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The pmcyanidins of eiders and wines are based on a C-15 c&e&in structure 
examples of which are shown in Fig. 1 (ref. l), and cover a range of mokcular size 
from the monomeric to the heptameric. They are important to the sensory properties 
and browning potential of the beve~~g&~. 

It has been shown previousiy’ that procyanidins can be suaxssfxlly separated 
under isocratic conditions by reversed-phase bigb-performance liquid chromato- 
grzphy (HPLC) using acidi&d squeous methanol. In an attempt to improve resolution 
in mixtures of wide sample polarity, gradient elution was investigated using the pro- 
cedures outlined by Snyder and co-worker&j for optimising conditions_ 

The chromatographic bebaviour of a solute in a mised eluent (e.g. methanol- 
water) is described as follows? 

log k’ = log &--s-p, 0) 

where k, = capacity r&o (k’) in the weak solvent (water); 9 = fraction of the strong 
solvent (methanol) in the eluent and S = a constant with a typical value of approxi- 
mately 3_ 

By undertaking isocratic studies and by plotting log k’ against solvent com- 
position, the values of log k, (iitercept) and S (slope) may he determined. 

The op*Limal conditions for gradient elution have been described as follows’: 

where 5~’ = percentage increase in strong solvent per unit time (i,e. gradient steepness); 
b = a parameter w-i*& an optimal value of 0_1-0_2 (argued by Snyder on theoretical 
grounds and just&xi by experimental study) and t,, = retention time for an un- 
retzined solute_ 

In nsing the conditions to deveIop separations we have noted several wzys 
in which the chromatograpbic bebaviour of procyanidins Hers from that of smaller 
soiute moiec-uks_ 
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Fig. 1. Dimeric procyanidins of eiders and wines. Further polymers are built up from catechin or 
epicatecbin in simiIar Fashion. T&e phtoretin gIycoside, ph!cxi~ unique to apples, is also shown. 

A Spectra-Physics SEWlOO machine was used, with detection on a Pye Unicam 
LC3 spectrophotometcr at 280 nm, 0.08 a.u.f.s. Samples were generally 10~1 of 
0.1-0.4% aqueous solutions of fractions derived from wines and eiders by counter- 
cxrent distribution2~3 filtered through a 0_4+m MiIJ.ipore Alter before use. 

Reversed-phase columns, slurry packed in the laboratory were: LiChrosorb 
RP-S, 10 pm (250 x 4-6 mm); Spherisorb He_xy& 5 pm (120 x 4.6 mm) and Hypersil 
SAS, 5 ,um (120 x 4.6 mm). 

Solvent A was water, prepared through an Elga de-ion&r and charcoal column, 
filtered through a 0.4%pm MiNipore Glter before use, and acimed to pH 2.0 or 2.5 
by the addition of 0.1 or 0.01% perchloric acid, respectively. Solvent B was methanol, 
gl3s.s distilled from KOH, Gltered through a 0.4E~m kifilli.pore tilter befqre use. 



64 No-Jxs 

The water ms ckaqgd daily to prevent microbial growth, aud the c&unn.s 
and system were &sked through witk me&an01 at the end of each working day. 

Au separations wtxe carried out at 45 “C. to was determined by injection of 
O-1 % uracil on to a column eluted with 80% methanol. 0tker conditions arc noted in 
tke text 

RESULTS 

The initial application of eqn. 2 to separation of procyanidins, using a typical 
value of S = 3, prodwed very poorly resolved ckromatograms as in Fig_ 2- Arbitrarily 
ckosen &allow gradients improved tke resolution but Ied to peak broadening and 
redlxed detection sensitivity. 

To optknisc conditions, therefore, isocratic studies of eqn- 1 were undertaken, 
typical results b&g skovtn in Fig. 3. These revealed that tke value of S for procyani- 
dins on LiCkrosorb W-8, for instance, takes an avenge vaiue of 8 sather tkan the 
value of 3 wkick is usually assumed for smaJ.l molcculcs and wbick is qpical of t&z 
pkydroxybenzoates aho skown in Fig_ 3. Similar plots were ah obtained for Spkeri- 
sorb Hexyl. The gradient for optimal resolution from eqn. 2 becomes muck shallower, 
tkereftxe, typical results being skom in Figs. 4 and 5. Suck cm&tioxi maIce it 
gossiile not only to separate tke major classes of procyanidhs from one ano*&r, but 
also to resolve the four stereoisonreric d.imers Bl-B4_ 



Fig_ 3. Sani-log plots of K vs_ per cent met&no1 (MeOH) OKI LiCbrosorb W-S_ Me, Et, Pr, Bu 
PHB = metbyI, ethyl, propyb butyl p-hydroxybenzoats; P = phloridzin; Fxg = phloretin xyb 
gldde; EC = epic&e&in; Bl, BZ = procyanidin dimers; Cl = p-din trbner; D = pro- 
cyanidin tetmmer. 
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Fii 4. §eparation of a cider tannin extract ~“Dabiiett~). SpJmrisorb Hexyl. Solvent gradient (broken 
~)from2%Bto25%BinU~25%Bto98%Binl0min.RoH;rate, lSml/min; &,,47sec. 
a=~~B3;b=procyanidinB1;c=epicatechin;d=procyanidlnB2;e=procyanidin 
b5mer Cl; f = procyasidin tetrame@; g = procyanidin pentamer( h = pbkmidzin; i = oxidised/ 
porynnericP~di= 
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Rekztionship betwem S and molecular weight 

Fig. 3 also shows that the v&e of S increases with the procyanidin mokecular 
weight, and it was of interest to examine this relationship. However, the plots in 
Fig. 3 are slightly concave and therefore it is difficult to know which particular value 
of S she-uId be used to characterise any particular solute. Although attempts have 
been made to replace eqn_ 1 by a quadr&ic form to allow for this, it seemed that a 
simpIer solution was presented by re-arranging Snyder’s general gradient elution 
er:pressiotG into the following form: 

S=!og(l -!- 2_3k-,p’tos) 

P’fk - to - c.9.l 

where k,, = k’ for a given solde in te starting composition of the gradient; tr = 
retention time of the solute in the gradient run 2nd ta = delay time between gradient 
,ceerator and column head. 

Aithough no simple algebraic solution of this expression is possible, a progxam- 
nable pocket calculator (Texas TI-%-III) was able to provide 2 sohttion using an 
iter2tive 2pproxim2tion routine_ 

From a single gradient run at an approximately optimal value of 9’. instanta- 
neous values of S eouid therefore be determined for a range of procy2nidins from 
cqn. 3. When plotted ag2inst moIecuI2r weight on a semi-Iogarithmic scale, as in 
Fig- 6, a sight-line relationship was obtained_ The intercept, for the bJipothetic2i 
Iimiting case of a procyanidin with zero molecuhr weight, gave a value of S = 33 
w&h corresponds very weli with the W&ES usually adopted for small moletx&~. 
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Fig. 6. Semi-fog plot of S es_ nrold wcigkt &arbon rwmber) for p mcya&dins_ 15 = Epicarechin; 

U)=RocymidinOimers.etc. 

The chromatograms in Figs. 4 and 5 show a broad band which elutes after the 
sharp change in gradient steepness. Work with procyanidin samples from counter- 
current distribution which were progressively browner and more oxidised suggested 
that this band was associated with oxidation of procyanidins. It was further estab- 
lished that this band did not appear under isocratic conditions nor when operated 
with a continuous linear gradient. The explanation appears to be that the oxidation 
of procyanidins leads to an increase in i&deCned polymeric material, as has long been 
known’- Such poiyrueric materials do not elute with defined k’ values but tend instead 
to be spread out over the whole area of the chromatogram. As polymeric materials, 
however, their S values are very high and so a rapid increase in solvent strength causes 
a marked depression in their k’ values. Hence they are elutcd as a broad band near 
the “new” solvent front_ 

ConGrmation of this effect was provided by running a sample of pure epicate- 
chin, which displayed no oxidised band, whereas an identical sample which had been 
allowed to brown in solution for several weeks showed a strong oxidised band after 
the chmgc in gradient steepness. 

DISCUSSION 

It is obvious that reversed-phase gradient elution chromatography can be a 
powerful tool for the analysis of complex procyanidii mixtures, but the optimum 
conditions can only be determined with reference to studies of isocratic behaviour. 
Plots such as Fig. 3 also show the isocratic conditions under which certain separa- 
tions are possible or impossible, and predict the reversal of elution order which may 
be observed when solvent strength is changed. Thus the isocratic elution order of 
procyanidins on Hypersil SAS in 20% methanol (see for instance, ref. 4), was in 
decreasing order of molecular weight, whereas by gradient elution starting at :owes 
c~~~~.~tratio~.~ of methanol the order was generally reversed, as in Figs. 4 and 5. 
Incidentally, it was not possible to pursue detailed work on E-Iypersil SAS since this 
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_particular packing is unstable below pN 3, whilst at higher pH values the procyanidins 
tail badly due to their slightly acidic nature_ LiChrosorb RP-8 and Spherisorb EIexyl 
seem stable down to pH 2, however, and tailing is v&i supressed under such condi- 
;riOnS- 

The elution of polymeric OS oxidised procyanidins as a defined band following 
a sharp change in gradient steepness may have considerable practical importance, 
since it now becomes possible to use this efEct in studies of the oxidation and poly- 
merisation of procyanidins in eiders and wines, work which has hitherto been ham- 
pered by a lack of suitable chromatographic techniques_ The relationship between S 
.znd procyzmidin molecular weight may also have practical significance, since it is 
IdiEcult to obtain reliable molecular weight estimations for procyanidins, and chre 
mato_mphic data derived from eqns. 1 and 3 may therefore be useful in supple- 
menting other measurements on sampIes where molecuIar weight is not known, 

It is expected that a czrelation should be shown between the elution order for 
procyanidins by reversed-phase chromatography and the elution order by countcr- 
current distribution between ethyl acetate and water. At first sight no such correlation 
is apparent but, by extrapolating the plots in Fig. 3 to high concentrations of methanol 
where adsorptive effects are minimised, the relative chromatographic values of k' 
(hydrocarbon-aqueous methanol) become similar to those previously determined 
for the partiticn coefiicient K (ethyl acetate-water)5, where the smal!er procyanidins 
have the -greater partition co&cients into the hydrocarbon phase. 
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