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Abstract 

Circularly polarized luminescence (CPL) spectroscopy is an established but relatively little-used 

technique that monitors the chirality of an emission. When applied to photosynthetic pigment 

assemblies, we find that CPL provides sensitive and detailed information on low-energy exciton 

states, reflecting the interactions, site energies and geometries of interacting pigments. CPL is the 

emission analogue of circular dichroism (CD) and thus spectra explore the optical activity only of 

fluorescent states of the pigment-protein complex and consequently the nature of the lowest-energy 

excited states (trap states), whose study is a critical area of photosynthesis research. In this work, 

we develop the new approach of temperature-dependent CPL spectroscopy, over the 2–120 K 

temperature range, and apply it to the CP43 proximal antenna protein of Photosystem II. Our results 

confirm strong excitonic interactions for at least one of the two well-established emitting states of 

CP43 named “A” and “B”. Previous structure-based models of CP43 spectra are evaluated in light 

of the new CPL data. Our analysis supports the assignments of Shibata et al. [Shibata et al. J. Am. 

Chem. Soc. 135 (2013) 6903-6914], particularly for the highly-delocalized B-state. This state 

dominates CPL spectra and is attributed predominantly to chlorophyll a’s labeled Chl 634 and Chl 

636 (alternatively labelled Chl 43 and 45 by Shibata et al.). The absence of any CPL intensity in 

intramolecular vibrational sidebands associated with the delocalized “B” excited state is attributed 

to the dynamic localization of intramolecular vibronic transitions. 
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1. Introduction 

 

1.1 Structure and spectroscopy of CP43 and Photosystem II 

 

Light-harvesting antenna proteins play a fundamental role in photosynthesis by absorbing light 

energy and transferring the excitation to reaction centers, where photochemical charge separation 

takes place. The kinetics of excitation energy transfer within isolated light-harvesting complexes are 

generally well understood; energy transfer between the excited states occurs rapidly, within ~10 ps 

[1], resulting in an effective Boltzmann equilibration of the population of excited states of the 

complex, well within the fluorescence lifetimes of a few ns. Energy transfer between different 

pigment-protein complexes in vivo is more challenging, as in larger complexes many processes 

occur on similar timescales and very different interpretations of the observed kinetics become 

possible. An important factor in the inter-protein excitation transfer process becomes the location of 

the low-energy states within individual antenna complexes. The identification of these optically 

accessible low-energy states, which are located on those chlorophylls with lowest Qy excitation 

energies is, therefore, important in any complete understanding of energy transfer kinetics in larger 

photosynthetic systems [2]. 

 

One particularly important photosynthetic system is the core complex of photosystem II (PS II), the 

enzyme in oxygenic photosynthesis that performs water oxidation. The PS II core complex contains 

four chlorophyll-binding subunits: the reaction center proteins D1 and D2 where photochemistry 

takes place, and the proximal antenna proteins identified as CP43 and CP47. These proximal 

antennas transfer excitation energy to the reaction center (RC). Crystal structures of PS II have 

revealed significant spatial gaps between the proximal antennas and the RC and it has been 

suggested that energy transfer to the RC is likely to be the rate-limiting step [3]. However some 

interpretations of experimental kinetic data are in disagreement with this [4, 5], suggesting instead 

that electron-transfer processes in the RC are rate-limiting. The identification of low-energy states 

of the proximal antennas, CP43 and CP47, are important factors in the ongoing debate regarding 

energy transfer and charge separation kinetics in the PS II core. The literature has been well-

summarized in recent reviews [2, 6-8]. In this work, we investigate the low-energy states of the 

CP43 complex via a spectroscopic method that, to our knowledge, has not previously been used to 

study isolated photosynthetic proteins: circularly polarized luminescence (CPL) spectroscopy. 
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The CP43 complex is attached to the PS II reaction center on the D1 side, and binds 13 chlorophyll 

a (chl-a) pigments, according to crystallographic data [9-11]. Although all chl-a’s are chemically 

identical, multiple absorption peaks are observed in the region of the Qy transition (650-690 nm) as 

the site energies depend on pigment-protein interactions, which are different at each chl-a binding 

site. Pigment-pigment interactions, known as excitonic  coupling, cause the delocalization of the 

excited states across different chl-a’s. The strength of excitonic coupling depends on the mutual 

orientation and position of the interacting pigments; the extent of delocalization depends on this 

coupling strength, being larger for pigments with similar site energies. For the delocalized states, 

the dipole strength, which gives rise to absorption and fluorescence spectra, and the rotational 

strength, which governs circular dichroism (CD) and also CPL, depend on the mutual geometry of 

the transition dipole moments of the contributing pigments and on their distance apart [12] (see 

Section 4). 

 

One method of identifying the transition energies of individual pigments (and hence of determining 

the location of the lowest excited states) is to assume an average site energy along with a site 

energy distribution function for each pigment, and then calculate the optical spectra for the 

(assumed) site energies using known structural data of the pigment orientations and distances. By 

comparison with experimental data, the parameters involved can be iteratively optimized, either by 

hand or by using a fitting algorithm [13]. There is seldom a unique solution to this fitting problem 

and therefore it is the predictive power of any model against additional experimental data that 

serves as an important check. The CPL spectra presented here are indeed well-suited to this 

purpose. An alternative strategy is to directly calculate the site energies of the pigments using the 

structural data and computational algorithms. For an effective description of experimental spectra, it 

is often also necessary to add a refinement process to the directly calculated site energies [14, 15]. 

Besides determining the parameters of the exciton Hamiltonian it is also important to include the 

exciton-vibrational (pigment-protein) coupling so as to fully determine the optical lineshape 

function(s). In perturbative approaches, the dynamic localization of exciton states by the protein 

dynamics can be implicitly described by introducing the concept of exciton domains [3, 14, 16].  

 

Figure 1 shows the locations of the 13 chl-a’s in the CP43 complex, using the most recent crystal 

structure data of Thermosynechococcus vulcanus [11]. The pigments are colored according to their 

exciton domain, as defined by Shibata et al. [16] (see section 4), with isolated chl-a’s in green. 

Reaction centre (RC) chl-a’s are shown in blue. The pigment numbering system of the recent 1.9 Å 

resolution crystal structure of Umena et al. [11] is shown in the first column. Note this is a 
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departure from previous work [3, 14-16], which used the numbering system from the previous 

structure of Loll et al. [9] in the second column. For ease of comparison with earlier work, we 

include the older numbering in brackets when quoting Chl numbers, for example Chl 44 from the 

earlier structure is referred to in this work as Chl 635 (44). 

 

 

 

Fig. 1. Locations and numbering of CP43 chl-a’s according to the recent crystal structure of PSII cores [11], with earlier 

numbering system [9] in brackets. Red and yellow pigments represent exciton domains of strongly coupled chl-a’s and 

green chl-a’s are isolated, as defined by Shibata et al [16]. Some reaction centre chl-a’s are shown for context (blue); 

these are not present in the isolated CP43 samples studied.  Left: As viewed from side-on to the membrane plane, 

showing the two distinct pigment layers on the lumenal (lower) and stromal or cytoplasmic (upper) sides. Right: As 

viewed from above the membrane, i.e. from the cytoplasmic side. The dotted rings encircle candidates for the lowest 

energy pigments: Chl 634 (43) and Chl 636 (45) were assigned to low energy by Shibata et al., while Chl 635 (44) was 

preferred by Reppert et al [17]. Chl 631 (37) was assigned to low energy by both groups. A stylized (partially-

transparent) form of CP43 protein backbone is shown, as are β-carotenes (orange). The figure was generated using 

Pymol software (www.pymol.org). 

 

Multiple lines of spectroscopic evidence have indicated CP43 to have two fluorescent low energy 

excited states whose absorption bands are both centered near 683 nm. These quasi-degenerate states 

have been termed the “A” and “B” states [18]. The B-state has a quite narrow absorption peak while 

the A-state is significantly broader. 

 

The existence of the two distinct states is most clearly evident from low-temperature, selective 

spectroscopies, particularly hole-burning [19, 20], fluorescence [20] and fluorescence line-
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narrowing (FLN) [21]. These spectra are however of limited use in identifying the specific pigments 

involved in the lowest states, as the spectral properties mentioned above do not depend strongly on 

relative pigment geometries, although information on pigment-pigment interactions can be inferred 

from hole-burning results [17]. Absorption, linear dichroism (LD) and CD spectroscopies are also 

not entirely effective, due to energy/wavelength overlap between different states, but are certainly 

helpful in structure-based calculations as they depend more strongly on pigment orientations. 

Recent simulations of various CP43 spectra have arrived at different identifications of the pigments 

involved in the low-energy states [16, 17]. In the assignments of Shibata et al. [16] the narrow B-

state was delocalized within in the large domain (shown red in Fig. 1), while Reppert et al. placed 

this state on Chl 631 (37) in the smaller domain (yellow in Fig. 1). The broader A-state was placed 

on Chl 631 (37) by Shibata et al. and on Chl 635 (44) by Reppert et al. These assignments are 

discussed in detail in Section 4. 

 

1.2 Circularly polarized luminescence of pigment-protein complexes 

 

Circular dichroism in photosynthetic samples can arise from three sources. Firstly, long-range 

chirality, associated with the macrostructure of the membrane, can result in very strong CD signals. 

These are referred to as polymer- and salt-induced (psi-type) CD [22] and such chirality is also 

observed in CPL [23, 24]. In the isolated protein under study here such effects are not present. 

Secondly, inherent chirality of the chl-a molecule itself gives rise to a very weak CD signal with 

anisotropy around 10-4 in the Qy band [25]. Thirdly, delocalization of transitions among chirally-

arranged chl-a’s gives rise to the phenomenon known as excitonic CD, which is typically 10–100 

times stronger than the chl-a monomer CD. The latter is the dominant origin of CD in CP43. 

 

The excitonic CD depends critically on the mutual orientations of interacting pigments involved in 

the transition, as mentioned above and described more fully in Section 4. Low-temperature, steady-

state fluorescence spectroscopy is an inherently selective technique, since rapid Boltzmann 

equilibration via energy transfer means that only the lowest-energy state(s) of each complex is 

observed in fluorescence. Figure 2 shows absorption and CD spectra [26] and fluorescence [20], at 

liquid helium temperatures taken from the literature. 
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Fig. 2. Literature spectra of CP43. 1.7 K absorbance (black) and CD (blue) from Figure 5 of Hughes et al. [26] 4.2 K 

fluorescence spectrum (red) from Figure 2B (sample 3) of Dang et al. [20]. 

 

An additional spectrum could, in principle, be usefully added to Fig. 2: the circular polarization of 

the fluorescence (generically, fluorescence and phosphorescence are labeled luminescence; thus the 

generic term CPL). If an emission is delocalized over the same chl-a’s as in absorption, then the 

fluorescence is constrained to have the same circular polarization, in both sign and magnitude, as 

the absorbance [27]. Comparison of the CPL with the long-wavelength part of the CD spectrum can 

thus provide information on the congruence (or otherwise) of the states involved in the absorption 

and fluorescence processes. Equally important (at least, in the case of antenna complexes) is the 

potential to selectively probe coupled pigments of the lowest excited states, via low-temperature 

CPL. 

 

In the wavelength region of the fluorescence (680–690 nm), the CD spectrum has a number of 

identifiable bands including a positive feature near 680 nm, and a strongly negative one at 682–

684 nm, which becomes weaker upon extending to lower energies. The relatively narrow +/– 

couplet, with peaks at 680/683 nm, is typical of an exciton-coupled system, similar to that seen in a 

coupled dimer [28]. In such a case the overlapping CD-active states are located on pigments that are 

coupled to each other, and the lower-energy transition has the same CD (in this case negative) sign, 

in all complexes [12]. In this situation, the CPL spectrum can be expected to be entirely (negative) 

at very low temperatures, but significantly temperature-dependent due to thermal activation of a 

higher-energy state with positive CD and thus positive CPL. However if the positive and negative 

bands do not represent exciton partner states, then the energies of the two states are not correlated. 
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Emission from overlapping bands in this case, will lead to reduced CPL intensity at the lowest 

temperatures, compared to the coupled case. The temperature dependence will also be weaker. In 

the case of CP43, there is already evidence from analysis of the CD [26] and other results [20] that 

the first situation prevails, i.e. the +/– CD bands at 680/683 nm correspond to an exciton-coupled 

pair of states. The strong negative CD band is clearly associated with the narrow B-state of CP43 

[26], however there remain open questions as to the identities of this and the broader, quasi-

degenerate A-state as discussed above. 

 

Polarization artifacts are a significant problem in CPL spectroscopy [29-31] and this is no doubt at 

least part of the reason as to why the CPL is a relatively uncommon technique in the literature. A 

commercial CPL spectrometer became available only relatively recently [32]. This has resulted in a 

significant increase in the use of the technique. However low-temperature measurements remain 

rare and largely restricted to semiconductor nanostructures, noting that these systems exhibit 

particularly strong CPL [33, 34]. Artifacts are particularly problematic at low temperature, due to 

the need for vacuum windows and solid-state samples, which both can introduce unwanted 

polarization changes (see Section 2.3). The CP43 protein, with its well-studied optical spectroscopy 

and ongoing open questions, serves as an ideal candidate to test aspects of both methodology and 

theory in addressing the utility of low-temperature CPL spectroscopy. 

 

2. Experimental Methods 

 

2.1 Sample preparation 

 

Isolated CP43 was prepared from spinach, using previously-described methods [35]. The sample 

buffer contained 50 mM Bis-Tris (pH 7.8), 0.03% n-dodecyl β-D-maltoside (DDM), and 40 mM 

MgSO4. The complexes were then stored at 77 K in liquid nitrogen. The 1 mL preparation, which 

had optical density (OD) 14/cm at room temperature in the Qy maximum (corresponding to chl-a 

concentration of ~0.16 mg/mL) was thawed once on ice for ~15 minutes prior to dividing the 

sample into aliquots of ~50 μL in small Eppendorf tubes. These aliquots were then stored in liquid 

nitrogen until use. 

 

For spectroscopy, one 50 μL aliquot was thawed on ice (~10 minutes) then sonicated in a water bath 

at 2–5°C for 5 minutes. An equal volume of the glassing agent, 1:1 (v:v) mixture of ethylene glycol 
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and glycerol, at 4°C was then added to the sample, and a homogeneous sample was achieved by 

carefully drawing the mixture into the auto-pipette 3–5 times, followed by vortexing for ~10 

seconds. The final sample concentration was thus OD 7/cm, or ~0.08 mg/mL chl-a. The sample was 

injected into the cell, affixed to the sample rod and immersed into the cryostat; during these 

operations the sample was at room temperature for a total of ~90 seconds. All preparation of 

samples was performed under minimal light. It has been suggested that samples prepared in this 

way exhibit some aggregation, which gives rise to increased emission at wavelengths >685 nm [20]. 

The absorption and fluorescence spectra for the current samples (section 3) are similar to those from 

sample 3 of Dang et al. [20] which was reproduced in Fig. 2 above (see also Figure 2 of [20]), and 

was considered by these authors to have low but non-zero aggregation. 

 

Quartz sample cells of path length 0.2–0.3 mm were used, as described elsewhere [36, 37]. In these 

cells, CP43 samples prepared in the manner described above had absorbance of 0.1–0.2 at low 

temperatures at the Qy maximum of 669 nm. The low path-length cells were developed to provide 

samples of low strain and high optical quality, which helps to facilitate reproducible low-

temperature CD measurements. It is very likely that such cells are also critical in the enablement of 

reproducible low-temperature CPL measurements, which are indeed somewhat difficult to achieve, 

as discussed in the Section 2.3. 

 

2.2 The CD/CPL spectrometer 

 

CD spectra are obtained by alternatively passing left- and right-circularly polarized (LCP/RCP) 

light through the sample, measuring the difference in transmission and calculating the subsequent 

differential absorbance. To generate alternately LCP/RCP light, the beam is passed through a linear 

polarizer and then a photoelastic modulator, the latter providing a strain-induced quarter-wave 

birefringence then providing LCP and RCP light [38]. Partial LCP or RCP polarization can also be 

created by (stray) linear dichroism and strain birefringence in the beam path. This phenomenon is 

problematic for CPL measurements (Section 2.3).  

 

When a light beam is passed through the polarizer/modulator elements in reverse, LCP and RCP 

components of the beam are alternately transmitted rather than generated; the modulator followed 

by polarizer thus acts as a circular polarization analyzer. The differential intensity of LCP and RCP 

in an emission beam can therefore be measured, using the same instrumentation as used in the CD 
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experiment. The spectrum of the differential intensity ΔI is the circularly polarized luminescence 

(CPL) spectrum. 

 

Much of the methodology developed for low-temperature CD spectroscopy, as reviewed recently 

[36], is also applicable to CPL measurements. The CD spectrometer as described in Fig. 4 of the 

review [36] was used to obtain the absorbance and CD spectra in this work (Section 3). The 

spectrometer is designed to be easily adapted for CPL spectroscopy, simply by removing the light 

source for absorption experiment and replacing it with the emission detector. This approach 

provides the useful ability to measure low-temperature absorption/CD and emission/CPL spectra 

from the same sample, without moving the sample from its cryogenic environment. The set-up for 

CPL measurements is shown below. 

	

								 	
Fig. 3. Schematic of the spectrometer as configured for CPL measurements. Laser light is rejected by the filter F; the 

photoelastic modulator M and linear polarizer P analyze the beam for circular polarization; Pex is an auxiliary polarizer 

and S a polarization scrambler (see text); the chopper C modulates the beam for detection by the lock-in amplifier array. 

Figure adapted from [36]. 

	

Lock-in amplifiers are used to detect the modulated signals for total intensity signal (at the chopper 

frequency νchop of 488 Hz) and the differential intensity signal (at the photoelastic modulator 

frequency, νmod of 50 kHz. The measured total intensity corresponds to the sum ILCP + IRCP, and the 

differential to ILCP – IRCP. For CPL measurements an additional lock-in amplifier was used to detect 

linear polarization (LP) in the emission beam, which manifests as a signal at double the modulator 

frequency (2νmod, 100 kHz) [38]. The LP was monitored in order to reduce circular polarization 
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artifacts (see below). The polarizer/modulator assembly can be rotated by 45°, meaning that LP of 

any orientation can be detected. 

 

Excitation was via the 514 nm line of an argon ion laser, in (close to) 180° geometry as depicted in 

Fig. 3. The beam was passed through a linear polarizer (Pex) and then a spatial polarization 

scrambler (S) to ensure that excitation was not polarization-selective. To achieve strong emission 

and thus good signal to noise (S/N) in the CPL, excitation power for CPL measurements was 

~100 mW/cm2. The reported fluorescence and CPL spectra are the average of six scans of 5 minutes 

each, so the total illumination dose was around 180 J/cm2 per spectrum. At 2 K, this level of 

illumination caused changes in the absorption spectrum as observed previously [20, 26], due to 

photophysical processes (non-photochemical hole-burning). Changes in the fluorescence spectrum 

due to these processes were small, and changes in the CPL were not detectable (within the noise). 

The observed changes are shown, along with a brief discussion, in the Supporting Information 

(Fig. S1). 

 

The SM4 cryostat is equipped with a superconducting magnet, enabling the application of a 

magnetic field of up to 6 T.  Application of a field induces magnetic CPL (MCPL) in addition to the 

natural CPL of the sample [39]. The CPL spectrum can be obtained either by direct measurement in 

zero-field, or by addition of measurements carried out in opposing fields. Identical CPL spectra 

were obtained using either of these two methods. The beam is dispersed in the 0.75 m 

monochromator using a grating blazed at 750 nm with 1200 lines/mm. Fluorescence and CPL 

spectra were measured with resolution of 2.2 nm (slit width of 2 mm). The wide slit width utilized 

ensures good S/N, but the relatively low wavelength resolution causes minor broadening of the 

narrow CP43 emission features. The detector was a Hamamatsu R669 photomultiplier; the intensity 

of all spectra was corrected for instrument response. 

 

We define the total experimental fluorescence intensity as I = (ILCP + IRCP)/2 and the difference 

ΔI = ILCP − IRCP. These are defined to be analogous to the corresponding definitions for the total 

absorbance, A = (ALCP + ARCP)/2 and the CD, ΔA = ALCP − ARCP. This requires halving the value of 

the measured intensity (ILCP + IRCP), but enables the equality ΔA/A = ΔI/I for the absorption and 

emission transitions between any two states [27]. The ratios ΔA/A and ΔI/I are known as the 

absorption and emission anisotropies, and are sometimes referred to as the g-factors: ΔA/A = gabs 

and ΔI/I = gem (or glum). Here we refer to the ratios or to the anisotropies. Note that if one instead 
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defines I = ILCP + IRCP then the equalities become 2ΔI/I = gem and ΔA/A = 2ΔI/I, as used by Riehl 

and Richardson [27]. 

 

2.3 Methodology for low-temperature CPL measurements 

 

As mentioned earlier, any linear polarization (LP) component of the light beam followed by (strain) 

birefringence results in circular polarization (CP) of the light being analyzed. The CP of the 

analyzed beam may therefore be due to the induction of small fractional polarizations in the beam 

path, rather than being due to the molecular properties of the sample. In room-temperature, 

solution-phase measurements, such polarization artifacts are relatively easily avoided [29, 30]. The 

current work is, to our knowledge, the first report of low-temperature CPL measurements on frozen 

solutions.  

 

Low-temperature CPL measurements are challenging because the two optical effects mentioned 

above are difficult to avoid. Samples most often become strained and cracked during the solution 

freezing process – strain results in birefringence, while cracks in the sample help reduce the overall 

strain but cause reflections which may partially linearly polarize the beam, as described by the 

Fresnel relations. Emission from solid-state samples is also particularly susceptible to LP via 

photoselection from polarized excitation. In the antenna complexes studied here, energy transfer 

processes reduce, but do not eliminate this effect. Furthermore in high precision, low-temperature 

spectroscopy, the use of vacuum insulation is unavoidable. Some degree of strain (and resulting 

birefringence) in vacuum windows is inevitable in conventional cryostats or flow-tubes. 

 

From observations to date we have seen that two steps are critical in reducing CP artifacts. First, is 

the use of low path-length sample cells such as those mentioned in Section 2.1. Samples prepared in 

these cells consistently freeze with a network of very fine cracks; these and cell design result in 

reliably low levels of sample strain. Second is careful monitoring of LP in the fluorescence beam 

during a CPL experiment. It was found that CP artifacts were negligible provided that the LP level 

was below ~0.3% in all directions (a negligible CP artifact in the context of this work has ΔI/I 

below ~10−4). A demonstration of these CP artifacts and their removal, using the example of 

fluorescence from an achiral organic dye, is described in the SI (Fig. S2).  

 

Also briefly discussed in the SI are experiments showing that light scattering-type effects, which 

occur when emitted light interacts with surfaces at cracks in the sample, result in the collection of 
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additional, unpolarized fluorescence (Fig. S3). These effects do not significantly change either the 

CPL or the fluorescence lineshape in the wavelength range studied here, but they do substantially 

increase the magnitude of the detected fluorescence intensity (I) relative to the CPL (ΔI). A 

correction for this is applied, but the correction is a lower limit. As a result of these polarization 

artifacts, we consider that the magnitudes of the CPL spectra presented here are most likely 

underestimated (relative to the fluorescence) by ~5–30% (see discussion accompanying Fig. S3) but 

that the lineshape of the CPL spectra are accurate to within the noise levels of the spectra. We 

intend to further address technical aspects of low-temperature circular polarization spectroscopy 

(including the sample parameters, upon which work is ongoing) in a future publication. 

 

3. Experimental Results 

 

3.1 Absorption, CD and fluorescence of the CP43 sample.  

 

Some spectral properties of CP43 have been shown to vary significantly, depending on sample 

treatment [20]. It is therefore helpful to compare spectra of our samples to the absorption, CD and 

fluorescence spectra reported in the literature (see Fig. 2), before proceeding to the more novel CPL 

measurements. Corresponding spectra for the sample, which was also used for CPL measurements 

(Figs 5 and 6) are shown in Fig. 4. Fluorescence and CPL of a sample made from an older CP43 

preparation are shown in the SI (Fig. S4). When consistent measurement protocols were applied, all 

spectra were entirely reproducible. 
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Fig. 4. Experimental absorption, CD and fluorescence of the CP43 sample used for CPL measurements, measured at 

2 K with spectral resolution of 0.6 nm. 

 

The spectra above are very similar to the literature spectra shown in Fig. 2. The sharp absorption 

peak at 683 nm corresponds to the B-state and is quasi-degenerate with the broader A-state 

absorption, the latter is responsible for most of the absorption tail beyond 685 nm [20]. It is clear 

from Fig. 4 (and more so from Fig. 2) that the sum of the rotational strength of the A and B-states is 

negative at all wavelengths. The CD in Fig. 4 is somewhat noisy due to the low absorbance of the 

sample, which is necessary as usual in fluorescence measurements to minimize reabsorption. This is 

particularly important for CPL measurements, as the absorbance is CD-active in the region of 

emission; the SI contains a further comment on this topic. 

 

Dang et al. [20] found that sonication of CP43 samples prior to freezing resulted in narrower 

fluorescence spectra. They concluded that the narrowing occurred because sonicated samples had 

lower levels of aggregated complexes, which emit in a broad range at wavelengths ≥684 nm [20]. 

The fluorescence measured from the current sample (Fig. 4) is slightly broader than that from the 

sonicated sample of Dang et al. (which was shown in Fig. 2); this is likely due to a combination of 

two factors. Firstly, the spectral resolution of the current measurement (0.6 nm) is slightly lower 

than that used by Dang et al. (~0.1 nm). Secondly, the CP43 concentration used by those authors 

(OD ~0.6 per cm) was an order of magnitude lower than that of the current sample (OD 7 per cm, 

or chl-a concentration of ~0.08 mg/mL in the final sample). Although the current sample was 

sonicated, it is possible that aggregates are present in higher levels due to the higher concentration, 

leading to broadening of the fluorescence spectrum on the red side. However the close similarity of 

the absorbance and fluorescence spectra (Fig. 4) to those of Dang et al. [20] suggests that the level 

of aggregation is still relatively minor in the current sample. 

 

3.2 Circularly polarized luminescence of CP43 

 

Simultaneously-measured fluorescence and CPL spectra of CP43 at 2 K are presented in Fig. 5. 

Dotted lines show the 2 K absorbance and CD spectra, measured at the same resolution and scaled 

for comparison. The fluorescence spectrum in Fig. 5 is slightly broader than that in Fig. 4; this is 

primarily due to the lower wavelength resolution utilized during this measurement. Some additional 

broadening may be induced by the strong illumination used for the CPL measurement, however this 

effect was found to be very minor (see Fig. S1).  
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Fig. 5. Solid lines: Normalized fluorescence (red) and CPL (black) of CP43, measured at 2 K with wavelength 

resolution of 2.2 nm. Dotted lines: Absorbance (black) and CD (blue) measured at the same resolution (2.2 nm) and 

scaled arbitrarily, for comparison. 

 

The CPL spectrum at 2 K is entirely, and strongly, negative. It is clear that at this temperature no 

significant emission arises from the exciton state with positive CD at 677-681 nm, so the state 

corresponding to the negative band of the +/– CD couplet (Fig. 4) is at lower energy than the 

positive CD state, in all complexes. This immediately confirms that the states responsible for these 

CD peaks are in the same coupled system, which is the expected result as discussed above.  

 

At wavelengths >685 nm, both the CD and CPL remain negative. It is not immediately clear 

whether these signals are from the A- or B-state. Although the broader A-state is likely dominating 

the absorption at these wavelengths, the tail of the narrower B-state may still be responsible for the 

CD and CPL. In section 4 we show that this is likely to be the case, although there remain questions 

as to the precise CD/CPL of the A-state as discussed in section 5. 

 

3.3 Temperature-dependent CPL of CP43 at 2–120 K. 

 

Upon increasing the temperature from 2 K, the higher-lying exciton states of CP43 become 

populated, depending on their Boltzmann factors. Excitation transfer and thermal equilibration is 

rapid on the fluorescence timescale for all antenna complexes. The fluorescence is seen to broaden 

on the blue side of the spectrum with increasing temperature, due to emission from these higher-
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energy states. Figure 6A shows the fluorescence and CPL spectra for CP43 at four temperatures 

between 2 and 120 K. 

 

         

Fig. 6. A: Temperature-dependent fluorescence and CPL spectra between 2 and 120 K (left): Comparison of arbitrarily 

scaled CD at 2 K (blue) with fluorescence and CPL at 120 K. 

 

The total fluorescence yield (estimated by the area of the spectrum) decreases by ~40% between 2 

and 120 K due to increasing rates of non-radiative decay as observed previously [21] and to a minor 

extent (15%) due to the smaller dipole strength of the higher exciton states that become thermally 

populated. At wavelengths >685 nm, the CPL decreases proportionally to the fluorescence 

decrease. However the CPL changes rapidly with temperature at shorter wavelengths. This mainly 

reflects the population of, and emission from, the exciton partner of the B-state, which absorbs at 

~680 nm. This partner has positive CD and thus positive CPL. 

 

Figure 6B compares the CD at 2 K (which reflects the circular polarisation of absorption transitions 

from the ground state to all Qy exciton states) with the CPL at 120 K, which reflects emission 

transitions to the ground state, from those exciton states that are thermally populated. The similarity 

in lineshape between the two spectra is striking: as well as the positive peak at 680 nm, a negative 

band at 675 nm is (just) evident. Such agreement immediately suggests that in general, the states 

populated after thermal equilibration within CP43 remain delocalized in a similar manner to those 

populated initially by the absorption process, at this temperature. 
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In the following section, we describe the physical origin of the CPL signal, and use theory 

previously applied to other linear spectra to analyze the CPL data. A full description of the spectra 

must include also the long-wavelength vibrational sidelines of fluorescence and CPL. These were 

measured (from a different, older CP43 sample) and it was found that the low-energy sidelines, 

corresponding to emission with the creation of high-energy intramolecular vibrational quanta, have 

no detectable CPL. Considering that the emission process begins from a delocalized electronic 

excited state, this result (shown in the supporting information, Fig. S4.) might be considered 

surprising. However in section 4 we show that the process of emission into a vibrationally-excited 

electronic ground state, which gives rise to the long-wavelength vibrational sidelines in 

fluorescence, includes dynamic localization of the excited state as part of the transition and is 

therefore expected to be invisible in the CPL, as observed. 

 

4. Theory and Calculation of Fluorescence and CPL Spectra 

 

4.1 Theoretical background 

 

The excited electronic states of the pigment-protein complex are described by the exciton 

Hamiltonian: 

 

 
(1) 

where  is the local optical transition energy of pigment i in its binding site in the protein (site 

energy), defined with respect to the equilibrium position of nuclei in the electronic ground state of 

the complex. Vij is the excitonic coupling between pigments i and j, that is the Coulomb coupling 

between the optical transition densities of the two pigments. From this coupling, delocalized exciton 

states  arise that can be expanded in the basis of localized singly excited states  of the 

aggregate for which pigment i is excited and all other pigments are in their electronic ground state, 

 

 
(2) 

The square of the exciton expansion coefficient  represents the probability to find pigment i 

excited in the Mth exciton state of the complex. 

  

The linear absorbance , fluorescence and circularly polarized absorbance  and 

fluorescence  are obtained as 
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(3) 

 

 
(4) 

 

 
(5) 

 

 
(6) 

Here,  is the transition dipole moment between the ground state and the Mth exciton 

state, containing a linear combination of the local transition dipole moments , and  is the 

rotational strength of this transition, reading  

 

 
(7) 

 

where the local transition dipole moments  and  of pigments i and j are centered at positions  

and , respectively, defined by the middle of the line connecting the central nitrogen (NB and ND)  

atoms of the chl-a’s. The Boltzmann factor  

 

 
(8) 

describes the thermal population of exciton states M prior to fluorescence, where the sum contains 

the energies  of all exciton states. The local transition dipole moments were assumed to be 

oriented along the NB-ND axis (in pdb nomenclature) of the chl-a’s. The lineshape functions 

 in absorbance and  in emission take into account the exciton-vibrational coupling 

leading to a dynamic modulation of site energies by the protein vibrations. Using a time-local non-

Markovian density matrix theory within secular and Markov  approximations for the off-diagonal 

parts of the exciton vibrational coupling in the basis of delocalized states, the following expressions 

were obtained earlier [40] for those lineshape functions: 

 

 

(9) 

and  

 

 

(10) 
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containing the time-dependent function  

 

 

(11) 

 

which is related to the spectral density  of the exciton-vibrational coupling, the Bose-Einstein 

distribution function  of vibrational quanta, and an electronic 

prefactor  that for uncorrelated fluctuations of site energies is the diagonal part (M=N) of 

. The function  arises from the diagonal part of the exciton-

vibrational coupling, which is taken into account precisely and describes the excitation of 

vibrational sidebands during optical excitation of exciton transitions. The off-diagonal part of the 

exciton-vibrational coupling, treated in Markov and secular approximations, gives rise to the 

dephasing time  in Eqs. (5) and (6), and describes the lifetime broadening of the Mth exciton 

state due to exciton relaxation to all other exciton states that is obtained from the Redfield 

relaxation constants   reading 

  (12) 

as . Note that in Eq. (7) it holds that  for  and  

is the transition frequency between exciton states M and N. The frequency  in the lineshape 

functions in Eqs. (5) and (6) is obtained from the exciton energy  and takes into account a 

renormalization of this energy by the exciton-vibrational coupling [41]: 

 

(13) 

In the above equation  denotes the principal value of the integral. 

  

We use the spectral density  that contains the normalized function 

 with the parameters , , 

, , as extracted from fluorescence line narrowing spectra of 

B777-complexes. [40] The Huang-Rhys factor S was obtained from a fit of the temperature 

dependence of linear spectra as S = 0.5. [3] Finally, we note that the homogeneous spectra described 
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above need to be averaged so as to take account of the static disorder of site energies. We assume a 

Gaussian distribution function of a certain width FWHM) as obtained from a fit of the spectra.  

 

Dynamic localization effects of exciton states are taken into account implicitly by introducing 

exciton domains [3], where exciton delocalization is allowed only within these exciton domains of 

strongly interacting pigments. The definition of a domain implies a certain cutoff value  which 

needs to be defined. A pigment is included in a given exciton domain if it is coupled to at least one 

of the pigments of that domain by an excitonic coupling that is larger than . There is currently no 

strict rule enabling a precise definition of  , but it should be in the order of magnitude of the 

reorganization energy of local optical transitions of the pigments . For the 

present system, this amounts to ~40  [3]. The full optical spectrum of the complex is then a 

simple summation of optical spectra in all its exciton domains [3].  

 

4.2 Comparison of site energy assignments in the literature 

 

The above theoretical model was applied so as to calculate linear absorbance and CPL spectra of 

CP43 complexes. The excitonic couplings  in Eq. 1 were obtained with the Poisson-TrEsp 

method [42] by Shibata et al. [16], based on the 1.9 Å resolution crystal structure of PS II core 

complexes of T. vulcanus [11]. Initially, we compared spectra calculated utilising two established 

sets of site energies (  in Eq. 1). The site energies by Reppert et al. [17] were obtained from fits of 

experimental absorption, emission and persistent and transient holeburning data. Those of Shibata 

et al. [16] resulted from fits of experimental linear absorption, linear and circular dichroism and 

fluorescence spectra. We then utilized the site energies reported only very recently in the work of 

Müh et al. [15], this being an update of the Shibata analysis incorporating an improved theoretical 

model and structural refinements. A comparison of these three sets of site energies is provided in 

Table 1, with the Chl numbering systems of the 1.9 Å 3ARC structure [11] used in the current 

work, and of the 2AXT structure [9] which was used for previous work [3, 14-16]. 
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Table 1 

Chl numbers Site energies 

3ARC 2AXT Shibata et al. [16] Reppert et al. [17] Müh et al. [15] 

628 33 669 668.5 668 

629 34 666.5 660.4 660 

630 35 669 660.9 676 

631 37 677 682.0 681 

632 41 669 664.3 667 

633 42 669 671.8 669 

634 43 676.5 664.6 677 

635 44 671.5 680.3 671 

636 45 679.5 674.6 677 

637 46 658 668.5 670 

638 47 666 668.9 677 

639 48 670.5 668.9 673 

640 49 662 667.8 669 

 

Wavelengths are shown in units of nm and correspond to the site energies  of the pigments in 

CP43 complex from three different studies [15-17] from the literature. The pigments are identified 

according to the nomenclature of Loll et al. [9]. The longer wavelength (lower site energy) sites are 

shown in bold. 

 

One low-energy pigment is universally identified as Chl 631 (37). This is in agreement with an 

earlier suggestion [3] in which this pigment forms a dimer exciton domain with Chl 629 (34). This 

work also identifies a larger exciton domain comprising Chl 632 (41), Chl 634 (43), Chl 635 (44), 

Chl 636 (45), Chl 637 (46) and Chl 638 (47) The domains are defined by using a value of 30  

for  [16]. Whereas Shibata et al. assign the low-energy pigments of this second domain to Chl 634 

(43) and Chl 636 (45) (in agreement with an earlier suggestion [3]), Reppert et al. prefer an 

assignment of the low energy pigment as Chl 635 (44). In order to reproduce the sharp low-energy 

band (corresponding to the B-state) in linear absorbance spectra, both studies needed to allow for a 

smaller inhomogeneous width FWHM) for at least some of the low-energy pigments. Shibata 

et al. choose  for all pigments except for the low-energy Chl 634 (43) and Chl 636 

(45) of the large exciton domain, for which  was applied. Reppert et al. took 
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 for all pigments except for both low-energy pigments Chl 631 (37) 

( ) and Chl 635 (44) ( ).  

 

Calculated linear absorbance, CD and CPL spectra are presented in Fig. 7, using the above 

parameters and the lineshape theory, along with the experimental data. In the case of the Shibata 

calculations we used a cutoff value  as in their original calculations [16]. In the case 

of the Reppert et al. calculations we reduced  to 20 , so as to get as close as possible to their 

original calculations, which were performed without taking into account dynamic localization 

effects. The exact value of  does not qualitatively influence the results shown in Fig. 7. Likewise 

the slight difference in the spectral density of phonon states used (S=0.5 in this work, 0.25–0.3 in 

Reppert et al. with similar phonon frequencies [17, 40]) is unlikely to significantly affect the results. 
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Fig. 7 Right panel: Linear absorbance spectra at 2 K calculated for the site energy sets of Reppert et al. [17] and Shibata 

et al. [16] given in Table 1 in comparison to experimental data. Left panels: Experimental CPL spectra temperatures as 

given in the legends and CPL spectra calculated for the site energy assignments  indicated. 

 

Whereas both sets of parameters describe the linear absorption spectrum quite well, qualitative 

differences appear in the case of the CPL. Taking a closer look at the absorbance it appears that the 

spectrum calculated for the Reppert et al. parameters is slightly broader than the experimental 

spectrum and that the lowest band is also somewhat red-shifted with respect to the experimental 

data. These deviations most likely are due to the different theoretical model used in the calculations 

by Reppert et al. to fit the site energies. These gave a very good fit of the experimental absorbance 

in that work [17]. The neglect of any homogeneous broadening in their calculation may explain 

why the spectra were narrower. Neglecting the renormalization of exciton energies by the exciton-

vibrational coupling (Eq. 9) in the original calculations explains the slight redshift of the present 

spectrum, where these effects were included. 

 

Another difference relates to the excitonic coupling values utilized. Reppert et al. used a point- 

dipole approximation and accounted for the influence of the dielectric environment by rescaling the 

vacuum transition dipole strength to yield an effective dipole strength of 4.3 D.  Shibata et al. used 

atomic transition charges, which is an improvement on the dipole approximation and includes the 

influence of the polarizability of the environment explicitly, by solving a Poisson equation. 

Nevertheless, there is a good qualitative correlation between the couplings obtained with the two 

approaches; the correlation plot is shown with a short discussion in the SI (Fig. S5). It might well be 

that the somewhat larger couplings in the Reppert et al. calculations partly compensate for the 

neglect of homogeneous broadening.  

 

Taking into account the approximations used in the calculations of Reppert et al., it is encouraging 

to see that using an improved theory with more realistic excitonic couplings, but the original site 

energies, gives almost quantitative agreement with the experimental absorbance spectrum (right 

upper part in Fig. 7). This result indicates that it is the site energies that matter most and not as 

much the details of the theory used. Of course, the fact that two different sets of site energies, like 

the ones considered here, can describe the same linear absorbance spectrum shows that any fit of 

site energies may be ambiguous. It is thus important to include data from a wide range of 

experiments and in the present work we find that CPL spectra are able to discriminate effectively 

between competing sets of site energies. 
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Fortunately, there is a marked qualitative difference between the CPL spectra calculated by using 

the site energies of Reppert et al. and those of Shibata et al. In both calculations, at 2 K there is one 

low-energy negative peak, in agreement with experiment. However, at higher temperatures, the 

spectra calculated for the Reppert et al. site energies develop a negative high-energy shoulder, 

whereas in the Shibata et al. case a small positive high-energy band appears. The latter feature is in 

full agreement with the experimental data. Hence we conclude that the CPL data unambiguously 

show that the site energies of Shibata et al. provide a more realistic description of the exciton 

Hamiltonian of CP43.  

 

In order to understand the origin of the CPL spectrum and the qualitative difference between the 

two calculations, we have investigated the contributions from the different exciton domains to the 

CPL spectra. As expected, we find that for the temperature range of relevance (2 K to 120 K) it is 

only the exciton domains that contain the low energy pigments which contribute to the CPL 

spectrum. The contributions from those two domains are shown as solid and dashed lines in Fig. 8. 

The contribution from the large exciton domain comprising Chl 632 (41), and Chl 634–638 (43–47) 

dominates for both sets of site energies. It is this circumstance which allows CPL spectra to be 

especially suitable in discriminating between the present two sets of site energies, which differ only 

in the assignment of low energy pigments in this particular domain. From the comparison between 

calculated and experimental data, it is clear that on the basis of CPL results the low energy 

pigments in this domain are much more likely to be Chl 634 (43) and Chl 636 (45) than Chl 635 

(44). 
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Fig. 8 Contributions  from the two low energy exciton domains to the temperature dependent CPL spectrum modeled in 

Fig. 7, using the site energies of Reppert et al. (left panel) and those of Shibata et al. (right panel). The contribution 

from the domain containing Chl 629 (34), Chl 630 (35) and, Chl 631 (37) is shown as dashed lines and those of Chl 632 

(41), Chl 634–638 (43–47) as solid lines. Note that in the left panel, the former domain has three pigment, whereas in 

the corresponding right panel, calculations contains only two, because a higher cutoff value  was used (see text).  

 

One additional difference between the assignments of Reppert et al. and Shibata et al. concerns the 

inhomogeneous widths  of the distribution functions of the site energies of low energy 

pigments. As mentioned above, the exciton states with larger and smaller inhomogeneous widths 

were termed the A-state and B-state respectively by Jankowiak et al [18]. Whereas Reppert et al. 

assign the smallest width (that is, the B-state) to Chl 631 (37) of the small domain, Shibata et al. 

preferred Chl 636 (45) and Chl 638 (47) of the large exciton domain (red in Fig. 1). The latter 

authors assigned the larger  (A-state) to Chl 631 (37), while Reppert et al. preferred Chl 635 

(44) in the large domain. The opposite inhomogeneous widths for the lowest exciton states of each 

domain in the two assignments can be seen in Fig 8. 

 

The A and B-states were found to exhibit different hole-burning efficiencies in triplet bottleneck 

hole-burning and non-photochemical hole-burning (NPHB) spectroscopy. The A-state was found to 

dominate the triplet bottleneck spectrum, whereas the B-state was detected in the NPHB spectrum 

[18]. Assigning the broad A-state to the small exciton domain and the narrow B-state to the large 

exciton domain, as done by Shibata et al., provides a simple explanation of the detection of the A-

state in triplet bottleneck spectra [3]: Since the chl-a’s in the small exciton domain are not in van 

der Waals contact with carotenoids, their triplet states live longer than those of the large exciton 

domain, in which van der Waals contacts with carotenoids exist. Therefore, it seems reasonable that 

the A-state is the lowest state of the small exciton domain and the B-state that of the large exciton 

domain, as suggested by Shibata et al. (in agreement with an earlier suggestion in [3]).  

 

At present it is not clear what makes the inhomogeneous width of Chl 634 (43) and Chl 636 (45) 

smaller than that of the other pigments. Of course, the local protein environment could be 

responsible. An interesting alternative recent suggestion [15] concerns the effect of excitonic 

coupling on the inhomogeneous width of exciton states, the resonance energy transfer narrowing, 

also termed exchange narrowing. As is well known (see, e.g. ref [43]) if the exciton wavefunction is 

delocalized over n pigments with individual site energy distributions of width , the width of the 

resulting inhomogeneous distribution of exciton state energies is . Very recently [15], in a 
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combined quantum chemical/electrostatic calculation of site energies and a subsequent refinement 

fit of these energies by simulation of optical spectra, the low-energy pigments of Shibata et al. were 

confirmed and Chl 638 (47) was assigned as an additional low-energy pigment in the large exciton 

domain (Table 1, 3rd column). Thereby the number of low-energy pigments in this domain 

increased from 2 to 3 and the effective delocalization length of the lowest exciton state was found to 

be roughly three. The resulting resonance energy transfer narrowing of  was found to be 

sufficient to explain the narrow low-energy absorbance band of CP43 and the same inhomogeneous 

width  could be assigned to all pigments. This effect may also be relevant in 

explaining features of the NPHB spectra [20] upon which the assignments of Reppert et al. [17] 

were largely based.  

 

We have also calculated CPL spectra for a more recent set of site energies [15] and find very 

similar results to the simulations that were based on the Shibata site energies. These are shown in 

Fig. 9.  

 

         
Fig 9. CPL spectra calculated for the site energies of Müh et al. [15] (left panel) The right panel shows the 

corresponding contributions to CPL spectra from the two low-energy exciton domains as indicated. A cutoff-value 

 was used for the definition of the exciton domains. The contributions from the domain containing Chls 

629 (34), 630 (35) and 631 (37) are shown as dashed lines, and those of the domain with Chls 632 (41) and Chls 634–

638 (43–47) with solid lines. 

 

As before, the CPL spectra are dominated by the large exciton domain. Additionally a stronger 

positive high-energy band that develops at high temperatures, indicating that the excitonic structure 

of the large domain has changed somewhat compared to the Shibata et al. case. Finally, we note that 
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due to the inclusion of high-frequency intramolecular vibrational modes in the description of the 

spectra, it became possible to shift some site energies to the red without losing intensity in the high-

frequency range of the absorbance spectrum. For details about this theoretical approach and the 

ensuing absorbance spectrum, we refer to the original paper [15]. The intramolecular modes in [15] 

were determined to not contribute to exciton delocalization (because of dynamic localization 

effects) and therefore do not contribute to the CD spectrum (shown in ref [15] and in Fig. 10 below) 

or to the present CPL spectrum. 

 

In the CPL spectra at elevated temperatures, higher energy exciton transitions become apparent. As  

Eqs. (4) and (6) show, taking into account that the absorbance and emission lineshape functions of 

exciton states in Eqs. (9) and (10) are mirror symmetric with respect to the 0-0 transition energy, the 

CPL and CD spectra differ only in the Boltzmann factor that describes the thermal population of 

exciton states in CPL. Therefore it is not so surprising that the site energies of Shibata et al. give a 

superior fit to the CPL spectra, because Shibata et al. included in their analysis the CD spectrum, 

whereas Reppert et al. did not. Note, however that the three low-energy Chls of Shibata et al. are 

identical to those from an earlier suggestion [3] where the CD spectrum was not included in the 

analysis. In that work [3], non-linear optical spectra were used to check the site energies obtained 

from a fit of linear absorbance, linear dichroism, and fluorescence spectra.  

 

Figure 10 shows the calculated CD spectra for the three site energy sets (Table 1) for which CPL 

was calculated, along with a comparison to the experimental CD spectrum. 

 

                                 
Fig. 10. Circular dichroism spectra at 2 K calculated for the three different sets of site energies (Table 1) from the 

literature (refs [16], [17] and [15]) (colored lines) in comparison to experimental data (black). 
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It is clear that the lowest exciton transition in CD has the same sign as the lowest band in CPL. For 

the site energies of Shibata et al. and Müh et al., the second-lowest exciton transition has a positive 

rotational strength, whereas those for of Reppert et al. it is negative, in contrast to the experimental 

data in both CD and CPL.  

 

As CD probes all the exciton transitions one may ask what is the particular advantage of CPL 

compared to CD. The complete absence of higher energy transitions in low-temperature CPL 

spectra inherently provides a selectivity for only the lowest excited states. In general, the CPL data 

enhances our understanding of the excitonic nature of the low-energy states by penetrating the 

overlap between lowest and nearby states in the CD spectrum. In the case of CP43, this penetration 

is not so critical as the emitting state has a strong rotational strength. However it does confirm, as 

expected, that the state giving rise to the negative CD peak at 683 nm makes a major contribution to 

the 2 K emission spectrum and that the delocalization of this transition is very similar in absorption 

and emission. 

 

Another interesting aspect of the CPL process relates to dynamic localization in exciton states. As 

CPL emission originates from an equilibrated excited state, there is considerable time (i.e the 

fluorescence lifetime) during which excitons may become dynamically localized. The situation is 

somewhat different in CD, where the system is initially equilibrated in the electronic ground state. 

Note, however, that in CD dephasing processes also contribute, since by a plane wave excitation the 

whole history of a system is probed. In more mathematical terms, these dephasing processes 

influence the time evolution of the dipole-dipole correlation function, which needs to be half-sided 

Fourier transformed in order to obtain the absorption spectrum. An advantage of CPL over CD in 

this respect is that in CPL, dynamic localization effects can be more easily analyzed (see below) 

because the vibrational sideline of the lowest exciton transition occurs at longer wavelengths and 

does not overlap with any other transition. This dynamic localization process also includes 

intramolecular vibronic transitions [44, 45] which we address in the next subsection.  

 

4.3 CPL of vibrational sidelines 

 

Vibrational sidebands arising from intramolecular pigment vibrations can in principle be included 

in the spectral density of the excitation-vibrational coupling. In the current model, such an inclusion 

would result in these sidebands being delocalized in the same way as the purely electronic 0-0 
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transitions. However, as pointed out in ref. [44], since intramolecular vibrational sidebands in chl-a 

have rather small Franck-Condon factors, the effect of excitonic coupling to other transitions 

becomes small due to the dephasing process enabled by protein vibrations, resulting in dynamic 

localization. A reasonable approach is then to instead include these sidebands as separate 

transitions, and treat their dynamic localization implicitly [44] as done also for weakly-coupled 0-0 

transitions. We note that many workers utilise the terms ‘vibrational sideband’ and ‘vibronic 

transition’ synonymously, to describe any transition in which both the electronic and vibrational 

quantum numbers change. When such a process is Franck-Condon enabled and fully describable via 

the Born-Oppenheimer approximation, such a description does not invoke vibronic coupling 

between electronic and nuclear motions (i.e. Herzberg-Teller etc. processes, in which the electronic 

function is dynamically dependent on the nuclear coordinates),. Effects due to the latter processes 

are not expected to be significant in the spectral range studied in this work. 

 

In the (purely electronic) 0-0 case, the implicit treatment of dynamic localization is performed by 

allowing delocalization only over strongly-coupled exciton domains as described in section 4.1 and 

elsewhere [3]. With the inclusion of vibronic transitions, we additionally allow exciton 

delocalization only between the 0-0 transitions of the pigments and not between, for example, 0-0 

and 0-1 transitions [44, 45]. If we take into account one intramolecular vibrational mode per 

pigment, a localized excited state of the aggregate is thus described as =  

where  is the localized excited electronic state of the aggregate introduced above,  is the 

th vibrationally excited state of the intramolecular mode of pigment k in the electronic ground 

state of this pigment, and  is the th excited state of the intramolecular mode in the excited 

electronic state of pigment i. The electronic ground state of the aggregate then becomes 

=  The one-exciton states therefore include delocalized states involving only 

the 0-0 transitions of the pigments  and localized excited states 

involving excited intramolecular vibrational states , where at least one should 

be different from zero, otherwise the state would delocalize due to the strong excitonic coupling 

between 0-0 transitions. 

 

After optical excitation, excitons relax and fluorescence occurs from the delocalized exciton states 

 which have the lowest energy of the one-exciton states. In the case of fluorescence, we 

therefore need to evaluate the square of the transition dipole matrix element 
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  (here  has replaced  as 

the index for the electronic excited state). Taking into account the orthogonality of different 

vibrational state wavefunctions for the same electronic state, we find that the above matrix element 

vanishes if  for more than one pigment k, because for such a transition all terms include at 

least one factor with . The remaining matrix elements are 

 

 

(14) 

 

where the first line contains the matrix element for the electronic and vibrational ground state, and 

we introduce the Franck-Condon factor , which represents the overlap between the 

ground state vibrational wave functions of the electronic excited and electronic ground state of 

pigment i. Note that if we assume that these Franck-Condon factors are the same for all pigments, 

i.e., , the sum over i can be carried out and gives the transition 

dipole moment of the Mth delocalized exciton state. Thus, apart from a slight reduction by the 

factor  the first line equates to our earlier result which was derived without taking into 

account intramolecular modes of the pigments.  

 

The second line in Eq. 14 is new and describes a transition from the delocalized state  into a 

vibrationally excited state of pigment k in the electronic ground state  

Although the initial excited state is delocalized, the transition dipole localizes entirely on pigment k, 

because delocalized transitions involving vibrationally excited electronic ground states have zero 

intensity as discussed above. Since the rotational strength (Eq. 7) is assumed to be zero for 

localized transitions; only transitions from the delocalized exciton states  into the vibrational 

ground state  of the electronic ground state have a non-zero rotational strength, as shown in 

the SI (below Fig. S4). Hence, in CPL only the latter transitions are visible, whereas fluorescence 

occurs also between  and the states , where in the electronic ground state 

 of the aggregate one pigment k is in the th vibrational excited state.  

 

Therefore CPL data, when compared with fluorescence, provide the unique opportunity to separate 

emission signals corresponding to delocalized transitions, from those due to localized transitions. 

CPL has contributions only from the former, whereas fluorescence inherently contains contributions 

from both. In the present case the localized transitions are due to vibronic excitations involving 
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intramolecular vibrations of the pigments. This can become evident in a comparison of fluorescence 

and CPL in the region where vibrational sidebands contribute to fluorescence. There will be 

relatively more intensity in fluorescence than CPL, due to the null CPL of the dynamically localized 

vibrational sideband fluorescence component. This expectation is indeed fulfilled as shown in 

Fig. 11. The calculated fluorescence and CPL spectra here use the lineshape function in Eq. 10 

which does not include intramolecular vibronic transitions of the chl-a’s as well as the site energies 

of Shibata et al. 

 

                                     
Fig. 11. Fluorescence (red) and CPL (black) at 2 K calculated for the site energies of Shibata et al. in comparison to the 

experimental data. The calculated curves were shifted by 0.2 nm towards longer wavelengths to enable a better 

comparison of the vibrational sideband region near 688 nm. 

 

The experimental CPL spectrum in Fig. 11 can be quite well described by a model not incorporating 

intramolecular vibrational sidebands, whereas the calculated fluorescence spectrum clearly lacks 

intensity in the lower energy region associated with low-frequency vibrational sidebands. Note, 

however, that our lineshape model includes vibrational sidebands due to the excitation of low-

frequency intermolecular (phonon-wing) modes. The latter sidebands explain the asymmetric shape 

of the experimental CPL spectrum but only part of the asymmetry in fluorescence, for the reason 

discussed above.  

 

This result provides a graphic visualization of dynamic localization of excited intramolecular 

vibronic transitions of pigments. It could perhaps be argued that some of the additional fluorescence 

intensity on the low energy side of the experimental fluorescence spectrum (Fig. 11) contains 

contributions from aggregated CP43 complexes [20]. Although we cannot rule out such a 
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contribution, measurements of the CPL at far longer wavelengths (presented in Fig. 12) where 

intramolecular vibrations dominate fluorescence intensity, demonstrate the vibrational sideband of 

CP43 in fluorescence, along with its null CPL intensity. We conclude that most of the “missing” 

intensity on the long-wavelength side of the calculated fluorescence spectrum in Fig. 11 arises from 

localized vibronic transitions. 

 

                                      
Fig. 12. Fluorescence (red) and CPL (black) of the 720 nm vibrational sideband displaced ~750 cm-1 from the (683 nm) 

electronic origin of CP43 emission. For comparison, the thick dotted black line shows the CPL of the main fluorescence 

band, shifted by 37 nm (~750 cm-1) and multiplied by 0.054 which is the intensity ratio of the main emission band to 

this sideline; this approximates the CPL expected if the sideband had similar emission anisotropy (IL-IR)/0.5(IL+IR) to 

the main (0,0) emission band. These spectra were taken on an alternative CP43 sample to others in the main paper; 

fluorescence and CPL spectra of this older sample (which are very similar those of the main sample) are shown in the 

SI (Fig. S4). 

 

5. Discussion and Conclusions 

 

We have identified a strongly temperature-dependent CPL in CP43, which reflects the exciton 

delocalization of the emitting states. In the analysis, the CPL technique clearly demonstrates its 

utility in penetrating spectral overlap as well as its potential for identifying exciton 

localization/delocalization of emission in pigment-protein complexes. No CPL was observed for 

transitions involving intramolecular vibrational sidebands; this is explained by dynamic localization 

of these transitions due to their relatively small Franck-Condon factors. In measurements by 

Hughes et al. on an exciton-coupled chlorophyll-a dimer, it was found that the vibrational sideline 

exhibited negligible CD [28, 46]. Vanishing vibrational sideline CD may be influenced by dynamic 
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localization, but any vibrational CD in chlorophylls is also confounded by significant overlap 

between vibrational sidebands of Qy and the Qx electronic transition. These excitations have been 

shown to exhibit remarkably strong vibronic coupling and the subsequent appearance of two ‘Qx-

like’ excitations [47]. If vibrational sidebands had sufficiently high intensity (due to large Franck-

Condon factors) these sidebands would be expected to couple with other transitions and exhibit 

exciton CD; this has indeed been observed on at least one occasion [48]. 

 

Details of dynamic localization processes in the electronic (0-0) region of the CPL spectrum are 

currently less certain. Such effects are approximated by the defining exciton domains using the 

cutoff energy  as described in section 4.1 and elsewhere [3]. Our results and analysis show that 

the B-state of CP43, which dominates the CD and CPL spectra, is located in the red domain as 

defined by Shibata et al. [16] (see Fig. 1). The next-lowest exciton partner to the B-state has 

positive CD, and was shown in this work to be emissive with matching positive CPL, provided the 

temperature is high enough that the state is thermally populated. Calculations suggest that the 

highly-delocalized B-state is responsible for practically all CPL seen at 2 K. An assignment of the 

A-state to the dimeric yellow domain (Fig. 1) is consistent with the CPL results. In the calculation 

using the Shibata et al. site energies (which used  = 30 cm-1), this state is quite strongly localized 

on Chl 631 (37) due to static disorder, that is, the other Chl of the domain, Chl 629 (34) makes only 

a small contribution (of the order 1%) to the A-state due to its substantially higher site energy. The 

resulting CPL for the A-state is weak and positive, but is overwhelmed by the strong negative CPL 

of the overlapping B-state, so at 2 K the total CPL is negative at all wavelengths in the 0-0 emission 

region (Fig 8).  

 

The CPL calculation based on the more recent work of Müh et al. [15] used a smaller value for the 

energy cutoff  (20 cm-1 instead of 30 cm-1), which resulted in the inclusion of Chl 630 (35) also 

being in the yellow domain. This Chl then makes a similar small contribution to the A-state, 

resulting in slightly stronger positive CPL for that state. In CP43, this does not qualitatively change 

the overall spectrum because the A-state CPL is still much weaker than that of B-state (Fig. 9). 

However, the fact that small differences in exciton delocalization can result in (potentially) 

observable changes to the CPL spectrum emphasizes the potential of CPL as a window into the 

extent of delocalization and dynamic localization of excited states. For example, insights may be 

possible on the appropriateness of the values chosen for , although in CP43 such insights are 

frustrated by the presence of two quasi-degenerate states (A and B) whose energies are 
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uncorrelated, meaning both are fluorescent at low temperature. Temperature-dependent CPL 

measurements on simpler proteins with fewer chromophores, such as water-soluble chlorophyll-

binding proteins [49] are likely to be informative in this regard, as are time-resolved chiroptical 

measurements as recently achieved for the LH2 complex of purple bacteria via 2-dimensional 

spectroscopy [50]. 

 

It would be useful to include modeling of the non-photochemical spectral holeburning process, 

which is responsible for the changes seen (see Fig. S1) at very low temperatures (i.e. <60K) 

absorption and fluorescence, arising from photophysical processes upon the relatively intense 

illumination required to accumulate sufficiently sensitive CPL spectra. Reppert et al. [17] 

suggested the broad A-state to be on Chl 635 (44) rather than Chl 631 (37) so as to account for 

their holeburning data, but it may be that this data can also be modeled with a different 

assignment. 

 

We are looking to substantially improve CPL measurements especially with respect to the precise 

quantification of the magnitude of experimental CPL relative to the fluorescence, which in our 

current work is only identified as a lower limit of the true ratio (see Fig. S3). We are developing 

procedures to control the presence of cracks (and strain) in glassy samples. Cracks are clearly 

responsible for the presence of an (artifactual) depolarized fluorescence component in the emission 

(see SI). When this problem is solved, the true magnitude of the ratio of CPL to fluorescence will 

serve as a very effective parameter to compare with theory. 

 

As has been pointed out in a number of publications [6, 15, 16, 51], measurements are usually 

performed on plant CP43 (isolated from spinach) whereas detailed crystal structure data is only 

available for thermophilic cyanobacterial PS II. It is likely that the CP43 protein in the latter and 

other cyanobacterial systems is very similar to that in spinach. The early low temperature 

absorption spectrum of CP43 from T. elongatus is indeed very similar in spectral profile to that seen 

in spinach [52]. We note that Shibata et al. obtained the best fit to their spectral data by using 

slightly lower energies for the emitting states of CP43 in cyanobacterial PSII core complexes than 

those of isolated CP43 from spinach [16]. Clearly, low-temperature CD and CPL measurements on 

cyanobacterial CP43 samples could provide new information on the similarity of CP43 from 

different organisms. Measurements and calculations on other complexes (CP47 and PSII core 

complexes) are in progress. PSII reaction centre preparations [53], water soluble chlorophyll 

binding proteins [46] and many other systems would be indeed interesting to study with this 
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technique, which appears to be uniquely sensitive to exciton coupling in the lowest excited states of 

a system.  
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