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The separation and determination of chlorophylls by high-performance liquid chromatography (HPLC) is 
described. Chlorophylls and their derivatives were separated by reversed-phase HPLC based on hydrophobic 
interaction between solute and support, using an octadecyl silica column and elution with 100% methanol. 
Separated pigments were detected fluorometrically with a sensitivity in the picomole range: the fluorescence 
response was linear over a wide pigment concentration range. Resolution of five chlorophylls a and four 
protochlorophyll species esterified with different alcohols was achieved within 22 min in a single experiment. 
This method can be used for the determination of chlorophyll b, bacteriochlorophyll a esters and products 
synthesized from chlorophyll, but not for nonesterified pigments, i.e., chlorophyllide, protochlorophyllide and 
chlorophyll c. The chromatographic mobility of chlorophyll u esterified with different alcohols increases with 
increasing number of carbon atoms in the esterifying alcohols. The plots obtained from the logarithm of the 
capacity factor (k’) of these pigments versus the numbers of carbon atoms of the alcohol molecule gave a 
straight line, thus permitting the estimation of the chain length of unknown pigment esterifying alcohols. This 
HPLC separation technique did not cause the formation of artifacts. The deviation of the individual retention 
time for each pigment is less than & OS%, thus making this method suitable for the rapid identification and 
quantification of unknown pigments. 

Introduction 

The identification and determination of plant 
pigments has relied largely on the use of paper, 
thin-layer or column chromatography followed by 
spectroscopic examination and determination of 
the isolated pigments [ 11. These methods, although 
often useful, are not suitable for the separation of 
structurally very similar compounds. 

Recently, the technique of HPLC has been em- 

Abbreviations: Chl, chlorophyll; PChl, protochlorophyll; BChl, 

bacteriochlorophyll; F, farnesol; G, geraniol; GG, 

geranylgeraniol; DHGG, dihydrogeranylgeraniol; THGG, te- 

trahydrogeranylgeraniol; P, phytol; HPLC, high-performance 

liquid chromatography. Chl alcohol(G,F.GG.DHGG.THGG.P), chloro- 

phyll esterified with the respective alcohols. 
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ployed for the separation and determination of 
plant pigments [2-91 because of such advantages 
as speed, high resolution and sensitivity. These 
useful characteristics of HPLC have led to the 
detection of minute quantities of previously unde- 
tected components in extracts of plant pigments. 
The HPLC analysis, however, has previously been 
largely concerned with determination of the main 
chlorophylls and carotenoids. 

During the course of our studies on chlorophyll 
formation [9- 111, we required a simple and rapid 
method for the separation and identification of 
chlorophylls and their precursor pigments. Previ- 
ously, we reported successful applications of re- 
versed-phase HPLC to the separation and de- 
termination of the mixture of PChls esterified with 
different alcohols from inner seed coats of three 
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TABLE I 

ANALYTICAL SEPARATIONS OF CHLOROPHYLLS AND THEIR DERIVATIVES BY HPLC 

Chromatography was performed under the conditions described in the text. The chlorophylls were eluted with 100% methanol at a 

flow rate of 1.5 ml per min at 40°C. Retention times were read out directly from a Chromatopack C-RIA and are expressed as the 

mean values of four to six experiments. The capacity factor, k’, is given by k’= (t, - t,,)/t, where ta and to are the retention times of 
retained and unretained solute in the given system, respectively. The ratio of the capacity factor, a,, is calculated by k;/k&, LI ~phyto,~. 

a2 is estimated as k;/kbhy,o, in each group of the pigments. 

Chlorophylls Retention k’ al a2 

time (mm) 

Methylchlorophyllide a 2.46 0.482 0.07 0.07 

Ethylchlorophyllide a 2.52 0.518 0.08 0.08 

Chlorophyll co 3.74 1.25 0.18 0.18 

Chlorophyll or 5.27 2.17 0.32 0.32 

Chlorophyll ooo 8.04 3.84 0.56 0.56 

Chlorophyll a oHGo 9.29 4.60 0.67 0.67 

Chlorophyll aTHGo 11.03 5.65 0.83 0.83 

Chlorophyll a ,, 13.03 6.85 1.00 1.00 

Chlorophyll a 6 15.80 8.52 1.24 I .24 

Pheophytin ap 53.87 31.45 4.59 4.59 

IO-Hydroxychlorophyll cr. 10.62 5.40 0.79 0.79 

Pyrochlorophyll (I~ 17.85 9.15 1.42 1.42 

Chlorophyll b p 7.25 3.37 0.49 1.00 

Chlorophyll b)P 8.14 3.90 0.57 1.16 

Pheophytin b, 34.85 19.68 2.87 5.84 

Protochlorophyll,, 12.12 6.30 0.92 0.58 

Protochlorophyll,,,, 14.10 7.49 1.09 0.69 

Protochlorophyll,,, 16.62 9.01 1.32 0.83 

Protochlorophyll, 19.69 10.86 1.59 1.00 

Protopheophytin, 58.05 33.97 4.96 3.13 

Bacteriochlorophyll aoo 4.36 1.63 0.24 0.56 

Bacteriochlorophyll aDHoG 4.93 1.97 0.29 0.68 

Bacteriochlorophyll aTHoG 5.61 2.38 0.35 0.82 

Bacteriochlorophyll ap 6.45 2.89 0.42 1.00 

Bacteriochlorophyll a; 7.28 5.62 0.82 1.17 

Bacteriopheophytin or, 27.52 15.58 2.27 5.39 

elution profiles of the pigments. The log k’ values 

of peaks 3 and 4 were in good agreement with 
those values of dihydro- and tetrahydro- 
geranylgeraniol obtained from the plots of log k’ 
against their number of double bonds for Chl uoo 

and Chl up [12]. Thus, peaks 3 and 4 were identi- 

fied as Chl aDHGG and Chl uruoo, respectively. 
These results were further confirmed by gas chro- 

matographic analysis of the esterifying alcohol of 
each peak; the alcohol moiety of peaks 3 and 4 
showed retention times of 22.83 and 19.22 min 
and these were identical with those of authentic 
samples of dihydro- and tetrahydrogeranyl- 
geraniol, respectively. Furthermore, the ratio of 
capacity factor in each group of pigments, (Y* of 

these Chl a species was coincident with those of 
PChl and BChl a esters. The retention time, capac- 

ity factor (k’) and ratio of capacity factors ((Y, and 
a*) of chlorophylls and their derivatives are pre- 
sented in Table I. 

To examine the reproducibility of separation of 
the experimental system routinely used, retention 
times of some Chl a and PChl esters were mea- 
sured for a series of successive separations and the 
results (Table II) indicate an experimental error in 
determination of the retention time and the C.V. 
of the retention times of less than 0.5%. Further- 
more, retention times were reproducible for the 
range 2-50 1.11 injection volumes. The quantitative 
recovery, estimated by the ratio of peak areas to 





(peak l), Chl ao (peak 2), Chl uF (peak 3), Chl 

uoo (peak 4), Chl up (peak 5) and Chl a; (peak 6). 
As can be deduced from the data of Fig. 2, the 
plot of the log of the capacity factor, k’, of differ- 

ent esters of Chl a (see Table I) against the num- 

ber of carbon atoms in the alcohol moiety results 

in a straight line, indicating that this technique can 

be used not only to separate pigments differing 
only in their esterifying alcohol but also to identify 

this alcohol (data not shown). Increasing the num- 
ber of carbon atoms in the esterifying alcohol of 
Chl a resulted in a decrease in mobility (Fig. 2). A 
similar result was obtained in the PChl esters 
isolated from inner seed coats of Cucurbitaceae 

[121* 
The elution profile of the mixture of newly 

synthesized pigment products is shown in Fig. 3. 

Peaks l-4 corresponded to 1 0-hydroxychlorophyll 
up (peak l), Chl up (peak 2), Chl a; (peak 3) and 

pyrochlorophyll up (peak 4) in terms of retention 

time of each sample. The shoulder of peak 1 
showed the presence of a minor component which 

is tentatively identified as IO-methoxychlorophyll 
up, since the spectral properties of both pigments 

are the same [l] and it was produced during the 
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Fig. 5. Gas chromatogram of esterifying alcohols obtained from 
a mixture of BChi u esters. Preparation of the alcohols by 
saponification of the pigments and gas chromatographic condi- 
tions employed are described in the text. (1) Phytol, (2) tetrahy- 
drogeranylgeraniol, (3) dihydrogeranylgeraniol, (4) geranyl- 

geraniol. 

preparation of IO-hydroxychlorophyll a [ 11. 

Fig. 4 shows the elution profile of BChl a esters 
from R. pulustris. One prominent and three minor 
peaks were observed. The spectra of all these 
pigments were identified to that of BChl a. To 

identify the different esterifying alcohols, the mix- 

ture of pigments was saponified and the alcohols 

analyzed by gas chromatography (Fig. 5). Com- 

parison of the retention times with those of 
authentic standards shows the presence of four 

alcohols, geranylgeraniol, dihydrogeranylgeraniol, 
tetrahydrogeranylgeraniol and phytol. Thus, the 

pigments were readily identified as BChl uoo (peak 
l), BChl aDHoG (peak 2), BChl aTHoG (peak 3) 
and BChl up (peak 4) by the concentration ratios 
between pigments and alcohols. To confirm these 

results further, peaks 1 and 4 were isolated by 
thin-layer chromatography [ 171, saponified and 
subjected to gas chromatographic analysis. Peak 1 

had a retention time of 29.0 min and was identi- 
fied by comparison with an authentic sample as 

geranylgeraniol. Similarly, peak 4 showed a reten- 
tion time of 12.98 min identifying it as phytol. 
Peaks l-4 were identified, therefore, as BChl uoo 

and BChl up, respectively. By the procedure de- 
scribed above for the determination of equivalent 

double bonds, peaks 2 and 3 were confirmed as 
BChl aDHoG and BChl aTHoG, respectively. A 
similar elution profile was obtained from the ace- 
tone extract of R. spheroides. 

Discussion 

The reversed-phase HPLC on a Du Pont Zorbax 
ODS column was suitable for the separation of a 
variety of chlorophylls derived from plant and 
bacterial extracts. The esterified chlorophylls were 
separated with high resolution within 22 min 
without leading to the formation of artifacts (Fig. 1 

and Table I). In addition, the chromatography was 
highly reproducible, permitting the use of this 
technique for rapid analysis of a variety of esteri- 
fied chlorophylls (Table II). This system is not 

suitable for the separation of pheophytins, because 
of poor resolution and exceedingly long retention 
times (Table I). The only limitation is the inability 
to separate nonesterified pigments including, for 
instance, chlorophyllide, pheophorbide and Chl c 
groups; however, some batches of the ODS col- 
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