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Abstract

This text gives a short introduction to the spectroscopy of individual light-harvesting complexes. Spectroscopy is
a technique with which it is possible to gain information over the transfer of light into an electrochemical potential
by photosynthetic organisms. A general introduction is followed by a discussion of a recent article on the light-
harvesting complex 2 dkhodopseudomonas Acidophitapurple bacterium [1].

1 Photosynthesis found in [2], while excitons in the corresponding light-
harvesting complexes are described in [3].

The first life on earth probably gained its energy from

the breaking down of organic molecules produced by

geochemical processes. But soon a much more efficignf The Photosynthetic Unit of
method for the production of energy was developed. Rhodopseudomonas Acidophila
Photosynthetic bacteria started to use light to establish
an electrochemical potential across a membrane. Tiige photosynthetic unit (PSU) dRsp. A.contains
stored energy can be used to convert ADP into ATP, taesystem of |ight_harvesting Comp|exes (LHl, LH2)
fuel for nearly all processes in living cells. and a RC. The RC is build up from a primary
All  photosynthetic organisms contain  lightchlorophyll, bacteriochlorophyll (BChls), bacterio-
harvesting antenna systems to utilize solar liglgheophyrin, ubiquinone-10, magnesium atoms and an
The electromagnetic radiation creates an excitationigdn ion. The light-harvesting system consists of a core
the pigments of the antenna system. The excitatigAtenna, LH1, which for BChl a containing species ab-
is quickly forwarded into the reaction center (RCkorbs around70 to 880 nm. The BChl of the LH1 form
There a charge separation takes place, building upagircle around the RC. LH2 complexes surround the
electrochemical potential. This form of energy is farH1 in the plane of the membrane.
much more stable than the excitation of a pigment,
which can not be coupled so efficiently to other rather
slow endothermic biochemical processes. The time
scale of energy transfer is ranging from fs to ps, for the

electron transfer ps, while the ATP synthase processes )
only somel00 molecules per second [2]. PhotosynthesePics/PSU.eps not found!

Classification of Photosynthetic Organisms One
major difference between photosynthetic organisms is,
whether they produce oxygen during the process or not.

Plants, algae and cyanobacteria do, while green bacte-

ria, heliobacteria and purple bacteria execute an anoa/]gure L Modello&‘ the PhSUhpfhp:yrﬁledchterla based 3”
genic photosynthesis. own structural data, the highlighted ring corresponds

The following text will concentrate on the purple bad® & diameter of abodt3 nm, the time constances apply

teriaRhodopseudomonas AcidophfRsp A.). Details for a temperature of7 K, Fig. taken from [4].
on the biochemistry of plants and cyanobacteria can be




2 MOLECULE INTERACTIONS

Structure and Properties of LH2 Recently the three 2~ Molecule Interactions

dimensional structure of the LH2 complex was de-

termined through x-ray crystallography. It consisf¥lolecular interactions are essential for the function of
of a ring with in crystalline form nine fold symme-the PSU. They are governed by coulombic interactions
try. LH2 is made up from nine-3 polypeptides het- of electrons and nuclei of different pigments and the
erodimers, which in total bind7 BChl a molecules and €xchange interactions between overlapping molecular
18 carotenoids. The LH2 can be grouped into two part@Fbitals of pigments. In the later case electrons are ex-
On the cytoplasmic side BChl absorb around00nm changed between donor (D) and acceptor (A). In gen-
(B800). They are abo 1 nm a part and can be there€ral the energy” involved can be described as follows:

for described as monomeric. Energy is transfered at a 1 G
sub ps range. The second part is on the periplasmic side, Vpa = 1 Z #
1.7nm away from the other ring. It contairi8 BChls TE0 ieD jea U

which absorb around60 nm (B850). The energy can . I .
be transfered in this ring within less thafo fs. These with £, the vacuum permittivity and; the distance be-

molecules are strongly coupled, because their Cent%?en the electronic and nuclear chargesndg; on

center distance is abo0t9 nm. Excitation energy is the molecules A and D, respectlveliy. o
In the case when there is no significant overlap of

the molecular orbitals, so that the interaction energy is
dominated by the coulombic interactions,can be ex-
panded into a power series. In the dipole approximation
the interaction is described by:

PhotosynthesePics/LH2.eps not found! Vit = 47350 fipfia — 3(}{/1;DR)(/2AR) (1)

whereji is the electric dipole moment of the molecule
D and A, R the unit vector between D and A aiftithe
distance between the two molecules. See also [5].

Figure 2: Geometrical arrangement of thé BChl 2.1 Energy Transfer
molecules of the LH2 complex as determined by x-ray the interaction is compared in magnitude to the
crystallography, the phytol chains are omitted for clajinewidth of the transitions, one can distinguish two
ity, Fig. taken from [8]. limiting cases of the energy transfer. If the interac-
tion energy is larger than the disorder, it is called strong
N coupling or the exciton picture. In the other limit one
trgnsfergd from the B80O to the B850 ring in ab""l’* talks about weak coupling or incoherent hopping limit.
with a yield of more thar95%. The carotenoids a1 photh cases the transfer rates can be calculated with
bound to thex and 5 proteins, span the membrane arIﬁirst order perturbation theory, which leads to Fermi’s
contact both B80O and B850 BChls. Golden Rule. For the hopping descriptidn,acts as a
The carotenoids in photosynthetic pigment protejerturbation, while in contrast for exitons the coupling
complexes have in general two major functions: Firbetween electrons and phonons is the perturbation. In
they quench the triplet states of the BChls. These triplefality the both processes exist. If the real situation can
states not only block the BChl, but may be also transet be described as one of these limits the analysis is
fered to oxygen. The ground state of oxygen is a triplehallenging.
state, which will be converted to a highly reactive sin- The disorder has contributions from static (spectral
glet state, if the energy of a BChl in triplet state is trangahomogeneity) and dynamic (electron-phonon interac-
fered to it. The second function is light-harvesting. Estion) effects. The dynamic contribution can be ruled out
citation energy of the carotenoids is transfered to thg using a low temperature experimental setup, while
B800 and B850 pigments and follows than the way tbe static contribution, which is due to small changes in
the RC [4]. the protein environment, persists.



2 MOLECULE INTERACTIONS 2.2 Spectroscopic Properties of Excitons in Aggregates

2.1.1 Weak Coupling of the complex is given by:
In the limit of weak coupling between A and D the en- H, — E+D. +AE 2
ergy transfer rate is described using the Fermi’s Golden ol Z (E+ D+ AEa) [n) {n] - (2)

Rule: 2 +3" Vi In) ()
kpoa =7 (D" AV DAY p(E) o
where E is the electronic transition energy of the free
wherep(E) is the density of states of the final manifoldnonomer,D,, is the shift, caused by dispersive inter-
of stateg D A*) with the same energy as the initial statection of thenth molecule with its specific environ-
(D*Al. The total transfer rate is given by the sum ovenent, leading to spectral heterogeneiyi,, is a ran-
all initial and final states. dom shift, caused by stochastic fluctuations in the envi-
The transfer rate is calculated with the dipole approxenment of thexth molecule.D,, + AE,, is also called
imation for the interaction energy from EQ3). As ad- the diagonal disordei,,,,, describes the dipole-dipole
ditional assumptions, one has to use that the vibrationakeraction energy between th¢h andmth site. Varia-
relaxation is much faster and that there is no overl@ipns over the different,,,, of a complex is referred to
between the electronic wave functions. So for a suffis off-diagonal disorder, which can be caused by struc-
ciently large distance between the molecules the enetgyal disorder or deformation of the arrangement.

transfer rate is: The Hamiltonian (2) conserves the number of ex-
9 citons. The eigenstates separate into classes of lin-

k oc “6& /EA(,,)fD(,/)V—‘ldV ear combinations of site states with a fixed number of
Ry, molecules excited. Correspondingly, also the eigenval-

ues of the different manifolds form bands. The sepa-
{ation between consecutive bands is of the ordeF of
where as the width of the-exciton band is of the order
of 4n - V. Optical transitions are only allowed between

whereg¢p is the quantum yield of the donar, the ad-

sorbtion band of Afp the normalized fluorescence o

the donory the frequencyp the refractive index of the

medium between D .and.ARDA the dlstance_ bewveenconsecutive bands. The random distribution/oF,,

D and A andrp the live time of the donor without the o : .
leads to a localization of the wave function to a lim-

acceptor. The integral represent the overlap of the em|s- . . Lo
sion spectrum of the donor and the absorption spectrtljl%d region of the aggregate. While the Hamiltonian (2)

of the acceptor. The orientation of the dipoles with rdicludes only static disorder, also electron-photon inter-

) . o action can be included into the theory [3, 4], which will
spect to each other finds its expressionim the fol- N .
. ] cause further localization over time.
lowing manner:

The following text will be only concerned with
molecular aggregates, which expire strong coupling and
can therefore described within the excitonic picture.
Here « is the angle between the dipoles of D and A,

1 and3; the angle of the vector connecting D and 2.2  Spectroscopic Properties of Excitons

Kk = cos o — 3 cos 31 cos B2

W@th the transition moment of_D ar_ld of A, res_pectively. in Aggregates
Distances, where this model is suitable, are in the range
of some nm. The molecular exciton approach describes the coherent

In a case where the overlap of the molecular orbitesggperposition of the exited states of molecules in aggre-
of D and A can not be neglected, the energy transfgates by taking into account their translational symme-
via electron exchange becomes more important. Thig The spectrum of the complex is calculated by solv-
interaction is referred to as the Dexter mechanism, 98@ the stationary Schrodinger equation. The interac-
[5] for more information. tions between the molecules can be treated as perturba-
tions, because of their low strength. The eigenfunctions
of the aggregate are then given as linear combinations
of the molecular eigenfunctions. In the following para-
In the case of strong coupling between the moleculggaphs the interaction of electrons with vibrations is ne-
the exciton picture is used. The electronic Hamiltoniagiected. The complete treatment can be found in [3].

2.1.2 Strong Coupling



2.2 Spectroscopic Properties of Excitons in Aggregates 2 MOLECULE INTERACTIONS

2.2.1 Energy Splitting In the long wave approximation, the transition dipole

moment of thexath molecule is:
With these assumptions the excited stated of a dimer can

be defined as a linear combination of localized states: fina = (na, 0| Pualna, f)
v/ = Z Cfn% H o, 3) For the case of cyclic molecular aggregaigs is ex-
m#n plicitly dependent om, and the projection of the optical

._transition dipole moment on the polarization vector of

te external electromagnetic field has to be taken into
account. Let us now consider an aggregate with only
r@ie molecule per unit cell and an external field with

e polarization in parallel with the plane of the aggre-

gate. Without loss of generality we can assume, that
one of the molecules is parallel with the polarization of

the external field. If the numbering starts with this

ofF iy IR molecule, the projection of the dipole moment is given
T, W e U

statescy,, indicates the expansion coefficients apgf;i

the molecular eigenfunctions. If one takes translatio
symmetry into accountf/ has to be an elgenfunctlonth
of the translation operatdf;;, Wherem is an integral
number of translational vectors ahds the wave vector
of the translation operator:

by:
If we now assign the molecules in the unit cell the index Hin = R EOSTR
a, we get from Eq. (4): wherey = 27/N is the rotation angle for theth
) molecule. Now the projection of Eq. (6) can be writ-
Cong = Uy (R otk Tna 5y tenas:
fna \/N a ( ) ( )
. . : . o k) = — nethn
whereu,,, is a unitary matrix for diagonalization, the (k) VN Xn:/’t
index v accounts for degenerate states avids the 1 ‘
number of molecules in the whole aggregate. This can i > mcos(yn)e’*n
now be applied to the Schrédinger equation and the cor-
responding characteristic equation will give values for - H(F+(l<:) + F_(k))
2

the energy levels of the excitons. Because the matrix,

which is describing the resonance interaction is hermyjith the definition:

tian, all values for the energy levels are real. This re-

sults it a splitting into a number of energy levels, which Fi(k) = 1 Z PRICE DL
is equal to the number of molecules within the unit cell. VN

The phenomenon is called the Davydov splitting. ) ) ) _
the following selection rule is obtained:

2.2.2 Selection Rules and Transition Dipole Fy = VNéj 1,
Strength ’
he optically allowed state is that, which is next to the

The frequency dependent transition dipole moments qi§: ot exciton state. This result hold not for an external
termine the optical transition spectrum of a moleculgyj ith the polarization perpendicular to the plane of
The operator of a aggregate of molecules is represenjg aggregate.
by the sum of the dipole moment operators: A similar calculation for a cyclic molecular aggre-
gate with two molecules per unit cell has shown, that
p= Z P the dipole strength for the transition into the state 0
" vanishes and the transition into states= =+~ re-

With Eq. (3) and (5) the exciton transition dipole moMains [3].

ment can be calculated to: The interaction of the molecules also determines
the distribution of the transition dipole strength among
(Wo| P\ 4 (K, v) Z“w Mmezkﬂm (6) the different states. The dipole strength of a transi-

tion is given by the sum over the contributions of all



3 THE B850 BAND OF LH2 3.1 Application of Theory

molecules: )

Dy =

N
Z Cfnﬁn
n=1

It can be shown that in the long-wave approximation
the sum over all transition dipole strengths is conserved
(Thomas-Reiche-Kuhn sum rule):

PhotosynthesePics/schemdipole.eps not| found!

N
Z Dy = const.
f=1 Figure 3: Schematic drawing of the orientation of the

transition dipole moments of the individual BChl a

A redistribution can be caused by mixing of statef,gjecules and their interactions, Fig. taken from [1]
The mixing occur for example when any kind of dis-

order, like a random fluctuation or a modulation, is

present. picosecond timescale. If now the dimer structure of the
B850 aggregate is taken into account, see Fig. 3, while
3 The B850 Band of LH2 disorder is ignored, the energy levels are given by [6]:

Rsp. As LH2 is a good model system to check the the- Ei = E+W cos(ko) @)
ory of the previous chapter, because its three dimen- i\/E%;W + V2 + V2 4 2V, V. cos(kd)
sional structure is known, there are only three different ! ¢

binding sites and excitons effects are pronounced by tvr\}ﬁ\h

high symmetry.
3.1 Application of Th £ = (EatEy/2
. iIcation o eor
- y Bag = (Ea—Ep)/2
If we apply the specific properties of the B850 complex W = (W, + Wp)
as outlln_ed in sect|on. 1.1tothe Eq. (2), the Hamiltonian Wag = (Wa—Wps)
will be given through:
Epw = FEu3+ Wygcos(kd)
18
H = Y (Eon+AE,)n(nl Because of the the in plane configuration of the pig-
n=1 ments in the aggregate the transition dipole moment
18 has a large in plane component, which is concentrated
+ D (Vo + AVi) [[n)n + 1| + Hec] nearly only in thek = +1 degenerate pairs, because
n=1 of the essentially anti-parallel orientation of the dipoles

18
+> (Won + AW,) [[n)n + 2| + H.c]

n=1

in the dimers. A small out-of-plane component gives
rise to a finite oscillator strength of the = 0 level,
which is further strengthened by the random diagonal
where E, ,, denotes the site energies of the individuglisorder from stochastic variations in the protein envi-
pigments and’, ,,, Wy, are the nearest- and secondonment. Random off-diagonal order originates from
neighbor interactions, respectively. The interactidfifegularities in the orientations and positions of the in-
with the B800 pigments is ignored, which is justifiedlividum transition dipoles. If for both kinds of disorder
by the distance between them. In a description for Idive same distribution of perturbations strength is present
temperatures it is possible to take only the 0-0 tranép.g. Gaussian), the effects are indistinguishable.

tions into account and to neglect time-dependent exci-Experimental data suggest that the LH2 aggregate is
ton localization. It is also assumed that fluorescensabject to a modulation, which can be described as a
occurs only from the lowest energy state in the excitens(20) factor in the first and second order interaction,
manifold, because the relaxation process happens atwhiere© corresponds to the angular position in the pig-



3.2 Experimental Setup and Sample Preparation 3 THE B850 BAND OF LH2

ment ring. The Hamiltonian for this configuration is:

18
H = Z(EO’” + AE,)|n(n|
n:118
+ Z (Vo,n + Vinoa cos 2¢(n + 1/2)])

n=1

“[Inyn+ 1] + H.c.]
18

+ Z (Won + Winoa cos [2¢(n + 1/2]) PhotosynthesePics/setupa.eps not found!

n=1

“[Inyn 42| + H.c.]

hereg = 27 /18. V00 andW,,.q are the amplitudes of
the modulation for the first and second order interaction,
respectively.

The cos(20) perturbation couples only to excitorrigure 4: Schematic representation of the experimen-
states withAk = +2. Therefore, the dominant effectal arrangement for wide-field experiments, Fig. taken
of this Cy perturbation is a coupling between the dgrom [7].

generateée = +1 states. Their degeneracy is lifted by a
splitting of 2(V;,0q + Winoa ). Effects on othek levels
are relatively small. Further more the oscillator strength
is redistributed among the exciton states.

3.2 Experimental Setup and Sample
Preparation

Hydrolyzed polyvinyl alcohol was purified and added
to a buffer containing LH2 complexes froRsp. AThe
solution was spin coated on a LiF substrate. The film
had a thickness of less thamm.

The samples where illuminated for the fluorescenc
microscopy and fluorescence excitation spectroscopy
with a tunable CW Ti:Sapphire laser. To obtain the
fluorescence spectrum of a single LH2 complex, firs
a wide-field image was taken with a CCD camera
From this image a well separated complex was selected
and the setup was switched to confocal mode, to ovef
come low read-out rate and low background suppres
sion of the CCD camera. Now the excitation wave-
length was scanned and the fluorescence was detected

by a avalanche photodiode &0 nm with bandwidth g e 5. Schematic representation of the experimen-

of 20nm. To reduce the effect of light-induced fluctusy| 4 rrangement for confocal experiments, Fig. taken
ations of the fluorescence intensity on a time-scale @f ., [7].

seconds, the spectra were scanned with a spegdiaf

per second and an integration time Iifms per data
point. This lead to a spectral resolution which is higher
when that of the lased ¢m—!). For most spectra about

70 scans where added. See for more experimental de-
tails [7]. Polarization dependence was examined with a

4]

tPhotosynthesePics/:setupb.eps not found!




3 THE B850 BAND OF LH2 3.4 Discussion

% plate in the confocal light path. With steps3tf® six
spectra of each individual complexes where taken.

3.3 Results PhotosynthesePics/polspectros.eps not found!

In Fig. 6 the upper two spectra show fluorescence-
excitation spectra of an ensemble (dashed line) and the
sum of spectra of several individual complexes (solid
line). These lines match very good. The five lower

spectra are recorded from different individual LH2. An _ o
inner structure, that was hidden by the ensemble &ydure 7:  (a) Polarization dependence of the

erage, becomes visible. Remarkably the B80O bafidorescence-excitation spectra of the B850 spectral re-

consists out of several sharp peaks. This is indica@€n ©of three individual LH2 complexes. (b) Distribu-

a strong localization [7]. In the B850 band two broalin of the spectral positions far9 complexes of the

maxima at around60nm are observed, which havellr€€ observed bands. Fig. taken from [1].

mutually orthogonal polarization (Fig. 7). These are as-

signed to the: = +1 exciton states. The splitting of thegition. Note, that through this procedure the rest of the
k = +1 states is aboutl0 cm ™. Using a different ma- gpectra becomes mixed up. It seems that the splitting of
trix (glycerol) showed that the splitting does not origithe ; = -1 state is accompanied by a rise in oscillator
nate from the polymer matrix40% of the complexes strength of thek = 0 transition. Further conclusions

attributed to higher exciton states. From the polariza-

PhotosynthesePics/kOline.eps not found!
PhotosynthesePics/spectros.eps not |found!

Figure 8: Fluorescence-excitation of the long wave-
Figure 6: Fluorescence-excitation spectra of LH2 congngth part of the B850 spectrum of three different com-
plexes ofRsp. A, the upper traces show the comparplexes, featuring a sharp peak. The spectra have been
son between an ensemble spectrum (dashed line) afigned for thisk = 0 transition, before summation, to

the sum ovet9 spectra recorded from individual comcompensate for spectral diffusion, Fig. taken from [1].
plexes (solid line). For each complex six spectra with

different polarizations where summed. The five lower
spectra are from single LH2. Fig. taken from [8]. 3.4 Discussion

tion dependence it could be further concluded that tiide above mentioned experimental data fully support
LH2 complexes where aligned parallel to the substratee theory outlined in section 3.1. Random diago-
which might be caused by the spin coating procedunal disorder will redistribute oscillator strength mainly
and the low thickness of the film. from thek = +1 states to thé = 0 andk = +2 states.

A good check for the exciton model is the observaut if one calculates the interaction strength required
tion of k£ = 0 transition. From the lifetime of that statefor the explanation of th&41 nm peak with Eg. (8), the
(1 ns) a relatively sharp absorption line is expected. Talues are far too big with respect to theoretical calcu-
overcome spectral diffusion, the position of the line wdations. Further a large disorder has to be introduced to
determined through a fit of a Lorentzian and the spectaplain the110cm ™! splitting of thek = +1 states,
where shifted to line-up alt = 0 transitions before ad- which is not seen in the broadening of the spectrum.
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To explain these experimental datal'atype modu-
lation is introduced. This deformation will couple states
with Ak = £2 and oscillator strength from the= +1
states is transfered to thhe= +3 states. If now with
a point-dipole approximation the interaction is calcu-
lated, the results are in the range which is currently ac-
cepted. A splitting of thet = +3 state could not be
observed because of the signal to noise ratio. The modt
ulation model is further supported by the ratio of the
two other peaks in the B850 band. The ratio is expected
to be one for pure random disorder, but the experimeFigure 9: Comparison between histograms from exper-
tal data does not contain this value. imental data and numerical simulations (solid squares).

A C,-type modulation can have different arrangga) Energy separation of the twio= +1 transitions, (b)
ments of the pigments in the complex. Calculationgtensity ratio864,/856 of the twok = =1 transitions.
on three models have shown that only the one mogej Mutual angle between tHe= =+1 transition-dipole
fits the experimental data (model C in [6]), in whiclinoments. (d) The shape of the B850 ring with the ori-
the inter-pigment-distance on the ellipse is modulateddntations of the molecular transition moments, with an
such a way, that it is the longest at the long axis of thsliptical deformation ofér/ro = 8.5%. Fig. taken
ellipse. The pigments are reoriented to preserve thgism [1].
angle with the local tangent of the ellipse.

To explain the splitting of th& = +1 state a de- ) )
formation of 6r/ry ~ 7% is necessary. A ratio of 250cm™" FWHM alone can not explain the ensemble

Sr/ro ~ 8% will lead to the observed intensity ratio ofSPectrum, because the splitting of the= +1 states is
0.7 between the&56 nm and$64 nm bands, while still Still visible (Fig. 10, solid line). But the difference in the
maintaining their mutually orthogonal polarization. environment of the individual LH2 complexes have not

Let us now consider the influence of disorder on ti@nsidered in the simulation until now. From the B850
spectra. Fig. 9 shows (a) the distribution of energy Spmand this influence can not be determined, because of
ting, (b) intensity ratios and (c) the angle between tflge strong interaction between the pigments. Therefore,
k = %1 transitions. This data shows clearly heterdhe intercomplex diagonal disorder of the B850 is es-
geneity among the B850 pigments, which can be caudipated from the data of the B800 band. Monte Carlo
by diagonal and off-diagonal disorder. Further mo@mulations (Fig. 10, dashed line) reproduce now nicely
it can be expected that also the elliptical deformatidie experimental data (Fig. 10, dotted line). It is im-
is subject to a distribution. To model these differefortant to distinguish between inter- and intracomplex
kind of disorder, first individual complexes with condisorder, because only intracomplex disorder will influ-
stant amplitude of the deformation were simulated. Inéfce the delocalization length of an exciton.
second step the variations of an ensemble were added.

In Fig. 9 a the solid squares represent the results 856 Conclusion
Monte Carlo simulation with a deformation amplitude o .
of or/ry ~ 8.5% and an intracomplex disorder withlt was shown that the spectroscopy of |nd|V|'du§1I light-
a FWHM of 250 cm—'. The disorder causes mixing,harveSt'”g complexes can provide substan_tlal mfc_era-
which leads to a shift of thé states compensating thdion for the understandlng of photosynthesis. While x-
modulation amplitude slightly. Therefore the amplitud@ crystallography provides structural data of a crystal,
for the model with disorder is higher than for that withSPectroscopy allows to investigate the function. -
out disorder. The value of the disorder is an upper limit, T"€ récorded data allows to verify data from simula-
because the experimental condition may include otHi@ns- Through those investigation it was even possible
disorder effects. The simulation also predicts a splittifg find an interesting contradiction between crystallo-
of thek = +3 state, but this could not be confirme@raphic structural data and spectroscopic data. For the
by the experiment. First, the disorder given is the uppféFU“? it_would be interesting to investigate parts of the
limit. Second, the signal to noise ratio was not sufficieRtSU N its natural environment, the membrane.
to fully resolve a small splitting. A disorder value of

PhotosynthesePics/distries.eps not found!
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