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Abstract

Chlorophyll pigments give the green colour to plants, which is a quality attribute
of food and vegetables. However, the chemical structure of native chlorophyll can
change during varied processes (drying, freezing, extraction) applied to plants, which
produce degradation compounds that could have a brown and unwanted colour.

Systematic experiments have been conducted in supercritical fluid
chromatography with a C18 stationary phase to understand and model the
chromatographic behaviour of the compounds with respect to the nature of the
modifier (MeOH, ACN, and MeOH/ACN 50/50) and its percentage, from 10 to 100%.
Specific retention changes were observed, which provide numerous analytical
conditions to achieve compound separation. The chromatographic profile of the
extract containing native chlorophyll a, b and numerous phytylated chlorophyll
derivatives (pheophytin a, a’, b, b’; hydroxypheophytin a, a’, b, b’; pyropheophytin
and lactone derivatives) is strongly impacted by the nature of the modifier and,
because of the complexity of the extract, the optimal conditions obtained are unusual
for supercritical fluid chromatography. An original method development using an
optimization criterion was discussed for the analyses of samples, leading to a fast
analytical method with a very low backpressure and a flow rate gradient, but a
simplest and rapid method is also suggested for samples displaying fewer

derivatives.

1 Introduction

Chlorophyll compounds are involved in photosynthetic chemical reaction of
plants. They are divided into two main classes, the non-polar phytol esterified
(chlorophylls a and b), and the non-esterified and polar ones (chlorophylls ¢, c2, c3).
The non-polar ones, chlorophyll a and chlorophyll b, are found in the leaf chloroplasts
of higher plants, while the polar ones are found in marine phytoplankton. These
pigments are responsible for the bright green colour of vegetables, or vegetable
extracts, and their degradation can be damageable for the quality of the products.
The chlorophyll a and b pigments are composed of a porphyrin-type skeleton,
consisting of four pyrrole groups linked by methyne bridges (Figure 1). These
porphyrin rings chelate a magnesium ion in the centre, and are esterified by a
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terpenoid alcohol, called the phytyl chain, on carbon 17. A vinylic group is located on
carbon 3, and a methyl ester on carbon 132. The a and b forms differ by the nature of
the substituent on carbon 7, which is either a methyl group for chlorophyll a or an
aldehydic one for chlorophyll b.

Under normal maturing or postharvest storage, natural degradation of pigments
can be observed in vegetables leading to changes in colour, which could depreciate
the quality of the products [1,2]. During the ripening of olive fruit, the decrease in
chlorophyll content associated to the carotenoid esterification is responsible for the
colour evolution, from green to black [3]. For instance, an enzymatic reaction due to
chlorophyllase induces the loss of the phytyl chain to give acidic forms of pigments
called chlorophyllides (S1).

Other colour changes, related to chlorophyll structure modification, are reported
during plant processes, such as dehydration [4-7] or freezing [8]. Most often, the
increase in temperature during drying, the extraction with protic solvents or long
storage all promote the demetallation of magnesium, leading to pheophytins a and b,
or the epimerisation on carbon 132, leading to & and b compounds, either for
chlorophylls or pheophytins [9](S1). Additional decarbomethoxylation (on carbon 132)
can also be favoured by heating, leading to pyro-pheophytin from pheophytin [10].
Besides, the presence of hydroxylated chlorophyll compounds is also reported, either
related to the vegetable maturity [11] or to the conditions of the extraction process
[12].

The chromatographic separation of these compounds is very useful to study the
effects of the varied processes applied to vegetables: dry- or moist-heating, freeze-
drying [13], rehydration, canning or extraction, to check the adulteration due to the
addition of food colorant (copper complexes of chlorophyll) ([9] or the re-greening
process in the presence of zinc [13]. Moreover, a chromatographic method can also
follow the eventual degradation of chlorophyll during plant extraction processes when
using modern extraction methods such as pressurised fluid extraction [14] or
supercritical fluid extraction [15].

The presence of the phytyl chain, which contains 20 carbons, makes
chlorophylls and some of their derivatives strongly non-polar (Log P>8).
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One paper reported the separation of chlorophylls and chlorophyll derivatives
with normal-phase liquid chromatography on a silica stationary phase with a dioxane-
hexane elution gradient [16]. Thanks to the good quality of new generation-silica, the

stabilization time between the analyses was lower than 10 min.

Apart from this example, most of the separations reported in the literature were
achieved in non-aqueous reversed-phase liquid chromatography (NARP-LC), i.e.
without any water in the mobile phase [6, 7, 11, 17], or with a constant small amount
of water of 4 % [5, 10]. To observe both the derivatives that have lost their phytyl
chain, meaning the more polar compounds (chlorophyllides and pheophorbide),
water was used in the first part of the gradient. To achieve an optimal separation of
these acidic derivatives, an ion-pairing agent was required. Ammonium acetate was
selected in most cases [1, 4, 9, 13, 15, 18, 19], whereas tetrabutylammonium acetate
[3, 12] or varied amines (pyridine, piperidine, penthylamine) were also added to the
mobile phase [20,21,22].

Whatever the nature of the derivatives, elution gradients were largely used, with
varied organic solvents: methanol, acetonitrile, acetone, methyl-t-butyl-ether,
isopropanol, ethyl acetate or tetrahydrofurane. These organic solvents were used
alone or in binary or ternary mixtures. The number of steps in the gradients generally
varied from 4 to 8, including the stationary phase equilibria.

The use of C8-bonded phase was reported [19, 22] but most of the stationary
phases employed were C18-bonded ones, with fully porous particles. For these C18
phases, some studies reported retention changes related to the type of bonding,
monomeric or polymeric [19, 20]. The use of polymeric C18 phases, for instance
Vydac 201 TP 54, provided different separations for mono-vinyl and di-vinyl
chlorophyll ¢3, or for chlorophyll ¢7 and c2. These two pairs of compounds differ by
the nature of substituents on carbon 8, either an ethylene or an ethane group. The
specific behaviour of these polymeric C18-bonded phases for shape-constrained

solutes was described elsewhere [23].

A C30 ligand was also selected for the separation of chlorophylls [5,14] for its
ability to separate compounds with rigid well-defined molecular shape [23]. Recently,
this C30 phase was used for an SFC x LC two-dimensional separation (in the second
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LC dimension) [24], to be applied to the separation of both chlorophylls and
carotenoid pigments of bell pepper (Capsicum annuum L.).

In order to improve the speed of chlorophyll compounds analysis, monolithic
C18-bonded silica phases, which have a high porosity, have been used with a flow
rate of 4 ml/min allowing the separation of the two chlorophylls a and b and the two
pheophytins a and b in less than 5 min [19]. Recently, the use of core-shell particles
was reported to achieve the separation of 24 pigments in a 28 min-analysis [6],
including the epimer forms and the pyro-forms of chlorophyllide, pheophorbide,
chlorophyll and pheophytin.

Reversed-phase supercritical fluid chromatography (RP-SFC), which can be
achieved with a non-polar C18-bonded phase, is an interesting alternative for the
separation of this type of non-polar compounds. With regards to the organic solvents
used in NARP-LC, carbon dioxide has many advantages: ecological, economic and
physico-chemical. Moreover, it can be mixed with many other solvent (often called
modifier) to tune the polarity of the mobile phase, inducing large changes in retention

and sometimes great improvement in the separation performances.

The first use of supercritical fluid chromatography (SFC) for the separation of
chlorophyll pigments was reported twenty years ago. | was achieved with a modifier
gradient of methanol from 6 to 25% on a C18-bonded phase [25], but no separations
between hydroxylated and epimeric pheophytins were studied.

The goal of the present paper was to study the effects of a large composition
range of varied modifiers (MeOH, ACN, MeOH/ACN) on the retention behaviour and
on the separation of chlorophyll pigments, and to describe the analytical development
of a separation method by RP-SFC based on an combined optimisation criterion.



138
139

140

141
142
143
144
145
146
147
148
149
150
151
152

153

154
155
156
157
158

159

160
161
162
163
164
165
166
167

168

2 Material and methods

2.1 Instruments

Chromatographic separations were carried out with the following instruments:
the carbon dioxide pump was JASCO PU-2080-COz, the modifier pump was JASCO
PU-2080, the mixing unit was GILSON Dynamic mixer model 811, the column oven
was a column thermostat JETSTREAM 2 PLUS (Sigma-Aldrich, I'lle d’Abeau,
France), the back-pressure regulator was BP-2080 Plus. This device was equipped
with a PDA detector JASCO MD40-10 (and an interface unit LC-NETII/ADC).
Chromatograms were recorded using CHROMNAYV software (Jasco, Lisses, France).
The chromatographic column was an octadecylsiloxane-bonded superficially porous
silica CORTECS C18+ (4.6 x 150 mm, 2.7 um) provided by Waters (Dublin, Ireland).
This column was selected for the type of particles (core-shell) providing high
efficiencies, and for the positive charge surface modification. Retention factors (k)
were calculated using the following equation.

_tr—tO
T t0

with retention times (tr) and dead time (to). The dead time was measured at each
analytical condition, because it varies in function of the compressibility of the carbon
dioxide that can change following the inlet pressure of the column, which is related,
at constant flow rates, to the mobile phase viscosity, i.e. to the modifier percentage
[27,28].

Characterisation of an ivy extract was carried out with a Nexera UC SFC
system coupled with a mass spectrometer, equipped with a dual ionization source
and a simple-quadrupole analyser from SHIMADZU (Kyoto, Japan). The following
parameters were used for the characterization: ionization in positive mode; interface
voltage, 4.5 kV: interface temperature 350 °C; Nebulizing gas flow, 1.5 L/min; heat
block, 200 °C. A make-up solvent was also used to enhance the ionization of the
molecules: 0.100 ml/min of methanol with 20 mM ammonium formate were

introduced after the column.



169 The plant dryer was a Memmert model 500. The sample was dryed at 50°C for
170 48 hours. Plant extraction was carried out with Ultrasonic bath BRANSON 3510. The
171  centrifugation device was BR4i multifunction centrifuge (Thermo-electron, Nantes,
172 France).

173 The microwave extractor was a Microsynth from Milestome (Sorisole, Italy).
174  Plant extraction was carried out in a 50 ml-reactor (QRS1550). Evaporation was
175 made with a BUCHI rotary evaporator using the different modules (B-480, R-114, |-
176 100, V-100 and F-308).

177
178 2.2 Chemicals and plant material

179 The solvents used for extraction and chromatographic purpose were methanol
180 and ethanol, gradient grade (VWR International, Fontenay-sous-Bois, France), and
181  acetonitrile, gradient grade (Carlo Erba, Val de Reuil, France). Carbon dioxide

182 (>99.5%) was from AIR LIQUIDE (Fleury-les-Aubrais, France).

183 The plant used was wild ivy (Hedera canariensis Willd) collected in Orleans
184  (France).

185
186 2.3 Extraction methods

187 Two extracts were used. The first one called in the next pages “fresh extract’
188  was made using 1 g of the dried plant material and 15 mL of ethanol. The mixture
189  was then sonicated for 60 min. Another extract called “degraded extract’ was

190  obtained with microwave assisted extraction with three heating cycles at 500 W for
191 30 seconds, and cooldown to 25°C between two consecutive cycles. Both extracts
192 were filtrated and centrifugated at 7000 rpm and at 20°C for 10 min. The Fresh

193  extract was stored in the fridge in tainted bottle during analyses, whereas the

194  Degraded extract was evaporated with a rotary evaporator. It was then solubilised in

195 methanol for analysis.
196

197 2.4 Analytical methods
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Different composition of mobile phase comprising carbon dioxide and methanol
and/or acetonitrile were employed as further detailed in the results section. The flow
rate was 1.5 mL/min, outlet pressure 10 MPa, oven temperature 25°C, and UV
detection was monitored at 650 nm.

3 Results and discussion

3.1 Fresh extract

A first extract was analysed. As shown in the following chromatogram (Fig.2),
this extract mainly contains two compounds absorbing visible light at 650 nm. After
characterisation using mass spectrometry and UV spectroscopy, chlorophyll a and b
were identified. As expected, when using a C18-bonded stationary phase, chlorophyll
b having an aldehyde function thus being slightly more polar is eluted before
chlorophyll a bearing a methyl group. In addition, the relative peak heights are in
accordance with other reported studies on plants, with chlorophyll a being more
abundant than chlorophyll b.

In order to better understand the chromatographic behaviour of these two
compounds and develop a separation method, different mobile phase compositions
were tested. Then, for all these conditions, retention times of the two compounds

were monitored at 650 nm.

From methanol 10% to 100%, retention factors were plotted for both
chlorophylls (Figure 3). For all the studied conditions, both chlorophylls a and b were
separated. Moreover, the two chlorophylls had similar retention behaviours. From 10
to 40% methanol, there is a decrease of the retention factor. This decrease is
explained by the increase of the polarity of the mobile phase which favours the
solubility of compounds in the mobile phase. However, from 40% methanol, the
polarity of the mobile phase continues to increase that decreases the solubility of the
compounds. This phenomenon was already observed with other non-polar
compounds (carotenoids [29, 30], UV absorbers [27] or triglycerides) with octadecyl-
bonded silica stationary phase in SFC [31, 32].
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3.2 Degraded extract

To develop a separation method that would also be suited to chlorophyll
derivatives formed during varied processes applied to plants, a degraded extract was
examined. As shown on figure 4, it contains more peaks than was observed in the
fresh extract, and they are eluted later (between 4 and 12 minutes) than the native
chlorophylls eluted in the first 4 minutes. Because the stationary phase is not polar,
this increase of the retention time for these new compounds indicates that they are
rather less polar than the chlorophylls. It means that these compounds are not
chlorophyllides, which are obtained after the loss of the non-polar phytyl chain. The
molecular weight of the main compounds were obtained from SFC-MS analysis
(Table 1). From these mass values and from the relative retention of the compounds,
an identification attempt was done. With the MS parameters described previously,
[M+H] ions could be detected and correlated with expected degradation products. In
addition, the ionisation parameters allowed to confirm the main compounds with
fragments found in MS/MS methods [9, 13, 33]. However, due to the weak ionisation
conditions and the use of a simple-quadrupole MS, the fragments observed in

literature were detected with a much lower abundance.

The four compounds eluted first on figure 5 are hydroxy-pheophytin (OHPheo),
whereas compounds 5 and 6 are pheophytin a and b, and compounds 7 and 8 are
pheophytin & and b'. In this work, the retention order of pheophytin compounds is
reversed compared to the one observed in other publications in SFC or NARP-LC.
Whereas the pheophytin b is generally less retained than pheophytin a, due the
presence of the aldehydic group on pheophytin b with the C18 columns used in
literature, our experiments show that the pheophytins with an aldehydic group (b and
b’), were more retained than the ones with a methyl group (a and &). This
unexpected chromatographic behaviour can be explained by the positive charge
surface modification of the selected C18-bonded phase, which favours the retention
of compounds having an aldehydic group. However, this unexpected behaviour did
not occur for the chlorophylls, indicating that this behaviour may be related to the

presence of the magnesium group in the porphyrin ring.
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Figure 5 shows that the chromatographic behaviour of these phytylated
chlorophyll derivatives vs methanol percentage is similar to the one of chlorophylls.
The separation behaviour of the two pairs of pheophytin (a/b and a/b’) follows the
same pattern, i.e. increasing separation when increasing the methanol percentage. It
also appears very clearly on figure 6, showing the chromatograms obtained from 60
to 75 % methanol in COz. Using a temperature of 25°C and a back-pressure of 10
MPa, we can consider that the method is not supercritical or subcritical fluid
chromatography anymore, but rather non-aqueous enhanced-fluidity liquid
chromatography (EFLC). When comparing the separation quality of the
chromatograms plotted in figure 6, for the peaks that were eluted before pheophytins
5 to 8 (see chromatogram at 70%), it appears that the best separation was achieved
for 70% methanol. In this condition, the four hydroxy-pheophytins a, b, 8 and b’
(compounds 1, 2, 3 and 4) were well resolved, as well as one additional minor
impurity (i) which co-elutes either with compound 2 or 3 for other methanol
percentages. From its retention time with regards to pheophytin compounds, this
impurity could be a 15-lactone form of pheophytin a, which is eluted before [9,12, 34],

or a pyro form of hydroxy-pheophytin which is eluted after [6].

However, increasing the methanol percentage increases the fluid viscosity and
the inlet pressure. Because we did not wish reach 40 MPa inlet pressure with regards
to the pumping system, flow rate was reduced at the highest methanol proportions
(superior to 50%), thus pressure drop was maintained stable (around 30 MPa).

Consequently, the study began, for 10% of modifier, at 3 mL/min, and for the
optimal conditions (70% methanol added to CO2), the flow rate was reduced down to
1.8 ml/min. To overcome this flow rate decrease, and to shorten the analysis
duration, the back-pressure was decreased to the lowest possible value. At the
optimal conditions, i.e. 70% methanol, it was possible to decrease the back-pressure
value down to 4 MPa, without causing any phase separation between methanol and
COz2. Supplementary information (Figure S2) shows the separation variation of the
chlorophyll derivatives at this low back-pressure for varied flow rates, from 1.8 to 3
mL/min. At 2 mL/min and 4 MPa, the chromatogram shows an almost identical
separation quality, with a little smaller retention, with regards to the analysis achieved
at 10 MPa and 1.8 mL/min. This retention decrease was not as significant as could

be expected from an increase of 0.2 mL/min of the flow rate. However, as the back-
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pressure was decreased from 10 to 4 MPa, the average pressure, i.e. the average
density of the fluid was also lower, thereby reducing the elution strength of the mobile
phase. At higher flow rates, from 2.2 to 3 mL/min maintaining constant back-pressure
(4 MPa), the analysis duration was shortened. However, for most pairs of
compounds, 1/2, 3/4, 5/6 and 7/8, a reduction of the resolution was observed. In
general, the change in resolution is due either to separation factor modifications, i.e.
to interactions variations between the compounds and the mobile phase, or to the
efficiency, related to diffusion or mass transfer coefficients of the compounds. When
modifying the flow rate, no change in the mobile phase composition occurs, except
for compressible fluids, because of density changes. However, with 70% methanol
added to COz2, no significant density variation should occur with flow rate increase.
This observed behaviour of the regular decrease in resolution for the four pairs of
compounds due to the flow rate increase from 2 to 3 mL/min can mostly be related to
kinetic phenomena, and is in accordance with the one observed elsewhere for C18-
bonded superficially porous particles [32]. From a practical point of view, this
decrease in resolution was measured by the discrimination factor do [35] for the 3/4
pair of compounds, which displayed the worst resolution. As can be seen in Figure
7a, this criterion is well suited to examine the changes in separation quality without
measuring peak width as it is required for the resolution factor. The discrimination
factor can vary from zero for co-eluted peaks to one for fully separated peaks
(meaning with a baseline resolution). As shown in figure 7b, for the 3/4 pair, this
factor varied from 0.85 at 2 mL/min, to 0.4 at 3.2 mL/min. It underlines that the gain in
analysis duration, from 10.5 min to 7 min (S2), was counterbalanced by the loss in

separation quality.

In order to manage these opposite effects a combined criterion (Cc) was
calculated as the ratio between the discrimination factor and the analysis duration
(ta). Figure 7b shows that this combined criterion first increased when flow rate
increased from 2 to 2.6 mL/min, due to the greater effect of the analysis time
reduction, then decreased when flow rate further increased from 2.6 to 3.2, due to
the greater loss in separation quality. As a consequence, the value of 2.6 mL/min can
be selected as a satisfying compromise between the two chromatographic changes.
The chromatogram achieved at this flow rate and a back pressure of 4 MPa (fig. 8)
displays the eight chlorophyll derivatives pheophytins and hydroxy-pheophytins, the

11
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impurity (i) and at least seven unknown minor compounds (u) that also absorb visible
light at 650 nm, indicating that they must all have a porphyric structure. The retention
time of the last unknown compound is 11 minutes. Finally, to reduce the analysis
duration, a flow rate gradient was applied from 2.6 to 3.2 mL/min (S3). The first
gradient (S3a) was a step one at 5 minutes, allowing to maintain good resolution for
hydroxy-pheophytins that were eluted before 5 minutes. The chromatographic profile
was satisfactory both for hydroxy-pheophytins eluted at 2.6 mL/min and for
pheophytins eluted at 3.2 ml/min. As expected, this gradient allowed to reduce the
analysis duration because the last unknown compound was then eluted at 9.5
minutes instead of 11. Three other gradient profiles (S3b,c,d) were attempted, by
beginning earlier the increase in the flow rate (4.5 min, 4 min, 3.5 min) with a more or
less smooth gradient. The use of a smoother slope could provide a more progressive
change in average pressure in the column, i.e. a less dramatic variation of the fluid
properties (density, viscosity, diffusion coefficients). However, no significant change
of the chromatographic profile was noticed for these different gradient profiles,
indicating once again that, with this high methanol proportion, the fluid behaves more
as an incompressible liquid than a compressible supercritical fluid.

Additional studies were carried out replacing methanol by acetonitrile or by a
50/50 mixture of acetonitrile and methanol. The proportions in carbon dioxide varied
from 10 to 80%. In Figure 9, the chromatographic behaviour of pheophytin a and b
are represented to exemplify the effects observed, because they are the main
compounds produced by physico-chemical treatments on plants or plant extracts. As
appears in figure 9, the chromatographic behaviour of the compounds followed the
same pattern as the one observed when methanol alone was used as modifier. The
percentage of acetonitrile providing minimum retention (25-30%) was lower than the
one of methanol (40-50%). For the MeOH/ACN mixture, this percentage was
intermediate (30-40%). Moreover, the separation factor (a) for these two pheophytins
increased continuously with the modifier percentage (S4). For high modifier
percentages, the use of acetonitrile or methanol/acetonitrile 50/50 favoured the
separation of these two compounds. Figure 10 displays the chromatograms obtained
with the three different modifiers at the percentages providing the best separation for
the degradation compounds of chlorophylls. Unfortunately, one impurity is located at
the beginning of the chromatogram when using methanol (see arrows). When using,

12
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the two other modifiers (acetonitrile or methanol/acetonitrile mixture), this impurity is
shifted later in the chromatogram and is co-eluted with some of the target
degradation compounds. The presence of hydrophilic compounds eluted in the early
part of the chromatogram when using C18-bonded phase was also reported
elsewhere [14].

Finally, when studying the effects of the plants drying or storage, the extraction
conditions with solvents or the conditions of evaporation of these solvents, in most
cases, few degradation products from chlorophylls are observed, and the separation
method can be simplified, by using only 20% of modifier (S5).The main chlorophyll
derivatives observed are the pheophytins, but in comparison to the abundant native
chlorophylls, their concentrations are very low. This chromatogram was obtained with
only 20% methanol in carbon dioxide, which was sufficient to analyse samples which
do not contain too many chlorophyll derivatives.

4 Conclusion

This study displays the chromatographic behaviour of chlorophylls and
chlorophyll derivatives versus the nature and the percentage of modifier for different
modifiers. The variations of retention factor on a C18-bonded phase is rather
unusual, although it was observed before for carotenoid pigments, triglycerides or UV
absorbers. This change is related to the non-uniform solubility variation of the non-
polar compounds towards the mobile phase. These observations could also be used
in the future to improve the modelling of extraction conditions by using supercritical
fluids.

This paper also describes an original method development to achieve the
separation of phytylated chlorophyll derivatives, varying the modifier nature and
percentage, but also other parameters impacting the fluid density and viscosity. For
instance, the modifier addition changes the interactions between the compounds and
the mobile phase, as expected, but also impacts the fluid viscosity, that changes the
inlet pressure. With regards to the pressure limit of the pumping system, this side-
effect can be managed by reducing the back-pressure in the goal to increase the flow

rate to reduce analysis duration. Besides, when using high modifier percentages, this
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study also underlines that the changes in the gradient slope when modifier proportion
is high, keeping constant the medium time between the initial and the final
compositions, does not affect the chromatogram, because of the low compressibility
of the mobile phase, which is rather in a liquid state.

Finally, the separation obtained at optimal conditions allows the separation of
epimers of pheophytin and hydroxy-pheophitin, a and b, with a reduced analytical

retention time compared to classical HPLC methods.
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Figure captions.
Figure 1: Chemical structure of chlorophyll a and b.

Figure 2: Chromatogram of fresh lvy extract in SFC. Column: Cortecs C18+; flow rate
1.5 mL/min, T=25°C, Pout= 10 MPa, mobile phase: CO2-MeOH (60/40, v/v) with (1)
chlorophyll b and (2) chlorophyll a

Figure 3: Variation of log k vs the percentage of MeOH. Blue squares: chlorophyll b;
red triangles: chlorophyll a.

Figure 4: Chromatogram of degraded lvy extract in SFC. Mobile phase: CO2/MeOH
90/10; other conditions as in figure 3. Identification of peaks in table 11 and figure 5.

Figure 5: Variation of log k vs the percentage of MeOH. 5= pheophytin a; 6/
pheophytin b; 7/ pheophytin &’; 8/ pheophytin b'.

Figure 6: Chromatograms of chlorophyll derivatives at varied methanol percentages
from 60 to 75%. Pout = 10 MPa.

Figure 7: Variation of the discrimination factor do and of the combined criterion (Cc)
for the pair of hydroxypheophytin 3 and 4 vs the flow rate with a back pressure of 4
MPa.

Figure 8: Chromatogram of the degraded lvy extract at 2.6 mL/min. Pout = 4 MPa; T=
25°C, mobile phase CO2/MeOH 30/70.

Figure 9: Variation of log k of pheophytin a (triangles) and b (squares) with different
modifiers (MeOH, ACN, ACN/MeOH). Other analytical conditions as in figure 4.

Figure 10: Chromatograms of the degraded Ivy extract at the optimum of the
separation for three modifiers. Lower chromatogram: methanol 70%; medium:
methanol/acetonitrile (50/50) 50%:; upper: acetonitrile 60%.

Figure S1: Structural modification of chlorophyll pigments

Figure S2: Chromatograms of chlorophyll derivatives at varied flow rates. Pout = 4
MPa for flow rates from 2 to 3 mL/min.

Figure S3: Chromatograms of the degraded Ivy extract for varied elution gradient
profiles. Other analytical conditions are described in fig. 8.
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Figure S4: Separation factor (a) for the pheophytin a and b vs the modifier
percentage for three modifiers. Other analytical conditions as in figure 2.

Figure S5: Chromatogram of a fresh Ivy extract with 20% methanol as modifier.
T=25°C; Pout= 10 MPa, Flow rate: 1.5 mL/min.
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R= CH,; Chlorophyll a

R= CHO; Chlorophyll b

Figure 1
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RT with
Peak Identification nl]:?;hlood ana\;Vrljn [(:'\QTC:]I;;Z/; [I\él;l; ];tggz Fragments ref
(min)

1 132-Hydroxypheophytinea | 3,88 666/407 888 887 869/610 [9]
2 132-Hydroxypheophytine a’| 4,26 664/408 888 887
i 151;)?21?;‘;’&'??;’”‘9' 445 | 668/400 904 904 565 [9]
3 132-Hydroxypheophytineb | 4,59 652/435 902 902 623/605 [9]
4 132-Hydroxypheophytine b’ | 4,79 656/436 902 902
5 Pheophytine a 6,11 665/408 872 872 593 [9]
6 Pheophytine b 6,57 665/408 886 886 607 [13]
7 Pheophytine a’ 7,37 665/408 872 872 593 [9]
8 Pheophytine b’ 7,73 665/408 886 886 607 [13]
9 Pyro-pheophytine a 10,95 665/408 814 814 [33]

Table 1: Identification of phytyated derivatives of chlorophylles by UV/visble and Mass-spectrometry (peak number refer to figure 10)






