
Three Pulse Echo Peak Shift Measurements and 
ab initio Excited State Calculations of 
Photosynthetic Light Harvesting Function 

G. D. Scholes/ I.-Y. YU,I Y. Nagasawa, I I. R. Gould,2 and G. R. Flemingl 

I Department of Chemistry, University of California and Physical Biosciences Division, 
Lawrence Berkeley National Laboratory, Berkeley CA 94720-1460, U.S.A. 
E-mail: fleming@cchem.berkeley.edu 

2 Department of Chemistry, Imperial College of Science, Technology and Medicine, 
London SW7 2AY, U.K. 

Abstract. The analysis of three pulse echo peak shift (3PEPS) data for LHI of 
Rhodobacter sphaeroides is discussed in comparison with that of the B820 subunit of 
Rhodospirillum rubrum. We report also ab initio molecular orbital (CIS/6-3IG*) 
calculations of electronic couplings for supermolecule subunits of the light harvesting 2 
complex (LH2) of Rhodopseudomonas acidophila. 

1. Introduction 

The key to understanding the primary processes of photosynthesis - light 
harvesting and charge separation - is to unravel the subtle interplay between the 
electronic states of the chromophores, the way these states are modified by the 
protein environment, the electronic couplings between the chromophores, and the 
nuclear motions of the protein. In natural systems the net result is almost 
perfectly efficient energy and electron transfer. These processes generally have 
strong vectorial character - presumably as a result of chromophore-protein 
interactions (as, for example, in the unidirectional primary charge separation step 
in purple bacterial reaction centers and in the directed energy transfer from 
antennas to reaction centers). An elucidation of the design principles at work in 
these supermolecular systems requires a combination of experiment and theory. 
In particular, we are using a combination of femtosecond nonlinear spectroscopy, 
theory, and ab initio electronic structure calculations to investigate the 
fundamental dynamics of purple bacterial light harvesting complexes. Ab initio 
electronic structure calculations are used here to define electronic couplings and 
the role of individual amino acids in modifying the electronic states. 

The separation between photosynthetic cofactors is often less than lsA; indeed 
individual chromophores may be'in van der Waals contact. Thus simple models 
for electronic coupling (which gives rise to energy transfer) are unlikely to be 
valid. With the extraordinary increases in computing power available in the past 
few years it has now become possible to carry out ab initio quantum chemical 
calculations of clusters of chromophores and even include selected amino acids 
from the protein. We report here an analysis of the three pulse echo peak shift 
(3PEPS) data for LHI of Rhodobacter sphaeroides in comparison with the B820 
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subunit of -Rhodospirillum rub rum. We report also ab initio molecular orbital 
calculations of electronic couplings for the B850 ring of the light harvesting 2 
complex (LH2) of Rhodopseudomonas acidophila. 

2. Experimental Methods 

3PEPS measurements were carried out as described elsewhere [1]. 37 fs FWHM 
laser pulses (cavity-dumped mode-locked Ti:sapphire) at 837 om (250 kHz) were 
used at a maximum energy of 570 pI/pulse. 

In the absence of direct interchromophore orbital overlap, two chromophores 
(one in an excited electronic state) interact via the long-range Coulombic 
mechanism [2,3]. This interaction is mediated by an interaction between the 
transition moments of the two molecules, and dominates the coupling in many 
instances of singlet-singlet energy transfer. The Coulombic potential may be 
represented as a multipolar expansion of the interaction potential and it is usual to 
retain only the dipole-dipole term (hence the signature ][3 distance-dependence). 
Determination of the Coulombic contribution to the couplings was undertaken 
here using the recently-developed transition density cube (TOC) method [4]. 

When the electron density distributions (Le. orbitals) on the two chromophores 
overlap, additional effects arise (as a consequence of the Pauli principle) which 
can dramatically increase the electronic coupling. Such a mechanism for energy 
transfer between forbidden transitions was first described by Dexter [5]. Broadly 
speaking, it is correct to attribute the primary overlap-dependent interactions to 
exchange "corrections", however, it has been shown [6] that by defining 
appropriate reactant and product states the coupling at close separations (or for 
forbidden transitions) is promoted primarily by terms other than the Dexter two
electron, four-center exchange integral. However, the exponential distance
dependence for the interaction is analogous to that introduced by Dexter (because 
the orbital-overlap-dependence is the same). The detailed elucidation of the 
mechanism of this coupling is not merely a matter of semantics; it serves to 
establish a connection with charge transfer configurations, and hence implications 
for spectral shifts, oscillator strength changes, superradiance, and polarisabilities 
of molecular aggregates. 

The coupling is estimated from CI-singles (CIS) "supermolecule" calculations 
of the excited states. Thus we b~se our analysis on the premise that the CIS 
coupling is reliably-represented in the calculated splitting of the dimer excitation 
energy. At the CIS level of theory this is a good approximation, but the influence 
of higher-order CI has not been clearly established. We have found the calculated 
couplings to be reasonably precise, although they bear a poor relationship to 
experiment owing mainly to the overestimated Coulombic coupling (ca. a factor 
of four). To remedy this, we have attempted to dissect the coupling into 
contributions from the Coulombic coupling (which we then rescale) and the short
range (Le. orbital overlap-dependent) coupling (which we take as a reasonable 
zero-order estimate) [7]. 
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3. Results and Discussion 

A vanishing value for the long-time peak shift is observed in liquids, which 
indicates that the solute can sample the full range of environments (i.e. loses the 
memory of its initial transition frequency completely) on the timescale that the 
peak shift approaches zero. With this in mind, the result of 3PEPS measurements 
on the light harvesting 1 (LH1) complex of Rb. sphaeroides shown in Fig 1 (open 
circles) is surprising. The peak shift on the timescale shown decays to a small 
value and on a 10 ps timescale decays to almost zero [1]. The reason for the extra 
decay component in LH1 is that energy transfer between the 32 
bacteriochlorophyll (BChl) molecules comprising LHI allows the excitation to 
"average" over the site energy distribution (sufficiently that the energy gap 
correlation function goes to zero [8]). 
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Fig. 1. 3PEPS data for LHI of Rb. sphaeroides (open circles) and the B820 dimeric 
subunit of Rs. rubrum (solid squares). The dashed line is a simulation of the LHI data, 
whilst the solid line is a simulation of the B820 data using identical parameters, but 
without the energy transfer term. 

Striking confirmation of this picture appears in the upper curve of Fig. 1 (solid 
squares). Here 3PEPS data for the dimeric subunit of LH2 (B820) are presented 
[9]. Energy transfer outside of the dimer of BChl molecules cannot occur in B820, 
and thus the averaging effect of energy migration is absent. In other words, the 
lineshape function describing the LH1 data, in addition to containing the usual 
intramolecular and solvent (protein) spectral densities, also contains a term 

660 



describing the energy transfer dynamics whose amplitude is related to the 
inhomogeneous broadening [to]. The fulliineshape function was determined by 
fitting, and contains an energy transfer term with a 90 fs time constant and a static 
disorder of 160 cm-I_ This function gives the dashed curve in Fig_ I. Following 
the same logic, if no other properties of LHI are changed in making BS20, (other 
than prohibiting energy migration), then it should be possible to predict the BS20 
3PEPS result from the LHI fit. The solid line in Fig. 1 is the prediction obtained 
by simply setting the energy transfer rate to zero. The degree of agreement 
between the actual and predicted curves is remarkable. The finite long-time value 
gives the static inhomogeneous width; now no longer averaged over by the energy 
migration process. Similarly, the increased initial value of the peak shift observed 
(and predicted) arises from the change in the ratio of static to dynamic line 
broadening mechanisms. 

Table 1. Calculated couplings (CIS/6-31 G*) for the intrapolypeptide and interpolypeptide 
dimers of the B850 ring of LH2 (Rps_ acidophila): V(total), dissected into the Coulombic 
and short-range contributions. The dipole-dipole coupling, V(d-d), is given for 
comparison. Couplimgs are quoted in cm-' . 

Dimer 
Intra 
Inter 

. V(Coul) 
265 
195 

V(short) 
55 
60 

V(total) 
320 
255 

V(d-d) 
415 
330 

The analyses of the couplings between Bchl a chromophores which comprise 
the BS50 ring of LH2 (Rps. acidophila) are summarised in Table 1. The 
Coulombic coupling, VUu" provides the largest contribution to the total couplings. 
It is found to be fairly insensitive to basis set. As anticipated, the dipole 
approximation does not reproduce the vou, for the BS50 couplings. It is evident 
from Table 1 that the contribution to the couplings from orbital overlap-dependent 
interactions (short range coupling, V'lDrt) is small compared to VOU\ in accord with 
the conclusions of Alden, et al [11] (who did not, however, quantify V''''''). 
Similar short range couplings contribute to both the interpolypeptide coupling and 
to the intrapolypeptide coupling. We conclude that the orbital overlap-dependent 
contribution to the coupling for both. the intra- and interpolypeptide dimers is at 
least 60 cm-'. This represents approximately 20% of the total coupling. To put this 
in perspective, it is at least twice the magnitude of the BSOO-BSOO coupling. 

It is known for BS50 (and LHI) that the couplings are of the same magnitude 
as the disorder (inhomogenous broadening) and the homogenous linewidth. Hence 
a simple Forster model is inapplicable. In previous work it was found that the 
fluorescence depolarisation kinetics could be modelled by assuming an 
intrapolypeptide coupling of 230 cm-', an interpolypeptide coupling of 110 em-I, 
and a site disorder of 200 em-I. It was suggested that the resultant dynamics could 
be described as incoherent hopping between dimers (prompted by the strong 
interactions evident in the BS20 dimeric subunit of LHI), however the authors 
emphasised that electronic structure calculations were necessary to confirm some 
of the speculation. Pullerits, et al [12] have simulated fs transient absorption 
experiments of the BS50 region after excitation of the BSOO band and subsequent 
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energy transfer to B850. Their results suggest a delocalisation length of 4 ± 2 
molecules. Studies and simulations of superradiance have led Monshouwer, et al 
[13] to conclude that the delocalisation length is approximately 2 to 3 molecules. 

A key parameter required for the detailed analysis of spectroscopic data of 
molecular aggregates such as LHI and LH2 is the electronic coupling. Mukamel 
and coworkers have recently described a method of analysis of 3PE data based on 
the density matrix, which requires input of disorder, site spectral densities, 
geometry of the aggregate and electronic couplings [14]. Consideration of the 
LHIIB820 results and analysis suggests that a number of open questions regarding 
the elucidation of energy transfer dynamics via 3PEPS data remain. With the 
availability of the crystal structure [15] and good estimates of the electronic 
couplings, more rigorous modelling of the data is possible, enabling us to address 
these issues in detail. 

Acknowledgements. Professor Richard Cogdell IS thanked for providing the 
crystal structure coordinates of LH2. 

References 

R. Jimenez, F. van Mourik, .T.-Y. Yu, G. R. Fleming, l Phys. Chern. B 101,7350, 
1997. 

2 Th. Forster, Ann. Phys. 2, 55, 1947. 
3 G. D. Scholes, D. L. Andrews, J. Chern. Phys. 107,5374, 1997 . 

. 4 B. P. Krueger, G. D. Scholes, G. R. Fleming, J. Phys. Chern. B, 102, 5378, 1998. 
5 D. L. Dexter, l Chern. Phys. 21, 836,1953. 
6 R. D. Harcourt, G. D. Scholes, K. P. Ghiggino, J. Chern. Phys. 101, 10521, 1994. 
7 G. D. Scholes, I. R. Gould, R. J. Cogdell, G. R. Fleming, in preparation. 
8 T. Joo, Y. Jia, l-Y. Yu, M. l Lang, G. R. Fleming, l Chern. Phys. 104, 6089, 

1996. 
9 J.-Y. Yu, Y. Nagasawa, R. van Grondelle, G. R. Fleming, Chern. Phys. Lett. 280, 

404,1997. 
10 Y. Nagasawa, l-Y. Yu, M. Cho, G. R. Fleming, Faraday Discuss. 108, 23,1997. 
11 R. G. Alden, E. Johnson, V. Nagarajan, W. W. Parson, C. l Law, R. G. Cogdell, J. 

Phys. Chern. B. 101,4667, 1997. 
12 T. Pullerits, M. Chachisvilis, V. Sundstrom, J. Phys. Chern. 100, 10787, 1996. 
13 R. Monshduwer, M. Abraharnsson, F. van Mourik, R. van Grondelle, J. Phys. 

662 

Chern. BIOI, 7241,1997 .. 
14 W. M. Zhang, T. Meier, V. Chernyak, S. Mukarnel, J. Chern. Phys. 108, 7763, 

1998. 
15 G. McDermott, S. M. Prince, A. A. Freer, A. M. Hawthorne-Lawless, M. Z. Papiz, 

R. J. Cogdell, N. W. Isaacs, Nature 374, 517 (1995). 


