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The excited-state and lasing properties of 20-chloro-chlorophyll a in ether solution were compared to those of chlorophyll a.
Desactivation parameters and cross-sections were obtained from non-linear absorption spectroscopy in combination with a phys-
ico-mathematical methods package. The Cl substituent at C-20 (1) increases both intersystem crossing and internal conversion,
(2) produces a blue-shift of the S, absorption spectrum, and (3) leads to pronounced photochemistry.

1. Introduction

Chlorophyll a (Chl a) chlorinated at the C-20 po-
sition has found interest during recent years, at first
as a possible component of photosystem I of oxygen-
evolving organisms [1-3] (which is now ruled out
[4-61). More recently it has been related to the (bi-
ological?) degradation of chlorophylls [7]. Ilumi-
nation of 20-chloro-chlorophyll a (20-CI-Chl a) in
acetonc solution with white light vielded a photo-
product with red-shifted Sy—S, absorption, which is
transformed in the dark to a new species, probably
a linear tetrapyrrole [7].
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To characterize further the photo-chemistry and -
physics of 20-CI-Chl a we have now investigated its

first excited electronic state by laser spectroscopic
methods. In the following, the excited-state absorp-
tion, fluorescence and lasing action of 20-Cl-Chl a
are described and discussed in comparison with the
unsubstituted Chl a. These studies have been per-
formed in ether solution in order to characterize the
excited-state properties under conditions where no
photochemistry [7] takes place *'.

2. Materials and methods

Chl a and 20-CI-Chl a were prepared as in ref. [7].

The excited-state properties were determined by
using the hardware and software of a “Physico-
Mathematical Methods Package of Non-linear Ab-
sorption and Emission of Organic Molecules” [8-
11]. In the first step of its general procedure, ex-
perimentally accessible functions and quantities are
measured which implicitly contain the desired in-
formation. These are non-linear absorption, non-lin-
ear emission, time-resolved fluorescence and/or dif-
ferential optical-density (AOD) spectra.

# In acetone solution of 20-Cl-Chl a, we have found in the
meantime further photochemical reactions, which will be the
subject of a separate publication.
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In the second part, this implicit information is
transformed into explicit statements, concerning, e.g.,
the minimum range and the structure of the molec-
ular energy-level system involved in the non-linear
light-matter interaction, and boundaries for un-
known excited-state constants (e.g. absorption cross-
sections and relaxation constants). This is based on
analytical investigations of the coupled system of rate
equations for the population densities and the pho-
ton-transport equation(s) for the incoherent inter-
action (of generalized energy-level schemes) of or-
ganic molecules with laser pulses (partly described
in ref. [12]). These analytical procedures are avail-
able in form of an expert system, realized as an in-
teractive program for IBM PC/AT compatible
computers.

This information was used as input for the nu-
merical-treatment part of the package, which is also
based on the aforementioned differential equation
system and realized as microcomputer software. A
starting set of the nonlinear functions is calculated
and compared with the experimental curves. Then,
using a weighted least-squares minimization method,
the still unknown excited-state parameters are varied
until the deviation of the calculated curve from the
corresponding experimentally determined curve be-
comes smaller than the relative error of measure-
ment. Special care is taken for the uniqueness of the
optimum set of excited-state constants obtained in
this way, both within the scope of the chosen model
and with respect to the model itself (e.g. sensitivity
analysis, variation of pulse duration in non-linear
measurements [13], lasing properties, c¢f. below).
With this set of constants, the quantitative excited-
state spectra can also be calculated from the AOD
measurements.

For the application of this general procedure to the
problems of the present work, the following three
branches of the measuring device were used:

(i) Fluorescence spectroscopy module. Fluores-
cence spectra were measured with a modified laser-
pulse fluorometer LIF 200 (Academy of Sciences of
the GDR) and quantum proportionally corrected by
means of a calibrated tungsten lamp. Fluorescence
quantum yields were determined by using Chl a in
ethanol as a reference (@=0.30 [14]). The solu-
tions were excited at 337 nm (OD=0.1) and the
quantum proportionally corrected spectra were in-
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tegrated taking into account the refractive index of
the solvent. For fluorescence-lifetime measurements
the LIS 202 laser-pulse spectrometer (JENAOPTIK,
Jena) [15] was used. The low-temperature mea-
surements were carried out by means of a special
quartz dewar which allows fluorescence measure-
ments of small spheres of the solution within liquid
nitrogen. To do this, drops of the solution were given
into the liquid nitrogen where glassy spheres were
formed even for the solvent ether.

(i) A non-linear absorption module [16], The
main parts are a nitrogen-laser-pumped tunable dye
laser, (At(fwhm)=1.7 ns, AA=0.1 nm), a light at-
tenuator working continuously over 5 orders of mag-
nitude (maximum photon flux density 6 x 10°® cm~2
s~!, measured at the sample position), and photo-
diode detection of the transmitted and reference light
beams,

A signal analyzer MFA 105 (Academy of Sciences
of the GDR) processed the signals and controlled
the measurement. The signals of both the reference
and the measurement channel are accumulated sep-
arately. At the end of a measurement, the sum of
transmission values at each intensity channel is di-
vided by the corresponding number of laser puises.
With a sample completely insensitive to laser-in-
duced absorption changes the relative error of the
transmission measurement is about 1%.

(iii) A transient spectroscopy module. This is
based on a spectrograph with a CCD row, coupled
with an optical multichannel analyzer (OVA 284,
Academy of Sciences of the GDR). Both the exci-
tation and probing pulses were realized by a nitro-
gen-laser- (0.5 ns/350 kW/5 Hz repetition rate)
pumped grazing-incidence dye laser; its monochro-
matic pulse (A1=0.04 nm) served for excitation and
the spectrally broad ASE pulse (AA(fwhm)>25nm)
was used for probing (no delay), in some cases also
for excitation. All transient spectra were accumu-
lated over 100 pulses, each pulse was directed on a
formerly non-illuminated part of the cell. This was
realized by a pin-hole diaphragm and a low repeti-
tion-rate (5 Hz) laser regime coupled with a step
motor-controlled motion of the cell perpendicular to
the light-pulse direction.

The computerized data handling to obtain the dif-
ferential optical-density spectra includes base-line
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corrections and reference signal-based calibration.

3. Results
3.1. Fluorescence

Fluorescence spectra of dilute ether solutions (10~3
M) of 20-CI-Chl a and - for comparison - of Chl a
were excited by low intensity nanosecond dye laser
pulses and found to be independent of excitation
wavelength. From these spectra the emission cross-
sections were calculated according to ref. [17] (fig.
1). To calibrate the latter the specific absorption
coefficient of Chl a in ether was taken from ref. [18}].
For 20-CI-Chl a, the mean value according to five
careful weighings was used. The fluorescence decay
times and fluorescence quantum yields of both so-
lutions at room temperature are shown in table .
Both decays were found to be single exponential.

Also shown in table 1 are the resulting rate con-
stants of radiative transition. For Chl a, a 10% con-
tribution of internal conversion (IC) to S, deacti-
vation was assumed according to ref. [14]. To
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Fig. 1. Emission cross-sections of ether solutions of Chl a (-—-)
and 20-Cl-Chla (—).

Table 1
Excited-state deactivation channels of Chl a and 20-CI-Chl a in
diethyl ether

CHEMICAL PHYSICS LETTERS

TF ¢F kmd kIC leC

(ns) (s (s7) (s7")
20-CkChla 2.0 008 40x107 2.7x10® 1.9x10°
Chla 6.0 032 53x107  1.7x10° 1.0x108
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discriminate between the rates of intersystem cross-
ing (ISC) (kisc) and IC (ki) for 20-CI-Chl a, the
fluorescence decay time at 77 K was measured
(t=4.4 ns). Assuming that kigc is temperature in-
dependent [19], we attributed the lengthening ex-
clusively to the temperature dependence of the IC
channcl (with k=0 at 77 K}, to yield the values
given in table 1. The assumption of zero IC contri-
bution at 77 K was suggested by a corresponding 7
lengthening with Chl a at 77 K.

3.2, Non-linear absorption

Non-linear absorption (intensity-dependent en-
ergy transmission ) was measured for both solutions
near the S-S, absorption maximum (sample thick-
ness 0.1 cm, low signal transmission 7,=0.31 (0.25)
for 20-Cl-Chl a (Chl a)). The experimental results
for the two pigments in ether solution are shown in
fig. 2 together with the level scheme used for sim-
ulation. Of the ten parameters (rate constants, &, and
cross-sections, @) per level scheme (table 2), the four
labeled with asterisks are known as discussed above.
ks, was assumed at 10% in view of the short-pulse
excitation the exact value is of no relevance here. To
get first approximations for some of the unknown
parameters, the expert system was applied to the ini-
tial range of non-linear absorption. In this range, all
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Fig. 2. Non-linear absorption of ether solutions of Chl a {~--),

measured at A=662 nm and of 20-Cl-Chl a (——), measured at
A=668 nm. Also shown is the energy-level scheme used for sim-
ulation, with the following notations: (1) Sy, (2) S (FC), (3)
Si (FC), (4) S, (5) T\, (6) S5, (7) T..
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Table 2
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Parameter sets (ain 10~*cm™? kin s™') for simulation of the non-linear absorption curves of ether solutions of 20-Cl-Chl a (1=668
nm) and Chl a (A=662 nm ), respectively, in diethylether shown in fig. 2. The level scheme and notations are given in the inset of fig, 2

*013, 03 *G43, 024 016, 064 051, 075
20-Cl-Chl a 2.52 2.06 0.20 0.50
Chla 3.80 2.68 1.00 0.50
ka1, k3a *Kaz ks *kys keeq kers
20-CI-Chi a 1012 3.1x108 10° 1.9% 108 102 102
Chla 1012 7.0x107 10 1.0x 108 5% 10" 10'2

processes starting at or below the terminal level of
the first absorption transition come into play. In the
present case, these are the Franck—~Condon state re-
laxations k,; and ka4, and the excited singlet and
triplet absorptions o, and as; (see inset fig. 2 for
terminology ).

The expert system gives necessary relations be-
tween these parameters, which are used to select the
starting set for the numerics. Sensitivity tests show
that the non-linear functions are especially sensitive
10 045, 057 and k¢4, Therefore the minimization prob-
lem was solved for these three parameters, having
fixed the others at values consistent with the men-
tioned analytical relations. The final results for both
samples are shown in table 2, The numerical simu-
lation of non-linear absorption on the basis of these
sets has a mean deviation from the measured curve
of 2,7% (4.2%) in case of Chl a (20-CI-Chl a).

As shown below, the AOD measurements and las-
ing properties serve as a sensitive test of the first ex-
cited-singlet cross-section g, and (because of the
strong coupling) of o5, and kg,.

Based on the determined excited-state cross-sec-
tions and relaxation constants, the population den-
sity distribution for each useful excitation (within
the limits of the model considered) can be calculated
with the numerical package, e.g. as a basis of quan-
titative excited-state absorption spectra (vide in-
fra). Based on these sets, it is also possible to cal-
culate the excitation conditions for optimal selective
excitation of any desired excited state [20].

3.3. S, absorption within the S-S, absorption
region

For the determination of the S; absorption spec-
tra, differential optical-density spectra (AOD) were

measured using the short-pulse transient spectros-
copy module described above. The excitation was lo-
cated at 662 nm (Chl a) and 668 nm (20-CI-Chl a),
and emission continua from stilbene and DCM-dye
solution (Lambda Physics) were used as probe pulses
(fwhm=0.5 ns).

The S; absorption cross-sections were calculated
from these spectra by a special sub-program of the
numerics package using the S; absorption and deac-
tivation parameters obtained above, In these exper-
iments the mean S, population during probing was
10% of the total chlorophyll concentration.

It is worth mentioning that for Chl a, the zero-
crossing of the AOD spectra remains constant (644
nm) for all §, populations from near-zero to 10%. In
the case of 20-CI-Chl a, this wavelength is changed
only minimally around A=654 nm (<3 nm).

A fixed position of AOD=0 irrespective of pop-
ulation changes is typical for two-level systems. At
this wavelength, the excited-state absorption cross-
section corresponds to the sum of the ground-state
absorption cross-section and the cross-section of
stimulated emission. This behaviour of chlorophyll
solutions underlines the result of the numerical cal-
culation, namely, that under the short-pulse illumi-
nation used, the triplet contribution to the AOD
spectra is small (maximum value of relevant T, pop-
ulation is 10% of S, population for 20-CI-Chl a, 5%
of S, population for Chl a). Because of this small
triplet contribution, an approximative T, spectrum
in the spectral region of interest (630-680 nm), e.g.
a constant value of o =5x10"'7 cm?, was assumed
in the above calculation of the S, absorptions cross-
sections from AOD spectra. This seems to be justi-
fied by the corresponding parameter identification
in non-linear absorption (see above) and the triplet
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Fig. 3. Upper part: Absorption cross-sections from ground state (——) and first excited-singlet state (---) of Chla (a) and 20-Cl-Chl
a (b) in diethy! ether. Lower part: UV-ground-state absorption cross-sections of Chla (a) and 20-CI-Chl a (b) in ether, but the wave-
lengths are transformed according to A= [ (Auv) ™'~ (Asco0y—saiey) ~ 1%

absorption data given in the literature [21,22].

The S, absorption cross-sections for the ether so-
lution of Chl a and 20-CI-Chl a calculated this way
are shown in fig. 3. It should be noted that the sta-
bility of the calculated S, spectra around the zero-
crossing wavelengths (vide supra) is a sensitive test
of the set of excited-state constants used, because the
S, cross-sections at these wavelengths can be calcu-
lated independently. For both samples, this test fits
very well. Special attention should be drawn to the
“hole” around the 670 nm in both spectra. With some
scepticism, a similar hole was already seen by She-
panski and Anderson [23] in the S, absorption spec-
trum of Chl a in pyridine. This spectral feature is
strongly supported by the lasing properties of the
chlorophyll solutions described below. It is note-
worthy that with both pigments, there is no simple
correspondence of the 8, absorption spectra with the
near-UV part of the Sy absorption cross-sections,
transformed into the visible region by subtracting the
wavenumber of the respective Sy-S; (0-0) transi-
tion) (see also fig. 3).
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3.4. Lasing action

Lasing properties are very informative with re-
spect to first excited-clectronic-state properties, es-
pecialty with chlorophylls [24,25]. The results ob-
tained in this study with the ether solutions for
several different pumping conditions are shown in
table 3.

The laser wavelengths are clearly dominated by the
S| absorption profile: With restriction to two energy
levels (S, and S; with a continuum of sub-levels
each) and without S, absorption, the threshold of
self-tuned laser action would be expected at 679 nm
for Chl a and at 682 nm for 20-CI-Chl a (calculated
from the data of fig. 1). By contrast, the experimen-
tal lasing wavelengths are much shorter: 671.5 nm
for Chl a and 675 nm for 20-Cl-Chl a; thus, they are
located in the hole of the S, absorption. These results
can be rationalized by the data given in fig. 3 and the
above-mentioned assumption regarding T, absorp-
tion. This is shown in table 4, where the calculated
total gain in the lasing region is given for both sam-
ples. This calculation is based on population distri-
butions following from the 4 derivation of the gain
at threshold. Table 4 shows, that the deviation of the



Volume 170, number 5,6

Table 3
Lasing properties of Chl a and 20-CI-Chl a in ether solution *

Pump conditions Laser threshold wave-

length (nm)

A pump power duration Chla 20-Cl-Chl a
(nm) (kW) (ns)

337 (a) 350 0.5 - -

660 (a) 60 0.5 - -

337 (a) 250 1.7 671.5 675

337 (a) 800 7.0 - -

648 (b) 150 6.0 669.5 -

= Concentrations; 10'” molecules cm~3 (corresponding to 5%
transmission at 337 nm for 1 mm sample), transverse (a) and
longitudinal (b) pump geometry, pump radiation focused by
cylindrical (a) and spherical lens (b) (f=5 cm), non-disper-
sive resonator with 100% and 40% mirrors (a) and cuvette
resonator (b), cavity length 4 cm (a) and 0.1 cm (b), active
material length 1 cm (a).

calculated threshold wavelength from the experi-
mental value is <1 nm for both solutions. A further
confirmation of the calculated gain profiie of the 20-
CI-Chl a solution was obtained by extrinsic loss vari-
ation [24], e.g. for the broadest lasing bandwidth
achieved, it holds that G(672.3 nm)=G(678 nm),
which agrees with the calculated profile. Because of
the sensitive dependence of these calculated lasing
properties on both the absolute values and A deri-
vation of the S, absorption spectrum, the latter is well
confirmed in this way. From the threshold consid-
eration, it follows, also, that the lasing properties are
sensitively influenced by the S, deactivation chan-
nels: Threshold can be reached only for the condi-
tions [S;]> [S,], and a certain triplet population is
a prerequisite to laser action. This explains the neg-
ative results with the short-pulse pump regime (table

Table 4
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3). On te other hand, one has to avoid dominating
triplet populations. Pumping with the 6 ns dye laser
pulse is an interesting intermediate case where
threshold is reached with the Chi a solution, but not
with the 20-CI-Chl a solution, because of the nearly
twofold ISC rate for the latter.

4. Conclusions

The excited state of 20-CI-Chl a shows some pro-
nounced differences as compared to the 20-unsub-
stituted pigment; (a) The Cl substituent leads to a
red-shift of the S-S, absorption of circa 5 nm; sim-
ilar shifts are observed in other C-20-substituted
chlorophylls (see ref. [3]). The excited state shows,
by contrast, a blue-shifted absorption, which indi-
cates a structural change induced in the excited state
by the C-20 substituent. (b) The Cl substituent leads
to a reduction of the fluorescence yield [2,3]. This
is due to both increased radiationless deactivation,
and intersystem crossing to the triplet state. (¢) The
increased photochemical reactivity is a further dis-
tinctive difference among the pigments. The differ-
ences are probably due to a combination of the steric
hindrance introduced into the molecule by the sub-
stituent, of increased spin—orbit coupling originating
from a heavy-atom effect, and possibly also of elec-
tronic factors induced by the electronegative
substituent.

The results show that relatively minor changes in
the molecular structures, which have only little effect
on the ground-state properties, can influence the ex-
cited state of chlorophylls. Such changes can be of
considerable importance in plants, which have to
protect themselves from photodynamic damage in-

Calculated gain/loss (cm™') for the ether solations of 20-C)-Chl a and Chl a, respectively, at the experimental conditions according to

table 3, third row

668 nm 669 nm 670 nm 671 nm 672 nm 673 nm 674 nm
20-Cl-Chi a -1.56 ~1.17 -0.87 -0.14 0
Chia -1.58 -4.60 -2.00 —0.45 0.14 -0.30 —0.85
675 nm 676 nm 677 nm 678 nm 679 nm 680 nm
20-Cl-Chla 0 -0.25 —-0.45 -0.64 -1.10 —1.88
Chla -1.17 -1.69
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duced by functionally non-uncoupled chlorophylls,
e.g. during biosynthesis and breakdown. They are also
of interest with regard to the recent attempt to use
chlorophyllous pigments in photodynamic therapy
[26]. In both cases, a judicious choice of substitu-
ents can be an essential factor for the physiological
action,
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