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ABSTRACT: The chiroptical characteristics of the series of procyanidin oligomers (dimer through
hexamer) and polymer connected by epicatechin monomeric unit(s) with 48 — 8 interflavan bond(s)
were extensively studied in this paper, based on solvent and molecular weight dependences of
the molar ellipticity per mean residue, [0], significantly observed between 210 and 250 nm. A
dramatic increase in the [0] of procyanidin molecules larger than the dimer suggests that the
interaction between aromatic chromophores located in chiral positions with respect to each other
becomes pronounced above the trimer. A simple model for intrachromophoric interaction provides
good agreement between the experimental and calculated values of the circular dichroism (Ag)

for the oligomeric and polymeric molecules of procyanidins.

Introduction

The most common and important naturally occur-
ring polymeric procyanidins are polymers com-
posed of two 2,3-flavan-3-ols as the monomeric units,
(2R, 3R)-[(—)-epicatechin] and (2R, 3S)-[(+ )-cate-
chin], with absolute stereochemistry. These poly-
mers that have been isolated from natural sources
are classically called condensed tannins or polyphe-
nols. These procyanidin polymers, which are the
second most abundant natural phenolic materials
after wood lignins, are found in the leaves, fruits
and barks of many woody and herbaceous plant.!™*
In the naturally occurring polymers, the monomers
are bonded to one another by interflavan bonds
that have different stereochemistry. The most com-
mon linkage between the monomeric units in the
polymer chain is vig an interflavan bond from C(4)
of one unit to C(8) of another unit>® Interflavan
bonds from C(4) to C(6) are also seen with lower
frequency in nature.””® As an example of a series
of procyanidin compound used in this work, Figure
1 depicts the covalent structure of a trimer (procya-
nidin C1) consisted of three epicatechin monomeric
units and two interflavan bonds. In spite of their
widespread occurrence in nature, their ability to

form complexes interacting strongly with a variety
of naturally occurring and synthetic polymers,®!
their biological significance in the plant kingdom
as a defense mechanism,’®® and their increasing
real and potential uses by human beings as a re-
newable source of useful specialty chemicals®* the
condensed tannins with a wide variety of structures

Figure 1. Convalent structure of a trimer (procya-
nidin C1), epicatechin-(4p — 8)-epicatechin-(4p — 8)-epi-
catechin. The arrow indicates the 48 — 8 interflavan
bond connecting each monomeric unit. Hydrogen
atoms bonded to carbon have been omitted.
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have not yet been extensively investigated, especial-
ly in the field of polymer science.

Circular dichroism has been widely used to study
chiroptical properties on the individual chromo-
phores and their conformational status, especially
of naturally occurring polymers and poly(amino
acids).®~"" It is also sensitive to local interaction that
may occur in the procyanidin molecules in dilute
solution."® There are several studies that used
circular dichroism (CD) and optical rotatory dis-
persion (ORD) methods to elucidate the structure and
stereochemistry of naturally occurring procyani-
dins.>!*® Most of these studies have been performed
with monomeric and/or dimeric procyanidins. In
addition, fluorescence studies on these procyanidin
monomers, oligomers and polymer have been exten-
sively reported in several papers and have given
useful information on their photophysical and con-
formational characteristics.?'  The goal of this
study is to report more extensive observations of
chiroptical properties for the monomer and five olig-
omers from dimer to hexamer and a polymer of
epicatechin with well-defined structures in various
solvents and to predict intrachromophoric interac-
tions in the procyanidin molecules.

Experimental

Epicatechin was purchased from Sigma Chemical
Co. The oligomers were isolated from fresh Ivory
Coast cacao beans. The details of the procedure,
which entail extraction, chromatography on Sepha-
dex LH-20, and chromatography on MIC GEL CHP
20, appear elsewhere?*"® This procedure yielded
purified samples of the dimer, trimer, tetramer, pen-
tamer, and hexamer. The sample described here
as “polymer” is the material from which the hexa-
mer and lower oligomers have been removed. Its
degree of polymerization (DP) is estimated to be
107 The organic solvents (methanol, 14-dioxane
and acetonitrile) for circular dichroism work, all of
spectrophotometric grade, were purchased from
Aldrich Chemical Co. and used without further
purification. The water used was distilled and
deionized.

Circular dichroism (CD) measurements were per-
formed at 25 T with a JASCO J-500A spectropolar-
imeter. The light source was a 450 watt xenon
arc lamp mounted in a water-cooling housing. The
instrument was purged with nitrogen gas at a flow
rate of 3~5 L/min. The spectral band width was
1 nm. The sensitivity of CD scale, which is depend-
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ent on the solution concentration, was 1 m°/cm.
The range of spectral wavelength selected was
310~190 nm. CD quartz cells with a path length
of 1.0, 5.0 and 10.0 mm were used. All the mea-
surements were carried out in freshly prepared dilute
solution with the concentration range of 10" °~10 ¢
M. All CD spectra to be compared were measured
under the same condition. Baselines measured from
solvent blanks were manually substracted from the
observed spectra of the solutions when analyzing
results, Ammonium d-10 camphorsulfonate (cam-
phorsulfonate 0.06%, v/v) in water was used as a
standard for calibration of CD spectra. Ultraviolet
absorption measurements were performed at am-
bient temperature with a Hewlett-Packard 8451A
Diode Array spectrophotometer equipped with a
deuterium lamp.

Results and Discussion

Circular dichroism (CD) is defined as the differ-
ence in molar absorptivity (Ag) of left- and right-hand-
ed circularly polarized light by an optically active
substance. Ae=¢,—epx0. Here, measurements of
CD were performed at ambient temperature for the
monomer, five oligomers, and a polymer of epicate-
chin with 4B — 8 interflavan bonds in water, meth-
anol, 14-dioxane, and acetonitrile. The values of
the molar ellipticity per residue, [0], were calcu-
lated using Equation (1).*

[6]=3300 Ae Y]

In practice, with the sensitivity of CD scale, the
concentration of solution, and the path length of
the cell used, the molar ellipticity per residue, [6],,
for the procyanidins at a particular wavelength was
calculated using the following relationship.

[601,=S-D-MW/L-C=S-D/L-M 2)

Here, S is the sensitivity of CD scale in m°/cm,
D is the distance between the observed signal from
the sample and the baseline signal from the corre-
sponding solvent blank at a particular wavelength
in cm, L is the path length of the cell in mm, MW
is the molecular weight of a residue (monomeric
unit) of the procyanidins in g/mol, C is the concen-
tration of the solution in mg/ml, and M is the con-
centration in mol/L or M. The [0], has a unit of
degree-cm?-dmol "L,

Characteristics of Circular Dichroism Spec-
tra. The most remarkable feature of the CD spec-
tra of procyanidin compounds is a very strong posi-

Korea Polym. J., Vol. 1, No. 1, 1993



Chiroptical Properties of Oligomeric and Polymeric Procyanidins

+40

+20

UV Absorption Specira

—-— dimer

—— trimer

Molar ellipticity per residue x 10-3, degem2dmol-1

Absorbance

olo s .
190 T 280 350

Wavelengih, am

1 1 L 1 1 A
190 210 230 250 265

Wavelength, nm

Figure 2. Circular dichroism spectra in water at 25
T of the monomer (1), five oligomers (2-6), and a pol-
ymer(p) of epicatechin with 4B -— 8 interflavan bonds.
The insert is the absorption bands for the dimer and
the trimer at arbitrary concentrations in water.

tive couplet in the region of 200~240 nm, as ex-
pected from other work* Shown in Figures 2 to 5
are the results in water, methanol, 1,4-dioxane, and
acetonitrile, respectively. In these figures the esti-
mated error bars for particular data points are mark-
ed on each spectrum. In Figure 5 the absence
of the CD data for the pentamer, the hexamer and
the polymer in acetonitrile is because such procya-
nidin samples were not dissolved in acetonitrile at
sufficient concentration to measure the CD spec-
trum.

The largest transition from a positive to a nega-
tive band in the CD spectra of all samples in a
given solvent always occurs near 200 nm for the
monomer and near 210 nm for the oligomers and
the polymer, as expected from the previous results®
for catechin and epicatechin-(4f — 8)-catechin.
The CD specira in the 220~240 nm region are
related to the 'L, transition, and those in the 200~
220 nm region are related to the !B, transition, as
explained in the absorption band*' * The insert
in Figure 2 presents the ultraviolet absorption spec-
tra of the procyanidin dimer and the trimer in
water. There are two distinguishable peaks at ap-
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Figure 3. Circular dichroism spectra in methanol at
25 C for the compounds used in Figure 2.

+55 T T { T T T T
- 71 —

AN SN
+40F 7 = fi .

+20

S
Br s nawaa TN

Molar ellipticity per residue x 10-3, degem2dmol-1
o

1
190 210 230
Wavelength, nm
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Figure 5. Circular dichroism spectra in acetonitrile
at 25 T for the compounds used in Figure 2.

proximately 210~240 nm and near 280 nm. The lat-
ter peak occurs in the region of the 'L, transition.
The former peaks occur in the region of the 'L,
and 'B, transitions. A very strong positive or nega-
tive couplet in this region, especially for oligomers
larger than a dimer, results from the two aryl chro-
mophores (A; and A, rings) for the dimer and the
three chromophores (A,, A> and Aj rings) for the
trimer. These rings are depicted in Figure 1. The
strong Cotton effects may be due to the interaction
of linked chromophores located in chiral positions
with respect to each other because there is a strong
n— n* transition of the ultraviolet absorption in
the region, and the presence of very strong CD
bands with opposite signs is obviously observed.
Porter and coworkers reported such an observation
for the procyanidin dimers.*

The experimental error in the CD bands varies
with wavelength. As the wavelength decreases, the
error increases, showing the largest error at A<210
nm. In this spectral range the procyanidin com-
pounds absorb a larger amount of light while the inten-
sity of light from the lamp is small. The noise of
the signal then becomes larger. Therefore, the CD
spectra below this wavelength are shown, but will
not be discussed in the present work. However,
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it is clearly noted that there is an intense negative
Cotton effect in the region. The circular dichroism
of the samples in 1,4-dioxane was not measurable
at wavelengths below approximately 207 nm. This
is because 1,4-dioxane, which is polar and nonhy-
droxylic, is transparent only to about 205 nm even
when a cell with the short path length of 0.1 mm
is used (water, methanol and acetonitrile are trans-
parent at shorter wavelengths).*

Solvent Dependence of the Circular Di-
chroism Spectra. Close inspection of Figures 2 to
5 gives some information about the solvent depend-
ence of the CD spectra. The CD spectra of the
monomer in each solvent exhibit similar shapes,
with two positive maxima at approximately 240 and
200 nm, and a strong negative minimum near 205
nm and a weak negative band near 220 nm. These
results for the monomer in various solvents are
similar to the one observed in water earlier.” The
positive maximum bands of the monomer near 240
nm in 1,4-dioxane and acetonitrile are slightly larger
than those in water and methanol, but the over-
all similarities in the spectra in those four solvents
are more impressive than the minor difference.

Solvent dependence on the circular dichroism is
most remarkable in the case of the dimer. The CD
spectrum of the dimer in water has a stronger posi-
tive maximum at 240 nm than at 220 nm while
those in organic solvents show a stronger positive
maximum at 215 nm than at 240 nm. This is due
to the difference in solvent polarity between water
and other organic solvents. Water has a larger di-
electric constant (78.3 at 25 C ) than acetonitrile (37.5
at 20 C), methanol (32.7 at 25 C), and 1.4-dioxane
(2.2 at 25 C) at a given temperature.® For n — n*
excited states, the interaction with solvent mole-
cules with higher polarity tends to lower the energy
of the excited state relative to the ground state.
The dimer in water shows the CD band with a
largest positive maximum 240 nm. The dimer in
methanol, 14-dioxane, and acetonitrile shows the
CD band with a largest positive maximum near 220
nm. Such a phenomenon is similarly seen in the
higher oligomers and the polymer. For the trimer
through the polymer, in the three organic solvents
the stronger positive maxima are located near 220
nm, while in water positive bands near 220 nm
are comparable in intensity with those near 235
nm, or even smaller.

The positive bands seen in Figures 2 to 5 were
apparently distinguishable for different solvents, as
discussed above, but the dependence of the molar
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Figure 6. Dependence of Ae per residue at 220 nm
upon the degree of polymerization of procyanidin.

ellipticity per residue on solvent was difficult to
analyze quantitatively. No significant dependence
of the CD spectra on solvent was observed above
260 nm.

Molecular Weight Dependence of the Molar
Ellipticity per Mean Residue. Figures 2 to 4
also exhibit the dependence of the circular di-
chroism per monomeric unit on the degree of polym-
erization for the monomer through the polymer
in three different solvents. The CD spectrum of
the dimer is not simply the sum of the spectra
of the monomers. For all cases the values of mo-
larm ellipticity per meanresidue,[8],in the range be-
tween 210 and 260 nm increase with increasing de-
gree of polymerization, DP, up to the trimer. In other
words, the Cotton effects become larger with in-
creasing DP up to the trimer. When the DP is great-
er than 3, the values of [0] are approximately in
between the values for the trimer and the tetramer,
showing no significant change in [0] with an in-
crease of DP. This trend in easily seen in Figures
6 and 7 which depict the variations of the Ag at
220 and 235 nm, respectively, as a function of DP
in four different solvents. The selection of the 220
and 235 nm for the value of the circular dichroism
is because the strength of the band at these two
wavelengths is most profound and distinguishable,
compared with the band at any other region. That
is, the dependence of these procyanidin molecules
upon their molecular weights and environmental
solvents is best representative showing the two
well-defined peaks at these wavelengths. Since the
Ae values can be simply converted from [6] by
the equation (1), the variation of the Ag is the same
as that of [0]. The far-right data points for the
polymer were obtained under the assumption DP=
10 for the polymer. This value of 10 has been pre-
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Figure 7. Dependence of Ae per residue at 235 nm
upon the degree of polymerization of procyanidin.

viously determined by use of the fluorescence quan-
tum yield, @, to evaluate the number-average molecu-
lar weight of the same procyanidin polymer as the
one used in the present study.?!

A significant increase in the [0], when DP2>2,
probably suggests that the interaction between aro-
matic chromophores linked by each monomeric unit
becomes stronger up to the trimer. For DP>3, the
values of [0] level off, meaning that the interaction
becomes independent of DP. The solvent depend-
ence of the CD spectra with the strong positive
maxima in the range of 210~240 nm is observable,
as described earlier, but in the light of the mole-
cular weight dependence of the spectra similar overall
trends in the spectra in the four solvents are more
impressive, as seen from the changes of the Ag
values in Figures 6 and 7. Any molecular weight
dependence on the [0] in the range of 260~270
nm is is not evident with the current experimental
uncertainty.

Prediction of Intrachromophoric Interac-
tions in the Procyanidin Molecules. A very
strong positive and negative couplet observed in the
region of 200~240 nm for the dimer and the higher
oligomers is believed to be associated with the in-
trachromophoric interaction between the A, ring in
the first monomeric unit, A, ring in the second unit,
A, Ay, etc, located in chiral positions with respect
to each other.

Consider the values of Ag at 220 and 235 nm
averaged over each solvent in Figures 6 and 7. If
it i1s assumed that the CD of each oligomer is made
up of one contribution, which is denoted by b, for
each nearest neighbor monomer-monomer interac-
tion, and another contribution, which is denoted
by a, for the end effect, then one can construct
a simple expression to describe the total contribu-
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Figure 8. Comparison between the calculated (trian-

gles) and experimental (circles) values of Ag at 220 nm

as a function of the degree of polymerization of procya-

nidin oligomers.

tion of the assumed interaction to the CD for each
oligomer, as follows.

DP CD per molecule CD per monomer unit

1 a a
2 a+b (@a+b)/2
3 a+2b @+2b)/3
4 a+3b (a+3b)/4
5 a+4b (@+4b)/5
6 a+5b (@+5b)/6
10 a+9 (@a+9b)/10
7 at+@—1b [a+G—1b1i

For * component the value of Ae can be written
as

(Ae)=a/i+LG—D/ilb=(a—b)/i+b 3

A plot of (Ag), as a function of 1/ is linear over
the entire range of 7. The values of @ and & that
fulfill the linearity are —2.7% 1.1 and 14.7+ 4.7 at
220 nm, and 0.1+ 0.5 and 9.3+ 0.8 at 235 nm, re-
spectively. The calculated values under this assump-
tion are consistent with the experimental values
of [8] within experimental urcertainty for the mono-
mer, which is without the interaction by the near-
est neighbor in Figures 2 to 5. The values of
(@a+8)/2 calculated for the CD per monomeric unit
are also in excellent agreement with the experimen-
tal values of [8] for the dimer in Figures 2 to 5.

Figures 8 and 9 depict the comparison between
the calculated and experimentally obtained values
of Ag at 220 and 235 nm as a function of degree
of polymerization, respectively. The experimental
values for the monomer and dimer are in excellent
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Figure 9. Comparison between the calculated (trian-
gles) and experimental (circles) values of Ag at 235 nm
as a function of the degree of polymerization of procya-
nidin oligomers.

agreement with the calculated values, but there is
some deviation between the two values obtained
for the higher oligomers. The values calculated for
the higher oligomers are slightly underestimated
in comparison with those experimentally obtained.
The overall trend within the uncertainties is in
good agreement for the calculated and measured
values.

Summary

A distinguishable strong positive couplet in the
circular dichroism spectra for a homologous series
of monodisperse oligomers of epicatechin is ob-
served at 200~240 nm, which is in the regions of
'L, and 'B, transitions regardless of the solvent
used. The solvent dependence of the CD spectra
between water and organic solvents (methanol, 1,
3-dioxane and acetonitrile) is observed at particular
wavelengths, but the overall similarities and trends
in the bands in the four solvents are more impres-
sive.

The molecular weight dependence of the molar
ellipticity per mean residue, [8], is observed bet-
ween 210 and 250 nm. A dramatic increase in the
[0] when DP>2 suggests that the interaction bet-
ween aromatic chromophores (4,, A,, A; rings etc.)
located in chiral positions with respect to each other
becomes pronounced up to the trimer. Exper-
imentally obtained values of CD (Aeg) at 220 and
235 nm are in good agreement, within experimental
uncertainties, with those calculated under the as-
sumption of contributions by possible intrachro-
mophoric interactions to the CD.
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