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* ABSTRACT

Somelobservétions on the separation of pigments from a plant
extract (described in an Appendix) led to new improved procedures
for the separation of pure crystalline chlorophyll g!and its derivative
methyl chlorophyllide a.

The visible absorption spéctra of chlorophyll a in solvents of
various polarizabilities and dielectric constants, in concentrated |
solﬁtiona, and the crystalline state have been investigated. The
investigations on concentrated solutions of chlorophyll a showed
deviations from ideality which have been ascribed to dimerisation,

The studies on crystals showed characteristic wavelength shift§ arising
from the molecular érystal forces,

‘ Some general observations on the nature and degree of order in
the crystals_have:been made by X-ray powder diffraction methods.

An investigation of the infrared spectra of chlorophylls showed
that previoqs assignments of the vibrations were essentially correct.
An investigation of the vibratipn frequency shifts caused by different
solvents showed that the keto group of the cyclopentanone ring bf
chlofophyll a was subject to a variety of interactions, From a study
of the infrared spectrum of chlorophyll a at varying concentrations
and with the use of a magnesium free derivative of chlorophyll a
(methyl pheophorbide-a) it was shown that the dimerisation of chloro-
phyll a was due to a weak bonding between a keto group from one
molecule with the magnesium atom of another molecule, This inter-
action is shown to be the main orientinz force which directs the

crystallisation of chlorophylls,
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Proton nuclear magnetic resonance studies on the chlorophylls
have been carried out, From thess studies it has been possible to
éssign chemical shifts with a high degree of certainty to two important
protons (delta-methine bridge proton and the proton on the cyciopenta-
none ring) in the chlorophylls., A Digital Height Analyser has:;een
used to obtain speétra from solutions of chlordphyll g_which are of
low agoncentration, and in this way spectra were found which could not
bevobtained by conveﬁtional techniques.

The investigation of the photoinduced paramagnetism of plant
extracts and crystalline chlorophyll a have shown that the présence
of water on the surface of the extract films and impurities present
in chlorophyll a crystals influence the production of free electrons

in the samples, when they are exposed to light,



GENERAL INTRODUCTION

'Research on photosynthesis, ﬁow that the dark reactions of the
sugar forming processes in the plant cell have been worked out (1), is
being concentrated on the first atages of the photosynthetic process,
whereby the light energyvfrom the sun is trapped and transferred into
_the bonds of highly reactive species. The highly reactive species then
go on to carry cut the dark reactions, From investigations which have
been conéerned with thé first stages of photosynthesis it is clear that
the'moledule chlorophyll a plays a4 major role. There are other plant
pigments (chlorophyll.g, carotenes, and xanthophylls) which play some .
part in the primary processes; but whose role would seem to be
secondary to that of the chlorophyll a. The molecule chlorophyll a
therefore is the controlling molecule in the process whereby the plant
cells convert light energy into chemical bond energy. ‘In a similar
fashion we talk about the information storage of a cell as being
located in desoxyribonucleic acid (DNA). The significance of DNA in
- cellular processes became clear in 1953 (2) when the sciences of
chemistry-and physies had reached a much higher stage of development
~ than when the significance of chlorophyll a in cellular processes had
beeﬁ noted fifty years before, Because of the great advances made in
the quantdm mechanical description of molecules, and experimental
techniques for investigating molecular structure, the function of
DNA in cells has been actively pursued along lines which have been
called Molecular Biology, Surely, molecular biology cannbf be
restricted'to therstudy’of DNA alone, when we have other molecules

such as enzymes, hormones, alkaloidsz, and chlorophylls which play



important roles in the control of cellular processes. The procedures
of molecular biology have been so successful that they should be ap;
plied to these other molecules. This is the approach that has been
used in this study of chlorophyll a chemistry. It would not be true

to say that the molecular biology of chlorophyllvi'has not been investi-
gated until the present time. Indeed, there have been a great many
chemical investigations on chlorophyll a which contribute to the

- molecular biology of chlorophyll 3, but these were carried out as
specialised investigations, where the techniques were well known to

the investigators, The approach taken in this thesis has been to use
many technlques which are not necessarily at the limit of their power
bgt can be taken further if they show promise in giving valuable infor-
mation., By using a range of techniques and trying to reach the rigor
of physics, then more coherence is obtained in the investigation of
the molecular biology of chlorophyll a. For these reasons the thesis
has been antitléd "Soma New Molecular Biology of Chlorophyll gﬁ.

A brief review shall be given in thé introduction of what is
considered to be the molecular blology of chlorophyll a as it existed
before the present investigations were commenced. It will be given
in the same sequence as was followed in the investigation, and indica-
tions given as to where extensions of the previous knowledge were
attempted. Detalled introductions to the chemistry and physics of
the various experimental studies and the advances, if any, in the
physical chemistry of chlorophyll a will be given in the various sub-
divisions of the work,

Very broadly, the overall task of the molecular biologist is to



3
extract the molecule from the cell, reconstruct the physical state and
milieu of the molecule in the cell, and then attempt to reproduce the
cellular function of the molecule in a test tube (EE.XEEEE)’ He will
be guided in the last three objectives by the investigationstof the
biophysicist who studies the intact cell or portions of the cell.

The first objective, then, is to extract the molecule from various
species of cells and purify it to such an exteﬁt‘that the validity of
any experiment carried out on the molecule is not called into question
oQér its purity. Questions about the molecule's purity in organic
chemical reactiona are not as serious as those that can be posed over
refined physical chemical measurements of, say, its electronic con-
ductive properties in the solid state. The first separation of chloro-
phyll E_frcm plants was carried out by Twsett in 1906, Since that time
‘bilochemists have isolated chlorophyll a from ﬁany plants and continually
._improved on its state of purity (3,4), New techniques of physical
" investigation such as electron spin resonance require very pure
materials in a crystalline state, From this, it is quite reasonable
'to expect that thls technique would show that previous methods of
'purification were inadequate. An attempt was therefore made to develop
a new procedure for the separation and purification of chlorophyll a
which would give satisfactory results when the new physical techniques
-were applied, )

| When the molecule can be obtained with reasonable purity, then
its structure can be determined by classical organic chemical tech- -
niques, If the molecule can be crystallised, then its structure can

be determined by physical methods, of which the most general is Xe-ray



crystallography. Chlorophyll a could not be obtained as crystals
until recently, but it could be extracted with sufficient purity so
that its structure could be determined by a triumph of classical
organic chemistry. The molecular structure which is agreed upon
todgy as being the best representation of chlorophyll a was given

by H, Fischer in 1940 (5).(Fig. 1). This structure was confirmed

by its partial synthesis in the laboratories of R. B, Woodward (6).
There can be little doubt about the structure of chlorophyll a,

Since the structure of chlorophyll a was first put forward, the
powerful techniques of ultraviolet, visible, infra-red spectroscopy
have been refipad° and proton nuclear magnetic resonance spectroscopy
:(NMR) has been discovered. These techniques‘have been applied to a
structural:investigation of chlorophyll a only to a smail extent; The "
ultraviolet and visible absorption spectra (of a large molecule) are
not very péwerful in determining its structural features. Howaver,

' thege techniques have bean very valuable in the study of the molecular
biology of chlorophyll a because they are the easiest way to
characterise the molscule and correlate with spectra obtained from
cells, thus ensuring the relevance of.the molecule {n photosynthesis
(7,8). The newer techniques of infra-red and NMR could confirm cer-
tain gross features of the molecule’s structure and give detafled
information about its fine structure. The main value of these tech-
niques would, now, be as tools for following the changes in the
chloroph}ll a when its function is being investigated. 'Infra—red
spectroscopic studies of chlorophyll a have been carried out since

the time of Coblentz (9), Agreement between the results of the most
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recent work has not been satisfactory, especially over assignments
of vibrations to the ring V keto group at Cypo and the Cq ester group,
which have long been thought tc take part in a keto-enolisation
phencmenon. A reinvestigation of the infra-red spectrum of chloro-
phyll a and some of its derivatives seemed worthwhile to resolve the
conflioting results, NMR studies of chlorophyll a have not been re-
ported, but work done by several laboratories on porphyrins and diffi-
culties with the infra-red studies suggested that the NMR spectrum of
chlorophyll @ would be extremely valuable., Relating the various types
of spectra originating from the isolated molecule to the physical
state or reactions of the molecule in the cell is something that has
been constantly borne in mind by the various workers.,

Reconstructing the physical state of the molecule "in vitro" is
a nuch more difficult task than isolating the'molecule from the call;
In the final analysis, an agreement must be obtained between the.
synthetic model’s properties. and biophysical measurements on the
éalla It i3 not necessary to wait for the biophysics to become
clear and give us good.indications of what the model should be before
.going ahead and making models, The simplest biophysical measurementsa
on the photosynthetic cell which tell us something about the natute
of the chlorophyll in the cell are its visible absorption and
fluorescence spectra. The red absorption band of the chlorophyll a
molecuie in the common solvents, such as ether, is shifted by 200 R
furfher to the red in the cell, Attempts have been made to bring
about this shift by changing the dielectric and polarizable ﬁroperties

of the solvent in which the molecule is dissolved, These have not



bean successful in bringing about the desired shift. Concentrated

: so;ufions (10=3 M/liter) of chiovoﬁhyll é in ethanol have shown absorp-
tion and fluorescence bands which are presumably Que to aggregated

' species, These have shown some correlation with cellular properties
(10). The spectroscopy of colloidal forms of chlorophyll a have been
studied for some time,,, It can be seen from the structure of chlord-
phyll a that it has a large hydrophobic chain attached to a polar

head which allows the molecule to form monolayers at & water-air
interface. Langmuir (11) noticed this feature of the molecule, and

he carried out the construction of monolayers from chlorophyll a.

In recent years the optical properties of these monolayers have been
;tudied intensively (12). They show reasonaﬁle agreement in their
spectral characteristics with those of the intact cell, There is
always the possibility that small amounts of crystailine chlorophyll a -
axist in thé cell, and it i{s of some importance to prepare this physical
state of the molecules and study its properties. In the present work,
~wvisible light absorption spectral studies have been carried out on
chlorophyll a dissolved in various solvents, high concentrations of
chlorophyll a in non polar solvents (carbon tetrachloride), and the
erystalline state.

The funetion of chlorophyll E_in the first stages of photosynthesis
has been studied as a molecular biological problem with two hypotheses.
If the chlorophyll a exists in the cell dissolved in some solvent media,
then we can hypothesize that its function will obey the iaws of photo-
chemistry in solution (13,1u4). A recent hypcihesis (15,16) was that
the chlorophyll g_could exist in a semicrystalline or crystalline form

‘V
whose behaviour would follow the physies of organic semiconductors,
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Much work has been done on‘thé'éblution'photdchéMiStfy of chloro-
phyll gawithdut any conclusive rasults being obtained. There are several
features of the chlorophyll a structure which could be imPiiéated in

reversible reactions with light and water as demanded by the first
stages of photosynthesis, For example, much attention has been given
‘to the €10 proton which can take part in a reversible reaction involving
& keto-enolisation (14). The protons at positions 7 and '8 in the mole-
: culs could lead to chlorophyll 3!undergbing a photochemical oxidation
wi?h'quinonea which are known to be present in plants, concelvably in
‘@ close association with the chlerophyll., - This aspect has beenlextené
gively stydied by M., Calvin and his students {13). A very recent
development stemming from the NMR studies of porphyrins (17) is the
realisation that the delta bridge proton of chlorophyll & could be a
unique proton in the moleculs, TCxperiments have shown that the delta
proton of chlorophyll a can be exchanged in ﬁrefebenca to the alpha and
beta protons (18). However, tracer experiments on intact cells sug-
gested that it was the Cjg proton which had been exchanged (13). Ve
ha;e commenced experiments in this area using NMR to analyse for pose
sible exchanges of the delta proton and the Cjy proton, ’

' Very little work has been done on the solid state properties of
chlorophyil i,beéaﬁSe it had been very‘aifficult to prepare crystal-
line chlorophyil a. A large amount of work has'beeﬁ carried out on
the physical chemistry of phthalocyanines, which have analogous stric-
tures.to chlorophyll 33(20)0"The results of these experiments suggest

that similar studies on chlorophyll a would be frditful, We have at

first studied the electronvspin resonance of extracts from cells which



contained associated plant pigments which are extractable with polar
organic solvents., A cursory examination of the ESR properties of the
crystalliné chlorophyll a was also carried out,

No attempt has bsen made in the introduction, nor will any be
made in the conclusions, to give any detailed interpretation of the
mechanism of photosynthesis in terms of the molecular biology of
chlorophyll a. The general conclusiong which will be given at the
end of the dissertation will follow the general order of topics given

in the introduction,
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The Extraction, Purification, and Crystallisation of Chlorophylls

“Introduction
The first demonstration of the sepératory technique of chroma-

tography Qas carried out by Twsotf 1n'1906 when he showed that an
extraét of plant pigments could bé separatéa on a8 column of_preci-
pitated chalk, Chlorophyll g_iﬁ a crude form was-first éeparated with
this technique, Wilstatter used partition typeﬂeﬁpérimeﬁtsvwheraby
moleculés are diatribﬁtad betwéeﬁ.two solvent phases, and as this
process is repeated many times because of the Aifferencas in the
distribution coefficients of the molecules, they can be separated,
Through the years chromatography has been found superior to the par-
ltition type experiments for the separation of chlorophylls,

| The nature of tha chromatographic adsorbent has changed from
{norganic saits to the more mild organic solids (sugar) which give

lesns breakaown of the delicate chlorophylls, Spectroscopically puré
chlorophylls were required by the plant biochemists so that they could
get up spectroscopie standards for the analysis of plant materials,
Only when the demands of physical chemiasts hecame more severe was
chlorqphyll Ebobtained in a crystalline form. Although Beverai claims
were made by various workers that they had obtained orystallihe chloro-
phyll, these did not hold when it was investigated by X-ray diffraction,
Jacobs, Vatter, and Holt (21) obtained erystalline chlorophyll in 1954,
and shortly afterwards it was again obtained by Swiss workersv(22).
Both of the methods developed to obtain crystalline chlorophyll & were
elaborate and required a great deal of manipulative skill, The method

of Jacobs et al. gave crystals which had poor powder X-ray patterns
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but did show characteristic red shifts in the absorption bands of the
monomeric species when they formed a molecular crystal. A less in-

volved procedure for the separation of chlorophyll 3 was desired

and one yielding erystals which had more order than those shown in

the pictures presented by Jacobs et al, (21). At one stage of our

'investigations on the ESR of extracts it was not sufficlent to separate

chlorophyll a, but also necessary to-separate the pigments associated
with it in the extract. Bacause of this demand, Jaccb's outlined
procedure (21), Figure 2, was followed because it, in principle,
éaparatod all the other pigments at clearly dafined steps of the

separation, Great difficulty was found in reprocducing their procedure

~ for several reasons. The most troublasome manipulation in their scheme,

which is also common to the other separations raported, was the distri-
bution of the chlorophylis and carotenes into the petroleum ether
phase, when, quite often, an emulsion was formed which was hard to

bréak, requiring that the experiment be repeated. The other difficult

" manipulation was the sugar chromatography, which, quite often, stem-

ming from the inefficiency of previous steps, led to the difficult-
task Sf/separating many pigments and the decomposition products of
thorophylis {phaophytins), the structure of which, along with the
other chlorophyll derivatives and associated pigments, is given in
Appendix 1I. Theoretically, the polar molecules, su;h as xanthophylls,
would be distributed into the acetoneiwater phase when the initial
phase separation is carried out batwaen b(troleum ether énd acetone-
water, and the resulting petroleum ether phase is thoroughly washed
with acetone-water., This treatment never seemed to be totally ef-

fective, and a pale yellow band invariably present on the leading



12

nach

"1
b=
s

Acetone
Y

Acetone Extract

Petroleum ether and water added

Na ‘ ¥
Petroleum aether phase Water acetone phase
(chlorophylls + carotenes) (xanthophylls)
Passed through diatomaceous earth
: v ¥
Petroleum ether filtrates Diatomaceous earth ¢ chlorophylls
(carotenes) .
Acetone

Acetone Extract
(chlorophylls)

Ether + water

¥ ¥
Ether Acetone~watar
(chlorophylls)

Evaporation
v

Dry Chlorophylls

Sugar chromatography (two times)

-L 1
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Fig. 2, Outlined Method of Jacobs et al. (21) for Separation of

Chlorophylls,
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adge of fhe chlorophyll a on a sugar column (chromatographie
‘gaparation of chlorophylls a and b) was due to the inefficiency of
the phase separation, Although the preferential adsorptiéﬁ of chloro-
phylls on a diatomaceous earth and the washing through of the
carotenes doas remcve most of the carotenss, it is not bighly »
effective, resulting in varying amounts of carotenes preceding the
chlorophylls on the sugar chroﬁatographic column, Furthermore, the
chlorophylls were degraded to phaoﬁhytins due to the acidic naturs
of the diatomaceocus earth surface. Pheophytins also precede the
chlorobhyils on a sugar column, and the desired final separation
is for chlorophyll a to come through without any pigment preceding
A!to

A large number of experimenté waere conducted on plant extracts
(along the lines of Holt, 3Eﬂ3£l)a Thay are not relevant to this
thesie but have been fully reported in Appendix I, The most promising
result from this work was that polyethylene powder could separate the
chlerophylls from the other plant pigments (23), and the separation
which we have developed i{s based on this fact., It was alse noted in
these experiments that chlorophyll a could be very efficiently |
separated on sugar from chlorophyll b, and the desired final stage
would be the separation of chlorophyll a and chlorophyll b on sugar,

The separation developed in this work is outlined in Figure 3,
An acetons extract of tﬁ@ plant material, which is spinach when
fairly large quantities {200 mg) of chlorophyll 3 are required (for
smaller quantities, algae are suitable), is prepared. This extract
is then passed through & polyethylene powder column which separates

the chlorophylls from the other pigments present in the extract,
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Spinach

(1) | Acatone
v
Acaetone Extract

(2) (a) water to give an 80% aqueous acetone axtract
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: 4 -1
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(4) (a) Dry NagSo,

(b) Sugar chromatography

{ - R
Chlorophyll a  Chlorophyll b

Fig. 3. Chlorophyll a and Chlorophyll b Separation Described in

This ¥York,
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Chlorophylls in the acetone-water solution are fhen transferred into
isooctane, which is dried, before carrying out the separation of the
chlorophylls on a sugar column, The eluted chlorophylls can be
recovered In several solid forms, soma of which are crystalline,

A typical procedure for eitracting chlorophyll a from Chlorella
algae is also describad, This procedure différs from that described
for the extraction of chloréphyll from spinach only 1in the collection
an& extraction of the atarting m#terial; from that poinf on the
extractiqn and purification are carried out in the same ﬁanner as

was described for the spinach preparation,

A Procedure for fhe,Separétion and Purification of Chlorophyll 3

from Spinach

800 grams of fresh spinach, obtained from a local market, are
l.Washed free of contaminants, their main stems are removed, and then
they are thoroughly dried with adsorbent paper., It is important to
remocve as much water as possible, as this can interfere with the
water-acatone ratio used in the polyéthylene chromatography. The
leaf material {s ground up for about 2 min in a Waring blender at
high spcéds with acetone of reagent grade quality, using 500 ml of
acetone for every 200 gm of leaves, Filtration of the resulting brei
is carried out immediately on a Buechner funnel and the filtrates

\ céllected. Dilution of the filtrates with distilled water gives an
acqtbne:water solution (80% v/v) of the pigments, which is then
chromatographed on polyethylene powder,

Polyethylene Chromatography of an Acetone-Water Extract of Spinach

Polyethylene chromatography is an example of reversed phase parti-

tion chromatography (24) in which the stationary phase is polyethylene
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and fhe mobilé phase acetone-ﬁater. It has not been possiblevto find
thevpﬁysical characteristics of thé polyethylene powder which control
the separating power of this material, but it would seem that powder
with a melt-index (M.I.)* of less than 2.8 Is satisfactory. At lower
M,I. better separations are obtained, The particle size of the powder
should be sush that a suitable flow rate of solvent (1 ml/min is
..aatisfactory)'is obtained., |

Polyethylane powder was packed to a height of 50 cm in lots of
-600 ml into a glass column, carefully cleaned and dried, of 10 cm
"diameter and 60 ocm in length, This was the ultimate size of column
which could be used to give good packing of the powder and could be
manipulated with ease. The column had no joints or stopcocks which
would. lead to contamination because of the lubricants present on the
'jointse In order to support'the powder there i{s a glass plate on the
end of the cﬁlumn with a large number of holes (1 mm in diametér) which
are covered with filter paper. After sach 600 ml lot of polyethylene
was placed in the column it was tapped with a vertical motion on a
pubber bung until the powder had reached its minimum volume and then
compressed manually with a wooden rammer of a dlameter slightly less |
than that of the glass column, When the column had been packed it
was inserted in a 1.5 liter Buechner flask, but no vacuum was applied
until 500 ml of 60% (v/v) acetone-water had been added carefully so

that the top surface of the powder was not disturbed., Another 500 ml

#The melt-index is the weight in grams of polyethylene extruded in
10 mih at constant temperature through an orifice of specified diameter
when a given mass is placed on the driving piston. It has not been

possible to relate this empirical test to the malecular structure.
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of 60% (v/v) acetone-water was gpplied to complete the wetting of the
polyaethylene, and as the last few milliliters of this wash remain on
fop-of the polyethylene surface, application of the plgment extract
was commenced, Two liters of the extract were applied to the coluﬁn.
and although ihe'chlorophyllbécmetimes appears to precipitate out at
the tép of fhe éolumn, the procedure should be contiﬁuad. As the
1a§f of‘the plant extract waé about to enter the polyethylene surface
devélopment was commenced with 70% (v/v) acetone-~-water, and this takes
the xénthophylls through the column and elutes them, with the chloro-
‘pﬁylls'becdming avenly distributéd on the poiyefhyleneo The experi-
mental apparatus and the order of the pigmant bands on the~columﬁ are
shown in Pigﬁre 4%, FElution with 70% (v/v) acetone-water was continued
until the ch;orophylls were about to be eluted from the column, The
'éluates at thia stage should be colorless of show only faint traces
of yeilow xaﬁthophyllsa Then the vacuum was broken and a clean re-
cei?er was plnced under the colﬁmn and the c¢hramatography recommenced
with Bd§ (v/v) acetone-water, collecting the mixture of chlo;ophyl;s
 g‘énd b. PhaophytinsD quinones, and carotenes remain ét the top of
'the columh and can be eluted with 160% acetone, The poiyethyiéﬁa
.can be cleaned with several washes of acetone and ether befor§ being
brought back to its original state by é final washing with 70% (v/v)
acetone-water. However, this is a laboricus process and gives a
'bolyethylené column which is still slightly contaminated and there-
fore of uncertain value, 4 |

Transfer of Chlorophylls from Acetone-Water to Isooctane

To carry out the sugar chromatography the chlorophylls must be

1n:isooctane, The best way to transfer the chlorophylls into iscoctane
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was to put d layer of 600 ml isooctane on top of the acetone-water
soiution of chlorophylls in a 2-l1liter separatory funnel, The chloro~
: phyils aistribute into the isooctane phase with the addition of
small amounfs of water completing the phase separation, The acetone-~
water fhase was discarded and the acetone washed out of the iscoctane
with diétilled'watere This {s a critical step, because if too much
acetone is washed out the chlorophylls precipitate outpland if too
" high & concentration of acetone fs alloved to remain in the isooctane
then the sugar chromatography which follows breaks down. Water washing
vwéh continued until the color of the solution went from bluish green
' to green and then stopped. If the chlorophylls do come out of solu-
"tion, then the careful addition of drops of pyridine'w111 bring them
back i{ns Finally, the Isooctane solution of the chlorophylls was
dried with anhydrous sodium sulphate for one hour in the dark, and
afteé filtration the isooctane solution of the chlorophylls was
.chrcﬁétdévaphed on SuUgar.

’ Sugai' Chrmatggraphy of a Mixture of Chlorophyll a and _;1'

Sugar chromatography of the mixture of chlorophylls in isooctane
was carried out in the same apparatus which ﬁas used for the poly-
eth}lene chramatography of the acetone-water spinach extract, Cone
festioners® sugar (Californian and Hawaiian Sugar Corp.), without any
special treatment, was packed to a height of 40 cm in lots of 600 mi,
using a similar technique as was used for the polyethvlene powderi but
joints between thellots must be carefully done--i.a., thé excess sugar,
after the tamping was scraped out of the column before the next lot

was added. This brand of sugar has been very consistent in its ability
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’to-separate the chlorophylls} however, a few tesfs on Spreckeis brand
did not give good results, presumably dué to.its higher‘stafcﬁ contant,
(Outside of this district it would be betfar to test the vafiéus local
branda,) Isooctane, 500 ml, was added to the.columnvéhd é;éfion ap=
plied after the initial additioﬁ of the liquid., Just befor§ the last
of the wetting solution-;great care must be faken‘atvall sfagés of
this step not to allow the sugar to go dry--had eﬁtered the sugar
. surface, the isooctane solution of the chlorophylls was appiiéd.
When the last few milliliters of the pigment aoiutionvwéro about to
entar the ngar column, a developing solvent of 0,5% by valﬁﬁe of

nepropancl in isooctana was added to the column., The distribution

- of the pigment bands on the column after devaelopment is shown in

Figure 5 and a photograph of a typ;cal separation of chlorophyll'g
on sugar shown in Figure 6. Chlorophyll a is eluted from the eolumxi,
and chlorophyll b can be recovered by continuing elutiéu, by changing
the development solvent to 2% n-propanol in isooctané, or by cutting
out the chlorophyll b band and then extracting the chlorophyll b
Qith ether or acetone. Chlorophyll a was recovered from the eluate
of fhe column by sevaral procedures, to be described in the next
section,

Recovery of Chlorophyll a from Column Eluates

All the chlorophyll a from the sugar column can be recovered by
removing the volatile 1sooctane-n~propanol'solvents under vacuum.
This procedure cannot effect any further purificatién and does not
lead to crystalline chlorophyll a, but the following two procedures

do give crystalline chlorophyll a.
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The first procedure usad was similar to that of Jacobs et al, (21).
The eiuate from the sugar column was transferred to a liter separatory
funnel and 500 ml of distillad water added, care being taken not to
@ause much agitationov Careful agitation was then'applied to the
separatory funnel, and as the isopropanol diffused from the lsococtane
into the water the chlorophyll a solution went from a deep blue to a
dark grean, The water was fhen run off and the washing treatment
continued until fine sheets of chlorophyll a with a metallic lustre
appeared at the isooctane-water interfacé; After the water was run
- offy the isooctane slurry of the chlorophyll particles was éollected.
centrifuged, and the supernatant iscoctane siphoned off, The ﬁartioles
c;n'be stored in a refrigéiator as a slurry or the 1soootane.rémoved
in & vacuum dessicatoro
Thé second §rocedure for obtaining chlorophyll a is now the pré-
ferred one because the particles are easier to collect'and have more
order in their'structure. The solution 6f‘chlorophyil g,ffom the
column was collected in a flask, which was covered with aluminum fofl
to protect the chlorophyll a from the destructive action of light,and
. placed in a refrigerator. After about 8 hours, chloiophyll i_crystals‘
‘were depoéited and collected by cenfrifugatioﬁo Filtration leads to
the fine crystals sticking to the filteb.paper‘and loss in yiéld;
therefore the supernatant liquid in the éentrifuge tube was siphoned
off, To preserve the crystalline structure of the crystals, they are
stored suspended in the isooctane, but for most uses the iscoctane

can be removed in a vacuum dessicator.
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The Extraction of Chlorophyll a from Algae

The best solvent for breaking down the algae and extracting the
pigments is methanol, but it leads to the introduction of allomerised
chlorophylls whioh are readily formed in the preéence of methanol and
air, However, thaese allomarised chlorophylls are present {n small
-amounts and are removed on the polyethylene and sugar columns,

A 250 ml sample of Chlorella algae grown under steady state
conditions was taken, and this was centrifuged down at 2,000 rpm to
‘remove the culture medium and collect approximately 4 ml of wat packed
cells, These were resuspended in 200 ml of distilled water, stirred,
centrifuged, and collected again, and the trsatment carried out once
more, The collected cells were extracted with 80 ml of reagent grade
mefhanol in a flask which was covered with foil to exclude light, and
allowed to remain in a refrigerator for one hour, The methanol exfraut
from the cells was recovered by siphoning off the supernatant layer
%brmed on centrifugation. Distilled water was added to the methan§1
extract from the Chlorella to give a 70% (v/v) solution of the pig-
ments which was suitable for pol&g;hylene chrométographyc Separétion
of the pigments was carried out in an analogous manner to that for

the chlorophyll a, using columns of 3 cm diameter and 25 cm. in length,

with the volumes of solvent scaled accordingly,

Diszussion

It can be ssan from Figures 2 and 3 that the number of steps in
the new procedure described in this work i= much less than is required
in what seems to be the best previouslv reported procedure. The very

irreproducible phase separation between netroleum ether and acetone,
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which was included to separate out the xanthophylls from the acetone
extraat of the plant and is common to all of the previously reported
prbocedures, has been discarded., The xanthophylls were coampletely
removed .on the polyethylene column, which did this more efficiently
than the phase separation of the older methods, A diatomaceous earth
treatment, which iz present in soﬁe éf the older methods, and included
to separate the carotenas from the chlorophylls, has becase an unnsces«
sary step in the separation because the carotenes remain at the top of
the polyctﬁylene column along with pheophytin, which is formed te a
varying extent in the extractiom of the plant material with acetone.
Therefore, the chlorophylls are the only pigments (@xcapt for small
traces of unknown impurities) which have to be separated by means of
sugar nhromatbépaphfo Béuause unknown impurities remain at the top
of the cblumnD and chlorophyll b and Ei,traval aftar the chlomophyll‘g
band chl&rbphyll & comes through the sugar column without having te
pass through a sugar surface on which’ any other pigment has been pre-
,viodsly adsobbedo Chlorophyll a crystals (evidence for crystallinity
.will be presented in the saotion on‘fhe'optical properties of chloro-
phyll a in various states) have been prepared without any.alaborate
procedure. Thé procadube descridbed is highly:raproducible an& has been
carried out more than twenty times.

After having had good success with the polyethylene.column chroma-
tography for the aextraction of chlorophyli‘io an extracti§n of methyl
chlbr@phyllide9 whiéh is the chlorophyll a molecule witﬁ‘the photo-
chemically irrelevant phytyl chain substituted Sy a methyl group, was

attempted.
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The Extraction and Purification of HMethyl Chlorophyllides

- It has been known for some time that the phytyl chain of chloro-
phylls can be exchanged for other smaller alkyl groups such as maethyl,
by extracting with alcohol certain plants which contain an enszyme called

chloréphyllasao The alcohol used for the extraction has the alkyl

group which is te be exchanged for the phytyl (25),

. Mg N/
Y 4 4

CHa

C.:Hz' H chlorophyllase o c
?HZ i methanol CEHZ ]
H3gC200-C=0 o | - H3CO-C=0 !
CPHYTYL METHYL
Chlorophyll a ' Methyl chlerophyllide a

Again, Holt and aoworkers have given the most detailed desaription
of the preparation of chlorophyliides (Fig. 7) and have shown that the

leaves of Aiianthus altissma were rich in the enzyme chlorophyllase (26),

It i3 not necessary to separate the chlorophyll a and enzyme before
earrying out the transfer resctiony all that is required is to grind
up the leaves in the presence of methamol, allow the reaction nixture
to ‘sit in the dark for three hours at room temperature, and then on
traat the chlorophyllideé from the carotenolds and the phytol alcohol
(CagtaqOH) which has also been formed. Illolt and coworkers used a

simflar method for the extraction of thae chlorophyllides from the
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athanol extract of the Ailanthus altissma as they had used for the

preparation of chlorophylls. Anticipating the difficulties, which
have alraady been described in the introduction to the chlorophyll a
preparative procedurs, to”be also presént in their chlorophyllide
procedure, and being confident about the general applicability of the
new polyethylene procedure to separate chloboﬁhyll type pigments, an
| attempt was made to separate chlcrophyllides by a method analogous to
the new chloﬁophyll a procedure,

Many experiments showed that polyethylene could not separate
chlorophyllides, for two veasons: (1) The fundamental breakdown in
the polyethylene chromatography of a methanol extract from Ailanthus
altissma arises from the fact that for every molecule of chlorophyllide
made by the engyme there was also a molecule of phytol alcohol Formed
which rendered the surface of the polyethylene ineffective. (2) The
phytol alcohpl when it was removed from the crude mixture lowered the
aolubilitonf the chlorophyllides in aqueods methanol solutiona and
théy precipitated out on the polyethylene column without separating.
This gave the clue to a new procedure for the preparation of chloro=-
phyllide a, and‘again the crux of the problem was to 6btain chloro--
phyllides a and b free of the other plant pigments and especially the
- surface acfive phytol alcohol.

The phytol alcohol formed in the enzymic reaction was removed
by precipitating the methyl thorophyllides'and carotenoids from the

methanol extract of the Allanthus altissma by adding water under

carefully controlled conditions. The precipitate collected by filtrae-
tion. was recrystallized several tiﬁes from benzene-isooctane mixtures

to give a mixture of methyl chlorophyllides a and b almost free of
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phytol alcohol and carotenes, which are readily soluble in thé benzene~
isococtane solvent, Sugar chromatography separated the methyl chloro-
phyllides and purified the methyl chlorophyllide a, which could be
recovered in crystalline form By allowing the eluate from the sugar
column (which contained pyridine) to sit on tqp of water, and as the
pyridine diffused'into the water, methyl chlorophyllide a crystal-
lized out (Fig. 8). |

- A Procedure for the Extraction of Msthzi Chlorophyllide a from

Allanthus altissma leaves were gathered from a tree in thd

University Botanical Garden., When larger supplies were required,

| they were obtained from a grove about 8 mileg from Lafayette, along
Uppef Happy Valley, road. 2,000 gm of leaves ware ground up with
‘5.11tars of 1Q0$_maxhano; (rgagent grade) in a large Waring Blendor.
A#ter the methanolic brei had been allowed fo sit for 1 hr in the
dark at room temperature it was filtered and the filtrates trans-
ferred to & 10-1iter flask equipped with an efficient stirrer, and
 placed in an ice bath (the laboratory sink)o Distilled water from
& saparatory funnel was added at the rate of 2 ml/min unfil s drop
of the flask's contents, wﬁen placed on filter paper, showed the
presence of a precipitate. The flask with its contents was allowed
to slt for 1 hr. Then the supernatant liquid was siphoned off and
the precipitaté §ollected on filter paper without vacuum.. A wash
of 4isooctane (500 ml) removed much of the carotenes procipitatod with
~ the methyl chlorophyllides9 and they were campletely removed by a

geries of crystallisations,
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The crude mixture of plant pigments was scraped off the filter
paper, transferred into a separatory funnel, and dissolved in 100 ml
of benzene and 500 ml of acetons, Distilled water was carsfully added
until two phases were formed, whence the xanthophylls wers disteridbuted
into the écetona water phase, whisch was discarded, The benzene solu~.
tion was then washed with two 500 c¢ washes of 60% acetone-water to
éemove the last traces of‘xanthopﬁylle The benzene solution of methyl
ehlorophyllides and carotenes was run off into a beaker placed in an ice
bath, and {sooctane added until the methyl chlerophyliides erystallised
out, which cduld be detected by apotting drops of the benzene soiution
on filter paper and cbserving the orystals formed. The methyl chlorow
phyllides were colleated by flltration, and the carctenes remaining im
the isocctane benzens filtrates were discarded. Tﬁe benzene erystale
1ization procedure was repeated twice mora to give the methyl chlore-
phyllides free from carotenes, and after the last recrystallization
| thﬁy were dired in & vacuum dassiéatore The methyl chlorophyllides
wers then in a suitable state for separation by sugar chromatography
into methyl éhlerophyllid@ a and methyl chlorophyllide b, The yielid
vwas about 2 gm of mixed methyl chlorophyllides. |

Separation of Methyl Chlorophyllides a and b by Sugar Chromatography

Methyl echlorophyllides (100 mg) were disselved in 200 ml of 20%
(v/v) pyridine-Ilsococtans and filtered through a funnel to remeove any
undissolved material, An apparatus was used similar to that in the
gugar chromatography of the chlorophylls, but a column (dismeter of
4 om and length 40 ecm) was packed with 1,500 ml of confactioners®
sugar in six lots in the same way as was used for the chlerophyll a

chromatography., The column was wetted with 250 ml of a solvent mixture
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(2,5% pyridine:0,5% n-propancl, 97% isooctane by volume), and as the
last of this solution was entering the column, the solution of methyl
ohlorophyllides was applied. Development of the column after the
pigments were adsorbed at the top of the column was done with a
solvent mixture of 5% pyridine:0.5% isopropanol:9h.5% isooctane, and
the methyl ehlorophyllide a comes through the column first. The
functlion of the pyridine was to keep the pigments in solution, and
the 1sopr0pan61 resolves the bands of pigments, which the pyridine
alone could not accomplish. A trace of methyl pheophorbides came
through the column ahead of the maethyl chlorophyllide, and tharafora
the eluate of chlorophyll g.which was collected was slightly contamie
nated by pheophorbide. Howaver, the pheophorbides, bocamﬁe of their
greater solubility, were in the mother liquors when the methyl chloro-
phyllide & was crystallized, This was accomplished quite easlly by
allowing the eluate from the column to sit on top of a layar of water
in a geparatory funnel, and as the pyridine diffused into the water,
methyl chlorophyllide & crystallized out. The methyl chlorophyllide a
waz aollected by centrifuging the isooctane suspansions from the
separatory funnel, and after dryiﬁg in a vacuum dessicatoﬁ, a yield

of 20 mg was obtained,

Discussion

A simple method for preparing methyl chlorophyllide a, which has
the basic chromophoric grbup of ahlorophyll a, in a crystalline form
noticeabls to the eye, has been devised,

Fewer steps are required in the above procedure than in the

previous method of Holt and Jacobs (26). A mixture of chlorophyllides_i



33
and b was obtained by a series of crystallizations without the use
of diatomaceous earth;, which causes decomposition of the methyl
chlorophyllides. A large quantity of the methyl chlorophyllides
can be obtained by the abeove procedure, and these are stored until
the ccmponeﬁts of the mixture are required, when they can be readily
cbtainad by sugar chromatography. The poor solubility of the methyl
chlorophyllides in isooctane, even when it contains polar solventa,
‘shows that the phytyl group hstbeen excﬁanged for a methyl group,
and this was confirmed in the infrared studies, where it can be
geen that the intensities of the C~H vibrations of the methjl éhloro—
pﬁyllides are less than those present in the infrared spectrum of
chlorophyll a. A typical visible absorption spectrum of methyl
‘chlorophyllidé a, prepared by the new procedure (Fig. 9), shows
that it agrees closely in its general Form and transitions with
that of‘chlorophyll a, and it has a ratio of its O.D. blue/0.D. red
of 1,29, which indicates that it has good purity. The extinction
coefficients of the transitions of methyl chlorophylllide a have }ot
to be determined. The experiment ﬁas been reproduced about five

‘times.
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The Visible and Ultraviolet Spectra of Chlorophylis

Introduction

Investigations of_thé visible absorption spectra of chlorophylls
have been carrisd out since the first chlorophylls were isolated, As
the eage of preparing reproducible samples of chlorophylls was improved,
a concurrent improvement in the ease of taking visible and ultraviolet
spectra has #lso taken place, The major uses of the visibls absorption
spectrum of chlorophyll a have been: to estimate the purity of the
preparation, to try te relate the spectrum of the isolated chloro-
phyll Eﬂwith the spectra of plant cells, and for setting up optical
standards which are nécessary for the det@rmination of chlorophyll
gontent in plants. The latter type of spectroseopic investigation
did not concern us, because each worker or laboratory has-to set up
its own éhlofophyll standard, which is dependent on the type of analyais
which is used to determine the chlorophyll a content of the plant
material (u);

Aséessing the purity of éhlorophyll a by means of its absorption
Spectra and comparing this with other workers® results is not an eésy

task, because the purity of the solvents used varies from laboratory:

to laboratory., It is well known that chlerophyll & specira are very

sensitive to the nature of the solvent. The absorption spectrum from
2,200 to 7,500 £ of the preparation of chlorophyll a, described above,
in purified ethyl ether has been carried out without attempting any
exhaustive comparative investigation of the spectrum of our sample
Qith others,

The major emphasis in this area of the work was to try to put

the chlorophyll a in a milieu or physical state which would shift
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the absorption bands to values similar to those found for the cell,
The chlorophyll a visible absorption spectrum has been studied in
solvents of various polarizabilities and dielectric constants. Be-
cause the concentration of chlorophyll a is about 10-2 M/1iter in
the cell, a concentratiecn dependence study of ehlorophyll 3’1n carbon
tetrachloride (non-polar solvent) was made. Finally, the visible
absorption spectrum of crystalline chlorophyll a has been taken to
find the near-infrared transitiohs.in its spectrum.

The Ultraviolet and Visible Spectra of Chlorophyll a in Ethyl Ether

Procedure

Chlorophyll a erystals, prepared as described in a previous
aéction, were dried for 12 hr under a vacuum of less than Svmicrons
of Hg. Ethyl ether was purified by washing with sodium carbonate,
dried with calmium chloride, distilled from a sodium~-mercury amalgam
and the middle-cut taken. Two weighed quantities of chlorophyll a
were dissoclved in ethyl ether, in a tightly stoppered volumetric
flask (250 ml), to give a concentration of pigment which would give
an optical denaity of about 0.5 to 0.6 in the rad and blue absorp-
tion bands when measured on the spectrophotometer. Spectra were
measurad on a Cary Model 14R spectrophotometer, using matched 1 em
cells for thé red and blue regions and 5 ¢m cells for the remaining
poorly absorbing regions. Optical densities at wavelengths of maxi-
mum absorption were taken point by point., The preparation of solutions
was carried out in dim light and at roam temperature,
Results

The extinction coefficients were calculated from the concentra-

tion of the solutions, the measured optical densities at the various
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'wavolengths, and a known path length by using the Lambert«Beer relation-

shipt

log Lo = 0,0, = ccl
I .

where 0,0, is thé optical density
¢ 1is the concentration in moles/liter
1 {8 the path length of the cell
€ is the molar extinction coefficlent
The molecular weight of the chlorophyll a was taken as 893,6.

The average of two determinations of the extinction coefficients
gf-waveiengfhs betweeﬁ 2,200 and 7,500 X waere taken and plotted against
the wavelength to give the spectrum shown in Figure lo; and extinction
coefficients at the points of maximum absorption are'givan in Table I.
Conclusions

| The wavalengtha of maximum absorption of:the chlorophyll é_in
athyl ether which were found for chlorophyll a prepared by the new
procadure agree i{in position with those found by previous workeré
(PIQ. 10), but the values of the extinction coefficients are 10%
loweﬁ than those given by other workers. No explanation of thls
discrepancj can be given without further extensiva experimentation,
However, a satisfactory measure of the purity of the chlbrophylllg
fram the spectrum can be obtained by comparing the ratlo of the ex-
tinction coéfficients of the blue band (4,280 ) to the red band
(6,600 8), which gives a valua of 1.29 (27). In other experiments
'the ratio of the optical densities ét'the blue and red bands of
chlorophyll a in unpurified ether were taken andbgavo values of

1,25 to 1,16, These results are about 5% less than the values (1.32)
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Table I
The Extinction Coeffleients of Chlorophyll a in

Ethyl Ether Compared with Those of Other Workers

Anderson

Wavelength (mu) 660 615 576 532 428 408 380 328

Extinction coeffi-
eient (¢ x 10~3) 80,88 13,75 8.03 5,07 104,1 69,4 H5,84 21,69

- Smith and Benitez (4)
Wavelength (mp) 662 615 578  533.5 430 410
Extinction soeffi-
cient (e x 10-3) 50,1 14,6 8.28 3,77 117.5 85,2
Zscheile and Commar (27)
Wavelength (my) 680  6l% 576 532 429 410

Extinction coeffi-~
cient (g % 10~3) 91,2 13,8 7,60 3,70 120,6 85,2

obtained by other workers [ 1,304 (8), 1,322 (27)], and thia lowering
of the blue band intensities indicates that the new procedurs for
preparing chlorophyll & has been effective in removing carotenoidsa
(~ 5%) which absorb strongly in the blue region, thus making th;
ghlorophyll i blue band appear more intense than it should. The
prineciples of the chromatography used by.othev vworkers suggest that
their samples were always liable to contamination by caroteneso
Because carotenes are very effective quenchers of fluorescence, an
onhanced fluorescence is predicted for our sample of chlorophyll'g
ccmpaied with others, but this property of our sample has not been

tested. The visible absorption spectrum of chlorophyll a has not
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been altered to the extent that the theories of the visible absorption
spectrum of chlorophyll a are in question (28,29).

Visible and Near Ultraviolet Spectrum of Chlorophyll a in Various

Solvents

Chlorophyll a crystals of the same sample were dissolved in
various solvents of reagent grade quality to give solutions of
approximately 1.5 x 105 M/liter concentration. Their visible ab-
sorption spectrum was taken on a Cary 14R spectrophotomater in the
region of their red and blue bands,
Results

The wavelengths of the main transitions observed and the ratlios
of the optical densities of the blue to red and violet to red bands
are tabulated in Table II along with the refractive index and
diglectric constant of the solvent,
Conclusions

The c¢hlorephyll & spectrum, as has been known for some time,
depends markedly om the nature of the scolvent in which it is
measured. One can sea that the spectrum of chlorophyll a in alcohols
shows a strange behavior--i;e,, the violat and blue bands becore of
dlmost equal intensity., From the infrared studies, to ba discussed later,
it can be seen that alcchols which are hydrogen bonding solvents inter-
act with the molecule in the keto group region and presumably alter the
gpectrum by influencing the keto group contribution to the electronic
transitions, No correlation, using the theoretical description of
solvent effects on organic dyes as given by McRae (30), has been at-
tempted because there are too many competing factors present, due to

the complicated structure of the chlorophyll a molecule, It is seen
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that the highly polarizatle solvent carbon disulphide shifts the red

band. to 672 mu, which is stfll 13 mp less than the red absorption maxi-

mum in the vizible zpectrum of a cell or chloroplast,

Table II
Chlorophyll a Absorption Characteristics in Solvents

of Va:ious Polarizabi1ities and Dielectric Constants

Polariza- Dislectric Red Blue Viclet 0D, Blue

0.D. Vlolet

Solvent bi%éty const,E.De (mu) (mm) (mu) 0.0, Red 0,D, Red
é&fboa v
tetraghloride 2,13 2,24 665 431 ¥13 1.29 0,98
a=Chloro- v
naphthalene ?°§6 5.0u 668 ° 439 415 1,24 0,85
Carbon ,
disulphide 2,65 2,64 672 439 423 . 1.10 0,912
Acetone 1,85 21,20 €62 429 409 1,17 1,02
Fthyl |
ether 1,82 %,33 661 u27 407 1.22 1.08
Dioxane 1.422 2,29 862 433 412 1,28 0,98
cﬁxoroform 2,08 4,72 665 433 415 1.1 0,97
Pyridine 2,28 13,55 668,5 443 419 1.31 0,845
Methanol 1.77 33,64 666 430 415 1.0 1,0
Ethanol 1,85 25,07 664 u30 413 0.955 0,955
Propanol 1.91 20,1 666 432 n14 0.975 0,93
Butanol 1,95 17.1 667 433 415 0.912 0,965
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A Concantration Dependence Study of Chlorophyll a in Carbon Tetrachloride

Introduction

A fair number of studies have been made on the spectroscopi§
properties of aggregated dyes. In all cases the dyes have been ionic--
.80, thionine--and the solvent used in the study has been water (31).
It is; parhapso dnngeroua to draw conclusions from these rosults about
thd nggragation proparties of chlorophyll a, vhich is only clightly
polar and insoluble in water. Two workers, Lavorel (32) and Webor (33),
puggosted, on the basis of fluorescence atudiea, thaf chlorophyllJi
formed dimors in aleohol,

This suggestion was taken up by Brody (10,34), who 8tuéiod thé
phénaﬁoﬁon nore thoroughly and concluded, because of the broadoniﬂg
of tho red and blue bandz in the absorption spectrum of oonaentrnied
uoiutions (10~3 ¥/1) of chlorophyll @, that dimers were formed. By
subtracting from the spectrum of a concentrated solution of chlore-
phyll 4 the spectrum of a dilute solution in whigh the molecule wasg
- aspumed to be completely moncmeﬂcg he obtained a difference apéctvum
thoh ho claimed was characteristic of a dimer. The assumed splitting
df tho éonémoric peak to give a doublet at 682 mu and 648 my was attpio
buted to dimoré present in the concentrated solufiona Brody élao
gtudied the fluoresaence properties of his concentrated solutions,
Whon the fluorescence bands of the soiutiona were correlated with
tﬁo fluorascence bands of variocus algae at low temperatures he found
pignificant agreément (10), |
. An NMR experiment on chlorophyll a in carbon tetrachloride showed

anomalouas behaviour, which pointed to the aggregation of the chlorophyll
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in the very concentrated solutions used (0.05 M/1). In acetone the
spectrum could be readily assigned to the structure of chlorophyll a,
and so we were dealing in this case with avmoncmer, In V$ew of these
results, the visible absorption in the blue and red regibns of the
chlorophyll & spectrum was studied, using different conc@ntrations
of ghlorophyll & in carbon tetrachloride,

Exxperimental

Carbon tetrachloride reagent grade was refluxed over phosphorous.
~ pentoside for 3 hriand then distilled, with the middle fraction taken,
Dry crystals of shlorophyll a were weighed out and dissolved in the
" earbon tetrachloride to give a stock solution of 4,25 x 10~% M/liter,
which was diluted with carbon tetrachloride to give calculated con=
cgntrations, giving optical densities of approximately 0,7 when cells
hf path lengths varying from 2.5 x 10™3 to 1.0 em were used. The
‘vavious cell path lengths were obtained by placing spacers in a 1 em
cell, and the apectra were taken on a Cary 1l4R spectrometer at room
temperature,
Results

The extinction coefficients were calculafed by the Lambert-Beer
.pelationshipg and the extinction coefficients were plotted against
ths eorrespoﬁding wavelengths in the regions of the red and blue banda
for the different concentrations in Figures 11 and 12 respectively,
Canciusions

It can be seen from Figures 11 and 12 that the red and blue band
shapes are not constént over the range of concentrations of chloro-
phyll a in carbon tetrachloride studied, and there iz an enhanced

absorption in the red tails for the hands in the concentrated solutions
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over the bands in the dilute solutions. We are not prepared, on the
basfs of this experiment or on those of other workers, to ascribe

this offect to a rigid dimerisation of the chlorophyll a without

further experimentation, Therefore, no attempt was made to derive

any thermodynamic comstants for the association nor give any geo-
metrical properties of the dimer, as was done by Brody (34) from a theory

" of MoRae and Kasha (35).

We would prefer to ascribe the changes to a type of solvent effect,
due to chlorophyll a - ehlorophyI; a interactions of a non specific
nature. In accord with a recent theory of Pople and Longuet-Higgins (36),
it is suggested that the excited state of the chlorophyll g{molacule-
experionces London type dispersion interactions due to the close
proximity of other chlorophyll a molecules with high polarizability,
which bring about a lowering in energy of the excited state, compared
.with that which the single chlorophyll a molecule would experience
when surrounded by carbon tetrachloride molecules. This would result
{n & lowering of the energy of the alectronic tranaitions or, in other
WObda. the red shifts, which are seen in the spectra. There are,
thorefore, transitions in the neighborhood of 680‘mu present in the
céncentrated solutions of chlorophyll a in non polar media.

‘ Because the phencmenon of aggregation has been found i{n concen-
trated solutions of chlorophyll a in ethanol (34) and benzene (37),
then the occurrence of this property of chlorophyll a is well estab-
lfshed. In these systems of concentrated chlorophyll a there are

near-infrared absorption characteristics which are similar to those
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found in intact cells. For that reason these systems of concen-

trated chlorophyll a should be studied further,

The Optical Properties of Crystalline Chlorophyll a

Introduction

The only previous investigation of the optical properties of
crystalline chlorophyll a was reported by Jacobs et al, (21), who
showed that their crystals had an opticél transition in the near

| 1nfrared at‘735 1T v

VV We have now prepargd erystals by a method whiuh is in urinoipla ,
the same as'thgt used by these workers, and i3 the firat proeéduro
of preparation which was described in a previous section (38) on the
‘reuovery of chlorophyll a, This crystal form chlorophyll a is
designated au chlorophyll a (Cl). Chlorophyll a (Cl) is propareﬁ
by allowing the n-propanol from the chiorophyll eluate from fho
sugar column to diffuse into water, and as the n-propanol aontent of
the eluate reaches a low concentration, chlorophyll gtprecipifatés
out because ‘of 1ts ‘low solubility in 1sooctane¢ | ;

We also obtaincd crystalline chlorophyll a from the sugar

 column eluate without the presence of large quantities of watar,
and this fonn of chlorophyll a is designated as ohlorophyll a (c2).
Chlorophyll a (C2) precipitates apontaneously out of thaweluate
under conditions described in a previous section. Because chloro-
'pﬁyll 2'(02) was axpected to have more order in its structure, more
attention was devoted to this material, Before going on to discuss

the 6ptical properties of the orystals, a qualitative discussion of
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the crystallinity of chlorophyll a (Cl) and chlorophyll a (C2) is
given in the following section,

Qualitative Discussion of Chlorophyll a Crystallinity

When an isooctane suspension of chlorophyll a (C2) was observed
under a microscope, crystals of chlorophyllyg.in thin rectangular
-plates (0,05 mm broad and 0,1 mm long) were seen to be presént in a
background of smaller crystals (Fig. 13) (39), To conviﬁee ourselves
thoroughly of the crystallinity of these rather small particles, their
k—ray powder diffraction patterbs were taken by Dr. wf S. Fyfe (of the
Geology Department, University of Califcrnia), using a Norelgo X<ray
diffractometer. First of all, the degree of order present inm chloro-
phyll a (Cl) was compared with that in chlorophyll a (€2). Suspensions
of both theée particles Iin isooctane ware smeared on a glass plate and
thgir diffraction pattern taken, giving the spectra in Figures 14 and
15‘f§r chiorophyll a (Cl) and chlorophyll‘g (C2) respectively., From
the scattering angle 20 given by the spectrometer, taking A = 11,5418 £
gna using the Pragg relationship, nA. = 2d sin 8, the interplanar
apéﬁings ﬁera obtained and are shown at the various scattering angles
on the flgures. Chlorophyll a (Cl) (Fig. 14) gave poorly defined
scatterings from the planes, with spacings of 10.6 - 21 X and within
the planes of the shests at 4.23 and 6.35 R. Chlorophyll a (C2), from
its spectrum in Figure 15, has a sheetlike structure from the 10.6, 14,
and 21 R spacings, with relatively poor order within the sheets shown
by poorly defined spacings at 4.23 and 7.4 X. Therefore, chlorophyll a
(C2) has higher order than chlorophyll a (Cl), mainly in the stacking of

the sheets, but, as we shall ses below, the order in the crystal can be
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Fig. 13. Photograph of typical chlorophyll a crystal.
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readily broken down by drying and mechanical treatment,

Drying of the isooctans suspension of chlorophyll 3.(C2) in a
vaéuum dessicator gave the spectrum shown in Figure 16, and when the
particles, after drying and grinding in an agate mortar, had their
diffraction péttern taken, they gava the spectrum in Figure 17, It
can be seen from these figures that the order has bean partially
daestroyed, but mainly in thrqe dimensional planes, If it can be
agsumed that our chlorophyll a (Cl)‘is similar to the prepaiation
of Jacobs et al,, then from fhese simple obgservations it seems that
the ahlorophyll a spontaneously crystallized from a column eluate
has the highest order yet found. Storing the suspension inliso-
octane preserves the order. Chlorophyll E.(C2) should be the pre«
ferred physical state for studying the optical properties anﬁ ESR

of crystalline chlorophyll a.

Visible and Near Infrared Specfra of Crystalline Chlorophyll a

The visible absorption sﬁectrum of tha chlorophyll 2.(61) crystsls
dried in vacuo was first taken by the technique of Shibata, Benson,
and Calvin, which uses opal glass close to the cell containing the
sample dispersion to correct for scattered light from the particlés {40).
The spectrum of the dried chlorophyll a (C1) as a Nujol suspenaion is
| shown in Figure 18, A distinet red absorption band is observed at
738 mu, which is close to that obtained by Jacobs et al. (21). From
the X-ray observations it is probable that the red peak would be
shifted to shorter wavelengths on drying, and therefore the spectrum
of the particles suspended in isooctane was taken, A few milligrams

of the isooctane suspension of chlorophyll a (Cl) were resuspended in
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isoocténe. stirred with a glass rod, and then centrifuged for 20 min
at 2,000 rpm, The absorption spectrum of the supernatant isooctane
was taken without using any correction for the scattering fram the
very small crystals of chlofophyll g.(Cl) present in the isooctane,
The red absqpption peak of the particles was now found at T44 my,
which is 6 mp further to the red than that of the dried particles,

"~ indicating that drying also influences, but not to any greaf extent,
the near infrared absorption spectrum of the chlorophyll a crystals.

A few milligrams of chlorophyll a (C2) suspension were resus-
pended in fsooctane, stirred with a glass rod, and then centrifuged
for 20 min at 2,000 rﬁm. The absorption spectrum of.the supérnatant
isooctane which contained the esmall chlorophyil E.particles was then

taken at different temperatures,; and without making any corrections '
for the scattering of the small partloles presenf, The resultant
8pectra aret at room temperature, Figure 19a; after heating to
50° C for ;0 min, Figure 13b; and then after allowing the heated
solution to sit overnight in a refrigerator, Figure 19¢.

The isooatane suspension at room temperature had a red absorption
maximumvat 748 my, which is 4 my to longer wavelengths than chloro-
phyll a (Cl), and absorption in the region characteristic of_monomeric
chlorophyll & at 660 mp, There was also a shoulder on the 660 my peak
at 675 my wpich is characteristie of.perturbed-monomer transitions of
the type discussed for concentrated solutions of chlorophyll g.in
carbon tetrachloride. On heating the suspension to 50° C, the peak
at 748 mp in the absorption spectrum had decreased in intensity, bdt

still with a maximum in the region of 748 mu and indicating the
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presaence of crystals, In the heatad isooctane suspension there was
now an increased intensity of the 660-675 my absorption bands rala-
tive to the absorptions arising fron the crystallites, indicating
that the crystallites had broken down to give ménaners, and dimers.
On ¢ooling the heated isooctane suspension, a partial recovery of
the original spectrum obtained from the starting suspension was
obtained. The near infrared abmorption peak was now at 745 mu, and
there was a corresponding decréase in the intensities of the absorp-
tion bands arising from the monomer and dimers of the.chlorophylllg
present in the isooctane.

Conclusions

A crystalline form of chlorophyll & (C2) has been obtained
which has a& red absorption peak at 4 mu to longer wavelengths than
the crystalline chlorophyll a (C1) which is obtained by a water
precipitation technique. The effect of heating on chlorophyll a
arystals in isooctane suggests that chlorophyll a can exist in a
crystalline form, 2 monomeric fﬁrmo and a perturbad-monomeric form,
Bacause cooling of the heated suspension caused a small reversibilify
of the aggregation, care should be taken yhen interpreting the
spectral results from 1nveétigationa of cells at iow temperatures,
in which the chlorophylls could be aggrégating. This aggregation
of chlorophylls present in the cells could lead to artifact absorp=
- tion bands rather than an intensification of transitions already
present in the cellular material,

Chlorophyll a can exist in cells mainly in noﬁ-crystalline

form, or in very small amounts as the crystalline formj otherwise
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absorption of light by cells in the region of 750 mu would have been

observed, and this._indéed, has not unambiguously been found.

The Infrared Spectra of Chlorophyll a and Its Derivatives

Introduction

The infrared spectra of chlorophyll g_aﬁd its derivatives have
been intensively investigated for some time (9,41). Most of the
vibrations in the infrared spectrum of chlorophyll a have, there-
fore, been assigned to allvthe'prominent structural features of the
noléculo. such as the ring V keto group, the ester groups at Cy énd
C10¢ @and the C-H vibrations of the phytol group. There seemed to be
little that gould be added to the infrared spectroscopy of chlorophyll':}
However, in 1§55, Holt et al, (42,43), with the reactions of chloro-
phyll a and its molecular biology in mind, found in the most exhaustive
invastigation up to that point that the infrared spectrum of chloro-
phyll 3;1n non—bolar solvents (carbon tetrachloride) was different in
the region characteristic of the ring V keto group fram-thaf 6f the
- noiecule in polar solvents (ether). The most striking difference |
.between the infrared spectrum in the two classes of solvents was thc_
ﬁregengo of & vibration (1,650 cm=1l) in the carbon tetrachloride
solutions, which was attributed by these workers to an enolic form
of chlorophyll a. Chiorophyll‘i was theréfore {n a tautomerie

equilibrium when dissolved in non-polar solventst
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Further, chlorophyll a, it Was clqimed, could undergo thig Phenomenon.
?ut_its_dqrivativas,‘chlorophyll_Epanq»phgophytin.i, couldvgota The
presence of the formyl group iﬁ chlorophyll b and the removal of the
magnesium'from-chlorophyll»gj with the replacement of this ion with

two protons to give pheophytin a, were the factors in the molecular

~ “ gtructure which made the effect specific to chlorophyll a, If this

o ;ncmaly in the {nfrared spectrum of éhidrophyllbg;couidibe attributed
" fo the keto-enolisation of the molecule, and was specific to it, then
" this tautomerlisn has important consequences in the chemical reactions
" of the molecule, and perhaps its molecular biology.
The infrared spectroscopy of chlorophyll a can be used as a pos-
" 8ible analytical means of following the exchangs of the 036 fsotopa
" on the Cg keto group with the 018 {sotope from heavy water, which
 should give a calculated shift of 40 em™) to lowser frequencies for
the C=0 vibration, Now, having a new sample of chloéophyllrg_and
‘some of its derivatives available, a reexamination of the assignments
" of the vibrations in the infrared speatra of chlorophyll 2Land its
“darivatives (Appendix I) was in order. This work, although not novel,
'Qéa’required as a sound basis for a study of the anomaly found in tha
{nfrared spectrum of chlorophyll 3, and a laboratory catalogue of the
‘{nfrared spectra of chlorophylls would be built up which would be of
" value for future studies of chlorophyll é chamistry. Interpretation
of molecular spectra at frequencies below i,SOO‘cm‘l is not possible
because of the complexity of the molecular struatures involvedj;
neverthelass, the region below 1,600 cm‘l. called '"the fingerprint

region”, is valuable for identification purposes.
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An emphasis was placed on the study of the infrared spectrum of
chlorophyll a in varidus solvents, in different solid forms, and at
various concentrations in a non-polar solvent (carbon tetrachloride),
because Holt's claim that chlorophyll a existed in a keto-enol
equilibrium invnoh-polar solvents (carbonvtetrachloride) is cer-
tainly probable. However, the infrared measurements require con~ . -
centrations of chlorophylls (1 x 102 M/1) in carbon tetrachloride
which are greater Sy a factor of 400 in ooncenfration over the cone
centrations (% x 10-% M/1) which we used in the visible spectrdscopy@
As one spectroscopic investigation of the visible absorption region
of carbon'tetrachloride chlorophyll solutions showed deviations from
" {deality which were thought to arise from intermolecular perturba-
tions between chlorophyllg it would be reasonable to suppose that
~ the anomalous features of the infrared spectra ofAchlorophyll E_in
non-polar solvents were due to the same interaction and give a more
detailed insight into the association.

Experimental

Chlorophyll 3_and'¢hlorophyll b were obéained by previously .
ldéscribed techniques and were dried for 24 hr in a vacuum dessi-

cator before the solutions were made up, The mixture of pheophytins a
and b were prepared by ﬁdding a few dropsvof concentrated hydro-
chloric acid to a solution of chlorophyll a and b in aeetqﬁg water,
The chlorophylls had been separated from the other pigments on a

~ polyethylene column before treatment with acid.‘ The pheophytins‘
“formed in the acetone water solvent were then transferred to a small

quantity of isooctane, which was removed under vacuum to give the
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solid pheophytins. Methyl-chlorophyllide é_ﬁas cbtained by the pre-
viously described procedure, and methyl pheophorbide a was given to
us by Professor R, B. Woodward and Dr. A. Stoll. Solutions were made
ﬁp with reagent grade solvents except the carbomr tetrachloride, which
was dried and distilled from phosphorous pentoxide. The infrared spectra
were taken on & Beckman IR7 spectrometer.

Assignments of Vibrations in the ©,000 em~1 to 1,600 em~l Region of

the Infrared Spectrum of Chlorophyll g and Its Derivatives

The infrared bands in chlorophyll & and its derivatives were
assigned from the correlations between molecular structure and vibra-
tion frequencies to be found in the monographs of Bellamy (44) and
Brugel (45) and guided by the results of Holt (42}, who studied
derivatives which were not available to us. In this section the pos-
sible hydroxyl stretching frequencies (in the region of 3,400 cm~1)
will not be discussed and the anomaly which exists in the carbonyl
stretching region (1,700-1,640 cm™1l) noted, leaving these details for
a fuller discussion in the following section, which treats the anomaly
in more detail. The representative reproductions of the spectra from
chlorophyll a are as follows: chlorophyll a in carbon tetrachloride,
Pigure 203 chlorophyll a crystals (C2) (smeared on a silver chloride
plate as a thick isooctane suspension and then allowing the isococtans
to evaporate off), Figure 21; chlorophyll a crystals (Cl} in potasaium
bromide, Figure 225 and chlorophyll a in 1% pyridine:carbon tetra-
chloride, Figure 23. The most striking high frequency vibfations,
common to all of the spactra, are those at 2,960, 2,930, and 2,870 cm~—1;
these were best resolved in carbon tetrachloride and are clearly C-H
stretching vibrations originating from the large number of C-H bonds

present in the phytol chain, This assignment was confirmed by the
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lower infensities observed in the methyl-pheophorbide a spectrum
Iflé. 26) and methyl chlorophyllide a (Fig. 28) spectra., It i{s not
worthwhile to try to assign the particular C-H vibrations originating
from the phytol chain, as it is not a relevant part of the molecule--
i.e., as far as its photochemistry is concerned,

The next vibration present in all of the speatra is in the

‘pregion of 1,740 acm=l and, according to Bellamy (44), normal s&turated
esters, of which there are two representatives in the chlorophyll a
molecule at Cy and Cj5, have C=0 stretching vibrations from 1,735
to 1,750 em=1, It appears that in chlorophyll a the ester groups
vibrate at fairly similar frequencies and in general cannot be re-
solved, but it is pointed out that in woak;y acidlc solvents which
can hydrogen bond to these ester gréups the band is split--in mathanol
(Fig. 29F) two vibrations at 1,735 and 1,715 cn~1 are distinet, and
in chloroforn the vibration at 1,730 cm“i has a shoulder at 1,715 cm~1
{Fig. 29E)., Therefore, the vibration which occurs between 1,735 and
1,740 ém'l has been assigned.fo the C; and Cjo ester groups, with the -
‘exact position of the band showing a small solvent shift,
Tha next vibration is in the region of 1,700 cm‘lg_and its in-
- tensity depends on the physical state of tﬁe chlorophyll a, when the
infrared spectrum is taken on the crystals, and on the nature of the
solvent. Chlorophyll a in carbon tetrachloride and potassium bromide
show only one band at 1,642 cm-1 with the disappearanﬁe of the
1,700 cm~1 vibration, whereas chlorophyll a in pyridine (Fig. 23)
shows one vibration at 1,700 cm~! and the vibration at 1,655 cm~1 has

disappeared. These are the only striking and unequivocal changes in
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the chlbréﬁhyll’ébspectéum when its environment is changed, and it
" i{s clear that the 1,700 cm“lvaﬁd'leess em~1 vibrations are inter-
dependent, with the 1,700 cm~l vibration being the basic vibration
and subject to shifts to lower frequencies when the molecule's
enviroment is changed; Keto-groups have vihratioﬁs>in the range
' 1,7?5-1,690 em=l, with shifts to lower frequencies Whén“they are con-
jugated with C=C bonds or if they are present in rihg gystems. The
" vibration at 1,700 cm~1} is assigned to the Cg keto group, and the
°1,655 om'l'viﬁration associated with it discussed in the next section,

The remaining vibration in the chlorophyll E,Bpectrum'which can
be aséigned is at 10610 em=1, which does not undergo solvent shifts
and, unfortunately, is on the edge of some vibrations due to the
solvent, and therefore changes in the intensity of this vibration
with changes in solvent are not easily discerned. Having assigned
all the keto groupé present and noting that the only othar type of
'bbnds present in the molecule which could give rise to the vibration
‘at 1,660 cm~1 would be a vinyl group and a »C=C< present in an aromatic
system, Holt (#3) showed that bacteriochlorophyll which does not have
a vinyl group in its structure still has the 1,610 em~1 vibration in
'its'spéct.rum9 and therefore it must arise from the vibration.of an
aromatic >C=C< bond. Falk et al, (u46) have shown that in molecules
" where the éyclopenianone ring is broken--e.g., chloroporpﬁyrin~e5—~
the band at 1,610 cm=1 is not noticeable in the infrared spectrum,
Tﬁié suggesfs that it is close to the ring V of the moieculeD and
therefore the 196io em~1 vibration is assigned to the darbbﬁ-carbon
"double bond in ring IV, adjacent and partially conjugated with the

_ring V keto-group., If this vibration is due to the group assigned toit,
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sore variation in its intensity_is expected when its milieu is changed
because of its partial interaction with the Cq keto group. This
solvent effect seems to occur, but this was hard to confirm bacause
many of the solvents have absorptions close to the 1,610 em-1 vibration.

The asaignmenfs.for the spectrum of chlorophyll b in carbon
tetrachloride, shown in Figure 24, must esséntially be the same as
those given for chloreophyll a, but the vibrations arising fram a
C"g group must:now be present. The assigmments are, therefore: the
group of vibrations from 2,960~2,870 cm~! to the C«H's of tﬁe'phytyl
group and the alkyl groups on the chloring the vibration at 1,740 em~1
to the ester groups at C; and Cj.j the vibration at 1,705 em~L to the
Cg keto groupj and the vibration at 1,610 cm‘l to the carbon-carbon
doublae bond in ring IV and adjacent to thevcg keto group,

In the chloréphyll b spectrum there is a new, weak but distinat
vibration atAzgvuo em~1, which {s just outside the range 24900-2,700 cm=1
quoted by Bellamy (u44) for the C-} vibration of a formyl grbup. The
vibration present at 2,740 en~1 must, however, be due to the C-H in
thévférmy; group at C3 ir the chlorin nucleus. There is als¢ a new
vibration at 1,670 cm~l which only changes its shape when the chlﬁro»
phyll b spectrum is taken in various solvents, and again, according
to Bellamy, the fomyl group in saturated aldehydes have C=0 ﬁibra»
tions in the region 1,680-1,660 em=1, Therefore, the vibration at
1.688 em-1 is aséigned to the C=20 vibration of the formyl group at
C3 of the chlorophyll b molecule, The presence df both-these vibra-
tions at 1,870 gm‘l and 2,740 em™! help to confirm the assignments

of each one taken alone,
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In the spectrum of a mixture of pheophytins a and b, shown in
Figure 25, all the Qibrations found for chlorophyll a and b should
bg present, but now a vibration characteristic of two N-H groups which
are present in the pheophytins should also be present, There is a
vibration at 3,400 cm-1 which is assigned to the N-H vibrations, It
should be noted that another difference in the infrared spectrum of
pheophytins when compared with that of the chlorophylls dissolved in
carbon tetrachloride is the presence of a sharp vibration at 1,650 em=
arising from pheophytin b, The removal of the solvent dependent band
in magnesium-free derivatives is shown conclusively by studles on the
methyl phe&phorbides.
| In the spectrum of methyl pheophorbide a, shown in Figures 26 and
27, the N-H vibrations occur at 3,400 cmn~l, and a decreased intensity
of the C-l vibrations (2,960-2,860 en~l) is noticeable, which is
expected when the phytyl group is replaced by a methyl group. It is
also clear that the spectrum of metﬁyl pheOphorbide‘i in earbon
tetrachloride and chloroform are almost identical in the 1,800-1,550 ocm=1
region, indicating that this molecule was not behaving in the same way
as ’chlorophyll ao
Methyl chlorophyllide a, whose spectrum (Fig. 28) could not be |
measured readily in a non polar solvent, did show the same spectral
characteristics as chlorophyll a except for the decreased intensities
of the C-H vibrations. We remark that this is all that is required to
show that our preparation of methyl chlorophyllide a was sound,
A tabulation of the assignments given to the vibrations of chloro-

phyll and its derivatives are given in Table III,
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TABLE III

Assigmments of the Vibrations in the Infrared Spectra of Chlorophyll and Its Derivatives

Molecule

Chlorophyll a
(c2)

Chlorophyll a
(c1)

Chloroph}ll a
Chlorophyll a
Chlorophyll a
Chlorophyll a
Chlorophyll a

Chlorophyll a

Chlorophyll a

Chlorophyll a

Solvent

Crystals on
AgCl

Crystals in

- KBr

Carbon

Tetrachloride

Carbon
Disulphide
Benzene

Chloroform

1% Pyridine in

Carbon»Tetrach.

Ethyl Ether

Methanol

0.5% MeOH
in CClu

E

]

(Frequencies in cu~1)

Ester C7
Formyl and Cg Keteo Cg Aggreg. Formyl
C-H C-H >C=0 C=0 -~ Band C=0 >C=C<
2870 - 1735 - 1642 - 1608
2970
2880 - 1740 1695 1665 = 1610
2380
2870 - 1735 1695 1650 - 1610
2960
2860 - 1736 1695 1650 - -
2970
2850 - 1735 1694 1650 - 1610
2970
2860 - 1730 1678 Shoulder on - 1610
2960 1715 1678 (?)
2875 - 1740 1700 - - 1610
-2970
- - 1738 1708 - - 1608
- - 1735 1665 (?) - -
1715
- - 1735 1695 1650 - 1610

Si



Molecule
Chlorophyll b.
Chlorophyll b
Chlorophyll b

Chlorophyll b

Pheophytins
a &‘2

Methyl

Solvent

Crystals in
KBr

Carbou
Tetrachloride

Ethyl Ether
Chloroform

Carbon
Tetrachlorids

Pheophorbide a Carbon

‘Tetrachloride

Methyl

Pheophorbide a Chlorofora

TABLE III (Cont'd.,)

. Ester C :
Formyl. and Cgq Keto Cg " Aggregs Formyl
Eﬂi C-H C-H >C=l C=0 Band C=0 > CaC<«
= 2870 Shoulder on
2980 27480 1740 1705 1670 1670 lGlQ
- . 2870 | Shoulder on
2960 2740 1740 1708 1668 1668 1610
- - - 1743 1710 - 1670 1610
- - - 1725 Shoulder on
1732 168S 1655 1662 1610
3400 2860 2720 17580 1705 - 1668 1615
=29860
3400 2860 - 1740 1705 - - 1620
«=2960
3400 2870 - 1735 1696 o - 1610
=2960

9L
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The Infrared Spectrum of Chlorophyll a in Various Solvents, in

Different Solid Forms, and at Various Concentrations in a Non-polar

'Solvent

The purpose of this study was to investigate the nature of the
phenomenon leading to the presence of a vibration at 1,650 cm~l which
appeared in the chlorophyll a spectrum when the molecule was dis-
solved in non-polar solvents but was absent in the spectrum when
taken in polar solvents,

In Figure 29 is shown the infrared spectrum of chlorophyll a in
various solvents in the region 1,800-1,550 cm'l. and it can be seen
immediately that the spectrum of chlorophyll a in this region varies
markedly with the state of aggregation of the chlorophyll a and the’
nature of the solvents, In the spectrum of crystalline chlorophyll a
(C2) on a silver chloride plate the vibration at 1,700 cm~l {s com-
pletely absent and has presumably shifted to 1,642 cm“l, whereas the
poorer cr}stalline form of chlorophyll a (C1l) in potassium bromide,
which in itself could lead to a breakdown of the order of the crystal,
does not have a vibration at 1,642 cm~l but has been shifted to 1,665 cm~1
with a vibration at 1,695 cm~1 plainly present. It has already been
shown that the spectrum of chlorophyll a in carbon tetrachloride
(Fig. 20), and also in the two other non-polar solvents, carbon disul-
fide and bénzene, that there are vibrations at 1,695 cm~1 and 1,650 cm=1,
The intensity of the 1,650 cm~1l vibration in the benzene solution of
chlorophyll has been reduced. When the chlorophyll a is dissolved in
weakly acid solvents, hydrogen bonding to the keto groups in the chloro-

phyll a molecule results in pronounced solvent shifts of the keto group
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vibrations., The chloroform hydrogen bonding interaction partially
splits the vibration in the region of 1,740 cm~}, which has been
ascribed to the two eater groups at Cy and Cyos to give a band at
1,730 cm=l with a shoulder at 1,715 cm~l, and in methanol the effect
is more pronounced, resulting in two distinect -vibrations at 1,735 em~1
and 1,715 em=1, Between these vibfations and the vibration at
1,610 om™! there 1s a broad intense vibration at 1,678 cm~} in
chloroform and 1,665 cm=1 in maethanol, which is ascribed to the ring V
keto group undergoing a variety of hydrogen bonding effeats with the
solvent, and perhaps the 1,650 em~! vibration lying underneath. In
weakly basic solvents and non-hydrogen bonding molecules (as far as
.the chlorophyll a molecule is concerned) there is only one sharp
vibration,at 1,708 em~l in the ethyl ether and 1,700 em*1 in the
pyridine, batwean the 1,740 em~1 and the 1,610 cm~1 vibrations alse
present in the spectrum. In these solvents, therefore, the inter
action which leads to the presence of a ‘vibration in the region of
1,850 cm=l has been removed., The strange behaviour of ohlorophyll‘g
in various states of aggregation and in various solvents haa now been
demonstrated. Consideration shall now be given to what happens to a
chlorophyll a derivative's infrared spectra where & formyl group,ﬁasv
replaced a methyl group at C3 (chlorophyll E). or there has been
removal of the magnesium atom Ffrom the center of the ring and intro-
duction of two protons (methyl pheophorbide a), ﬁoth of thesé re-
placements could alter the electronic properties of the molecules
and prevent keto-enolisation, as was suggested by Holt (43).

In chlorophyll b the C=0 vibration of the aldehyde group obscures
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the region of intepest, but it can be seen In Figure 30, where the
spectrum Qf chlorophyll 2 in the three classes of solvents has been
given, that the.chlorophyll b spectrun is similar to chlorophyll a
in carbon disulfide. However, the C=0 formyl vibration at 1,655 cm-1,
which {s mainly due to the C=0 vibration of the formyl group, also
has a pronounced shoulder in carbon disulfide which is not present
in the chlorophyll b spectrum in ethyl ether, This assymetry of the
1,655 an®l vibration of chlorophyll b in carbon disulfide fs ascribed
to an underlying vibration similar to that found in chlorophyll a

igolutions in non-polar solvents and indicates therefore that chloroe
phyll b shows the same solvent interaction behaviour as §h1orophyll a.
This is in contradiction to the work of Holt (43),

The methyl-pheophorbide a‘'s spectrum (Figs. 26 and 27), as has
élready baen.pointed out, is identical in a polar and a non-polar
solvent, and therefore the presence of the magnesium atom is in fact
a factor in the production of the vibration at 1,550 em~l in solutions
of chlorophyll derivatives,

If keto—eholisation was ﬁresent in the non-polar solvents, then
it could conceivably be broken down in the polar solvents, and we
must therefore not only look at the keto region for evidence of the
‘effect, but also in the hydroxyl stretching region, where the polar
éolvents presumably would show some effect,

Unfortunately, even in carefully dried chlorophyll a water is
likely to be present due to bonding with chlorophyll a, The majorit§
ofvthe chlorophyll a spectra show vibrations of small intensity, pre-

sumably due to the presaence of hydroxyl bonds, but they cannot be
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assigned readily and certainly not to an intramolecular hydrogen
bond. The infrared spectrum of chlorophyll a (Fig. 31), dried for
24 hr under a vacuum of less than 5 microns, was obtaimed in carbon
tetrachloride dried over phosphorus pentoxlide using a long path-
length to accentuwate the vibrations in this region. This spectrum
shows several vibrations which are tentatively ascribed to frees
water or water loosely bound to chlorophyll & (47). When the
spectrum of the same sample is taken in 0,2% pyridine-carbomn tetra-
chloride (Fig. 31)9.these vibrations are removed and a broad band
at 3,400 emi is obtained, which is due to water bound teo pyridine
(47). One further fact is that the vibration at 1,740 em™1, due to
the ester groups, splits on strong association with an hydroxyl group,
as shown by the spectrum, when taken in methanol. It is seen from
the spectra in non-polar solvents that this vibratlon is unsplit,
which it should be if an enol form was present. There would sesm to
be a very broad and weak band which underlies the C~H regions, but,
because of the limited range of solution strengths which are accessih;ea
this region could not be investigatad more thoroughly. It would seem,
therefore, that traces of water are causing the vibrations found in
this region, and the investigation was concentrated on the carbonyl
region, to study the anomalous effect.

If chlorophyll a was undergoing a keto-enol tautomerisation in
non-pdlar solvents, and the presence of the vibrations at 1,700 cm~1
and 1,600 cm~1 were evidence for the presence of both forms, then it
is expected that relative intensities of these vibrations would change

as the concentration of the chlorophyll a was varied in a non-polar
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solvent, The effect of changing the chlorophyll a concentration on
the intensities of the vibrations between 1,800~1,550 ecm=l i{s shown
Ln.?igure 32, and it can bs seen that on going from high to low cone-
centrationa the intensity of the 1,650 em~} band decreases, whereas
the intensity of the 1,700 em~! band inoreases with respect to the
1,740 gm‘l vibration, This demonstrates that there is some inter-
molecular assoclation between the chlorophyll 4 molecules which leads
to a shift of 50 an™* to lower frequencies for the Cs0 vibration of
the ring V keto group, while the egster group vibrations remain un=
~ altered. The shape of the 1,650 em~% vibration also undergoss changes
on dilution, pointing to saveral steric interactions with the keto
group, with no specific imteraction being present, It has already
baen shown by the study of the methyl pheophérbides that the presence
of magnesium in the center of the molecule is necessary for this
association in non~polar solventz., What there must be, then, in
non-polar solutions of chlorophylls a and b i1s a weak contact inter-
aoction between the ring V keto group of one chlorophyll moleculs
with the central magnesium of another chlorophyll molecule, as shown
in Figura 33, It is well known that ethers, ketones, and pyridine
form 1ltl complexes with chlorophyll a molecules (48) at the central
magnesium atom, and so the sterically hindered ring V keto gioup of
3 chiorophyll a molecule, even in eohcentratad solutions of these
solvents, could not displace the ligands donated from the solventj
because of this, the chlorophyll is prevented from associating, Ths
infrared spsctrum in the region 1,650-1,800 cm~) of chlorophyll a (c2)

crystals (which, from the X-ray diffraction studies are known to be
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ﬁighly orderea) and chlorophyll 2_(Cl) (which has poorer order than
C2 and probably has several defects -in its structurae) have been given
{n Figure 32, to show that on going to crystalline form the agprega-~
ti{ion becomes nearly complete iﬁ chlorophyll a (Cl) and complete in
chlorophyll a (C2), thus leading to shifts of 50 cm=l for the 1,700 cm~l
vibration, The main crystal force present is a weak interaction between
magnesium of one molecule and the keto group of an adjacent molecule,
giving a stacking of the molecules similar to a distorted pack of cards
in one dimension.

Conclusions

The infrared spectra of chlorophyll a and some of i1ts more
important derivatives have been obtained and assigmments of the
vibrations arrived at without any conflict with pravious workers.
The assignments of the vibrations are aiven in Table III.

It has been shown that chlorophyll a and most likely that
chlorophyli b both assocciate in non-polar solvents through a weak
carbony l-magnesium interaction, leading to a vibration in the region
of 1,650 cm=1, which was formerly ascribed to an enolic form of the
chlorophyll a present when the molecule was undergoing a keto-enol
tautomerism. A major interaction in crystalline chlorophyll is a
waeak carbonyl-magnesium bond, and this could be proved {if a orystal
structure détermination was made on the crystals,

A more‘detailed understanding of the infrared of chlorophyll a
in'various states of aggregation and.solvent milieu has been obtained
and could perhaps be used for investigating the physical state of the
molecule in the cell and give a surar guide to the reactions of the

molecule in solution, aspecially its exchange reactions with H2018.
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Proton Nuclear Magnetic Resonance of Chlorophyll a

Introduction

The technique of proton nuclear magnetic resonance (NMR) has bean
ﬁid@ly used for ﬁ.nvastil.gating the structuraes of large organic molecules
- (49), and recently the chemical shifts of proton resonances from por-
phyrins have been assigned to the already known groups in these
molecules (50-54), A striking feature of the NMR spactra of por;
phyrins is the rescnances in the region of 600 cps on the low fleld
side of those originating from the internal standard tatmaﬁethyl
silane (TMS) and which were readily assigned to the maethine-~H protons,
The protons of benzene also occur at low field, and this result was
aseribed to the ciﬁculation of the aromatic pl elsectrons around the
-ring, thereby inducing magnetic lines of force which are i{n the same

gense ae the static magnetic fleld at the peripheral protons on the

ring (49-55),
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A similar explanation to that given for the low fleld benzene proton
resonances was given for the low field proton resonances of porphyrins,
" The assumption was madé that the porphyrins are aromatic moleculea, and
therefore planar in structure, which is a necessary condition for the
circulation of the electrons, However, a recent crystal structure
determination of nickel etioporphyrin (56) showed that it was non-

planar, and {f this non-planarity of porphyrins is in general trus,
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than the above interpretation of their NMR will not be correct. It
is still, however, possible for the circulating pl electrons {n each
of the pyrrole rings which make up the porphyrins to have induced mage
netia fields which give fields in the region of the methine~H bridge

protons., Each methine proton is then in

‘?}:‘- "l/ - .Z i s » T
s 3 M. ”‘
i Lo )
\ Nl e s i e Tnduced molecular
B ostatlc magnetic field
Methine proton in 2 waguebi. ji=ld

the field of the resultant of two molecular magnetic fields, arising
fron the two pyrrole rings on elther side of it, There is a second
ordar effect from the pi electrons of the double bond present in the
maethine bridge, which ia smaller. Chlorins, of which chlorophylls
are an aexample, have one of the pyrrole rings reduced (in our nomen~
clature, ring IV), anl therefore the proton which is situated between.
& pyrrole ring I and a reduced ring IV only has a magnetic field con-
tribution from one ring, whereas the alpha and beta maethine-H protons
see contributions from two pyrrole rings. This should make the
resonance of the delta methine protdn come at higher field than the
alpha and beta protons,

Because the chlorins, according to the reasge#ing given above,
should show similar NMR behaviour to the porphyrinas, it should be
possible from the reported correlations on the porphyrins to give
assignments to the chemical shifts of protonson the chlorina, In
particular, the delta methine-H proton, for reasons given above, and
the Cjg proton, which is uncoupled to any other protons in the

system, should both therefore appear as a single line w{th an infensity
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aquivalent to ona proton,
Our major interest in the NMR of chlorophylls was as a tool for
foiléwing exchange reactions of chlorophyll a or chlorophyll b

in vivo or in vitro, If all of a particular proton in a sample of

chlorophyll was substituted by deuterium, the proton resonance for
that proton would disappegr, showing that ona proton out of seventy-
two had been exchanged~-a result hard to obtain by other techniques
of analysls. With a gorrect assignment of a particular proton's
chamical shift, it should also be possible to locate the site of the
exchange in the molacule.

Experimental

Thé'chlcrophylls wera prepared as described previously, and the
methyl pheophorbide a was obtained from Professor R, B. Woodward.

The pigments‘were dissolved in deuterated solvents (acetone-dg and
chioroform-d) or in carbon disulfide, to glve a saturated solution

of approximately daou M/1, and sealed in tubes designed to sit snugly
in the spectrometer probaes.

Tetramethylsilane (TMS) was added to the solution of the‘ohloro~
phylls as an internal reference. In certain cases, due to the poor
atability of the abparatus, which made the calibration unreliab%g at
low flaelds, the proton of the undeuteratad chloroform of the solvent
was used aé a reference for low field chemical shifts. Reéonanceﬁ
are reported in terms of the chemical shift ké), where

§ = Vproton - VTHS

oPoele
) PoPo

and a positive sign given to peaks which occur on the low field side

- of TMUS,
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The spectra were taken on a Varian A-60 NMR spectrometer operating

at 60 Mo/sec at the probe temperature (30°)., The spectrum of chloro=
phyll & in carbon disulfide was obtained by computer averaging§ using
a C.A, T, computer (Model 400-2-Pulse Height Analyzer, Technical
Measurement Corp., North Haven; Conn.), over many spectra run on a
Varian A-80 spectrometer at Varian Asaociateé laboratory. The scan-
ning rates were 1 ops/ses or 0.5 cps/sec in the low field region of
the protons and the error in the chemical shifts (§) ¥ 0,05,

Results and Discussion

The spectra of the chlorophylls are given as recorded on the
spectrometer chart, because, although the majority of the assignmenﬁa
to be given will probably not be altered with further investigations,
there are a few--especially thosae in the high field region close to
the large number of resonances originating from the phytyl protqusaw
which must bs at this time considered tentative. Unfortunately, it
is not possible at ths present time to give the spectra of the methyl
chlorophyllides because of their extremely poor solubility lﬁ the .
_solvanta which can be used. for NMR, but the spsctra can no doubt be
found in the future by using the C.A.T. techniquse. |

A starting point for the assignments of the chemical shifts is.
to make use of the correlations betwean structure and chemical shifts
obtainedvby previous workers for the porphyrins given in Table IV,

The simpiest molacule structurally in the-series of molecules
studied was methyl pheophorbidegD which does not have a phytyl chain.
The proton resonances from the phytyl chain are in fact irrelevant,
and obscure resonances, originating from hydrogens belonging to gpoﬁps

cn the chlorin ring. Methyl pheophorbide a is insoluble in acetcne-dg



Molecule:
Solvent:
Group Proton

Chlorin ring protons

Methine
H

Formy1l-3
H

Vinyl 2
CZ‘E=CH2

Vinyl 2
Ci=CHy

Cio-H

Ethyl
CHoCHg
C10
-0CH
C3'
OCHg

TABLE IV

The Chemical Shifts of the Protons in Chlorophylls

é in p.p.m. from Tetra methyl silane

Methyl Pheophorbide a Chlorophyll a Chlorophyll b
Chloroform~d Acetone-dg Chloroform-d

Chlorophyll a
(Predicted from srectra
of previous work)

9.25 9.85 9.75

3,05 9,30 9,30
§ 8.5 § 8,09 é§ 8,09
8.0 8.19 7.68
7.8 8.00 (poorly
7.7 7.90 resolved)
7.5 7.68 )
6.28 : 6,30 6.12
6,12 6,00 5,70
: - Bel4 {poorly
resolved)
5.95 _ 5.84 5.75
- 4,35 3,25 3.93
(quartet) (quartet)
3.6 3.8 3.7

3.6 : A - -

~ (Cont'd,)

9,73
19,57
8'8.90

8.3

5.35

3.94

3.8

A3



TABLE IV (Cont'd.)

Molecule: Methyl Pheophorbide a Chlorophyll a Chlercphyll b Chlarophyll a
‘Solvent: -  Chloroform-d Acetone-dg chloroform-d (Predicted fram spectra
, of previous work

Chlorin ring protons (Cont'd.)

Methyl 3.85 3455 3425 3.6
1, 3 amd 5 3.3 3.3 3.2 3.2
2.59 3,2 3,2
8-CH, 2.5 2.58 (?) 2,67 2.28
Etnyl log 2.38 2.2 ’ 1069
CH?CEB
O B .
8-CliyClip=C 1.9 1.8 1.9 -
: 245 ' 2.38 - : o
Phytol Protons
CHpO Me te
C=C —cs=c¢ CH - - 5.17 5,0 -
H ¥e 1.72 1.80
- —_ 1.18 1.20

€6
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.but soluble in chloroform, and its spectrum in this solvent is shown
in Flgure 34, There are three distinct proton resonances at low
fleld ¢ = 9,25-8,5, whose intensities are equivalent to single
protons and according to the intvoductory argument and previous

work are clearly due to the methine-~H protons. The g.proton differs
from the alpha and beta protons because it is 1@ close proximity to

~ one pyrrole ring, unlike the alpha and beta protona, which are be=
tween two pyrrole rings. The resonance at § = 8;59 wﬁich is at the
highest field of the three single downfield resonmnces, is therefore
assigned to the §-proton. The resonances at § = $,25 and 9,05 are
assigned to the alpha and beta protons, without being able to dis-
tinguish between the specific protons, Just on the low field side

of thé s-proton resonance (8.5) there fs a quartet (Sv? 8.18, 8,00,
7;90 and.7°68)'which has a total intensity équivalant to one proton,
and from pf@vious studies (53) and the argument that it is d§wﬁfield,,
it suggests‘i-electbon conjugation with a complex splitting due to
ooupling with otheb ﬁrotonse This quartet can only arise from tha
singie‘proton nearest the ring of the 2-vinyl group. There is a |
comp;ax group of resonances in the region of 6§ = 6,00, and héving an
intensity equivaient to thres protons. If the resonance at § » 5,85

| is notvtakan into account (with aﬁ intenéity approximately equivalent
to one proton) and we then consider the remaining resonaﬁces’in §on—
Aﬁunﬁfion with the quartet previously assigned, the structure of the
lines is characteristic of a vinyl group. The protons in this regioﬁ
had also been previously assigned by other workers to the two protons
vémaining on the Qinyl group, and thefefore the resonances at‘G 6,28

~and 6,12 were assigned to the two protons on the 2-vinyl group, but
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NMR  spectrum of methyl pheophorbide a in chloroform-d.
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the coupling constants betwaen the protons have not been evaluated
because of the poor resolution possible from the spectrometer., There
is only one remaining single proton in the molecule which is presumably
uncoupled to other protons; and therefore the resonance at § 5.95 was
assigned to the Cjp-H proton on ring V. At 6 4,35 there is a quartet
which could only arise from the coupling of Biéﬂg group with a CHjy
group, and it is at low fleld, indicating that it is close to the

ring current. The resonance at § 4,35 was therefore assigned to the
CHz of the M-sthyl group on ring II. The methoxy group protons; of
which there are six in the methyl pheophorbide a, have been shown

in many molecules to have chemical shifts in the region of & 3,60,

The moat intense resonance line in the methyl pheophorbide a spectrum
is at § 3,60 and ia clearly due to the methory group's protons., Therae
are three methyl groups in the methyl pheophorbide a molecula, and
these wére easily assigned to the resonance lines at § 3.35; 3,3 and
2,59 without being able to assign them to specific methyl groups.

The assignments from this stage on must be considered more
tentative than those given above. The remaining protons are not
undar the influence of the rihg currents and for this reason are not
distinctly separated. There are two groups of resonances at § 2,5
and 6 1.9 which belong to the CHy of the athyl group at Cy and the
groupa on ring IV which are subject to spin-spin coupling, causing
a complexity that is hard to unravel without the use of molecular
analogues (which were not available) or the use of spin-spin decoupling
experiments (57)., Because many of the porphyrins showed the CHy of
the ethyl group to be within the range of § = 1,73-1,97, then the

CHy group of the 4-athyl group in methyl pheophorbide a can be
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assigned to part of the regfon around & = 1.9, Caughey (54) assigned
the 8~CH3:groap in chlorin-eg trimethyl ester to a resonanace at & 22,28,
and thercfor;‘part of the resonance atvﬁ = 2,5 was assigned to this
group. However, the intensity of this resonance is greater than that
ééqnired for three protons and is about equivalent to four and is
‘prdbably due to contributions from ather groups in this regign. The
tosénan;eé of the raméining protons present in the ~CH2-6H2~C~d'and
- C-G groups ars assigned to the remaindev of the resonances present
Et 6% 2.5 and 1,9,

Tho assignnenta of the resonances of chlorophyll a in acetone-dy (Flg. 35.
are casantially the same as those givon for methyl phaophorbida 2, and
thelhhytdl'group resonances are read{ly picked out from tha'npectrum of
phytol alcohol (No. 346) given in the Varian NMR catalogue (58). Here
agaln. the resonances of the groups on the reduced ring IV are hard to
unravel because they are obscured by the intense resonances of the
phyt§1 proton rosdnances. However, these resonanceé are not particu~
larly relevant to our problem,

Chlorophyll b differs from chlorophyll a in structure only in
_thc replacement of & 3-methyl group for a formyl group. This change
'1n structure i{s evident in the NMR spectrum of the chlorophyll E
(Fig. 36), where there were only two rescnances (§ = 3,25 and 3.2)
which were charactarisfic of two methyl groups instead of thres, as.
in the chlorophyll &, The aldehyde protén resonance is a unique
resonance because of its proximity to a keto group thch has a large
magnetié anisotropy, resulting in proton veson;ncas_in the region of

8 »= 9-10, Because the resonance at 6 = 9,30 in the chlorophyll b
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Fig. 35, NMR spectrum of chlorophyll a in acetone—dé.
(See also page 98).
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spectrum has an intensity equivalent to two protons, it is concluded -
that part of it is due to the proton on the 1l-formyl group.

In some of the first experiments an attempt was made to obtain
the NMR spectrum of chlorophyll g'in carbon tetpachloride or carbon
disulfide, in order to investigate the solvent affects on chloro=-

phyll a which had been detected in the infrared spectroscopic expari-
ments, At the time that the NMR experiments were attempted on solu-
tions of chlorophyll.a in carbon tetrachloride the anomaly in the
infrared studies on the same syatem were ascribed to keto-enol
~ tautomerism, However, a reasonable spectrum could not be obtained
from solutions of chlorophyll a in non-polar solvents from the Varian
A-60 spectrometer due to poor sensitivity, but through the use of the
continuous averaging of many spectra (59) with a C4A,Ts computer at
Varian Associates laboratory, clearly defined NUR spectra of chloro-
phyll a in carbon disulfide (Fig. 37) and acetone-dg (Fig. 38) were
“obtained.

It can be gseen from the chlorophyll a spectrum in acetone that
no new knowledge had been pained from this more elaborate experiment,
but a proton NMR spectrum of chlorophyll a at high concentrations
(v 0,05 M/1) in a non-polar solvent (carbon disulfide) was obtained,
which could not be obtained by conventional means, All that éau be
said at the present time about the NMR of chlorophyll g.in non-polar
solvents is that the spectrum is not éharacteristic of the monomeric
chlorophyll a and is no doubt due to the same type of intermolecular
interactions which were detected in the visible and inffared spectroscopy.

The collected assigmments of the chemical shifts are given in Table 1V,
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Conclusions
| The NMR of chlorophyll a, chlorophyll b, and methyl pheophorbide a
havé baen obtained, and their most relevant protons (as far as exchange
sfudies are concerned) at Cj)p and the delta methine bridge have been
found to have chemical shifts in the region of 6 = 7,5-5,95 and
§d = 8,5-8,1 respective;y. The structure of the préton-pvoton split-
ting arising from the vinyl group changes in the different molecules
studled and reflects the alteration of the pl electron conjugation
throughout the molecule, due to the presence of different subst{tuents,
However, the introduction bf a magnesium atom into methyl pheophorbide a
: td'give chlorophyll a does not essentially altér the positions of the
peripheral proton chemical shifts, and therefore the magnesium does not,
1by this tést. seem to alter the electroni¢ enviromment of the peripheral
groups on the ring to any great extent. | ]
The NMR speotra of chlorophyll a in non-polar solvents at high
eoncentrations are difficult to obtain without the use of a computer
for‘averaging runs of many spectra. In fhe future it should be pos=
" sible by the use of a computer to obtain the NMR spectrum of chloro-
phyll ﬁain non~polar solvents at low concentrations and also perhaps

from a concentration dependence study, learn more about the chlorophyll-.

chlorophyll interactions,



103

The Llectron Spin Resonance (ESR) of Plant Extracts and Chlorophyll a

Introduction

A logical step in the investigation of unpaired electrons induced
by light in photosynthetic systems is the study of ESR signals from
the organic solvent extracts of the original systems. It is a
reasonable supposition that chlorophyll a, which makes up a large
fraotion of the extracted mixture of pigments, is an important factor
in the production of light-induced ESR signals, in these extracta,
However, one must remember thaf in ESR experiments the physical form
of the molecules in the cell and the other pigments with which it ia
associated can Influence the production and nature of the unpaired
alectrons., Trying to reproduce the construction of the cell's atruc-
ture, in which the chlorophyll a's physical form is probably that of
a disordered monolayer (12,13), is not easy and could not be attempted
until a sample of pure chlorophyll a had been obtained.

Sogo, Jost, and Calvin (60) made preliminary experiments on

methanol extracts of Chlorella and Rhodospirillum rubrum, relatively

pure photogynthetic pigments, and mixtures of these pigments. The
ESR signals obtained in their tentative experiments were irreproducible
and differed in their signal characteristics (line width, rise and decay
time) from the biological material, The extract of plant pigments when
made Iinto films gave signals that were dependent on the gases absorﬁed
on their surface, and their line width was much narrower than that of
the blological materials which they had previously investijpated.

5. 5. Brodv, et al, (Gl) have investipated the ESR of solutions

and microcrystals of a sample of chloroohyll a obtained by the pro-
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cedure of‘Jacobse Valter, and Holt (21), which, presumably, was the
purest sample of chlorophyll g’obtained up to that time, The crystals
ha@ a dark signal, and a photo~induced signal with a quantum yield of
140 The solutions of chlorophyll a (10-3 M/1 in pyridine) had no dark
signal, but & photo-induced paramagnetism of 3% quantum yield was ob~

~tained when the samples were tested in an ESR spectrometer,

‘The present work reported here was in the nature of "sighting

experiments®, desigﬁed to got some faeling for the ménipulation of

thé extracts of plant pigments and, from the crude‘measuremgnté, some
suggostidns of paths to be taken in a more detailed study of ESR signals
in extracts of biological materfals, This work, in fact, prompted the
.search for a means of separating the plant extract into its éompononti
(Appendix II) and qbtaiﬁing a sample of extremﬁly pure ehlo&ophyll a,
which could then be combined (under controlled conditiona) with other
~plant pigmenfs to give a system with properties similar to the originali
plant extract or even the cell,

The ESR signal which resulted froam the crystaliina chlorophylt‘g
obtainad by the procedure already described i1s compared with the signals
obtained by Brody from erystalline chlorophyll a prepared by the method
| of Jacobs, Vattaer, and Holt (21),

Prepardation of Films for the ESR Spectromater

Tha plant material from whiah the axtracts wep§ prapared was
éhlorella grown under steady state coﬁdltions. A 250vm1 sanple of
Chlorella culture was centrifuged at 2,000 rpm for 10 min to remove
tha culture medium. The waet-packed algae (about § cof were washed

twice with distllled wataer, extracted with 100 ml of 100% methanol
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(reagent grade) at room temperature for one hour, and. the insoluble
“residue centrifuged down, The methanol extract was made into a
sample suitable for testing in the LSR spectrcmeter (described in
roferencea 60) in three wa}ss

(1) The extract obtained by the above procedure had the solvent
ramoved under vacuum in a 200 ml flask, The sticky material in the
flask was soraped out and applied to a silvered copper rod.

(2) The flask was rinsed with 2 ml of petroleum ether, and this
__petroleum ather solution of pigments was placed in a quartz sample tube
- with dimensions 8 cm by 8 mm 0,0, Ths solvent was carefully evaporated
off with the application of gentle vacuum, leaving a film of pigments
(oarotenes and chlorophylls) about 0.5 mm thick on the lower 1.5 em
of the tube,

{8) 100 ml of the methanol extract was treatad with 50 ml of
petroleum ether In & separatory funnel, with the addition of distilled
water; drop by drop, until twoc phases were obtained. This phase
separation removed the majority of the xanthophylls and left the
chlorophylls and carotenes in the supernatant phaée, which was col-
lected and evaporated onto the lower part of the quartz tube in the

game manner as in procedure (2),

The preparation of the films {2 summarized in Figure 39,

Electron Spin Resonance of Plant Pigment Extracts

The film prepared by method (1), when tested in the spectrometer
for ESR signals, gave no signals when it was dry, but when it was
“doped” with small. (unknown) quantities of water it gave white light=

induced signals. Several samples gave signals of similar form (line
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Algae culture (250 ee)
!Centrifuge (removes paramagnetic
1 ione in nutrient)
WQ$-packad Chlorella culture ( 5 cc)
(1) Wash twice with distilled H,0
and centrifuge

(2) Extract with 100 ce absolute
methanol

Insoluble ma@erial
(discarded)

'Phase separation
" (Petroleun ether

Water-mgihanol Petroleém ether
phase phase
(Xanthophylls) ( Chlorophylls ard
carotenes ) SNV

Methanol extract (100 cc)

/\

Evaporate under vacuum

Paste

Add petroleum

. A\
Petroleunm Vv ‘
ether solution of: Petroleum ' Mathanol film
pigments ether Tlim(3) . {procedure 1)

(phase separated)

A

Petroleun-ether fiim(2)
(nen-phase-separated)

Fig. 39, Chlorella Extraction and Film Preparation
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width about 6 gauss) but were not veproducible in intensity and rates

of decay as had bean found by Sogo, et al,

Films preparad by method (2) (using petroleum-ether washes of the
extract), deposited on the quartz tube, save much higher yields of free
spins and were more reproducible from zampla to zampla., Aqain the
addition of water was necessary for the production of spins, and now
this variable was controlled more carefully, without ascertaining at
this stage the reascns for the higher signal intensities and with
better reproducibility of the gignals obtained,

Films were deposited as desaribed above, on the quartz ampule,
and then evacuated with a vacuum pump at 10 mierons pressura for 6 hr
to remove tracas of methanol, petrolsum ether, water, and adaorbed
voxygén. The sample was protected from light by placing a jacket
around the quartz tube, all the previous steps being carried out in
dim light. The sample was sealed under vacuum, placed in the ESR
spectroneter, and the visible light from a projection lamp was then
shone on the sample. At this stage no dark signal, and only a very
small light-induced signal, was obtalned, The sample kept at room
temperature was then exposed in an apparatus, shown in Figure k0, to
a definite vapor praessure of water which had been boiled and then de-
gassed several times under vacuum to remove oxygen. The whole apparatus
wag evacuated for 3 hr to remove any traces of oxygen and then the
oxygen-free water vapor from "A" at 0° ¢ obtained by an ice water bath
around the tube containing the water, was allowed to come into contact
with the film of pigments, Stopcocks C and D were then closed and the

sampla tested for dark and light-induced signals. The experiment was
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repeated on the same film after desorbing the water from a previous
experiment, then increasing the vapor pressure of water, ohtained by
altering the temperature of the water bath around A. In each case
a small dark signal was obtalned, and a white light-induced signal (Fig. &1)
of {ntensity varying with the amount of water "doping" and of narrow
1ine width (3 gauss) was found.

Two obgervations can be made on the dynamices of the photo~induced
gsignal: 1) The steady state concentration of photo-induced spins, as
a function of water vapor pressure, and 2) the rate of decay of tahe
spins after the light ls turned off, Since the line width of the
signals remained constant as they decayed, the concentration of spins
was taken toc be proportional to the amplitude differance between the
peaks of the diffarentiated absorption curQe,

Figures 42 and 43 represent the data from the above experiments,
It is seen in Figure 42 that the steady state population of unpaired
apinz goes through a maximum at approximataly 4.7 mm ambient water
vapor pressure. For a given method (2) of producing the sample Tilms,
the decay rates, as shown by the slope of curves in Figure 43 at various
vapor pressures, with the order of increasing vapor pressure I to IV,
are relatively independent of water vapor pressure, However, a sample
prepared by method (3) (involving a phase separation which removed the
xanthophylls), and with ambient water vapor pressure equal to 4,7 mm
Hpy showaed both the equilibrium amplitude (value at t = 0) and the
rate of decay to be markedly different from samples produced by the

other techniques, as shown by dotted curve V in Figure 43,



-110-

#4 LINE WIDTH =
3% 1 GAUSS -

PEAK HEIGHT
< NUMBER OF 8
ELECTRON SPINS)

ok

6 14.5 mm WATER
VAPOR PRESSURE

PEAK HEIGHT -CENTIMETERS
¢

1 i 1 l 1 1 1 J
O 166 330 498 664 830 996 62 1328
TIME - SECONDS

SIGNAL ' DECAY
PHOTO INDUCED ESR OF METHANOL EXTRAGT OF CHLORELLA

NMU-~-19450
¢

Fig. 41. Light-induced signal in plant extract film.



-111-

o = ©®
LR

RELATIVE SIGNAL HEIGHT
N W 4}. N O N O o

0 1 1 1 Il ] 1 1
5 10 15 20 25 30 35

VAPOR PRESSURE OF WATER
(mm Hg)

MU-21327

Fig. 42. Concentration of spins in an extract as a function of
water vapor pressure.



-112-

10
|._
E o9
©
% 8
L7
3
g ©
” 5
g 4
P
3 3
x 2
[ NOISE LEVEL
[} { 1
0100 500 1000
TIME IN SECONDS
MU-21328

Fig. 43. Rates of decay of spins in an extract at a given water
vapor pressure. I. 4.67 mm HgHZO; II. 14.5 mm
HgH,0; III. 19.8 mm HgH,O0; IV. 31.8 mm HgH,O;

V. 4.67 mm HgHZO.



113

Production of Spins in Plant Extract Solutions

It is of interest to find out whether or not solutiona of the
extracted pigments produce signals under the influence of light,
because if a free radical ware formed it could exhibit fine structure
which could lead to its identification. Methanol solutions of the
rpigments could not be tested with sufficient concentration of pig-
‘ments present to give a signal because the dielectric constant of
methanol is such that microwaves from the spactromater were
gtrongly sbsorbed., However, the methanolw-extracted material can be
transferred into petroleum ether and investigated in the FSR gpsctromater,

A pstroleum ethar solution was placed in the quartz tube and the
light-induced ﬂignéls obsaerved a3z the petroleun ather was evaporated
off with weak vaguum. Only when solid material appeared as the solvent
was evaporated off did small signals appear,

ESR of Ceystalline Chlorophyll a (02)

About 0.25 ml of a heavy suspension of chlorophyll a (€2) in iso-
octane was smearod on a nuall quartz plate of area 1 em?, which was
inserted {n a quartz tube between two Teflon spacers such that the
film of chlorophyll & crystals was exposed to a maximum intensity of
li{ght when placed in ths spectrometer, The red light used was isoclated
from the white 1light of a 1,000 W projection lamp by passing the white
light first through an 8 cm cell of water to remove the {nfrared radia-
tion and through a Corning 2030 filter which transmits red light from
6u8-~750 myu,

Two samples from different praparation of chlorophyll Q,(C2)

erystals gave similar results in the preceding experiment.
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The chlorophyll a crystals showed a small symmetrical dark
signal in the region.of R = 2, and of line width 15 pauss, when
placed in the ESR spectrometer. Shining red light on the sample
{nduced a symmetrical signal in the region of g % 2, whigh took
about 15 min to reach a steady state intensity of about four times .
that of the dark signalq tVhen the light was turned off there was
u'siow dacay of the signal; which after 10 hr had not returned to
the intensity of the dark signal. The shapes of the ESR signals in the
ddrk and light are coﬁpared in Figdre u4. and the kinetics of the pro-
duction and decay of the signal are shown in Figure u5, V

The depondence of the ESR signals when Qater vapor was placed

on the surface of the crystals was not studied,

', Discussion of the ESR Signals from Extracts of Plant Pigments and

Crystalline Chlorophy114%;

1t would be presumptuous'to make any gtroﬁg conclusions froﬁ the
Qevy tantative experiments described above, but thej‘have demonstrated
the importance of two variables in the ESR experiments»énamely, the
necessity for wéfav in the produétion of signals from plant extrasts:
and the effsct of purity on the signal characteristies fvdh chioro~
phyll a preparations, Terannin, 25321;‘(62) have confirmed our water
effect on the>ESﬁ signals in preparations of chlorophylls which to us
‘are of unknown'purity0 The character of the $igna1s we'obtainéd from
our preparation of chlordﬁhyli & differs fram those obtained by
.Brody (61) using orystals prepared by a different prbeedurea Brody's
dark signal is similar to ours, but his lightoinduced‘signal is
assymetrical, afising from the superposition of a narfow’signal on a

broad signal, while ours i{s symmetrical and simliai té our dark signalg'
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both signals presumably being due to the same type of electrons,
Brody’s asymmetrical signal could be due to the poorer order of

thé erystal, but more likely due to traces of a xanthophyll impurity
which wa feel are present in the crystals he used.

The origin and nature of the signals which have been obtained in
the above experiments are not known., It is felt that experiments on
erystalline chlorophyll a (C2) should be carried out on either the
erystalline material or on monolayers, both of which scould be "doped"
‘with the pigmants (xanthophylls; carotenes, and quinones) which are
presaent in the plant extracts. Tﬁeae experiments should give
valuable information about the nature of unpaired electrons in

chlorophyll & and organic dyestuffs in general.
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‘APPENDIX 1

Separation of Plant Pigments

A sound technique for separating the piéments prosent'in plants
{nto the broad classes of xanthophylls, carotenes,_aﬁd chlorophylls
fs & nacessity for studies on the pigments® reactions iﬁ_z&:ﬂ}and as
a means of cbtaining samples for studying their in vitro properties.
The extraction of the pigments from cellular material i{s carried out
with a polar solvent (acetone or methamol). In the methods devoldhed
over the years this extraof was subjected to various treatments de=
signed to arrive at the isolation of one of the molecules in a quup»«'
- @eges chiorophyll d--without attempting to recover all the molecules
from the 6riginal extract, Thé most elaborate schemes for aeéarating'
the extraot were devised for chlorophyll a, and, indeed;, if some of
the steps in the procedure had been highly efficient then the separas
flon;of the molecules into their classes would ha?e been achieved,
The principles of a typiecal chlorophyll E_Geparafion are along the
‘following liness The polar xanthophylls can be transferred into a
water-acetone phase when aﬁ acaetone extract of tﬁe plant material is
treated with a-nonupolar solvent such as petroieum ether, which takes
up tﬁe chlorophylls and carotenes, Carotenes can be separated from
the chlorophylls by passing the petroleum ether solution, sontaining
‘both types of pigments over a diatomaceous earth, on which the
chlorophylls are adsorbed but the carotenes pass on. In principle
then, the three classes of pigments have been separated with an effi-
ciency depending on the power of the phase separation to isolate the
xanthophylls and the effectiveness of the diatomacecus earth to

separate the carotenes from the chlorophylls. Chromatography can
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then be used to separate the various classes of pigments into fheir
individual members., The presence of quinones in the plant extracts
had been demonstrafed by -Bishop (63), and this was a type of molecule
thch could contribute to the ESR properties of our plant extracts.

After the preliminary investigation of the ESR~propgrties of
plant extraats it was obvious that the extract would have to be broken
up into itu constituents and an accounﬁ)made of all the pigments -
péesont in the extract before a proper study of the ESR properties
.of the extract scould be ma&ea .The above type of separation was in-
vestigated following the procedure of Jaaobs et al. (21), as a mp&nc:
of separating the plant pigments, and each fraction was tested for
thq'presonéo of plastoquinone by means of the sodium borohydride
‘test (63)s The ultraviolet absorption spectra of chlotophyll; a and
b were measured to see if their spectrum had a band at 255 mp and what
happened to it when the chlorophyll was reduced with éodium borechydride:

lsolation of Plant Pigments from Spinach (1)

~ Spinach was used rather than Chlorella, as it could be obtainad
in large quantities and the principles worked out for spinach could
be used for an analysis of methanol extracts of Chlorella: The out-
lined procedure for saparatiﬁg the pigments is shown in Figure 48, |

Preparation of an Acetone Extract frem Spinach

After the large veins were cut out of the spinach, it was washed
and dried on blotting paper. 180 gm of the spinach was ground with
500 ml of reagent grade acetone in a Waring Blendor, The mixture
was filtered through a 5-in Buechner funnel and the cake washed with

50 ml of acetone to remove any traces of the remaining pigment, giving
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Acetone

Residte Acet35e~Extract‘;
n Hexane Petroleum ether
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Silicic Acid
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Quincne ? 8 Sugar Celite adsorption
Chromatography Washed with petroleum ether
v N ~
Green Yellow Yellow
fraction fraction fraction @ Chlorophyll Petroleum ether
- Sa 9b e on Celite Filtrate 5

Fig. 46. Isolation

(1) Acetone desorbed
{2) Evacuated under vacuc to dryness .
(3) Sugar chromatographed

Green fraction _6' Yellow fraction 7

of Pigments from an Acetone Extract of Spinach
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the acetone extract (marked "1" in Fig. 46), After the cake was sucked

dry, it was washed with five lots of 40 ml of n-hexane to give the

n-hexane extract ("2" in Fig, 46).

. Partitioning the Xanthophylls into the Polar Phase

100 m1 of the acetone extract were placed in a separatory funnel
and 30 ml of petroleum ether addedy 50 ml of 0:5% sodium chloride
solution were carefully added down a filter funnel, whose outlet was
under the surface of the petroleuﬁ ether, until two phases were oOb-
tained., Thexre were then two phases, one an acetone-water phase ("3"
in Fig. 46) containing the xanthophylls and the other a petroleum

ether phase ("4" in Fig. 46) containing the chlorophylls and carotenes.

Adroprption of the Chlorophylls on Celite and the Elution of Carotenes

| The petroleum ether phase after several washings with 0,5% sodium
chloride solution was poured into a 3-in diameter Buechner funnel
packed to 1/2 in from the top with Celite (diatomacecus earth) and
washed with 200 ml of petroleum ether (b.p. 30-60°) until the petroleum
ather filtratea(!S!'in Fig.46) were colorless, This method was unsatise
faotory because channeling of the Celite occurred, which allowed some
of the chlorophylls to pass through, thus contaminating the caroctenoids.
Another approach was to pack a column 20 cm long and 5.5 cm in diameter
with Celite, elther by dry packing br as a slurry with petroleum ether.
However, this procedure iz also quite difficult to reproduce and brings
about éome alteration of the chlorophylls to pheophytins, especially
in .the presence of light,

Chromatography with Silicic Acid

Chromatographic columns (0.5 cm in diameter), inserted in a

Buechner flask so that gentle suction could be appilied, were packed
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. fo a depth,of 18 cm wifh sflicic acid (Mallinckrodt 100 mesh) with

#llght tapping of the added portions to make them homogeneous. The
coluﬁn was washed with iéooctane (Philips Spectroscopic Grade) and -
the.éampie dissolved in 10 ml of iscoctane added to the column, Thé
 golumn was developed with 25% chloroforms75% isooctane to elute the
carotenoids and then with 75% chloroform:25% isooctane to carry the
possible quinone away from the material at the top of the column. The
band that travels with the 75% chloﬁoformsﬁs% isooctane ("8% in Fig. 46)
is cut out of the golumn to prevent decomposition and tested for quinone.

Chromatography with Sugér‘

Columns (2 cm diameter) inserted in a Bueéhner funnel so that
gentlae sucfion could be applied were dry packed with sugar (Califonniah
and Hawaiian [CEH] powdered cane sugar) to a depth of 20 cﬁo Tha
chlorophyll mixture; desorbed with acetone and evaporated down, was
applied to the sugar coluﬁn in a solution of 1 ml pyridine.and 10 ml
patroleum ether, and tha column was developed with a mixture of benzene
(4 parts), hexane (95 parts), and pyridine (1 part) to give one gresn
zone (6" in Fig. 46) and one yellow zone (7" in Fig., 46). When the
technique was applied to the evaporated acetone-water phase, 1t gave
two yellow zones ("9b" and "Sec" in Fig. 46) and one green zohe {"oa"
in Fig. 46). The}bands were cﬁt~cut and eluted with ether and their.
spectra taken.

Preparation of Solutions for Spectral Analysis

In searching for the quinone or characterising the compound eluted
from a column, it is necesséry to measure the spectrum in a particular
solvent, In teéting for the quinone the best solvent for the ultra-

violet spectral anaijsis is 95% ethanol, in which ths borohydride
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reduction is best carried out. In most caseé it is best to evaporate
down the extract or solution of the substance eluted from’a column
under vacuum with rotary evaporator to remove the benzene or acetoné
remaining from previous steps., The sample is divided into two ﬁart§@
_aﬁd one part is treated for 15 min with several milligrams of sod1
borohydride, which is then removed by centrifugation. The spectra
_taken on & Cary l4R Spectrometer of the variéus fractions (before and .
after reduction with sodium borohydride) are shown in Figure 47,

Discussion of the Separation of Pigments from Spinach

The separation of the pigments by the above procedure wasvtoo
irreproducible for ESR work, and because the changes in the ultra-
violet spectra of the extract solutions on sodium borohydride reduction
could not be satisfactorily interpreted, there was still uncertainty
‘about the lpcafion of the quinone in varioué parts of the extraction
proceduref

Chlorophylls were seen to change from a bluish to an olive green
color on the Celite column., Whether this’was a photochemical reactioh
or due'to the acidity of the surface of the Calite has not been ascers
tained, but on separating the resultant material the main product
separated on a sugar column was pheophytin a, identified by means of
its spectrum (Fig. 48).

The changes in the ultraviolet spectrum of the chlcfophylls due
go sodium borohydride reduction were unknown, and investigation bf
thair spacatra in the region between 220 mu and 280 mu showaed nothing
of interest either before or after reduction with sodium borohydride.
Thevchanges in their visible spectrum on sodium borohydride reduction
do show remarkable changes (Figs., 49 and 50), but the substances

formed cannot be readily identified from their specfra.
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To remove essentially the carotenes and quinones from the plant
material, Bishop's method (63) of extracting freeze-dried chloroplasts
and Chlorella with petroleum ether was tried as a means of isolating the
small quantities of quinone present, but the method was not successful,

Because of the inconsistency of the spinach (winter caused the
formation of large aﬁounts of carotenoids in the plénts) and the
questionable Qalue of the Celite adsorption technique, it was decided
to tackle again the separation of methanol extracts of Cﬁlorella. In
the "acetone-spinach séparation" the acetone-~water phase on evaporation
under vacuum produced a sticky mass which was hard to chromatograph
we anticipated a similar difficulty would present itself with the
methanol-water phase separation., Joan Anderson (23) separated the
photosynthetic pigments ffom methanol-water.solutions on polygghylene
'columns, and this could be tried on the methanol-water phase which
would result when we treated the methanol extract of the algae with
isooctane,

The pértitiouing of the xanthophylls into the methanol-water
phgse and the chlorophylls into the petroleum ether phase would still
be practiced, as the ESR properties of the films prepared from these
two phéses were different; however, the Celite adsorption of the

chlorophylls would be dropped.

Isolation of Pigggpfs from Methanol Extracts from Chlorella (11)

| fhg géﬁeral outline of the sepafation procedure is as shown in
Figure 51, Samples were taken as indicated and their pigments trans-
ferred to ether that had been washed with sodium carbonate and then

redistilled from sodium.
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CHLORELLA (heavy culture) 800ml

() CULTURE MEDIA CENTRIFUGED
OFF (1600 rpm)

(2) WASHED TWICE WITH 400ml
H0

(3 CENTRIFUGED AT 1600rpm
2ml WET PACKED ALGAE (l600rpm)

100 ml METHANOL EXTRACT WITH
STIRRING, | hr AT O°C IN DARK
SAMPLE <——— METHANOL EXTRACT 80 ml

40 ml PETROLEUM ETHER
50-60° b. p.

40 ml nHEXANE
40 m| DISTILLED WATER

\]
SAMPLE, 50ml <— METHANOL-WATER PHASE (60ml)

v
PETROLEUM ETHER —— SAMPLE 35ml

HEXANE PHASE
POLYETHYLENE ()DRIED WITH Na,SO4
CHROMATOGRAPHY @ISUGAR CHROMATOGRAPHY
(1) NEOXANTHIN and (1) CAROTENOIDS
VIOLAXANTHIN {2) CHLOROPHYLLS (mainly a)
) LUTEIN

(3)CHLOROPHYLL b (A

(4) UNKNOWN WITH CHLOROPHYLL-
TYPE SPECTRUM

(5) MIXTURE OF CHLOROPHYLLS a,b
(6) CHLOROPHYLL a

MU-22728

Fig. 51. Isolation of plant pigments from Chlorella,
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Polyathylane Chromatography

| Columns (2 cm diameter) in a Buechner flask, so that geutle suction
couid be applied, were packed in small lots (30 ml beakers-full) with
pélyethylene powder (MI = 0,0ul4) to a depth of 20 cm, with a piece of
fllter paper placed oﬁ top. The methanol-water phase was applied
‘directly to the column, which was then daveloped with 80% aqueous
mathanol. The various zones on the column were eluted from the column
‘with this solvent; after the first zons had been elutgd the column was
developed with 95% methanol to give a complete elution of all material
.on the column., The eluted pigments were transferred to purified ether
by the technique described im Part I without the addition of sodium |
chloride, and their visible spectra measured on a Cary Model 14R

Spectrometer.

§H§§r Chromatogrqéhx

A columh‘(2 cm diameter) was packed to a depth of 18 om vith CeH -
confectioners® sugar and inserted in a Buechner funnel, soc that slight
suqtion could be applied to effect a suitable flow rate of solvent
(1 ﬁl/min) through the sugar column. The petroleum ether fraction,
from the phase geparation of the original methanol extracty was
applied to the sugar column and themn developed with 1.5% isopropanol
in isococtane., The yellow fraction of the aarotenoids was washed
through and then the chlorophylls. The eluted fractions were evapo-
rated under vacuum to remove the lscoctanejisopropanol solvent and the
solids redissolved in ether to determine their spectrum,

Discussion of Part II

The use of powdered polyethylene as a chromatographic adsorbent

for the separation of the pigments in the methanol-water phase was
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succassful, The pigments separated are 1isted in Figure 51 in deer
of their elution from the polyethylene column, and their spectra are
shown in Figures 52, 53, and 54.

The appearance of pigments (Fig. 53}, one with absorption bandse
at 638 mpy and 448 mp and the other at 645 mup and 455 mu, is of in-
terest, and although they have visible spectra which are characferiatio
of chlorophylls, we have not been able to identify them; however, they
ar§ probably allomerised chlorophylls introduced by the extracting
agent (methanol)., The pigments separated on sugar are shown in Figure .
SSé‘and the larger than reported intensity of the ultraviolet region
of the carotenoids” ultraviolst spectra should be noted, In one axpaeri~
ment we managed to elute & pale yoallow band; acoming just after the
carotenes, which had strong ultraviolet absorption and was perhaps
- due to the: presence of guinones.

The procedure given in Part II allows an excellent mapping of
the pigments extracted from Chlorella with methanol and opens up the
axfraot for detailed testing of the comstituent pigmentes for photeo-
‘induéed paramagnetism, We also note that polyethylene chromatography
has separated the three classes of pigments but did not separate the
cﬁiorophy;ls satisfactorily under the conditions we used, Further,
éhe separation of the chlorophyllis from a phase sepamatgd isqoctame
solution of a mixture of chlorophylls and carotenoids always led to
carotenoids passing through the column before the chlorophylls,
From tﬁese two observations we concluded that if we could completely
separate the carotsnoids from the chiorophylls on & polfethylene
column and thed.be,faced with separating the chlorophylls on a sugar
"column, we could probably have an excellent procedure for separating

chlorophyll a,
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Separation of Chlorophylls from a Methanol Cxtract of Chlorella

with a Combination of Polyethylene-Sugar Chromatography (III)

The methanol extract of the Chlorslla algas was prepared as -
follows: 250 ml of Chlorella culture was entrifuged at 2,000 rpm
for 10 min to remove fﬁe culture medium. The wet packed algae (about
5 00) were washed twice with distilled waterg-extracted with 100 =l
of 100%_methanol {acetone could be used as an extracting aolventg.
but it was not as effective as methanol in extracting all the pig-
ments) at room temperature for one hour, and ths insoluble residue
centrifuged down. The supernatant methanol extract of the pigments
was removed and diluted to make a 70% methanol-water solution of
the pigments, which was thgn chromatographed on polyethylepa as
‘desoribed in Part iI. The chlorophylis wer; eluted from the polye
ethylene column with 90% methanol-water and collected free from
_xanfhophylla; The ‘chlorophyllis were then transferred into 20 ml
of isooctans and chromatographed on sugawr by the procedurs deseribed
in Part II, but now each lot of sugar was tamped down with a wooden
ramﬁer to give a more solid column df sugar. Elution of chlero-
phyll a was carried out with 1% isopropanol in igooctanﬁ0 and the
only predominant pigments on the column were chlorophyll a and b
with small traces of green pigments, which were probably sllomerised
chlorophylls formed because of the use of methanol as an extraocting
solvent. The eluted chlorophyll a in this experiment was a deep
blue, whereas the chlorophyll a obtained by the phase séparated pro=-
cedure was more greénish blue, presumably because of the presence of

carotenolds, When the eluted chlorophyll & was recovered by avaporating
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off the isooctane under vacuum and its spectfum taken in purified ether,
the ratio of the optical densities of the blue to red bands was 1.19,
lbiscussion _

A very simple method whiéh had originallyvbeen found by Anderson
gi_glL (23) for separating the three classes of pigments (chlorophylis,
carotenes, and xanthophylls) found in plants had been confirmed.
Chlorophyll a could be separated from the chlorophyll fraction, from
the methanol water solution, in excellent purity by means of sugar
chromatography. Two awkward steps, the distribution of chlorophylls
into isooctane from the original extract and the separation of the
carotenes from chlorophylls on diatomacecus earth, had besn dispensed
with in the extraction of chlorophyll a.

By écaling up the procedure described above and using aceton;
rather than mefhanol, which reacts with the chlorophylls, changing
to an 0.5 n-propanol-isooctane solvent rather than a 1% isopropanocl-
isooctane solvent, yhich gi?es better resclution of the pigments on
the sugar column, an elegant method for preparing hundreds of milli-
gram quantities of chlorophyll a and chlorophyll b could be obtained,
le&ding to samples of chlorophyll a suitable for a study of the

molecular biology of chlorophyll a.
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GENERAL CONCLUSIONS

A simple procedure for preparing extremely pure crystalline
chlorophyil'g has been developed, as well as an improved method for
preparing crystalline methyl-chlorophyllide ay which iz the photo-
chemically active site of the chlorophyll a molecule.

These procedures, which are much simpler to carry ocut than
those devisad heretofore; will allow the molecular bidlogy of
chlorophyll a to be more conveniently inﬁestigated in general.

The chlorophyll a prepared by this procedure has been used to
reevaluate many of the molecule's spectroscopic properties, which
had in certain cases been uncertain.

We have shown conclusively from infrared and visible absorption
‘spect;osoopy that chlorophyll a aggregated to form dimers under cer-
tain conditions; and the specific site of the bonding between molecules
has been found. The dimérs have, we think, physical properties simflar
to the physical state of the chlorophyll a in the cell.

Some new kﬁowledge9 from nuclear magnetic rescnance, has bsen:
found concerning the fine structure of chlorophylls, which can be
used to study the possible chemical functions of the molecule in
photosynthasis,

We have demonstrated that our purified crystalline chlorophyll a
has ESR properties which are different from previous preparations.
‘Thase properties of our sample show that we ars now dealing with a
sample of chlorophyll a whose electronic properties will be more re=
producible because of the removal of unknown impurities. This puts
us in a good position for learning more about the energy transfer among

chlorophyll a molecules--a topic of great importance in its molscular

biology,
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