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INROD™CT ION

All 1life processes are devnendent upon the 21l imnortant green nig-
ment in the hisher nlante. It has been known for mznyv years that this
pligment is in some way related to fooé manufacture. The ready conversion
of the energy of the sunlight to enerzyr stored in the fond materials of
plants and the part chloronhyll plays in the plant has intrisued invest-
izators for many vears.

Quantitative determinations of chloronhyll have been used in numer-
cus studies, such as nhotochemical reactions, chloronhyll in relation to
metabolic processes and other biolozically immortant compounds, genetical
studies, effects of natholosgical conditions, the structure of the chloro-
plasts, and a host of other studles,

Carotene, too, has been of great interest tn workers in the field of
vitamins during the nast ten years, This yellow pigment asccomnanying
chlorophyll in the green plastid is known to be the precursor of vitamin
A. As such, determinations for cerotene in plant materials are of con-
slderatle value.

New methods, then, for the determination of chloronhyll and carot-
ene in green tissue are still of great interest to pnlant phyvsioclogists
and biochemists, Procedures baged largelv on the methods of Willstaetter
and Stoll (68) are lonz and tedious. Most methods lacl: either accuracy,
reproducibilitv or ere useless when both pigments are to he determined
in the ssme sample. Although chloronhyll determinations are latorious
end time consuminz, those for carotene are even more so. Conseanently,

a new method, which would be ranid, reliahle end simnle to utilize wss

souzht,
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The epvlication of the photoelectric colorimeter for chloronhyll and
carotene determinations hes been sugzested although little experimentel

evidence is available. A number of excellent instruments are now obtain-
eble, and their use has become widespread. However, the leck of suit-

able filters has limited thelr acceptance.

REVIEW OF LIMERATIIRE

Until the investizations of Willstaetter, botanical and spectrosconic
methods were emnlored in the stuév of the occurence, mornhology, 2nd de-
tection of the pigments. MThen Willstaetter and his co-workers worked out
techniocues for the separation enéd purification of these chlorophrlls and
carotenoids, lMeanmhile, studies relative to the physiological significance
of all these pigmenté in plant metabolism have been constantly investizated.
Turing the last decade interest has centered in a study cf the physical-
chemical constituticn of chlorophyll as it exists in the chloronlast, 1In
addition, new analytical methods for the quantitative extraction, separ-
ation, and estimation of the pigments have been devised.

The extensive literature on pigments, scattered throughnut numerous
Journal articles, and the contradictofy evidence found therein (at least
to 1913) make it a difficult tesk to attempt to review plant pigment
studies, The assembled data that preceeded Willstaetter's investigations
were so contradictory and confusing that the conclusions drawn from threm
are now considered onlv of historical interest, Following this periond
the best review is given bv Palmer (43), althoush his book was pudblished
eighteen vears ego., Willstaetter and Stoll's book (58) provides an ex-
cellent backeground for viegment studies, but the review of Priestly's

(H?) concerning the worl of Lubimenk%o mist not be omitted, I, Zechmeigter



(70) has recently putlished a verv gond book on the carotenoids,

Extraction methods

Berzelius (2) was anparently the first to attemnt en extraction of
chloronhyll with acids or alkalies., There was little or no snccess
with this method, but for meny years his renown as & chemist anpesred
to influence other investizators, Conseanently, many workers obtained
eonzllyy poor results with the same tvpe of extrection. 3Berzelius did
succeeC, however, in isolating the yvellow pigments from autumn leesves with
eighty five percent alcohol, and, thus, extracted water soluble piesments
as well as carotenoids,

Alcohol was the most ponuler solvert for the extraction of thé nig-
ments until the time of Willstaetter. Fremy (12), Sorby (56), ™iniriazev
(60), Filhol (10), Fansen (18); Immendorf (23), Monteverde (37), Kohl (26),
Monteverde and Lubimenko (38), end, 2s late as 1932, Deleano and Dick (9)
used this solvent for the extraction of the green and yellow nigments,
Hansen (18) used ninetysix percent alcohol in the cold after bYoiling the
leaves in water and drving them,

Arnaud (1), interested largely in extractinz the yellow pizments,
found that petroleum ether used on air or oven dried materisl extracted
only a small part of the green pizment and xanthophyll. Tswett (62)
adonted a modification of this method for extractions preliminarvy to
his chromatogranhic separation., J. H. C. Smith (54) preferred this treat-
ment and Russell (4C) used it for the extraction of carotene from dry
alfalfa,

Willstaetter and Stoll (63) suzgested acueous acetone as an extraction

mediam for all plastid pigments, and it is now being ne=d extensively,



especlally where the isolation of both the green and yellow pigments

is desired, The extraction methods of Turmser and Duclaux (69), Schertsz
(52), Maiwald (33), Sprague and Shive (57), Peterson (45), Bills and
McDonald (4), Oltmen (42), Miller (36), Russell (42), end Godnew and
EKalischewicz (15) are based on Willstaetterts procedure or some modifi-
cation,

The extraction of carotenoids from seeds was accomplished bv Gill
(14) with carbon bisulfide, Coward (8) extracted carotenoids satis-
factorily with aoueous alcoholic-potessium hvdiroxide, while Pyke (hS)
used methyl alcohol-potassium hyiroxide with ether for the same nurnose,
At the sugzestion of J. H. C. Smith, Smith and Smith (55) extracted the
carotenoids with pyridine. The great objection to the use of this sub-
stance is its dmown toxicity,

Holmes and Leicester (£2) extracted carotenoids with chloroforn
after soakinz the tissue with alkali to get rid of chloroohvll. Xuhn
and Brockmann (31) extracted green tissue for carntenoids with a pet-
roleum ether-methyl alcohol mixture. In 1934, Guilbert (16) suzzested
saturated potassium hydroxide - methyl alcohol as an extraction mixture
for carotene, thus cansing decompoeition of the chloronhryll. He then
extracted the mixture with ethyl ether. Peterson, Hughes and Freeman
(46) in 1937 modified this procedure by substituting petroleum ether for
ethyl ether,

Methyl alcohcl was employed by Hicks and Panisset (C1) and Fleischer

(11) for chloraphyll determinations of alzal material,
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Senaration of the green and yellow pignents

The saponification of the chloronhyll and a subsequent separation
from the yellow pigments has been the standard procedure for many vears.
However, attemuts to study the yellow pigments were largely confined to
etiolated tissue or autumn leaves previous to the adontion of this method,
Berzelius (3) extracted autumn leaves with alcohol but considered the
vellow pigment ags a fat derived from the green pigment.

As early as 1854 Stokes (59) senarated the green end yellow pigments
by removing the chloronhyll and carotennids with en aluminum hvdroxide
preparation, Fremy (13) found that not onlv aluminum hydroxide but mngne-
sium hydroxide and barium hvdiroxide solutions were effective in carrring
dovn both pigments, He found that barium hydroxide soclution was the most
effective and that by the use of alcohol the vellow nigment was removed
from the mixture. MTimiriazev (6N) ané Monteverde and Lubimenko (38) em-
ployed the same method in their determinations, Contrary to these reports,
it was found in the vresent work thet barium hydroxide does not carry
down hoth pigments, It selectively reacts with the chloronhyll leaving
the carotenolds in solution, Awnparently, these earlv workers sdded enough
of the barium hydroxide solution %o dilute the extract with water to such
an extent as to precipitate both pigments.

Sorty (56) separatad the green and yellow pigments by the use of the
two immiscible solvents, alcohol and carbon bisulfide. Treudb (61) repeat-
ed this work and obtained similar results. Arnaud (1) toonk un the caro-
tenoids in carbon bisulfide after the petroleum ether, the extresction
medium, was distilled off., Filhol (10) wes able to remove the chloronhyll
from carotenoids bv treatment with animal charcoal, Recently, animal
charcoal was tried as a selective adsorbent for chlorophyll, but the

carotenoids were carried out of solution along with the green pisment,
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The methnd suzvested by Kraus (29) depended on the use of immiscible

snlvents as eichty five percent alcohnl and benzene. Konrad (27) found
that the separation was more effective with seventy percent alcohol,
Treub (61) sugzested that carbon bisulfide be used in place of benzene
when chlorophyll was preeent in a stronger alcoholic solution, Wiesner
(66, 67) showed that many vegetable and ethereal oils as well ms many
aronatic compounds could be used for the sevnaration from alcohnl,

Tswett (63) sevarated the pigments by meens of 2 chromatogranhic
technioue, Hansen (18) apneers to be the first worker to separate the
pizments by alkali saponification, then salting out the soan with NWafll,
Kohl (26), Willsteetter and Stoll (68), Wurmser and Duclaux (69),

Schertz (52), Mainald (33), Peterson (45), Comard (8), Hnlmes and Leicester
(22), Kuhn and Brocimann (31), Guilbert (15), Miller (36), Deleano and Dick
(9), and Pyze (48), used some modification of the alkali saponification
treatment.

Even in a ouantitative photometric determination, Oltman (h2) used
an alkali sanonification method, althouzh Godnew and Kelischewicz (15) and
Johnsbn and Weintraub (25) made no separation of the green and yellow piec-
ments., They measured the chloronhyll in the original extract by the

gelection of the proper filtere,

Separation of carotenoids.

Borodin (5) established a basis for the classification of yvellow pis-
ments when he found one group more soluble in 2lcohol than the other, His
investigaticons showed also that the group slizhtly soluble in alcohol was
highly soluble in petroleum ether. !onteverde (37) anc Monteverde and

Lubimenko (38) used this method of senaration in their studies, Since
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celly all workers with few exceutions have used the vet-

e

that time prect
roleum ether - methvyl alcohol or ethyl elcohol method =2s the basis for
carctene = xenthonhyll sepnretion, Amonz these were Willsteetter 2nd Stoll
(68), Henrici (20), Wurmser and Duclaux (£3), Schrertz (52), Coward (8),
Petersen (U45), Delesno end Dick (2), Knhn and Brockmsnn (31), Guilbert
(16), Miller (38), Pyke ('i€), ard Petereon, Hushes ard@ Freeman (45),

Arnand (1) found throt petroleum ether extracted verr little xentho-
phyll from ¢rr naterial, Mewett (23) develnned a chromstorrashic technioue
for the separation of the ecsrotennids., This methnd hnas proven to e »of

zreat imnortance in the studyr of the chemicsl nsture of thece plzments,
and is beinc used extencivelr todar, Recentlwr, Clausen =né 'nloord (7)
have obtained excellent resnlts b substituting diacetone for rsaueous

clcohol for the cerntennid separstions., Fessted et 21 (1G) have sdonted

this method,

Quantitative chloronhyll determinations

Actual quantitative determinations of chloronhrll do not seem to
have been attempted before 1910, Stokes (59) mede opticel studies of
chlcrovhyll bt no auantitative measurements, Monteverde (37) attemnted
to measure the relative chloronhyll velues bhv snectorsraphic mesns,

The spectronhotometer has been ueed “recuently with consiceratle
succecs. Melarszi and larchlewszi (34) trematec¢ chloroohrll with hvdro-
chloric or oxalic acié and messured the extirnctinn cnefficient of the
pheeonhvtin, Jocoheon (FU4) used the same treatment #nd corvared the
samnle ezaingt ~n arhitrsry ctondard, Althouch Fierert (55) did nnt act-
ually carry on anr worls, he nointed ou® how chlorophyrll mizhy be anen-
tita+ively estimated hr the use of the snectrovhotometer. DBoth Furrser

end Duclauy (63) and Schertz (F3) esta®lished shectrnrhotoneiric methole
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for chlorophyll determinations, Zscheile (71) was a2hle to measure both

chloroohrll "a" and "b" by this methad., Zscheile's work on chloronhrlil
determinations with the snectrophotometer has been the most precise of
any that has been attemnted, The phontoelectric colorimeter is of great-
er practical value end it is more rapid. FKomwever, it is br no means as
accurate an instrument as the spectrophotometer,

Most aquantitative methnds for the determinetion of chlorophyll since
Willstaetter's work have been colorimetric, Willstaetter and Stoll (68)
decomposed the chlorophyll and cormared 1t azainst methvl or ethyl chloro-
phyllide both treated in the s2me manner. He also comnared the extracted
materisl egainst & pure chloronhyll standard. Schertz (52) followed the
same general procedure as did Hicks and Penisset (21)., Henrici (20) com-
pared her samples with a s»lution of cride chloroohyll extracted from net-
tle and, conseanently, obtained only cualitative results. A mixture of
chloroohyll a and chlorophyll b was used as a colorimetric standard by
Maiwald (33),

In 1228 Guthrie (17) sucsested 2n inorganic standard of definite
pronortions of copner sulfate (5 molecules of water), potassium dichromete,
end ammonium hydroxide. This standard hms been used rather extensively,

In 1929 Spragie and Shive (57) introduced a dve mixture of a snlution of
malachite green and nanphthol yellow which was modified later by Snrague and
mroxler (58). However, their standard has been used very little., Lnvibond
slides have been emploved for chloronhrll determinations (48) in numerous
cases,

Lubimenko (32) used a snectrocolorimeter with a standard of ethyl
chloronhyllide aﬁd Fleischer (11) made the same tme of cdetermination using

a No. 243 Corninz red filter of 3.12 mm. thickness.
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Oltmen (42) apnears to have been the first to use a photoelectric
colorimeter for chlorcphyll determinations. However the chloronhyll de-
terrinations were made after senonification rather than on the original
semple as did Godnew and Kalischewicz (15) and Johreton and Weintraud
(25). Koziminski (2€) used an ethyl chloronhyllide standé=rd, and th

amount of chlorphvll was celculated by the use of a conversinsn factor,

Quantitative carotene determinations

The first attemnt to determine carotene was made by Wiesner (67),
who compared the totel alcoholic extrect from an etiolated plant wiih the
vellow alcohnlic extract from green plant tissue obtained by the Kraus
sevaration,

Arnaud (1) dissolved carotene in carbon bisulfide and usinz blne glass
filters, compared it colorimetrically with 2.001 percent solution of
carotene in carbon bisulfide. Kohl (26) comprred the unsaponifiable piz-
ment colorimetrically with a standard in the same manner as did Arnaud,
Monteverde and Lubimenko (38) followed the seme method as did Willstaetter
and Stoll (68) althouzh the latter made their comarisons with a 0,2 per-
cent acueous solution of potassium dichromate, as well as with a pet-
roleum ether solution of pure carotere. Sprague end Shive (57) suzzested
e dye standard of Naphthol rellow and Orange G, Kuhn and Brockmann (31)
suzzested azobenzene, while Guilbert (16), Russell (49), and Peterson,
Huzhes and Freeman (45) used potassium dichromate, Krozis (30) employed
the dichromate solution with a phosphate buffer,

Deleano and Dick (9) oxidized the carotene with a known amount of
standard dichromate in excess, and then back-titrated with iodine to ob-

tain s meesure of the carntene concentration, Recently, Brooke, Tvler,
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and Belzer (G) used a Cenco photelometer for carotene determinations
employins a Corning N>, 554 and 2 Corninz No. 038 filter,

Munsey (41) has urzeé a wide adoption of the photoelectric colori-
meter in carotene investisations because of its scecvracy and other

advantages,

THE PROBLEM
Colorimetric 2nalyses are the mos% common methods of determining
chloronhyll end carotene. Tne o0ld stanéard methads are unsntisfactory
in many phases of the determinations especially when the determinations
of both pisments are desired from the same sanple. The need of a ranid,
accurate, and simplified method of chloronhyll and cerotene deterninations
becomes evident when many pizment determinations are attemnted in the lah-

oratory., Consequently, an effort was made to devise a method seatisfving

these requirements,

EXPERIMENTAT, PROCEDTRE
Materials and methods

The principles cf vhotometry

Colori—~etry implies different mesninzs to workers in certain other
fields (L4N), In this paner it refers to the measurement of the concentra-
tion of a colored substzance by comparing the denth of the color azeinst a
standaré, The Beer - Lambhert lew states that the a2mount of light shsorbed
by different concentrations of a colored solution iz an exnonential function
of the concentration when the thickness of the sslution is constant:

I = Ioxlo 7tC

fhere I « 1intensity of lizht after nassing through the solution
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lo = incident intensity
k = moleculer extinction coefficient (demending on solute and

solvent)

[
1]

thickness of solution
¢ = concentration
log. 10/I = E (extinction)

Then in matching two solutions

El = E2

kcl 11 = k02 12

or cl/c2 = 1?_/11
Thus, the unknown concentration can be calculated by matching the depnth
of color against a standard, The 2bove law holds very well where &n in-
strument like the snectronhotometer is used. MNearly monochrormatic lizht
can be obtained with this instrument. The anplication of this lavw to
ordinary conlorimetric work can not give accurate results since white
light 1s used, The different wave lengths emvloyed introduce complex
factors. Photometry is an advance over colorimetry and an approach to
the accuracy of spectroohotometry., Filters, as used in photometry, sim-
plify the conditions, since meny wave lengths are eliminated, and the
lizht is limited to & narrow region of the spectrum,

A photoelectric instrument does not depnend upon the presence of a
standard for each determination as does a colorimeter. A celibration
curve is determined eand can be used thereafter without any standerds,
althouch it ie wise to recalibrate occasionally,

The most immortant advenitage of the photoelectric colorimeter lies in

the objectivity of the instrument, Different ohbservers obtain the szrme

values that are not anbject *+1 the vagaries of the human ere in rerding



colors, Tre Shesrd-Sanford vhotelometer 1s nne of the simplest commer—
ically stancoaréized instruments availehle. The instminent (fig, 1)
conslets of 2 1i-ht enurce foccused throush a variesble dianhragm onto =2
plancconvex lens, The 1i-ht +then nasses throush one of the cells on the
cell carrier con‘aininz the nure s~lvent or solutinn to te tested, e
lisht emerging from the anzlyzinz cells then passes throush the weve
lengtk filter ané from there to the photronic cell, The current zenerszted
in the photronis cell circuit is mersured br a sensitive crlvanometer,

T™e varisble diephrasm is sirilar %o a ccmnur cemera shutter, The lisht

rays are rendered escsentiallv marallel by the nlanoconvex lens, Fart of

)

trhe 1izht resching the cell is reflected and part is sbhsorbed. 32oth cell

must be of tlhe srme thiclmess to eliminete any errors due to differences

\
in ahsorption, transmission, or reflection., The celles were one cm, thick
and tronsmitted ninetv two percent of the lisht, The amount of current
set up b the nhotronic cell messures the ligh% intensitr, The source of
the lizht is a small auto heaclizht bulb atterched to the 111 veclt AC line
throu-h a transformer, Although s transformer is useé¢ the current is ant
to fluctuate due to the use of other electricel eauipnent, A etnrreze
batterr mav be used to a creater edvantese sge a source of stemdr current
if facilities 2re aveila™le for recharzing the hatterw,

The zreatest liritztion to the use of the photnelectric colorimeter
ig the lack of suliatle fiiters. An ide2l filter is sne thrt ronld have
2 maximim transmissien in the exnct recion of maximum ~bsorvtion of the
solution thet is being exarined, Since the idesl one is uncvailahle,

'
one whnee maximm transmission is near the maximin ahsorntion shanld he

selected, In adcition, the effective rezi-n of trensnisecion shomld he =¢

narvew as prssihle, The specironhotometer is hy far the hetier instrument
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to employ, since filters are not necessarr, and the rezion of the enectrum
used can be limited by slit ed justments, Eowever, this instrument is not
es readily svailahle to the zeneral worker es the nhotoelectric colori-
meter,

Two filter svstems were used in these studies, The first, thet trans-
mitted in the red, was used for chlorophyll determinations, Since the
carotenoids do not absorb at all in this region, the chlorophvll could be
determined directlv in the orizinal extract without any senaration of the
pizments, The combination finally chosen was a Corning No. 243 red filter
(11, 44) and a Corning ¥o, 396 H. R, blue filter, The latter wes needed
for the purnose of heet resistance since the infra-red has an effect on
the photronic cell, The trensmiesion renge of this combination lav be-
tween 5100 & and 7500 X in the infra-red.

Since carotenoids and chloronhyll have an absorption band in the
blue region of the spectrum, it was necessary to rerove cﬁlorOphvll in
order to determine the carotene content, After the chlorophyll had been
removed 1t was necessarv onlv to choose a filter with meximum transmission
in the dlue region, A Corning No, 554 H. R, was finelly selected after
tryinz certain other ones,

Excellent reviews on photometry have apneared by R, H. Muller (40)

and M. G. Mellon (35).

Analytical procedure

One very important step which hes not been emphasized sufficiently
in most quan‘itative pizment determinations i1s that of a2 complete grind-
ing procedure preliminary to extraction., It is imperative that the

tissue be thoroughly éisintesgrsted, This enplies regardless of the method
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of extraction or the solvent used. The temntation is to zive a prelim-

inary zrinéding and then let the solvent dn the rest »f the wnrk,

In general, the procecure used for extraction is somewhat like that
of Ulvin (64), MTwo grans of fresh tissue 2re nlaced in a mortar (zlass is
preferred since it is ezsier to clesn out) with a smell smount of sodinum
carbonste to neutreslize any possible aciditv, In this way chloronhyll
decomnosition is nrevented, The tissne is then ground 2s finely and ranid-
ly as possidble, If the tissue is too dry it is moistened with pure
acetone, lMoreover, the acetone prevents oxication of the carotene to a
certain extent, It is then ground more with quartz senéd and moistened
frequently with pure acetone, After it is finely mecerated, ahout twenty
five cc. of pure acetone are added and the grinding continued for a few
more ninutes, The extract is decanted through a Buchkner funnel, and the
residue is 2gain macerated and extracted with eizhtr five percent acetone
(twenty five or thirty cc.,)., ™he resicue and extract are placed in the
Buchner funnel ancd the residue soalzed twe or three times before drawing off
the 1liguid, Tre number of grindings denends upon the tissne used. The
experienced worker soon knows when extraction is complete, The presence of
water soluble pigments in the acetone extract -- particularly when using
eichty five percent acetone often gives the impression of incomplete ex-
traction, If, when using nure acetone, the liouicd comes throush clesr in-
to 2 test tube, one cen be certain of complete extractinon, The filtrate
collected in a test tube should be shaken with a little netroleum ether
when eighty five percent acetone is used, and if no yellow color pecses
to the petroleum ether laver, carotere is not present. The extract is nade
up to one hundred cc. or any desired volume with eightyr five nercent

acetone,
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The chloronhrll content is then read—r to be measured. A part of the

extract is placed in the absorption cell of the vhotoelectric colorimeter,
and its tranemigsion 1s comprred with that of distilled water. This value
is then interpreted as concentration through the use of the standard curve,
Fiftv cc, of the acetone extract are talzen for the carotene éeterminations,
This is placed in an oil flask or one hundred ml., Erlenmeyer flask witha the
prepared beriun hydroxide, The latter is nrepared by hydratinzg sne gram of
the anhydrous barium hydroxide (J. 7. Baker, Barium Fydirate, anhydrous) or
barium oxide in an orzanic solvent miscible with water, The solid barium
compound 1is put into five cc. of acetnne to which five cc. of water is add-
ed while stirring., It mry also be prepared in one of two other wavs, If
there were enough water in the extract (énd there should be), no previous
activation would be necessary. Again, an sctivated bariun hydroxide re-
sults when a soluble barium salt reacts with an alkali in the presence of
the organic solvent miscible with water,

The acetone extract and barium hydroxide mixture are refluxed for
thirty minutes on a hot plate or water bath, The flask andé contents are
then cooled and filtered, T™he green sludsze remaining on the filter is
washed with pure acetone to remove £11 the carotene, The yellow solution
is placed in a separatorry funnel to which fifty cc. of petroleum ether (3,
P, 3n%- 5n°C.) is added. The solution must never be shaken but the ex-
traction cen be completed bt swirlinz the funnel with a rotary motion, The
acetone is weshed out of the petroleum ether laver with wnter and is re-
extracted with two fifteen cc. portinns of ypetroleun ether, The extracts
are comhined with the rest of the petroleum ether. The netroleum ether
is then wnshed with either eizhty five and ninety percent methyl or eighty
and eighty five percent ethyl zlcohol in order to wash out xanthownhylls,

T™he alashol extract is re-extracted with petrnleum ether, This extract is
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added to the petroleum ether laver which is washed z2zn2in with a little
alcohol, then once with water and then filtered throush anhydrcus sodiun
sulfate into a vnlumetric flask and made to volume, fhe concentration of
carotene in the petroleum ether solutinn (larzely beta-carotene in green
tissue) is then cdeternined in the same manner as in the chlorothrll deter-
mination cescribed above, The Corninz No. 554 H. R, filter wes used,

Azain the value is internreted from the stancdard curve. Correction for the
presence of chloronhyll may be made, hut this is rarely neceserry, Oc-
casionally zreenish material may be present, but it will be filtered out

in the sndinum sulfate filtration,

Results

Chlornohyll exneriments

The most important eingle factor in this studv was the broper choicse
of suitahle filters. Certain filters and filter combinations were tested,
nanely, the Cenco o, 3, and comhinations of the Cornmins H,R, 243 nlus
N.25 M copper sulfate snlution, Corning Nﬁ. 243 and a Cenco blue glass H, R,

ilter, and finallwv the Corning Mn, 243 and 396 hlue filter,

The calibratinn curve for each filter is renresented in figure 2. It
is obvious from these data that the Cenco filter is not satisfactory for
this particular study. It is desirahle that a large change in transmission
be induced by a small change in concentrntion., The Cenco filter shows
this characterigtic onlr in an extremely short ranse, The heat curve was
obtained with the Corning filter No. 243 plus a solution of 0,25 N cooper
sulfate. An excellent curve wes also obtained with a 0,167 N conner sul-
fate solution, The advantage of the latter wes thet a greater light in-

tengitr could .pass through, However, the inconvenience cauised by the pren-
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aration of trese solutions led to their discontinusnce. The other two
curves, ohtained throu-h combining the Corninz No, 243 filter with the
Cenco blue glass filter, end combiniaz the Corninz MNo. CW3 with the Cor-
ning No. 395 filter, were ruch alike and readily reproducidle. Each could
be used effectively and for most of the work the Yo, 396 was selected be-
cause it absorbed more of the infra-red, Both the curves exhibited gentle
sloves throughout most of the entire ranze of concentrations emloved,

The glass filters were rmich more convanient althouzh slizhtly less satis-
factory than conper sulfate,

T™he calibration curves for these fil%ers were determined in the
folloming menner. Pure chloronhyll (5x zgrade obteined from the American
Chloronhyll, Inc.) wes dissolved in eishty five percent acetone. Sixty
two and one-helf mz, samples were dilu*ed to a wvolume vielding a stock
solution of one hundred twentv five mg./l1., Different concentrations of
chlorophyll were prenared from thls stock solution by éiluting certain
aliquots to definite volumes, The photelometer was adjusted to read 17N
with the filters in place end distilled water in the standarc cell, The
cell with the sterdard (or unknown) was 2lizned with the light source of
tre instrument, by shiftins the carriaze, The ammeter reading was then
taken, ZEach photometric value was nlotted against its concentration to
obtain the resuvlting curve. This procedure was followed for every deter-
mination whether for chloronhyll or carotene, known or unlktnowm, The
chloronhyll concentration of any unknown coull be determined by inter-
preting the photometric reading from these standard curves,

Tahle I shows the data obtained in a study of the accuracy of chloro-
phyll determinations upon weighed samnles of chlorophyll with the use of

the four filters. 1I% can be seen readily that the percentrge error with
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‘the Cenco filter exhiblts a gre=ater range than with the conmer sulfate,

The poor curve obtained with the Cenco filter accounts for this lsrge er-
ror, The results, in general, seem to be more reliable in that rance
where U45-75 percent of the licht is transmitted and the prectice has
heen to dilute within that range. The absnlute error tends %o be larze
thouzh the percentace error is small where trensmission is below U5 per-
cent,

It became necessary to know exactlv what effect the presence of carot-
ene would have unon chlaronhyll deterninations, althoush theoretically
it should have none. Xnown ocuantities of chloronhyvll were wmeighed out
and solutions of different concentrations were made, Carotene was added
to each of these snlutions to make a concentrotion of twenty seven nnm,
The results are sho'm in table II, The percent variation is very close
to the exmerimental error indiceting that there is little, if anv, effect,
These data agree with the conclusions of Johrstn and Weintrand (25) =as
well as Goénew and Kelischewicz (15),

Photometric and colorimetric chlorophyll determinations were com-
pared on certain green naterials, A Duboso cclorimeter wes usec for all
colorimetric determinations. Guthriels stendard was first useé for de-
ternining the chloronhyll concentration, then a nure chlorovhyll stand-
ard, and finally, & photoelectric colorimeter, The data in tahle III
indicate that the velues obtained colorimetrically with a pure chloronhrll
standard comnare favorahly with those when the photelometer was used. How-
ever large veriations at the hisher concentrations were secured with

Guthriels standard.
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Carotene experiments

The proper selection of filters or filter combinations is elso the
important factor in the determination of carotene concentrstions, Three
filters were tried, namely, & Cenco No. 1, and a Corning l'o. 554 H., R.
filter with and without a Novial A No., 038 filter.

The resdinss for carotene content could not, however, be mrde direct-
ly upon the crude extract~since chloronhyll has an absorption band in the
blue region of the snectrum from L4ONO A to 5100 R, which overlepns that
of the abtsorotion by carotene (4180 X - 49170 K. Values in ether solution),
This necessitated a senaration of the.green plzment from the vellow,

The data in tahle IV show that the transmission vmlues at all con-
centrations (approximate) are similar, The Corning Mo. 554 plus Corning
No. 038, a combination nsed by 3rooke, Tvler, and Baker (&) served only
to cut down the transmission without increasingz the sensitivity. The
Corning numbér 554 served the purpose &s well as any filter,

Eleven end four tenths milligrams of beta-cerotene obtained from
the S. M. A, Co. were diluted to 570 ml, in netroleum ether at 26°C,
Dilutions were made from this stoci: solution to ~iwve the verious con-
centrations reouirec., Photonetric recdings were mede in the same manner
28 in the chloronhyll determinations., The resultinz values were plotted
azainst concentration 2nd the curve (fig, 3) wos thereafter used for inter-
preting unknown values,

A method of correction for the nossibhle presence of chloronhrll in
any carotene sample was worked out. Rarely was chlorophrll found present
in the carotene solution with the method of senaration used., The inset
in figure 3 devicts the curve obhtained for chlorophyll with the filter

No. 554 used for carotene deitermination, With the aid of both curves in
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fizures 2 end 3 the correction for the chlorophrll present is mede in

the following manner; the amount of chloronhyll in the petroleum ether
solution of carotene is determined b usinz filters No. 243 and No. 396,
The reading for totel percent transmission in the tlue resion with filter
nunber 554 is then obtained. This is the result for both carotene and
chloronhyll. The curve inset in figure 3 indicates the amount of absorp-
tion due to chloronhyll if no carotene were nresent., The actual carotene

content is determined br the use of the following formula:

Y = T x 100
o}
Y = actual nercent trensmission of carntene,
T = total percent transmission of carotene and chloronhvll in the

blue sgectrun,
C = percent tranemission of chloronhvll concentretion in hlue

spectrum 1f no caro‘ene were vracent (from fisures 2 and 3).

As renorted in the review of the litersture, practically all methods
used a2t present depend on the senaration of the two nisments by en alka-
line sanonification of the chloronhyll. This saponification method re-
trieves carotene in a petroleum ether snlution, The means of separation
used in this study is based on a new princinle which was devised larzely
by Dr. H. G. Petering of the Michisrn State College Chemistry Exneriment
Station, This involves the separation of the chloronhyll from carotene
by precinitatinz the green nigment with barium hrdroxide octahydrate, The
carotene could then be filtered off. Maznesium hydroxide and calcium
hydroxide were not as efficient as the barium hydroxide, Ordinary barium
hyédroxide was activated by first placin~ the material in acetone or al-
cohol, A subsecuent aédition of water resulted in a fine, norous mass.1

(1)T™his reaction was later shown to be die %o the formation of the
barium hycroxide octahydrate.
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The mzterlal was then sdded to the chlorouhyll solution, Several exper-
iments were conducted to establish the effect of different veclumes of
water and acetone upon the activitr of the barium hydroxide., It was
found that there w2s little difference in these amounts as lonz as enough
water was present to complete the reaction, It also avnears that good
activity 1s obtained with either anhydrous barium hrydroxide or the
octehydrate,l The use of eisghty five percent acetone seems to be more
effective than nure acetone,?

Deta wére gathered, =8 stown in tahle V, to determine Just how ruch
barium hydroxide is necessary in order to remove the chlorophyll. It
is obvious that there is a close reletionship hetween the amount of tar-
ivm hydroxide, the time of refluxing, and amount of chlorophyll removed,
The general practice has been to use one zm, »f barium hrdroxide (an-
hyérous) five cc, of acetone, and five cc, of water for each fifty cc.
of a one hundred ppm. solution of chloronhyll for a thirty minmite reflux
period., The amcunt of BR(CH)E used in gettins this érta 1s in excess of
the amount needed for these pignent .concentrations es later shown by
Peterinz and )Morgel.

Since & guantitative recovery of carotene is inmperative the effect
of the barium hydroxide upnon the carotene was studied. ZIxperiments were
rmn in which duplicate samplés -- one treated, the otrer not -~ were com-
pared, A known anount of carotene was added to 2n unknovn sample, and
then none acdded to & duplicate sampnle, The difference hetwveen the
samples with and without the added carotene then renresented the amount
reccvered, The data in table VI show the results of these tects, The

resulte indicate that a complete ouantitative recovery of carotene wog

(2) Peterinz and Morgal, (private commnication) have shown that
elzhty five percent acetone is the best concentretion since more water

will throw out tre pizments.
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acconplished.

A number of experiments were run in order tc determine the sccuracy
of this method for cearotene cdeterminations as compared with the present
accepted method (A. O. A. C.). A number of experinments were run in con-
Junction with Dr, E. J. Benne of the llichizan State Collese Chemistry
Experiment Station, The comparison wee mede with the Peterson, Puzhes
snd Freeman method (L6), The data presented in table VII shows remork-
ebly close azreement between the two methods. Both chloronhyll and
carotene were cdeternined on the sseme extract by this new nrocedvre, The
olcer methoé does not allowv for a chloronhyll ceterrmination, }Many plant
tissues were emplored which would present.a wide variation in both chloro-
phyll and carotene content., The greatest percentage variation occured
with yellow wnx bean pods, which had en extremely smell carotene content,
A very small loss of pigment in this case would have produced & large
error,

Samples of blue grass talten in the fall gave results with the barium
treatment twenty to twenty five percent higher than those run by the
Peterson, Furhes end Freeman method. This was the onlv instant of poor
sgreement between the two metrods, ZEitrer tre acetonse extracted more caro-
tene than the alcohnlic KOH, or tle acetone tekes up on imnuritr other
than carotene which is not extracted from tre tissue by the Peterson,
Huches ané Freeman method, Moon (39) renmorted that grasses yield red or
brown resinous substances which are vrecinitated during sancnification
with alcoholic alkali, This mekes the extraction of carotene from the
residue by petroleun ether very difficult, This may have been the source
of the troudble,

Both chromatozranhic and snectrophotometric studies revealed nc im-



purities present in either solution.

DISCUSSICIT AND CONCLITSICY

Althoush many aspects of the nrocedure as given in this paner re-
senble other methods, it differs in several imnortant respects, There is
a growing belief, well substantiated, that the nhotoelectric colorimeter
is a bvetter instrurent than the colorimeter. The imwortant error in colori-
metry induced by visual impressions of different individuals is ébsent in
phctoelectric cnlorimetry. The values obtained are the result of objective
readings, and tints or shadings need not be interpreted by the eye, The
short period emnloyred in testing and the almost immedisate results obtained,
reduce the chences of pigment decomposition. The time seved is a factor
in which all inve;tigntors are interested., The use of a stendard curve
which needs to be checked onlyv occesionally is preferable to the frecuent
prevaration of new standerds, The standard ecuinment employed is an ad-
vantage and the spectral filters are more sensitive than those in many
other methrods,

Cn the other hand, errore are found in the photometric methnd., The
sensitivitvy of the nhotoelectric cell %o certain wave lengthe varies, and
the fluctuation of the current from an AC line will ceuse a deviation on
the ammeter which is a source of error. Thls can be easily eliminated bty
the use of a storage battery provided a charger is availahle, The greatest
disadvantace may anpear to be the cost of the instrument, but this is
slizht when compared to the spectrophctometric metlod.

The use of barium hydroxide octahydrate also presents many acventeges
over the older methods. There is no doubt that its action 1s more rapid

than the alkaline sanonification for chlorophyll brealdown., The use of a



80lid material without any special preparapion; tre small amount of
handling, and the ease of separation by filterins, zive it an edvantese
over the alkaline sanonification method, Mecreover, & comilete removal

of chlorophyll is ohtained. It was found that the filitrate after filter-
ing off the green sludze had no barium present., This simnlifies tre pro-
cedure tremendously since numerous weshinzs are not necessary in ridéing
the solution of alkali =s is the casse where alkalline seponification is
emnloyed,

A separation of the pisments is not necessary for the determination
of chlorophrll, and altkough a separation is recquired for the carotene
determination, the same sample can be used for both estimations,

An additional advantage lies in the reduction of the number of opera-
tions and trensfers in tris manner reducins the sources of error, Fewer
reagents are needed to carry throush a determination,

™e entire nrocedure takes about one-half the time nrdinerily snent
with other procedures, even those in which photoelectric colo;lmeters

have been used,

ST2ARY

1, The literature and methods involved in extraction of pigments,
separation of the green and yellow wnizments, senarstion of the carntenoids,
end ouentitative determinations of chloronhrll and carotene sre reviewed,

2, A discussinn of the princinle of vhotometry end a descrintion of
the phrotoelectric colorimeter used is given,

3, Chloroohyll was determined nhotometrically on the crude extract
in the red recion of the spectrum by means of suitanle filters, The

preparation of a calibration curve for chlorophyll is descrided,



4, Data for the accuracy and reliatility of the metred as comner-
ed to colorimetric methods are shown,

5. A studv of a few potentially svailable filter svstems was con-
ducted.

©. A report of the preparation of the extract for the cerntene
determination, the tvpe of filter used, 2 method of correction for eany
chloronhrll present in the carotene sampnle, and the cslitretion curve
is discussed.

7. A stidv of the method for tresting the barium hydroxide for
chlorophyll decomnosition end its effect on carotene is presented,

8, Comparisons of values ohtained by this method with those from
the generally eccepted rethod are included,

9, Exact details are vpresented for an analyvitical procedure for
chloronhyll and carotene in green tissue,

10, A discussion of advantages, disadvmntazes and errore of the

nethod is presented,
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TAPLE I

TIE ACCITRACY OF CULORAPYVL], DETERIITATIONS

Pure chlorovhyll in acetons solution (mg/l.)

Sample Yo, Chlorophyll concentratiosn Chloronhyll concentration Percent

by weight photelometer with Corning error
247 & Aklo 396
1 13.9 D .5 7.0
2 3907 ?8.") -L]..g
3 79.4 g2.0 3.3
4 99.3 1n2.5 3.2
5 119.1 124.0 b1
6 39.7 39.5 -0.5
— A-Corning %3 + N/yCu. SO, filter,
B-Corninz 243 4 Cenco M. R.
blues filter
C-Cenco Yo, 3 filter ,

TA od bt ou,8 . NH
78 oLk 24.0 -0.6
7C oLk 23.0 -5.7
8A 31.3 33.1 5.7
gB 71,32 21.9 n.9
gc 71.2 0.6 -2.2
9A L2.0 Ly o L.2
9B Le.o .0 L. 2
9¢ L2.0 Wy .0 4.8
10A £2.2 55.6 .5
103 52.2 53.7 2.5
192 52.2 7.2 -9.6
11A £5.5 69.0 3.8
113 £e.5 70.0 R
11C 66.5 62.3 -6.2
124 105.0 110.0 5.0
128 105.0 103.0 3.0
12 105.0 93.% 6.5




TAELE II

MHE IZFFECT OF CARQOTINE ON CHLOROFHYLL DETHRRMIVATIONS

Expressed as mz,/1,

Chloronhyll concentration, containirz in solution rercent

Sample Checl:s 7 n.p.m, of czrotene, veriation
1 20.5 2n.9 1.9
2 12%.0 117.0 ~5.6
3 6.9 6.5 -5.7
't 6.9 7.3 5.7
5 85.0 | 85.0 0.0
6 30.7 31.0 1.0




TAZLE 111
COLPARISQONS Cr THE COLORIMITRIC A'® PHIOTCIETRIC

MITHODS FOR DTMTRMINATION OF CULOROTEYLL

Photelometer Colorimeter
Gh‘hrie's standa
Corning filters K Cr N, + CuSO» Crloronhyrll
Samnle ¥o,”U3 plus 396 %‘OH) standard

Tamato leaf 141.0 mg/1, 179,6 ma/1. 116.0 mz/1.
Momat~ lesf 137.0 1749.8 19%.0
Nettle lesf 153.0 117.1 156.90
Tettle lesf 128.0 114 137.n
Nettle le-f g2.0 75.2
Alfealfa leaf 7.5 57.2 55.4
Celerr lesf 23.n 73.5
Celeryr lesf 7.0 1.2

Celerv le=f 1103,2 7.5

N
N



TASLE IV
THR ZFTRECTS OF CERTAIY FILTZERS ON

PEOTC!TMRIC READINAS OF STAYDARD CAROTZIT SCLIICHNS

Ch

Exnresszed ns p.p.n,

- Tlo.55% +
Carotene concentration  Corning Wo.554 Novial A {Ih,"38)

Cencon Yo,1

k.15 °7.1 25,9
3,33 4.5 34,3
2.65 .3 40,7
2.13 49,0 Lg. 5
1.7 55.7 55.9
1.36 62.8 €2.3
1.79 62.8 08.2
n, 54 g2.5 83.3
n.28 gz.0 9.3

5.0
32,2

39,5




TABLE ¥V
™= AMOWMM™ OF BARIUM HYDRCXILE REQUIRZD MIMER CTRTATIN CONDITIONS

T0 RIOTVE CVLORCPHYLL FOR TYE CAROTTE DETERNIVATIONS

Mime in
p.p.m, cc, chl, Weizht cc.Ho for min,.of Chl, p.p.m,
chl, sel, Ba(OH\? B:’(OH)2 refluxing Reading chl., conc.
170 50 1 gn., 5 20 az.7 0,4
170 50 1 gr. 5 25 2.4 0.5
100 50 1 an. 5 20 97.2 N.9
110 51 1 e, 5 15 3.9 1.0
50 50 0.5 g~ 5 30 93.1 2.4
190 50 2.0 gn. 5 20 97.5 0.8
100 50 2 gm, 5 30 59,2 0.2
100 50 3 gm, 5 20 ag,2 0.5
100 50 Y gm, 5 10 95.9 1.n
100 50 5 gn., 6 17 100 N.0
100 50 C.5 em. 11 pels) 9L, 8 1.7
Ba(OH)2
+
0.5 gm,




TABLE VI
CAROTEE RECOVERIES FROM ACZITOVE SOLT™MIONS

FCLLOWIMNG "HE BARI™M IYDROXIDT MRTATMINTS

Sample

Chloroyhyll concentration Carotene concentration
n.C mz./1. 0.89 nz./1.
0.0 0,54
0.0 , 1.0 1,53
n.c 0.89
0.0 0.63

O 1.55 1.,R2

&
&
&

W NI TN

TR 5 ce., acetcne snd 50 cc, carotene snlution,

5 == 59 cc. ecetone snd RO cc. chlornphyrll extract,

6 == 52 cc. carotere snlution ané 50 cc, crlorovhvll extrect,
Sum of 1 and 2 shnuld eoual 3.

Sun of 4 and 5§ shn1ld equal 6.

Fifty cc., of en ncetone solution of carotene oil (S.M.A.)
refluved 15 minutes with 1.5 grams harium hvdroxide,
Txtraction with petroleum ether. Checls has no bartunm
hydroxide *rentment,

[&]
D
i3
3
r
®

U QW »

Concentration of check '~ Concentration of treerted
1.55 me, /1. 1.70 re. /1,
1.12 1.10
1.375 1.4
2.19 2.21

Sample

Fifty cc. of =2n acetone solution of cerotene refluxed one-
half hour with 1,5 gms. barium hydroxide. No barium hydro-
xide treatment in check.

Acetone-
check
Acetone-
trested
Pet.ether
check
Pet.ether
treated

0.h7 mz. /1.
0.71
0.64

8]

(92

7
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Fioure

Sketch of Cenco-Sheard-Sanford

I,
photelometer,

A"

II. Standard chloronhyrll curves ob-
tained Ly the use of differant filters,

III. tandard carctene curve,
Correction curve for carotene sol-
ution containinz chlorophylil. (Inset)
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