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Abstract

Small-angle neutron scattering measurements have been made to determine the size of small aggregates of bacterio-
Ž .chlorophyll BChl a and c formed in non-polar solution. Both BChl a and c form dimers and oligomers in equilibrium

with each other at high concentrations in benzene-d solutions. The size and molecular weight for each dimer have been6

quantitatively evaluated based on Guinier approximation. The radii of gyration of the dimers are determined to be
˚ ˚17.0"0.5 A and 16.5"0.5 A for the BChl a and c, respectively. Limited observations in the very small angle region

suggest that the oligomers are of considerable dimension, approximately as large as a hundred angstroms for the radius of
gyration. The SANS results can be well correlated with the electronic absorption and NMR spectra and are in good
agreement with other spectroscopic behavior of the small aggregates reported previously.
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1. Introduction

Aggregation phenomena of bacteriochlorophylls
Ž . Ž .BChl and chlorophylls Chl are of particular inter-
est in relation to the organization of these molecules
in photosynthetic systems. Common features ob-
served in various BChl and Chl aggregates in vitro
result from the nature of preference of the central

w xmagnesium ion for five- or sixfold coordination 1–3 .

Abbreviations: BChl, bacteriochlorophyll; Chl, chlorophyll;
SANS, small-angle neutron scattering; CD, circular dichroism.
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Since only four sites are occupied by the pyrrole
nitrogens in the pigment macrocycle, the coordinative
unsaturation must be satisfied by an additional one or
two axial ligand depending on the solvent properties.
In polar solvents, such as acetone and methanol,
BChl and Chl are monomeric with solvent molecules
coordinated axially to one or both sites of the magne-
sium. In non-polar solvents, such as benzene and
carbon tetrachloride, the pigments occur as dimer or
oligomer in which the vacant coordination sites on
the magnesium atom of a pigment molecule are
satisfied by a second pigment molecule directly using
a carbonyl or hydroxyl group, or indirectly via a

w xwater molecule 4,5 . The aggregation behavior can
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be described in terms of a strongly solvent-dependent
w xmonomerldimerloligomer equilibrium 6,7 . The

formation of certain types of oligomer is accompa-
nied by a bathochromic shift of the long-wavelength

Ž .absorption band Q with respect to that ofy

monomeric form in polar solvents.
BChl a is the major chlorophyll of purple bacteria.

NMR titration study suggested that BChl a exist in
w xdimeric form in benzene 3 . Aggregation behavior of

BChl a in carbon tetrachloride was interpreted as a
trimerlhexamer equilibrium mixture by observa-
tion of vapor-phase osmometry, and BChl a appears

w xto exist as a trimer in dilute solution 8 . This result is
in contrast to the conclusion derived from absorption
spectroscopy that Chl a, b and BChl a occur as

w xdimers with much the same structure 9 . Oligomers
of BChl a can be formed in mixed aqueous-organic
solvent systems, such as waterrformamide, and in
aqueous micelles of the detergent lauryldimeth-

w xylamine oxide 10 . It has been well established that
the aggregation of BChl a, like most other Chl,
involves strong, coordinative interaction of the cen-
tral magnesium of one pigment with a 131-carbonyl
functional group of the second as an electron donor
w x4–7,11–13 . In addition, the acetyl carbonyl at posi-
tion 31 is also involved in aggregate formation in

w xhigh concentration range 9 . In contrast, BChl c is
the major pigment of green photosynthetic bacteria. It
lacks the 132-carbomethoxy group and can be re-
garded as a pyrochlorophyll. The most significant
differences in the molecular structures between BChl

c and BChl a is probably the existence of a 31-hy-
Ž .droxyl group Fig. 1 . There is strong evidence that

this group is involved in the aggregation, with the
31-hydroxyl oxygen coordinating to the magnesium

w xatom of a second BChl c molecule 14–27 . Further-
more, unlike BChl a, a small amount of water does
not seem to markedly affect the properties of BChl c
aggregates. This is probably because the BChl c

Ž 1 .molecule has a nucleophilic group 3 -hydroxyl as a
part of the molecule, and lacks the 132-carbo-
xymethyl substituent linked by a water molecule.

Although spectroscopic studies have provided a
wealth of information about the pigment-pigment and
pigment-solvent interactions at the molecular level,
efforts to deduce the size of small aggregates of BChl
from spectral measurements are subject to some am-
biguity since the state of aggregation in non-polar
solvents is highly variable. The analysis of small-an-

Ž .gle neutron scattering SANS data to be described in
the present article provides further quantitative infor-
mation about the dimension and molecular weight of
the small BChl aggregates in benzene solutions in
order to facilitate the interpretation of electronic ab-
sorption and NMR spectra of these pigments in solu-
tion. The reason for using benzene as a solvent is that
solvents containing chlorine strongly absorb neutrons
which causes a low signal-to-noise ratio, while ben-
zene-d has low background of neutron scattering6

and can produce various aggregates with very similar
spectral properties to those in CCl . The results of4

this study confirm and amplify many of the previous

Fig. 1. Molecular structures of BChl a and c.
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findings and represent independent evidence for the
existence of dimers and oligomers in the concentrated
solutions. Similar SANS studies have also been made
on the suspension of very large aggregates of Chl and

w xBChl in aqueous solutions by Worcester et al. 28,29 .
Based on their results, a micelle-like cylinderic struc-
ture has been proposed with the size of at least 200
nm in length and about 5;10 nm in radius. Compar-
ing to the large aggregates, we refer to the dimer and
oligomers of this study as small aggregates.

2. Experimental

2.1. Materials

BChl a was extracted from Chromatium tepidum.
Ž .Lyophilized cells 2;3 g were ground to a powder

and extracted with 50 ml of methanol for three times.
The extract was filtered through a Buchner funnel
and concentrated by evaporation to a final volume of
2;3 ml. The concentrated extract was chromato-
graphed on a reversed phase HPLC column with a
dimension of 21.5 mm in diameter and 30 cm in

Ž .length TOSOH, TSKgel ODS-80Ts . Eluted BChl
armethanol solution was evaporated, and the resid-
ual methanol was further removed by blowing N2

steam for more than 30 min. The purified BChl a
was checked by 1H-NMR and absorption spectra. All
procedures were carried out in dim light or darkness
and were completed as rapidly as possible to mini-
mize degradation. Spectral grade methanol was used
for the extraction without further purification. BChl c
was extracted from dry cells of Chlorobium tepidum
with methanol and purified as described

w xpreviously 25 . The extracted BChl c was character-
ized by NMR and absorption spectra. Deuterated

Ž .benzene purity)99.7%, D)99.5%, Merck and
Ž .deuterated acetone D)99.9%, Isotec were used

for SANS and NMR experiments. Other solvents
were spectral grade. BChl a and c solutions were
prepared by dissolving the dried pigments in ben-

Ž .zene-d or acetone-d f3 mgrml , then passing6 6
Ž .through a membrane filter TOYO, PTFE, 0.22 mm .

2.2. SANS measurements

SANS experiments were performed on the instru-
Ž .ment SANS-U installed in JRR-3M of Japan Atomic

Ž .Energy Research Institute JAERI . The neutron beam
from a cold source was monochromatized by a veloc-

Ž .ity selector Dornier . Scattered neutrons were led to
a evacuated scattering flight tube and recorded using

Ž .a two-dimensional position-sensitive detector Ordela
with an active area of 65=65 cm2 and resolution of
5=5 mm2. The 2D data were radially averaged and
converted as a function of Qs4 p sin url, where u

is half the scattering angle and l is the wavelength
˚Ž .ls7.0 A . The sample-to-detector distance was 2

m. Details on specification of the instrument were
w xdescribed elsewhere 30 . The raw data were cor-

rected for solvent background, transmission and inco-
herent scattering, and finally were normalized to

Ž y1.absolute intensity units cm using Lupolen as a
w xreference 31 . The sample solutions were placed in a

quartz cell of 4 mm path length at 238C.
The SANS data were analyzed by using standard

w xGuinier analysis 32 , i.e., the scattered intensity is
expected to vary as

I Q s I 0 exp yR2Q2r3 1Ž . Ž . Ž .ž /g

Ž Ž .in the region of QR F1. Slope of the plot ln I Qg
2.vs. Q yields the radius of gyration R of theg

Ž .aggregate, and the y-intercept yields I 0 , the scatter-
ing intensity at 08 angle. R is defined byg

2 3Hr r r yr d rŽ . s2R s 2Ž .g 3H r r yr d rŽ . s

Ž .where r r is the local scattering-length density of
the solvent-excluded particle and r is the solvents

Ž .scattering-length density. I 0 contains information
on Mrm2, where M is the molar mass of the entire

w xaggregate, and m that of a single monomer unit 33 .

2 2I 0 sN c b y Õ rÕ b Mrm 3Ž . Ž . Ž .a 1 1 2 2

Ž .In Eq. 3 , N is Avogadro’s number, c is the concen-a
Ž .tration of aggregate, 1 and 2 s i represent the

aggregate and solvent respectively, b is the sum ofi

the nuclear coherent scattering lengths of component
i, and Õ is the partial molar volume of i. Since noi

D-H exchange between the aggregate and the solvent
is expected, the scattering lengths can be calculated
and the values of the constant parameters are given in
Table 1. The partial molar volume for the pigments
was calculated using the specific density of the crys-

w xtalline Chl a 34 .
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Table 1
Relevant parameters for systems considered for SANS

Component Specific density Scattering length Scattering length density
3 y12 10 y2.Ž . Ž . Žgrcm =10 , cm =10 , cm

aBChl a 1.08 16.6 1.19
aBChl c 1.08 16.6 1.34
bBChlorin a 1.28 17.9 2.22
bBChlorin c 1.28 16.0 2.08

cPhytyl 0.850 y1.30 y0.239
dFarnesyl 0.887 0.617 0.161

Acetone-d 0.872 6.58 5.396

Benzene-d 0.95 7.99 5.436

a w xThe value for microcrystalline Chl a 34 .
b w xThe value for crystal of ethyl chlorophyllide a 35 .
c Estimated from the density of phytol.
d Estimated from the density of farnesol.

2.3. Spectroscopic measurements

UV-vis absorption spectra were recorded using the
same spectrometer under similar conditions as those

w xdescribed in a previous paper 36 . Deconvolution of
the spectra was made by a home-made program

w x 1based on the least-squares method 37 . H-NMR
spectra were measured on a Bruker DPX-400 spec-
trometer, using a 308 pulse, a pulse repetition time of
2 s, and 800 scans. The solution sample was placed
in a 5 mm NMR tube, and the chemical shifts were
referred to TMS.

3. Results

3.1. Estimation of the sizes of small aggregates by
SANS

Fig. 2 shows the Guinier plots of the measured
neutron scattering spectra for BChl a in benzene-d6

and acetone-d . A good linearity was found for the6

BChl a in acetone-d over the whole range of Q6
˚ y1Ž .Qs0.01;0.15 A , as expected for a mono-

disperse solution without interparticle interaction.
This is in agreement with the fact that BChl a exists
as a monomer in acetone solution. The size of the
monomers is characterized by the radius of gyration,
R , obtained from the Guinier plot. A value of R sg g

˚10.0"0.5 A was determined from the slope for the
BChl a monomer in acetone-d . The relationship6

between R and actual molecular dimension dependsg

upon the shape of particles. For the BChl a in
benzene-d , the measured neutron scattering spec-6

trum can be clearly divided into two parts. The first
˚ y1part is in the region Q)0.03 A , where the Guinier

Fig. 2. Guinier plots of the corrected SANS spectra from BChl a
Ž . Ž .in benzene-d ` and in acetone-d ^ solutions. BChl a6 6

concentration for each solution was 3.2 mM. The straight lines
are the fitted data according to Guinier approximation to deter-
mine the radius of gyration and the scattering amplitude. Inset is
the enlargement of very small Q region for BChl a in benzene-d .6
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plot shows a good linearity with a slope steeper than
that for BChl a in acetone. This is an indication of
the existence of small aggregates. The value of Rg

˚was determined to be 17.0"0.5 A. This is believed
to correspond to a partially overlapped dimer. Calcu-
lation from the intercept of the linear plot also showed
that molecular weight of the small aggregates is

Ž .about twice 2.08 that for BChl a monomer in
acetone. The other part of the neutron scattering
spectrum is in the very small Q region, about Q-

˚ y10.03 A , where the neutron scattering intensity in-
creased rapidly with decreasing Q. This indicates the
existence of oligomers with R values at least severalg

˚tens Angstroms. Applying the Guinier plot to the
relatively linear part, as shown in the inset of Fig. 2,

˚gave a value of about 107 A for R . However, theg
Ž .exact values of R and I 0 for these oligomersg

cannot be determined accurately from the measured
neutron scattering intensities because of insufficient
data in the very small Q region. The strong neutron
scattering in this region is not due to strong interpar-
ticle interactions since the BChl a concentration was

Ž .the same as that of acetone solution 3.2 mM .
Similar results were observed for BChl c and are

shown in Fig. 3. The Guinier’s law held over the
whole range of Q for the BChl c in acetone-d . The6

˚fitted straight line gave a R value of 10.5"0.5 A.g

It is known that BChl c exists as a monomer in
acetone, and the R value is compatible with that ofg

BChl a. For BChl c in benzene-d , the Guinier plot6

was dominated by a wide linear region at Q)0.02
˚ y1 ˚A , where a value of 16.5"0.5 A was obtained for
the radius of gyration. The small aggregates were
estimated to be dimers by taking into account the
molecular weight calculated from the intercept. The
existence of larger oligomers was also confirmed
from the Guinier plot in a very small Q region

˚ y1 ˚Ž .Q-0.02 A , where a very rough value of 96 A
was estimated for the radius of gyration.

For all cases, the neutron scattering intensities can
be fitted with straight lines in the region of Q 2

)
˚ y2 Ž .0.0009 A according to Eq. 1 to determine R andg

Ž .I 0 for the monomers and dimers. Oligomers with
˚R values of about 100 A can only be roughlyg

estimated from the intensity data in the very small Q
region. Large aggregates with R values exceedingg

˚100 A should contribute very little to the neutron
˚ y1scattering intensities in the region Q)0.03 A , but

Fig. 3. Guinier plots of the corrected SANS spectra from BChl c
Ž . Ž .in benzene-d ` and in acetone-d ^ solutions. BChl c6 6

concentrations in benzene and in acetone were 4.9 mM and 4.1
mM, respectively. The straight lines are the fitted data according
to Guinier approximation to determine the radius of gyration and
the scattering amplitude. Inset is the enlargement of very small Q
region for BChl c in benzene-d .6

will slightly affect the accuracy of the values of Rg
Ž .and I 0 for the small aggregates as determined by

the Guinier approximation. The neutron scattering
results showed that both BChl a and BChl c exist as

Žmonomers in acetone and form small aggregates di-
.mers and oligomers in benzene with the similar

sizes, even though the interaction mode involved in
the aggregates is considered to be different between
BChl a and BChl c. The results also suggested that
both the dimers and oligomers are quite stable and

Ž . Ž .exist in an equilibrium of BChl l BChl at high2 n

concentrations in benzene solution.

3.2. Spectral properties of the small aggregates

Fig. 4a shows optical absorption spectra of the
ŽBChl a samples used for SANS measurement Fig.

.2 . BChl a in acetone showed a single Q band aty

770 nm corresponding to the monomeric form,
whereas BChl a in benzene had a Q band at 780y

and a shoulder around 815 nm, implying an occur-
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rence of two components as a result of aggregate
formation. It is noteworthy that the spectrum of BChl

w xa in benzene closely resembles that in CCl 4,9 .4

The aggregate spectrum in the near infrared region
was deconvoluted and the result is shown in Fig. 4b.
Two peaks at 781 nm and 817 nm were assigned to
the Q bands of the two components. Proportion ofy0-0

the two components is known to vary with the pig-
w xment concentration 3 . In order to prove that the

781nm-component is not a monomeric form, the
Ž .spectral properties at low concentration 0.18 mM in

benzene were investigated and the results are shown
in Fig. 5. Absorption spectrum in the near infrared
region was dominated by the 781 nm peak with only

Ž .trace 815 nm component Fig. 5a . Most significant
changes of BChl a from monomer to dimer or
oligomer can be observed with the low-field signals

1 Ž .of corresponding H-NMR spectra Fig. 5b . In ben-
zene, the 132-proton markedly shifted to the higher

Ž .Fig. 4. a: absorption spectra of BChl a in benzene solid line
Ž .and in acetone dashed line solutions. The samples were the

same as those used in the SANS measurements. b: deconvolution
of the absorption spectrum of BChl a in benzene in the near
infrared region.

Fig. 5. a: absorption spectra of BChl a in benzene-d at low6
Ž . 1concentration 0.18 mM . b: corresponding H-NMR spectrum.

S: undeuterated solvent signals. c: 1H-NMR spectrum of BChl a
Ž .in acetone-d 0.18 mM .6

field by 0.67 ppm and meso-proton at position 5
shifted to the lower field by 0.49 ppm with respect to

Ž .those in acetone Fig. 5c . In the meantime, line
broadenings occurred for the NMR spectrum due to
the rapid relaxation of protons with formation of the
small aggregates. The result of this study was similar

w xto that of NMR shift titration experiment 3 and
suggested that BChl a exists predominantly in a
dimeric form in benzene at low concentration. There-
fore, the 781nm-component must be the dimer species

˚with a R value of 17 A, while the 817-nm compo-g

nent corresponds to the oligomer with a R value ofg
˚about 107 A, as identified by the SANS measure-

ments.
Fig. 6a shows the absorption spectra of BChl c in

acetone and benzene. The spectrum in benzene was
found to drastically change with the pigment concen-
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Ž .Fig. 6. a: absorption spectra of BChl c in benzene solid line and
Ž .in acetone dashed line solutions. The samples were the same as

those used in the SANS measurements. b: deconvolution of the
absorption spectrum of BChl c in benzene in the near infrared
region.

tration. At high concentrations, as the case of this
study, the shape of the spectrum closely resembled

w xthat for the BChl c in CHCCl or CCl 17,19 , i.e.,3 4

a shoulder at 675 nm and a peak around 710 nm. We
have also carried out a 1H-NMR measurement on the
low concentration BChl crbenzene-d solution and6

found that the spectrum was the same as that reported
w xpreviously for the BChl c in CDCCl 23 . Fig. 6b3

shows the deconvoluted spectra in the near infrared
region. Two bands centered at 675 nm and 711 nm
were assigned to two major components. The small
aggregates were rich in the 711 nm species. The
spectroscopic behavior of BChl c aggregates in vari-
ous solutions has been well investigated by absorp-

w x w xtion spectra 17,19 , NMR 20,23 and fluorescence
w x15,22 . There is little doubt that dimer shows an
absorption peak at 675;680 nm. The component
with the absorption at 710 nm, however, remains

somewhat unclear. Absorption study suggested that it
w xcould be a tetramer species 19 , whereas fluores-

cence results appeared to be better interpreted by a
w xhexamer model 22 . Although we cannot determine

the precise aggregation number of the 710 nm
oligomer at this stage, the SANS results of this study
have given the characteristic sizes for both dimer and
oligomer, and have demonstrated that the 675nm-
component should be the dimer with a R value ofg

˚16.5 A and the 711-nm component is a oligomer with
˚an approximate value of 96 A for the radius of

gyration.

4. Discussion

Direct evidence has been provided by the SANS
measurements for the presence of an equilibrium
between dimer and oligomer in the concentrated solu-
tions of BChl a and c in benzene. Estimation of the
size and molecular weight was based on the Guinier
approximation that was found to hold over a wide Q
range for the monomeric and dimeric species. Advan-
tages of the Guinier approximation are that it needs
no adjustable or physical parameters for the determi-
nation of radius of gyration and only a few physical
parameters, such as concentration, specific densities
of solute and solvent, are required for the calculation
of molecular weight of the particles in solution. The
values obtained for the small aggregates can be com-
pared with those of monomers. Theoretically, the
radius of gyration for a monomer can be calculated

Ž .according to Eq. 2 if we know the coordinates of all
atoms in the pigment molecule. Unfortunately, it is
not possible to do a complete calculation on the
whole BChl molecule since the conformation of its
esterifying chain in solution is unknown. The size of
chlorin ring, however, can be evaluated if we assume
that the chlorin ring is rigid and has the same confor-
mation as in its crystal state. Using the crystal data of

˚w xethyl chlorophyllide 35,38 , a value of 5.0 A was
obtained for the radius of gyration. Hence, the Rg

˚value of about 10 A determined by SANS measure-
ment is believed to be reasonable for a whole BChl
molecule. The radii of gyration for the BChl dimers

˚ ˚Ž .in benzene 16.5 A;17.0 A were much smaller
than twice the values of monomers, suggesting that
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two pigment molecules are partially overlapped. This
is consistent with spectroscopic results from solutions
w x5,9,11,13,16,39 and diffraction results from crys-

w xtalline BChl and Chl aggregates 35,38 .
The electronic absorption spectra of BChl a in

benzene and in CCl are very similar. Early studies4

on the aggregation of BChl a in CCl by visible4

absorption spectroscopy suggested the existence of
monomer-dimer equilibrium in the concentration

y3 w xrange lower than 10 M 9 . A dimerization con-
stant of 2.2=10y4 My1 was obtained, correspond-
ing to standard free energy of dimer formation of
y24.3 kJrmol. On the other hand, molecular weight
measurements by vapor pressure osmometry demon-
strated that the aggregation behavior of BChl a in
CCl appeared intermediate between that of Chl a4

and b, and may be better interpreted as a trimerl
hexamer equilibrium mixture in concentrated solu-

w xtions 5 . It is well known that Chl a exists predomi-
nantly as dimers in benzene or CCl over a wide4

concentration range, accompanied by varying amounts
of oligomers, whereas Chl b is typical of trimers at

w xconcentrations lower than 10 mM 5,40,41 . It was
also pointed out that conclusions derived from CCl4

solution may not apply to the situation for the case of
w xaromatic solvents like benzene 9 . More recently,

detailed analyses of the absorption spectra and NMR
titration by Brereton and Sanders clearly demon-

w xstrated that BChl a is dimeric in benzene 3 . Our
SANS results, along with the 1H-NMR result, are in
satisfactory agreement with those of Brereton and
Sanders. The largest change in chemical shift upon
formation of BChl a small aggregates in benzene is
for the 132-proton. This can be interpreted as indicat-
ing the participation of the 131-carbonyl of ring V in
the dimer formation. The interaction is presumed to
be primarily with the central magnesium of a second
BChl a molecule. Another information on the coordi-
nating property can be obtained from absorption
spectra. Evans and Katz suggest that the position of
the Q band is strongly dependent on the coordina-x

w xtion state 2 . Five-coordinated Mg species absorb
near 580 nm, whereas 6-coordinated Mg species are
red-shifted to about 610 nm. In this study, the Qx

band was found at 572 nm in acetone and 578 nm in
benzene, respectively. This confirms the observation
that 5-coordination is the principal coordination state

w xof Mg in the aggregated BChl a 2 . On the basis of

electronic absorption, CD and NMR spectra, a molec-
ular model for the dimer structure has been proposed
w x9,39,41 , in which there are regions of mutual over-
lap in the vicinity of ring V. This is also consistent
with the results of radius of gyration determined by
the SANS measurement. The model further implied
that the arrangement of the monomers in the dimer
can hardly be in parallel planes for steric reasons, and
assumed that the ring-planes intersect at a small
angle.

No study has been found on the aggregation be-
havior of BChl c in benzene. However, like BChl a,
the absorption spectrum of BChl c in benzene at the
concentration of this study was very similar to that in
CCl . Spectroscopic studies suggest that dimer has an4

absorption maximum at about 680 nm, and the dimer
and higher aggregate which absorbs at about 710 nm
are in equilibrium with each other in CCl solution.4

Our results show that BChl c forms dimer absorbing
at 675 nm and oligomer absorbing at 711 nm. The
size of 675 nm-dimer has been precisely determined
by SANS measurement, corresponding to the radius

˚of gyration of 16.5 A, while limited observations of
the neutron scattering in very small angle region
imply that the 711 nm-oligomer may have a dimen-
sion as large as about a hundred angstrom. Olson and
Cox have concluded that the aggregation state of the
710 nm-species in CCl is a tetramer formed by4

association of two dimers, based on deconvolution of
absorption spectra of BChl c solutions over a range

w xof concentrations 19 . This conclusion has later been
challenged by the results from polarized fluorescence
measurement. Since the measured profile of time-de-
pendent anisotropy yields the rotational diffusion
constants, molecular size and shape of the aggregates
can be estimated by the Stokes–Einstein theory.
Causgrove et al. showed that the observed rotational
time for the 710 nm aggregate was much longer than
that of the monomer, indicating that the aggregate is

w xof considerable size 22 . Their results appeared to be
best explained by a cyclic hexamer model rather than
a tetramer. The closed hexamer structure consists of
three identical dimers, each as a building block, and
forms a triangular arrangement with a shape of oblate

˚spheroid and an approximate dimension of 15A=
˚ ˚29A=29A. However, because the experiments and

calculations were conducted by using a model com-
pound, Mg-methyl bacteriopheophorbide d, for sim-
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plicity, the size obtained cannot be directly compared
with the radius of gyration for the unmodified BChl c
oligomer of this study, but only be used as a rough
estimate for the dimension of the 710 nm aggregate
formed by chlorin rings without the long farnesyl
tails. The farnesyl chain is believed to play an impor-
tant role in stabilizing the conformation of the inter-
acting pigment molecules and in maintaining the
structural integrity of the whole aggregate in solution.
Actually, such evidence has already been observed in
the fluorescence experiment that the long farnesyl
tails caused a biexponential rotational relaxation
which greatly complicated the analysis of rotational

w xdiffusion data 22 . In order to determine the size and
molecular weight of the 710 nm oligomer, more
precise SANS measurements in smaller angle region
are needed. Such experiments are planned to extend
this study to a wider concentration and Q range.

5. Conclusion

Small-angle neutron scattering has been proven to
be a useful method for the measurement of molecular
aggregation in BChl solutions. Both BChl a and c
form dimers and oligomers in equilibrium with each
other at high concentration in benzene solutions. The
size and molecular weight for each dimer can be
quantitatively determined based on Guinier approxi-
mation. It is shown that the radii of gyration of the
dimers are nearly identical for the two BChl molecules
even though the interacting mode involved in the
dimers is considered to be different between BChl a
and BChl c. Limited observations in the very small
angle region suggest that the oligomers are of consid-
erable dimension, approximately as large as a hun-
dred angstroms for the radius of gyration. The SANS
results can be well correlated with the spectroscopic
behavior of the small aggregates and are in good
agreement with those reported previously by other
researchers.
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