7 ns full-width at
half-maximum pulses, 10 Hz repetition rate) for 16 min at
room temperature. The laser ablation process was followed by
UV-visible spectrometry. Finally, the suspension was filtered
using an MF-Millipore membrane (220 nm pore size) to
remove dust traces. Further spectroscopic investigations were
performed directly on this aqueous medium.

Size characterization. Droplets of the colloidal suspension
were deposited and left on a microscope glass substrate.
Topographic images and section profiles of the deposited
suspension were performed using an Explorer AFM
(Veeco) in ambient atmosphere. The scanner allowed 100 pm
displacement in the X-Y directions corresponding to the
substrate plane. The images were obtained in tapping mode
using a silicon non-contact probe (tip radius <15 nm).
The precision of the measurement was +2 nm in the Z-axis.
Several images from 5 pm X 5 pum up to 20 pm x 20 pm
dimensions were carried out to evaluate the homogeneity of

particles’ deposition. Size distributions were obtained
from AFM images by Igor-implemented home-made software
(Wavemetrics).

Steady-state spectroscopy

UV-visible and fluorescence spectroscopy. Steady-state
spectroscopy measurements on colloidal suspensions in water
were performed using standard quartz cuvettes. UV-visible
spectra were recorded on an Uvikon-940 Kontron spectro-
meter with an aqueous solution of SDS (0.025 M, 3 mL)
as a reference. Corrected emission spectra were recorded
on a Jobin-Yvon Spex Fluorolog 1681 fluorometer. The
fluorescence quantum yields were determined by using quinine
sulfate dihydrate in sulfuric acid (0.5 N) as a standard
(@ = 0.546). For the bulk solid state (crystalline powder
and thin film), emission spectra and quantum yield measurements
of 1-OF were performed on a C9920-02 Hamamatsu Absolute
PL Quantum Yield Measurement System.

Photochromism studies. The photochromic reaction was
induced in situ by a continuous wavelength irradiation
Hg/Xe lamp (Hamamatsu, LC6 Lightingcure, 200 W)
equipped with narrow band interference filters of appropriate
wavelengths (Semrock HgOl1 for Z;, = 365 nm, Oriel
436FS10-25 for Ay = 436 nm). The irradiation power was
measured using a photodiode from Ophir (PD300-UV). The
photochromic quantum yields were determined by probing the
sample with a xenon lamp during the photochromic reaction.
Absorption changes were monitored by a CCD camera
mounted with a spectrometer (Princeton Instruments). Kinetic
profiles were analysed by Igor-implemented home-made
software.

Results and discussion
Fabrication of nanoparticles by the laser ablation method

Nanoparticles of diarylethene 1 were produced as a colloidal
suspension through the laser ablation method.!”'” Organic
synthesis yielded 1 in its opened form as microcrystalline
powder. A few hundred micrograms were introduced into a
quartz cuvette containing an aqueous solution of surfactant
(SDS). The concentration of surfactant was chosen three times
above the critical micellar concentration (CMC = 8 x 107> M
for SDS) in order to substantially stabilize the suspension of
micro- or nanoparticles. Indeed, too low concentrations of
surfactant drove the suspension to a heterogeneous mixture
containing crystal sediments, and the laser ablation turned
out to be inefficient. The absorption spectrum of the initial
suspension of 1-OF is shown in Fig. 1: a slight scattering and a
very weak absorption were observed over the whole
UV-visible range (220-600 nm), denoting the small number
of large particles present in the suspension before laser
ablation. When exposed to the powerful beam of a nano-
second-pulsed laser (20 mJ pulse”! cm~?), the absorbance
increased dramatically, as shown in Fig. 1. The experiment
was repeated at lower laser fluences and the same spectral
evolution was observed; however, the level of absorbance
reached after an equivalent energy input was lower. The
absorbance increase during the laser ablation is attributed to
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Fig. 1 Evolution as a function of time of the absorption spectra of
1 (0.3 mg in 3 mL of a water—SDS solution at 0.025 M) during the
laser-ablation process at 355 nm. Inset: profiles of the absorbance at
399 nm and of the relative concentration of 1-CF as a function of laser
ablation time.

the light-induced fragmentation of the matter. Indeed,
during the concomitant increase of the number of particles
and the decrease of their average size to the nanometric range,
absorption takes over scattering, as already observed.!”
However, the absorption bands do not increase uniformly:
simultaneously to the fragmentation, the 355 nm beam is
absorbed by 1 and induces the OF — CF reaction. The
kinetics of these two phenomena were compared. On the one
hand, the absorption time profile at 399 nm, corresponding to
the isosbestic point of the 1-OF-1-CF mixture (see next
section), was followed in order to appreciate the kinetics of
the ablation process. On the other hand, from the data
recorded at 399 nm and at 420 nm, the fraction of the closed
form, xcp, was determined as follows:

(Aa20/A399), — (Aa20/ A399) o
A0/ A399) cp — (Aa20/A399) o

(1)

XCF(Z) = (

where A4 and Azg9 denote the absorbance measured at
420 nm (where 1-CF absorbs strongly but not 1-OF) and
399 nm, respectively, and the subscripts OF and CF are related
to the absorbance ratios of the pure opened and closed form of
1, respectively. The comparison of these time profiles indicates
that the photochromic reaction already occurs efficiently at the
very beginning of the laser shots, leading to a photostationary
state within 3 min, whereas the ablation process was still
effective even after 16 min. Contrary to the initial time, where
the laser ablation occurs mainly on 1-OF microcrystals, it is
evidenced that during most of the ablation time, the materials
fragmented into smaller particles is made of a mixture of
opened and closed forms. We may conclude that both pro-
cesses take place at the same time, but the photochromic
reaction occurs significantly faster than the laser-induced
fragmentation of the matter.

" nb of particles

Fig. 2 Atomic force microscopy (AFM) image of nanoparticles of 1
prepared by laser ablation and deposited in a glass substrate. Inset:
size distribution of the nanoparticles. The histogram was obtained by
the analysis of several AFM images measured at different locations on
the sample.

After 16 min of ablation, one drop of the colloidal suspension
of 1 was deposited on a glass substrate and AFM images were
recorded (Fig. 2). The resulting nanoparticles were clearly
identified on the surface, and the size distribution was deter-
mined. The vast majority of the particles were found to have a
25 £+ 10 nm diameter. In the present case, the laser ablation
method produced a well-defined monodisperse colloidal
suspension of organic particles. The suspension was stable,
without noticeable aggregation for a few days. We confirmed
the small amount of large particles by successive micro-
filtration experiments (MF-Millipore membranes from 800 nm
down to 50 nm pore size) combined with absorption spectra
showing that particles larger than 50 nm contributed to only
10% of the overall absorption spectrum. Although we cannot
exclude a partial dissolution of 1 in SDS, comparison of AFM
images and spectra gives some evidence of the formation of
nanoparticles of 1 (see the ESI).

Photochromic properties of nanoparticles compared
to the solution and the solid state

As shown in the previous paragraph (Fig. 1, inset), the laser
ablation procedure at 355 nm produced a colloidal suspension
of nanoparticles, with an OF-CF composition corresponding
to the photostationary state at 355 nm (Fig. 3, curve B).
The absorption spectrum of 1-OF was then obtained after
irradiation by visible light at 436 nm (Fig. 3, curve A), where
only 1-CF absorbs. The band maxima are very similar to those
in CH3CN: A,.c = 354 nm in 1-OF nanoparticles while
Amax = 358 nm in a solution of 1-OF (see full spectra in the
ESIT).'"® Subsequently, under irradiation at 365 nm, the
colloidal suspension reached a new photostationary state, as
displayed in Fig. 3, curve C. All three absorption spectra
(Fig. 3, curves A to C) show a clear isosbestic point at
399 nm. In the present case, the closed form absorbs light
over the whole UV range, so we could not experimentally
obtain a 100% pure sample of the closed form. Therefore,
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Fig. 3 UV-Vis absorption spectra and fluorescence spectra of nanoparticles of 1 in different states: (A) absorption spectrum of 1-OF, (B) and (C)
absorption spectrum of 1 at the photostationary state at 355 nm and 365 nm, respectively, (D) extrapolated absorption spectrum of 1-CF
determined by Fischer’s method, (E) fluorescence spectrum of 1-OF, and (F) fluorescence spectrum of 1 at the photostationary state at 365 nm.
Inset: photoswitching of the ratio of the fluorescence intensities at 430 nm and 630 nm under alternating irradiation at 365 nm (UV, 135 mW for
30 sec) and 436 nm (visible, 10 mW for 30 sec). All fluorescence spectra were excited at the isosbestic point (lexe = 399 nm).

Fischer’s method was applied to our system in order to obtain
the absorption spectrum of pure 1-CF (see Appendix).®° It
allowed us to determine the conversion yields of the two photo-
stationary states: (355 nm) = 0.53 and (365 nm) = 0.63.
From these values, we could extrapolate the 1-CF absorption
spectrum depicted in Fig. 3, curve D. As already mentioned
for the opened form, the band maxima of 1-CF appear to be
comparable to the solution (4,,x = 414 nm in both cases). The
molar absorption coefficients were assumed to have the same
values in CH;CN and in nanoparticles at the isosbestic point:
(399 nm) = 4500 M~! cm™!. The value for nanoparticles at
any other wavelength, 1, was deduced from:

&(4) = &(399 nm) x (4,)i/(A399); 2

where i = OF or CF, and (4,); and (A399); denote the
absorbance of the nanoparticles of the pure i species at
wavelengths 1 and 399 nm, respectively.

The quantum yields of the cyclization (®or_ cr) and
ring-opening reactions (@cg_,oF) at room temperature were
measured by irradiating the samples with an Hg/Xe lamp
through appropriate band-pass filters (see experimental
section for details). The photochromic quantum yields of 1
were previously measured in a CH3CN solution (Table 1) and
no thermal back reaction was observed.'® We could not
induce the photochromic reaction in the bulk state, even at
high irradiation power, for both crystalline powder and
polycrystalline thin films. Interestingly, the colloidal suspension
of nanoparticles showed intermediate photochromic properties
halfway between the solution and solid state. As reported
in Table 1, the cyclization quantum yield of nanoparticles
(0.20) is lower than in CH3CN solution (0.50). Conversely,
the backward quantum yield was measured to be higher in
colloidal suspension (0.96) than in solution (0.52). Thus, the

Table 1 Photochromic and fluorescence quantum yields of 1 in
solution, nanoparticles, and bulk states

Photochromism* Fluorescence”

PoF - cF D oF Por Pcr
CH;CN solution 0.50¢ 0.52¢ 0.005¢ <107*
Nanoparticles? 0.20 0.96 0.017 >0.008°
Bulk solid’ 0 £ 0.2 —

“ Photochromic quantum yields are given £10%. 4;,(OF — CF) =
365 nm and 4 (CF —» OF) = 436 nm. ® Fluorescence quantum
yields are given 10%. ° From ref. 18. ¢ Colloidal suspension in
water. ¢ This lower limit value was extrapolated from the photo-
stationary state neglecting the contributions of radiative and non-
radiative energy transfer.” The quantum yield values are similar
for crystalline powder and vapor-deposited polycrystalline thin film.
¢ The absence of the photochromic reaction OF — CF prevented such
measurements.

following tendencies can be established: from the solution to
the nanoparticles and the bulk states, ®or_, cp continuously
decreases down to zero. @cg_,oF is higher in nanoparticles
than in solution and its value in bulk solid could not be
determined, since the initial opened form could not be
converted to the closed form. These trends lead us to conclude
that in case of compound 1, when the molecules are not
constrained, as in solution, photochromism can fully arise.
But when the environment becomes more rigid, such as in the
crystal state, conformational changes may be hindered, the
ratio @or_ cr : Pcr_or decreases, and the equilibrium of
the photostationary state is displaced to the opened form.
According to these schematic considerations, the nano-
particles show interesting behaviour as an intermediate state
between the solution and solid state. Because of their
small sizes and large surface-to-volume ratio, the molecular
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arrangement and the crystal lattice of nanoparticles may
actually be less rigid than in the bulk crystal.

Fluorescence and photoswitching properties of colloidal
suspension of nanoparticles

According to our previous work in CH3CN solution,'® the
fluorescence quantum yield is very weak for the opened form
(@ = 0.005) and below the detection limit for the closed form
(Table 1). Photoswitching was demonstrated, but the low
signal-to-noise ratio precludes any reasonable application of
this feature. On the other side, despite its lack of photo-
chromism, the solid state is strongly emitting and the
fluorescence quantum yield, measured by means of an integration
sphere (see experimental section for details), reaches
0.2. Nanoparticles displayed attractive fluorescence features
compared to the solution and the bulk state. Indeed, the
fluorescence spectrum of 1-OF has a maximum located at
475 nm (Fig. 3, curve E), and the fluorescence quantum yield
was determined for the colloidal suspension to be 0.017, which
is more than three times as high as in CH3CN solution. We
would like to stress that the fluorescence emission is usually
lower in aqueous media compared to organic solvents, so
that such an improvement from CH3;CN solution is quite
appreciable.?! Under irradiation at 365 nm, the photostationary
state was reached and the fluorescence was reduced down to
60% of the 1-OF form. Contrary to the behaviour in solution,
the fluorescence of the photostationary state in nanoparticles
was still intense and the emission maximum was red-shifted to
490 nm (Fig. 3, curve F). These valuable properties allow a
ratiometric measurement of the photoswitching properties.
The emission ratio /(430 nm) : Ix(630 nm) as the response
of the photoswitching system has a considerable interest, since
the ratio of these fluorescence intensities is independent of the
total concentration of nanoparticles, and avoids problems
related to the fluctuations of the source intensity and to the
sensitivity of the instrument.?! Several switching cycles of this
emission ratio were recorded under alternating UV and visible
irradiation without degradation of the properties. At this
stage of our study, one should emphasize that the switching
behaviour of fluorescent photochromic systems comes from
a subtle combination of two properties: the photochromic
reaction, that induces the change of the state of the
photoactive site (“‘writing’ step), and the fluorescence process,
that is responsible for the detection of the state of the system
(“reading” step). The molecular system, 1, is a typical example
of the competition between both properties, which are held by
a unique molecular entity. In CH;CN solution, 1 displays too
weak fluorescence, while it shows no photochromism in
the solid state. Definitively, nanoparticles of 1 represent an
appropriate compromise between the solution and the bulk
state, and exhibit attractive photoswitching properties which
can be exploited in the ratiometric mode.

The red-shift and diminishing of the nanoparticles fluorescence
at the photostationary state may be tentatively explained
by three different factors, arising when the CF molecules
are generated: (i) radiative energy transfer, (ii) non-radiative
energy transfer, and (iii) lower emitting properties of 1-CF
itself compared to 1-OF. Concerning the first factor, the

overlap between the emission band of 1-OF and the absorption
band of 1-CF can lead to an emission—reabsorption process.
However, we evaluated the contribution of this effect to be less
than 5% of the fluorescence decrease in the present case.
Moreover, the excitation inner filter effect has no influence,
since fluorescence was recorded by excitation at the isosbestic
point. Regarding the second factor, the spectral overlap
between the fluorescence spectrum of 1-OF and the absorption
spectrum of 1-CF is appreciable (Fig. 3). Assuming as a
first approximation that such an energy transfer would be
predominantly governed by dipole-dipole interactions, we
used Forster’s theory to evaluate the extent of such a
process.”> The Forster critical radius, R, is given by the
following equation:

Ry = 0.2108[*orn ™ [§* For(Decr()2'd2]"® (3)

with Ry in A, where «? is the orientational factor, n the average
refractive index of the medium in the wavelength range
where spectral overlap is significant, For(4) is the normalized
fluorescence spectrum of the opened form, and /4 the
wavelength in nanometres. The refractive index was chosen
to be 1.55, a value reported for a comparable diarylethene.?
Owing to the crystal structure of 1, different transition
moment dipole orientations are possible in the crystal frame.
Thus, depending on the orientation factor (from 0.7 to 4), the
Férster radius was found to be between 13 and 18 A. These
values mean that non-radiative energy transfer probably takes
place within the nanoparticles. More detailed steady-state and
time-resolved fluorescence studies are necessary to estimate
this contribution with a better accuracy. The third factor
concerns the fluorescence properties of the closed form itself.
We estimated the contribution of the closed form to the
emission spectrum of the photostationary state. This was
possible, since the composition of the photostationary state
and the emission spectrum of 1-OF are known. A quantum
yield of 0.008 for 1-CF was obtained, assuming that the
fluorescence of the two forms, OF and CF, were additive. In
other words, factors (i) and (ii) (radiative and non-radiative
energy transfers) were neglected in this determination, and this
value has to be considered as a lower limit.

Conclusions

The contrast of fluorescence between the emitting and the
non-emitting states is usually considered as a figure of merit
in fluorescent photochromes. Here, we presented a comple-
mentary approach, based on the ratio of fluorescence emitted
at two different wavelengths. The evolution of this ratio can be
followed in photochromic systems where both photoisomers
emit in different wavelength ranges. Such a ratiometric
method has an important asset, for example in sensing, since
the measured ratio is independent of the concentration of
chromophores.

Laser ablation is a reliable method to obtain nanoparticles.
Although relatively expensive in energy, it avoids the use
of organic solvents, and allows one to obtain aqueous
colloidal suspensions of insoluble molecules with good
optical properties (no scattering, for instance). Nanoparticles
obtained by this sophisticated technique allowed us to reach a
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trade-off between fluorescence and photochromism, which are
competitively coexisting in 1. Contrary to other states (such as
bulk solid), exclusiveness of either property was avoided,
and both properties showed reasonable efficiencies, which is
essential for applications involving photochromism as writing
and fluorescence as reading functions.

Appendix

The absorption spectrum of the closed form was determined
by the Fischer’s method.? It is applicable for systems without
thermal relaxation. Under this condition, the photostationary
states are extrapolated to infinite irradiation time. The ratio of
the equilibrium concentrations of the opened (Cop) and closed
forms (Ccp) at a given photostationary state is expressed as
follows:

Cor _ Pcr—orF X écF _ Pcr—orF X Acr (Al
Ccr Por-cr X eoF  Por-cr X AoF

where eof and ecp are the molar absorption coefficients of the
opened and closed forms, and Aogr and Acg stand for the
absorption of a sample of same chromophore concentration
containing only the opened or closed form, respectively.
By comparing the photostationary states obtained under
irradiation at two different wavelengths A’ and A", a couple
of equations of type (Al) are obtained. Assuming that the
ratio @cr_or : Porcr does not depend on the irradiation
wavelength, we get:

)/ (e)-(e)/ G »

If we introduce the OF — CF conversion yield, «, eqn (A2)
evolves to:

(- @)

In order to introduce experimental data into eqn (A3), we can
write that the absorbance, A, measured at any particular
wavelength, 4, of a mixture of opened and closed forms,
where the overall concentration Cor + Ccp is constant, is
given by:

A= (1 —a)dor + 2Acr

A—-A
OI'ACF:AOF—Fw

This can be combined with eqn (A3) to yield:

()05

where A = (4 — Aor)/Aor and denotes the relative change of
absorbance observed when a solution of opened form is
irradiated to the photostationary state. Furthermore, the ratio
p = o'/o" of the conversion yields at two different photo-
stationary states, resulting from irradiation at two different
wavelengths, is equal to the ratio of the A’s measured at any
given wavelength (the wavelength that maximizes the A’s is

usually chosen). Equating and developing (AY) yields the final
formula:

A/_A//
TIHA —p(1+4)

"

(A6)

where all the parameters A and p are experimentally accessible.
The numerical value of «” determined by this equation may
then be used to calculate the absorption spectrum of the pure
closed form by means of eqn (A4).
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