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Abstract: In Non-Photochemical Spectral Hole Burning (NPHB) and hole recovery experiments 

cytochrome b6f protein exhibits behavior that is almost independent of the deuteration of the 

buffer / glycerol glassy matrix containing the protein, apart from some differences in heat 

dissipation.  On the other hand, strong dependence of hole burning properties on sample 

preparation procedures was observed and attributed to a large increase of the electron-phonon 

coupling and shortening of the excited-state lifetime occurring when n-dodecyl β-D-maltoside 

(DM) is used as a detergent instead of n-octyl β-D-glucopiranoside (OGP). The data was 

analyzed assuming that the tunneling parameter distribution or barrier distribution probed by 

NPHB and encoded into the spectral holes contains contributions from two non-identical 

components with accidentally degenerate excited state -distributions. Both components likely 

reflect protein dynamics, although with some small probability one of them (with larger md2) 

may still represent the dynamics involving specifically the –OH groups of the water / glycerol 

solvent. Single proton tunneling in the water / glycerol solvent environment or in the protein can 

be safely excluded as the origin of observed NPHB and hole recovery dynamics. The intensity 

dependence of the hole growth kinetics in deuterated samples likely reflects differences in heat 

dissipation between protonated and deuterated samples. These differences are most probably due 

to the higher interface thermal resistivity between (still protonated) protein and deuterated water/ 

glycerol outside environment.  
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1. Introduction. 

Spectral hole burning has been widely used to probe energy landscapes and low-temperature 

dynamics in various glasses, polymers and proteins 1-3. Information on energy landscapes can be 

obtained from observing the burning process (HGK, hole growth kinetics), the recovery of the 

spectral hole and its broadening at fixed temperature as well as recovery and broadening upon 

thermocycling 2,4-7. Consistent analysis of the data obtained by these methods for the same 

pigment / host system allows for determining the shapes and the parameters of the distributions 

of the barriers on the protein energy landscape and of the tunneling parameter , as well as for 

making inferences about the nature of the entities whose structural rearrangement is responsible 

for non-photochemical spectral hole burning, NPHB. In the case of NPHB, the pigment molecule 

is not chemically photo-transformed; it is the pigment molecule’s environment that experiences 

some (reversible) change triggered by optical excitation. The basics of NPHB are illustrated by 

Figure 1A that also contains the definitions of some relevant parameters. Similar double-well 

potentials of the Two-Level System (TLS) model 1-3,8,9 are used for both ground and excited 

electronic states of the pigment molecule in protein environment (“system”). TLS is used instead 

of the actual energy landscape with the larger number of minima for the sake of simplicity. 

(Further justification of using TLS can be found in the Results section.)  Persistent NPHB 

involves the higher of the hierarchal tiers10-13 of the energy landscape shown in the Figure 1A, 

while the lower-tier structures at the bottoms of the wells are mostly responsible for the 

broadening of the spectral hole. When the photon energy matches the transition energy of the 

pigment molecule in configuration 1, the system will go to the excited state and then some small 

conformational change in the protein may bring the system to configuration 2.  The system may 

make the transitions between two wells by tunneling through the potential barrier (dashed 
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diagonal arrow) or by hopping over the barrier (solid bent arrow). It is generally believed that at 

temperatures below 10 K the transition occurs by means of tunneling 14,15. At higher 

temperatures both mechanisms may be at work. The potential barrier in the excited state must be 

significantly lower than the one in the ground state for persistent NPHB to be possible. The 

tunneling parameter 𝜆 can be thought of as a composite “barrier strength” and is expressed (in 

Wentzel, Kramers and Brillouin, WKB, approximation) via the parameters of the TLS presented 

in Figure 1B: 

𝜆 =
𝑑

ℏ
 √2𝑚𝑉    (1) 

where 𝑉 is the height of the energy barrier, 𝑑 is the distance between two energy minima along 

the generalized coordinate, 𝑚 is the effective mass of the entity that rearranges during the 

transitions between two conformational states.  

 

Figure 1: A: Overall view of the “system” containing a pigment molecule (with ground and 

excited electronic states) in interaction with the bi-stable local environment. See text for details. 

Fine structure at the bottom of the wells represents lower-barrier tier of the energy landscape. B: 

The assembly being explored in our experiments consists of the dimeric Cyt b6f protein 

solubilized with the help of either OGP or DM detergent and surrounded by buffer / glycerol 
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mixture. The latter may be protonated or deuterated. Chlorophylls inside Cyt b6f protein are 

highlighted in green. 

 

As stated above, V and  are subject to distribution, while m and d are usually considered to be 

fixed. Also shown in Figure 1A is the asymmetry  , i.e. the difference between the zero levels 

of the phonon/vibrational mode in two wells. The tunneling parameter 𝜆 affects the NPHB 

quantum yield , which is given by 3 

𝜙(𝜆) =
𝛺0 exp (−2𝜆)

𝛺0 exp(−2𝜆)+ 𝜏1
−1     (2) 

where 𝛺0 is the attempt frequency, determining how often the systems try to pass the potential 

energy barrier between the two wells, and 𝜏1
  is the observable fluorescence lifetime, that may or 

may not be affected by energy transfer or other form of quenching, depending on the sample. 

After tunneling in the excited state the system returns to the ground state and gets trapped in 

configuration 2. The parameters of the ground state determine how long it will take for the 

system to return to configuration 1.  

Until recently, there were limited attempts at consistently interpreting different types of 

NPHB-related experiments as far as the shapes of the distributions were concerned. Hole growth 

kinetics (HGK) was modelled utilizing Gaussian distributions of the tunneling parameter for 

more than 20 years 3,16-21. Occasionally, Gaussian -distributions for the ground state of the 

chromophore-amorphous host system were employed in fitting hole recovery 20 or inferred from 

the interplay between burning and simultaneous recovery at elevated temperatures 21. On the 

other hand, hole recovery upon thermocycling was usually reported without giving much details 

about the preceding burning (such as fractional hole depth), and with few exceptions 20- without 
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attempting to determine not only the barrier (V) distributions, but also the -distributions. 

Modeling of thermocycling results often required utilizing non-Gaussian barrier distributions 4-7. 

Barrier distributions proportional to V/1 yield rectangular -distributions (uniform between 

certain min and max). Gaussian distributions of , on the other hand, should yield only slightly 

asymmetric (as long as the mean of the distribution is much larger than its width) chi-squared 

type barrier height distributions, not resembling those derived from the thermocycling results 4-7.  

Lately, single molecule spectroscopy, SMS (or single pigment-protein complex 

spectroscopy, SPCS) has become the technique of choice for studying spectral dynamics 

resulting from the dynamics of the amorphous hosts, including proteins. However, it must always 

be questioned which of the low-temperature SMS or SPCS observations are light-induced (i.e. 

are single-molecule acts of NPHB), and which are occurring anyway and are merely monitored 

by optical methods 19. Thus, NPHB that is utilizing much lower light intensities is still capable of 

offering many valuable insights. Next question is if barriers on the energy landscape are crossed 

via tunneling or thermally-activated hopping. SPCS experiments on LH2 complex suggested that 

both tunneling and barrier-hopping were responsible for the observed spectral dynamics 22. 

Detailed understanding of light-induced small conformational changes in amorphous solids and 

proteins will be beneficial for interpreting both available and future SPCS results. Another 

interesting question pertaining specifically to pigment-protein complexes involved in light 

harvesting was raised in 23 – does introduction of additional energy to the pigment-protein 

complex by exciting it via higher-energy pigments or excitonic states allow the environment of 

the lower-energy pigments to sample a larger set of conformational sub-states? Quantitative 

knowledge of the distributions of the barriers involved in NPHB and hole recovery will be 
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critical for determining the degree of applicability of this idea to complexes featuring various 

donor-acceptor energy gaps. 

The CP43 complex of spinach Photosystem II 24 was the first where the same samples 

were subjected to measurements of HGK and both modes of hole recovery 14. In this case, all 

observed barrier distributions appeared to be Gaussian, and there was no evidence for ~ V/1

distributions predicted by the theories of amorphous solids and indeed apparently observed in 

glasses 4,5 and some proteins 6. On the other hand, in the case of cytochrome (Cyt) b6f 
25 “glass-

like” ~ V/1  barrier distributions were observed 15. This raised a question of intactness of our 

Cyt b6f samples. What if the chlorophylls (Chl) of our Cyt b6f sample were exposed to the 

buffer-glycerol mixture surrounding the protein (e.g. as a result of partial protein denaturation), 

and the observed spectral dynamics belonged to this glassy solid?  The overall structure of the 

Cyt b6f sample is shown in Figure 1B to facilitate understanding of this discussion. Although in 

15 we presented -FLN spectra indicating inter-pigment energy transfer with the rate following 

from the structural data 25 and thus suggesting that our sample was intact, the possibility 

remained that the chlorophylls were still somehow reporting on the outside glass dynamics 

(either due to interactions with the outside TLS or surface TLS 26 as proposed in 2 or via protein 

“slaving” to the buffer-glycerol solvent dynamics 27) and that true protein Cyt b6f dynamics was 

not actually probed. Essentially, the question is – what elements of the sample structure depicted 

in Figure 1B give rise to the generalized coordinate in Figure 1A?  

It is well known that spectral dynamics in many pigment-host systems is very sensitive to 

the exchange of protons to deuterons. (This is similar to a broader class of the phenomena where 

the rates of chemical reactions involving proton tunneling are strongly affected by deuteration.) 

In the cases when the pigment was in a direct contact with the deuterated hyperquenched 



   
 

7 
 

amorphous water environment, the slowdown of NPHB by a factor of several hundred was 

observed 28, in agreement with the increase of the (mean of the distribution of) tunneling 

parameter  from 8 to 11.2, i.e. by 2 . Fifteen-fold decrease of the NPHB yield was observed in 

[Cr(oxalate)3]
3- in ethylene glycol/water 29. On the other hand, a massive increase of NPHB yield 

upon partial deuteration in NaMgAl(oxalate)3 
. 9H2O:Cr(III) was attributed to opening an 

additional NPHB channel involving flipping of the DOH molecules30. Thus, here we will explore 

if deuterated environment affects the spectral dynamics of Cyt b6f as well as that of Chl a in 

buffer-glycerol protein-free environment. In the process of exploring Cyt b6f samples from 

different batches it also became evident that observed NPHB kinetics is sensitive to the choice of 

the detergent used in sample preparation. This effect is also going to be examined. 

 

2. Experimental. 

Two batches of dimeric Cyt b6f were used in this study. The first one was the same as employed 

in 15; n-octyl β-D-glucopyranoside (OGP) was used to solubilize and stabilize the protein 

complex in solution. The other one utilized n-dodecyl β-D-maltoside, and was obtained as 

explained in 31. Extinction coefficients of 25 mM-1.cm-1 (at 554 nm) 32, 21 mM-1.cm-1 (at 563 nm) 

32, and 75 mM-1.cm-1 (at 668.5 nm) 33 were used for the Cyt f, Cyt b, and Chl, respectively. For 

experiments in deuterated environment both the water of the buffer and the glycerol (used as a 

cryoprotectant and to produce transparent glass at low temperatures) were substituted by at least 

98% deuterated compounds (i.e. d8-glycerol was used) purchased from C/D/N Isotopes. Pure Chl 

a was purchased from Sigma-Aldrich. Samples were stored at 80o C and unfrozen only 

immediately prior to the experiment. Thus, possible exchange of deuterons between solvent and 

protein or Chl a as well as potential protein damage by glycerol were minimized. As Chl a is 
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very poorly soluble in water or glycerol, small amount of solid Chl a was first dissolved in <100 

L of methanol, and then this concentrated solution was added to ~1 mL of water-glycerol 

mixture immediately prior to the experiment. Deuterated methanol was purchased from C/D/N 

Isotopes as well.  

Absorption spectra were measured either with a Cary 5000 spectrophotometer with 

resolution of 0.1 nm or with a home-built VIS-NIR spectrophotometer based on a Jobin-Yvon 

HR640 with bandwidth of about 0.04 nm. Broadband emission spectra were measured using 

Acton 2356 spectrograph with a Princeton Instruments Pixis 1340x100 back-illuminated CCD. A 

633 nm He-Ne laser was used for excitation. High-resolution spectra were measured with Sirah 

Matisse-DS frequency-stabilized tunable dye laser (bandwidth < 1 MHz). 6 W 532 nm Spectra 

Physics Millennia was used as a pump laser. The samples were placed in a 4 by 10 mm cross-

section plastic cuvette surrounded by an aluminum mask inside a liquid helium bath / flow 

cryostat (Ukrainian Academy of Sciences) with temperature stabilized to better than 0.1 K. High-

resolution experiments were performed in fluorescence excitation mode, with vertically 

polarized excitation and with fluorescence detected with a Hamamatsu photomultiplier / photon 

counting module at 90o. The intensity of the excitation light was stabilized by BEOC laser power 

controller and regulated with absorptive neutral density filters. In experiments on Chl a in 

solution to ensure that monomeric chlorophyll was preferentially probed in fluorescence 

excitation mode, fluorescence was collected in the 695-710 nm range only (Omega Optical 

700AF20 +695AELP).  For Cyt b6f the 700 nm long-pass (Omega Optical 700AELP) filter was 

used in front of the PMT.  

 

 



   
 

9 
 

3. Results.  

3.1. Deuterium effects: Figure 2A shows several HGK curves obtained at various temperatures 

from 5.5 K to 12.5 K in OGP sample in deuterated solvent. The curves follow the same general 

trends as were observed for Cyt b6f in protonated environment 15: (i) the hole deepening was 

slowing down with the increase of temperature, in agreement with the increase of the 

homogeneous line width and (ii) at elevated temperatures the initial several percent of burning 

were faster than expected, most likely due to the onset of burning via barrier-hopping in the 

excited state of the chlorophyll-protein system. Figure 2A also contains the 5.5 K HGK curve for 

protonated sample (grey noisy curve). Thus, at the first glance it seems that the tunneling 

parameter  increased by about 0.8 (8%) in the deuterated sample and perhaps the distribution 

width increased somewhat as well (parameters used to obtain smooth curves in frame A were 

fine-tuned somewhat with respect to Ref 15). 
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Figure 2. Frame A: Noisy curves: HGK curves obtained in OGP sample in deuterated 

environment at several temperatures from 5.5 K to 12.5 K. Noisy grey curve is the 5.5 K curve 

for OGP sample in protonated environment and the same illumination intensity, 19 W/cm2. 

Modeling results for 5.5 K curves are presented as well (smooth red curve: =7.8…12.0, black 

curve: =8.2…13.1). The insert in Frame A contains an example of a 20%-deep hole measured 

in the sample featuring OGP detergent and deuterated solvent. Frame B: The 5.5 K HGK curves 

obtained for three different illumination intensities, 270 nW/cm2, 2.3 W/cm2 and 19 W/cm2. 

Red, blue, black curves, respectively: deuterated Cyt b6f sample. Pink, light blue, grey curves: 

protonated sample. 0.001 J/cm2 corresponds to about 50 sec with the illumination intensity of 19 

W/cm2. Black and grey experimental datasets are the same in both frames. 

 

However, the observed difference in HGK is illumination intensity-dependent. Figure 2B 

shows several HGK curves obtained at 5.5 K for Cyt b6f in protonated and deuterated solvent 

environment containing OGP detergent (same batch as in 15). As can be seen, for protonated 

environment the burning rate does not depend on illumination intensity, within the intensity 

range employed in our experiments (pink, light blue and grey curves; the pink curve is almost 

invisible under the light blue, grey and red ones). Same burning rate is observed for the lowest 

burning intensity also in deuterated environment (red curve). In deuterated sample NPHB rate 

decreased with intensity. The highest intensity among those in Frame B 19 W/cm2, was used to 

produce the curves in Frame A. Similar intensity effects were observed at other temperatures as 

well (not shown). 

No major differences were observed in fixed-temperature recovery between protonated 

and deuterated Cyt b6f in OGP micelle, Figure 3A. The first 10-12 hours of recovery can be 
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fitted using the same logic and similar parameters as in 15. The recovery data is still in better 

agreement with V/1 barrier distribution shape than with Gaussian one. The latter would result in 

a faster initial recovery and slower recovery at the later stages. Significant amount of “spectral 

memory” (spectral holes refilling by burnt molecules returning to their pre-burn transition 

frequencies, not by “random” spectral diffusion) is present, as indicated by recovery rate 

depending on the fractional depth of the initial holes. This justifies the use of TLS 

approximation. The recovery appears to be only slightly slower for Cyt b6f in deuterated 

environment. Specifically, our data indicates an increase of the ground-state gby 0.8%, clearly 

less than 8% obtained from the HGK curves when intensity effect shown in Figure 2B is ignored. 

This difference in recovery data is comparable to the range of day-to-day variations observed in 

different experiments for the protonated-solvent OGP samples, and likely reflects either the 

imperfections of our experiments or minor real differences due to the variations in sample’s 

cooling history, for example. Thus, hole recovery results also indicate that intensity dependence 

and not the difference in is responsible for observed differences in HGK for protonated and 

deuterated OGP-based samples. 
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Figure 3: Frame A: Recovery at fixed burn temperature for Cyt b6f in regular/protonated (open 

circles) and deuterated (solid diamonds) environments. OGP sample. Red: 20%-deep holes, blue: 

30% holes, Black: 40% holes. Frame B: Symbols and solid blue line are the same as in Frame 

A. Long-dashed line represents the fit to the data for the deuterated OGP-based sample, 

corresponding to 0.8% increase of . Short-dashed blue line depicts recovery expected upon 

deuteration if the observed dynamics were due to –OH groups (increase of  upon deuteration by 

3%). 

 

Figure 4A shows thermocycling data for deuterated sample containing OGP detergent, 

compared to the data for the fixed-temperature recovery. Both spectral holes were originally 

30%-deep. The relative hole area is presented as a function of time rather than temperature. 

Some temperatures are shown next to the respective data points for clarity. The thermocycling 

dataset starts deviating from the fixed-temperature one at about 11 K and the recovery is 

complete by about 45 K. Frame B depicts, as a function of temperature, the part of the barrier 
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distribution that cannot be accounted for by the fixed-temperature recovery for both deuterated 

and protonated OGP samples. The black squares represent the result of division of the black 

square dataset from Frame A by the smooth blue curve representing the fit to the fixed-

temperature recovery. Blue circles represent similar data for protonated sample. This type of data 

has to be fitted with  to obtain the barrier distribution 6,20. Here g(T) is the 

distribution of the barrier heights on a temperature scale, V(T)=kBTln(tmax0) is barrier height on 

the energy scale, tmax  60 sec is time spent at the peak cycle temperature Tmax. With 7.6.1012 GHz 

attempt frequency one gets ln(tmax)=33.75. Similar data for protonated sample is also 

presented (blue circles). Overall, two datasets are fairly similar. As expected, deuteration is not 

supposed to influence the barrier heights V, but only the mass of the entity participating in 

conformational change, m. Note that possible errors of the hole area determination are large for 

high cycling temperatures when the holes are broadened and mostly recovered. Analysis of the 

two datasets suggests that recovery of both samples could be governed by a two-component 

barrier distribution (rather than one distribution with a stretched tail 15). Examples of two g(T) 

distribution components are shown with dashed lines in Figure 4B. The left side of the higher-

barrier component is affected by the preceding recovery. These sample distributions, although 

reasonably realistic, are intended for qualitative illustrative purposes only and are not meant to 

be perfectly consistent with all available experimental data. Detailed discussion on the interplay 

between these two components, their shape and parameters, the possibility of one barrier 

distribution with negative correlation between V and md2, degree of “spectral memory”, the 

possibility of competitive NPHB, deficiencies of the WKB model, etc, will be presented 

elsewhere.  


max
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Figure 4: Frame A. Thermocycling-induced recovery for Cyt b6f in deuterated environment. 

OGP sample. Black squares: fractional hole area evolution upon thermocycling of a 30% hole. 

Cycling temperatures are indicated next to several datapoints.  Blue diamonds: fixed-temperature 

recovery for a similar 30%-deep hole. Blue curve: simulated fixed-temperature recovery, same as 

in Figure 3.  Frame B:  The (part of the) barrier distribution unaccounted for by the recovery at 

fixed burn temperature. Black squares: deuterated OGP sample. Open blue circles: protonated 

OGP sample. Dashed lines represent two components of the barrier distribution and are intended 

as a qualitative illustration only.  

 

3.2. Detergent Effects: Qualitatively similar results were observed also for the samples from the 

new Cyt b6f sample batch produced with DM detergent.  Absorption and fluorescence spectra of 

OGP and DM samples are compared in Figure 5A. Absorption spectra have nearly identical 

shape and parameters. FLN spectra of the DM sample are shown in Figure 5B. FLN spectrum 

of the OGP sample obtained with 680 nm excitation is shown for comparison.  Strong red shift of 

the non-resonantly excited fluorescence, Figure 6A, and the difference in the shape of the FLN 
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spectra, Figure 6B, indicate significant increase of electron-phonon coupling in DM samples. 

The FLN spectrum for DM sample and 680 nm excitation (black) exhibits broader phonon 

sideband than the corresponding spectrum of the OGP sample (green),  which is to be expected 

for higher electron-phonon coupling when multi-phonon processes are taken into account. (Also, 

FLN spectra for 670 and 680 nm excitation are significantly different, which indicates the 

presence of energy transfer between the two chlorophylls of the dimer.) We were unable to burn 

more than 32% zero-phonon holes in the spectra of the DM-based sample, which indicates that 

Huang-Rhys factor S for phonons is about 1.1. According to modeling, increase of S from 0.72 

(in OGP samples 15) to 1.12 must result in about four-fold slowdown of spectral hole burning, if 

all other model parameters were staying the same.  

 

Figure 5. Frame A: Absorption (black) and emission (red/pink) spectra of OGP (dashed line) 

and DM (solid line) based samples at 5 K. Frame B: FLN spectra for DM-based sample 

obtained with illumination at 670 nm (blue), 675 nm (red) and 680 nm (black). Green curve is 

the FLN spectrum of the OGP-based sample, 680 nm excitation. 
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Figure 6. Frame A. 5 K HGK curves for different illumination intensities for protonated solvent 

DM-based sample. Frame B:  Same for deuterated DM-based sample. The excitation intensities 

were 400 nW/cm2, 3.5 W/cm2, 28 W/cm2 and 214 W/cm2 for black, blue, red and green 

curves, respectively. The insert in Frame A contains an example of a shallow hole at 2 K. 

 

However, NPHB appears to be more than ten times slower in both protonated and 

deuterated versions of the DM-containing sample, Figure 6. (Note also the more pronounced 

intensity dependence of the HGK for deuterated sample, Frame B. Thus, this effect is present 

regardless of the detergent micelle composition). Additional slowdown of burning could be 

explained by DM-based sample containing a smaller fraction (or none) 31 of Cyt b6f with Chl a 

lifetimes not reduced by quenching by aromatic groups. Note that DM was used as a detergent in 

Cyt b6f samples where quenching was previously reported 34-36. Reduction of the lifetime from 

several ns to ~200 ps 34-36 would easily explain ten-fold slowdown of burning, even without an 

increase of electron-phonon coupling (see Eq. 2). The homogeneous line widths in DM sample 

were determined at several temperatures from 2 to 10 K and they were systematically ~0.01 cm-1 
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larger than those observed in OGP sample 15. On the other hand, results obtained at 2 K are still 

suggesting lifetimes longer than 200 ps from 34-36. Lifetime of 200 ps corresponds to 

homogeneous line width of 0.0265 cm-1. The narrowest linewidths observed for DM sample at 2 

K are about 0.0165 cm-1. A 10%-deep 0.04 cm-1 wide hole (0.02 cm-1 line width) is shown in the 

insert in Figure 6A. The 2 K line/hole widths still contain some contribution from pure 

dephasing, therefore 320 ps is just the shorter limit of the dephasing-free lifetime in DM 

samples. Attributing the ~0.01 cm-1 difference between homogeneous line widths in OGP and 

DM samples to quenching, one can obtain the average quenching time of about 530 ps. Smooth 

dark green curve in Figure 6A represents a fit to the OGP sample data 15. Smooth brown curve 

results from an increase of Huang-Rhys factor S from 0.72 to 1.12, all other model parameters 

staying the same. Smooth blue curve results from an additional two-fold increase of the 

homogeneous line width if this increase is attributed strictly to pure dephasing. Apparently, this 

is not enough. Some decrease of the dephasing-free lifetime (e. g. due to quenching) is required 

to explain the slowdown of burning without increasing the mean of the -distribution (smooth 

magenta curve corresponds to the  decrease of fl from 2.5 ns to 1 ns.). Experimental results in 

Figure 6 also suggest significantly broader distribution of NPHB rates than was observed for 

OGP-based sample and implied in above modeling. This increase could be attributed to either 

genuinely broader -distribution (but see next paragraph) or to the distribution of the excited 

state lifetimes (in this case – quenching times). As demonstrated in 37, introduction of the line-

width distribution indeed is expected to broaden the distribution of the NPHB yields. 

The fixed-temperature hole recovery in DM-based sample is compared to the recovery in 

OGP-based sample in Figure 7A. The recovery of 20% holes proceeds at nearly identical rate in 

both samples. The recovery of a 30% hole was significantly slower in DM-based sample than in 
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OGP-based sample.  However, one should take into account that 30%-deep holes burnt into the 

spectra of DM sample (S~1.12) are much closer to saturation than 30%-deep and even 40%-deep 

holes for OGP-based sample (S~0.72) and consequently partial - (or barrier) distributions 

encoded into the holes have larger contributions from larger . (Assuming that one starts from 

the same true full barrier distributions prior to burning in all cases.) Thus, slowdown of the fixed-

temperature recovery for nearly-saturated holes in DM-based samples is ultimately attributable 

to the increase of S and does not require any change in the full true barrier distribution before 

burning.  The recovery of 30%-deep holes upon thermocycling was similar in protonated and 

deuterated DM-based samples. Figure 7B shows hole area as a function of cycling temperature, 

corrected for fixed-temperature recovery that would occur during the experiment. Thermocycling 

behavior of the DM-based samples was also similar to that of OGP-based samples (Figure 4) 

except that in the case of the DM-based sample some fraction of the hole persists till slightly 

higher temperatures. This is again expected if one remembers that 30% holes in DM-based 

sample are much more saturated than 30% holes in OGP-based sample and contain larger 

relative contribution from larger and V. The full distribution of the barrier heights is unlikely 

affected by the choice of the detergent; these are the sub-distributions encoded into the holes of 

equal fractional depth that are different between OGP- and DM-based samples. Both protonated 

and deuterated DM-based samples feature a fast recovery step at around 11-15 K, just like OGP-

based samples, indicating that two-component barrier distributions encoded into the holes is a 

general feature of Cyt b6f, independent on detergent. The insert in Figure 7B contains examples 

of the hole spectra – right after burning (blue), after one hour of recovery at 5K (red) and after 

cycling to 41 K (black). 
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Figure 7: Frame A: Fixed-temperature recovery of 20%-deep (red circles) and 30%-deep holes 

(blue circles) in DM-based sample, protonated solvent. Open circles show results for 20% (red), 

30% (blue) and 40% (black) holes for OGP-based sample and respective simulated curves (solid 

lines). Red: 20% hole. Blue: 30% hole. Black: 40% hole. Frame B: Hole area as a function of 

maximal cycle temperature in several DM-based samples, including deuterated one (black), 30% 

hole, protonated solvent. The insert shows examples of the hole spectra: immediately after 

burning (blue); after one hour at 5 K (red) and after cycling to 41 K (black). 

 

3.3. Chlorophyll in water/ glycerol glass. In order to explore the possibility of protein 

dynamics “slaving” to that of the surrounding glass, we attempted to directly examine the 

spectral dynamics of buffer-glycerol mixture employed as a solvent and glass-forming medium 

in experiments on protein (see Figure 1B). Absorption and emission spectra of Chl a in 

protonated and deuterated water / glycerol / methanol (>30%/>60%/<10%) mixtures at 5 K are 

depicted in Figure 8. Absorption spectra exhibit the main Qy band at about 670 nm and a 

noticeable shoulder at 715 nm. The relative intensity of the 715 nm shoulder was gradually 
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increasing at the expense of the 670 nm band when the sample was left at room temperature for 

extended periods of time. This redistribution process could be partially reversed by sonication. 

Also, the shoulder was relatively more intense for samples with higher Chl a concentration. 

Thus, we attribute this shoulder to aggregated Chl a. Observed manifestations of the aggregates 

are similar to those reported for 10% acetonitrile or DMF to 90%-water mixtures in 38. 

Absorption bands at ~740 nm 39 were never observed in our experiments.  

 

 

Figure 8: Frame A: Representative absorption and emission spectra of Chl a in water / glycerol 

mixture with <10% methanol. Black: deuterated solvent. Blue: protonated solvent. Absorption 

spectrum of protonated sample is shifted up for clarity. Dashed vertical lines indicate the 

detection window for NPHB experiments in fluorescence excitation mode. Arrow indicates the 

hole-burning wavelength. Frame B: HGK curves for protonated (blue) and deuterated (black) 

solvent after correction for contributions from long-wavelength emission band within the 

detection window. Also shown, for comparison, are 5 K HGK curves for OGP (grey) and DM-

based (red) Cyt b6f samples. 
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Aggregation is causing the red shift of the absorption due to excitonic coupling, as in the 

case of the “red antenna states” of Photosystem I, for example 40. The emission spectra exhibit 

strong aggregate fluorescence at ~750-760 nm and weak monomer fluorescence at ~685 nm. 

Large shift of the aggregate fluorescence with respect to the absorbance indicates strong 

electron-phonon coupling and suggests that aggregates would not contribute much to the 

resonant NPHB. The emission spectra for supposedly similar samples produced on different days 

exhibited some variability in terms of peak positions and intensity ratios. Aggregate fluorescence 

was much stronger than monomer fluorescence in all samples, despite ~670 nm absorption band 

featuring several times higher OD than the aggregate shoulder. Thus, there is strong quenching 

of the chlorophyll monomer fluorescence by water-glycerol mixture at cryogenic temperatures. 

This is consistent with room temperature results for Chl a in the mixtures of organic solvents and 

water 39. To probe monomeric Chl a selectively in fluorescence excitation mode, fluorescence 

was detected using 695-710 nm bandpass filter. By trapping Chl a in PVA gels and then 

allowing the gels to absorb water and glycerol we could also achieve situation where monomer 

Chl a fluorescence was quenched but no aggregate fluorescence at around 750 nm was observed. 

Thus, aggregation and quenching of the 685 nm fluorescence in water-glycerol Chl a solution are 

independent phenomena. NPHB in the Chl a monomer band appeared to be very inefficient in 

both protonated and deuterated samples. About 10% holes could be burnt in a couple of hours 

using light intensities of about 4 mW/cm2, 200 times higher than the highest intensities reported 

for Cyt b6f in Figure 2 and 20 times higher than in Figure 6.  In all experiments deuterated 

samples exhibited even somewhat faster burning than protonated ones. This, however, was most 

likely due to different contributions of aggregate fluorescence to total fluorescence within the 
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detection window. As the aggregate fluorescence peak in protonated sample is at somewhat 

shorter wavelength, one can suggest that about half of the fluorescence in the 695-710 nm 

detection window belongs to the monomers. Frame B of Figure 8 shows HGK curves for Chl a 

in protonated and deuterated solvent, as well as 5 K HGK curves for Cyt b6f for comparison. 

Thus, deuteration does not slow down the NPHB process in chlorophyll in water / glycerol 

mixtures. Due to poor fluorescence and NPHB yields and signal to noise ratio, we have not 

attempted fixed temperature recovery or thermocycling experiments on Chl a in solution so far 

(work in progress). 

 

4. Discussion. 

 4.1 Nature of the tunneling entities. Fitting various recovery results using one single 

barrier or distribution as suggested in 15 ultimately proved impossible (the details may be 

presented elsewhere). Thus, spectral hole burning in Cyt b6f may involve two tiers of the protein 

energy landscape featuring degenerate distributions of the NPHB yields (or excited-state ), with 

similar yields resulting from different combinations of md2 and V (see for example Figure 4B). 

(At the moment we cannot exclude an alternative scenario involving one energy landscape tier 

with negatively correlated barrier and md2 distributions. While simple TLS model in Figure 1 

provides no reasons for such a correlation, the presence of a distribution of md2 values for the 

same tier of the energy landscape would point to cooperative effects. The numerical values for 

md2 reported below would then represent the limits of the range of possible md2 values.) For 

thermocycling the lower-barrier higher md2 part is the first to recover. This component features 

md2 of about 4.10-46 kg.m2 as can be determined from the modeling of the fast recovery step 

observed in thermocycling experiments at 11-15 K (Figure 4). This value is too large to be 
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ascribed to the tunneling of a single proton in a double-well potential associated with a hydrogen 

bond in either the protein or glassy solid surrounding protein. We note that a “photoconversion” 

hole burning mechanism involving rearrangement of a hydrogen bond between protein and 

chlorophyll was proposed in the core antenna complexes of Photosystem II 41-43.  Cooperative 

effects involving the large hydrogen bonds network of the protein are still possible, since in the 

case of the cooperative effects m becomes uncoupled from the mass of some one particular atom 

or chemical group. For a single methyl or hydroxyl group md2~410-46 kgm2 would mean a 

displacement d of ~1 Å. The md2 value for the second component, dominating fixed-temperature 

recovery, could be inferred from thermocycling data for higher temperatures and the data on the 

very beginning of the NPHB process in Figure 2 that suggests md2 1.5.10-46 kg.m2 for systems 

involved in the initial hole burning and featuring the lowest exc.  

HGK and recovery results obtained for Cyt b6f in deuterated buffer / glycerol 

environment indicate almost no deuteration effects. This clearly rules out the possibility that any 

spectral dynamics is due to proton / deuteron tunneling in the outside environment, including the 

scenarios involving cooperative effects. Since m~ , increasing m by a factor of two would 

result in an increase of  by a factor of 2 . Depending on the range of (different  

combinations of matching  and attempt frequency 0 would produce the same HGK curves, see 

Eq. 2), the NPHB yield and fixed-temperature recovery rates would be reduced 50-1000 times.  

The methyl groups change their mass upon full deuteration from 15 to 18 g/mole and changes in 

their tunneling dynamics would be easily noticeable (9.5% change in and ~50 times change in 

fixed-temperature recovery rate for g 20). The mass of the OH group changes by 6%, 

resulting in a 3% change of . Results obtained for chlorophyll in water / glycerol environment 

exclude the possibility of proton / deuteron tunneling affecting spectral dynamics but, taking into 
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account poor quality of this data, could still be consistent with the tunneling involving –OH 

groups. Could any dynamics observed for Cyt b6f still originate from the –OH group tunneling in 

the outside solution? The Cyt b6f data is of significantly higher quality than chlorophyll in 

solution data. It is unlikely that we could miss a 3% change in in Cyt b6f. For instance, if  

were increased by 3%, the recovery of a 30% hole in the deuterated OGP-detergent sample in 

Figure 3 would become slower than what was observed for a 40% hole (short-dashed blue curve 

in Figure 3B). As fixed-temperature recovery is preferentially probing the smaller-md2 tier of the 

barrier distribution, one can be confident that this tier belongs to the protein and likely reflects 

cooperative dynamics of the hydrogen bond network. Note that fixed-temperature (5 K) recovery 

does not directly probe the second, higher-md2 lower-V component in Figure 4B, at least within 

the first 30 hours. Thus, one should be somewhat cautious about claiming its deuteration-

independence. However, any deuteration-related effect, if present for this component, cannot 

possibly be strong, or this component would shift towards higher  and would not contribute to 

NPHB and recovery of the deuterated samples. This would in turn result in a decrease of the 

apparent NPHB rate for all illumination intensities (second burning channel rendered much 

slower in competitive burning model, the only channel rendered much slower for some 

molecules in one-tier-different-md2 model) and in significant differences in thermocycling 

(smaller, lower T contribution missing / reduced).  These effects were not observed. Given the 

location of the chlorophylls within the Cyt b6f (see Figure 1B) and the presence of the detergent 

micelle surrounding the hydrophobic part of the protein in the vicinity of the chlorophylls, 

chlorophylls inside the protein reporting the dynamics of the –OH groups of the outside 

environment is not very likely. Presence of a strong detergent effect also suggests that observed 

dynamics is that of the protein or perhaps protein-in-detergent-micelle rather than that of the 
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outside solvent. Strong quenching of Chl a monomer fluorescence in solution and the absence of 

such strong quenching in protein (the quenching possibly observed in DM-based samples is still 

two orders of magnitude weaker than quenching in water / glycerol mixture, see Figure 8B) is 

still another strong argument against chlorophyll in Cyt b6f being somehow exposed to water / 

glycerol mixture (and therefore exhibiting “glassy” dynamics). The 0.8% difference in  between 

protonated and deuterated samples may be a measure of the imperfections of our experiment or 

reflect real minor differences in sample preparation and cooling history. As shown in 44, cooling 

history may affect how far the pigment-protein systems are from thermal equilibrium and 

consequently introduce minor variations in the apparent rates of NPHB and of recovery. 

 

4.2. Intensity Effect in HGK of the Deuterated Cyt b6f Samples. The apparent NPHB 

rate may be affected by the changes in the balance between hole recovery occurring during 

burning (intensity-independent process) and burning process per se. However, in this scenario 

one would expect faster burning (as a function of J/cm2, as depicted in all our HGK figures) for 

higher intensity. The same photon numbers would be delivered in a shorter time, which should 

tilt the balance in favor of burning.  Even for 200 W/cm2 intensity (Figure 6), we are several 

orders of magnitude away from the saturating intensities. It was noticed for both CP43 14 and Cyt 

b6f in protonated environment 15 that (all other parameters, such as intensity, being the same) 

hole burning slows down with the increase of temperature, in agreement with the homogeneous 

line width increasing with temperature and the peak absorption cross-section decreasing 

accordingly. Similar behavior was observed also for Cyt b6f in the deuterated environment 

(Figure 2A).  Thus, slowdown of burning with increasing illumination intensity may be 

explained by local heating of the immediate protein environment of the chlorophyll molecules by 
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several Kelvin with respect to the “global” temperature of the sample, measured by the 

macroscopic sensor. For the proposed deuteration-dependent local heating effect to be 

observable, the bulk thermal conductivity and/or the protein / solvent interface thermal 

conductance have to be significantly lowered in the case of deuterated solvent. Deuterated 

substances generally have somewhat lower heat conductivities than their protonated 

counterparts, thus making some kind of increased local heating more plausible. Comparison of 

cryogenic-temperature data for protonated and deuterated versions of the same compound 

appears to be available only for ethanol 45, and depending on the phase the values are in the 

range between 0.1 and 1 W/m.K. The low-temperature heat conductivity of the deuterated 

ethanol is indeed somewhat lower than of the regular ethanol. Heat conductivities of either 

amorphous ice or glycerol at cryogenic temperatures are also in the range of 0.11 W/m.K 46,47.  

The data on various water / cryoprotectant mixtures as well as various tissues is available in 48 

but only down to about 120 K. However, in this range the heat conductivities of the mixtures lay 

between those of ice and pure glycerol. Similar heat conductivity values were calculated for GFP 

and myoglobin in 49. Careful analysis of a number of steady-state and dynamic scenarios (see 

Supplemental information section) indicates, however, that explaining our results requires 

several order of magnitude lower bulk heat conductivity values. The remaining possibilities 

involve higher thermal resistance of the interface between (non-modified, protonated) protein 

and deuterated outside environment, for instance due to acoustic mismatch. The calculated 

values of the interface thermal conductance between protein and water are in the 100 MW/(K.m2) 

range at room temperature 50. The cryogenic-temperature surface heat conductance data is scarce 

and usually pertains to two solid objects compressed or soldered together. For example, the 90 K 

0.2 MPa interface thermal conductance between copper and aluminum nitride is about 300 W/K 
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m2, with a strong decreasing trend towards lower temperatures 51. The values necessary to 

explain our results are on the order of 10 W/Km2. One should note, however, that for objects that 

are as small as individual Cyt b6f dimer, continuum approach to the space inside and outside the 

protein / amorphous solid interface is not sufficient, and one has to look into exact molecular 

nature of the relevant vibrations. Vibrations of proteins are quite distinct from those of three-

dimensional amorphous materials. Most vibrational modes of harmonic aqueous glass are 

extended over large volume.52,53 Most vibrational modes of a harmonic protein, however, are 

localized to a relatively small region of the protein.54-56 

 

Conclusions.  

Spectral dynamics of Cyt b6f manifesting in NPHB experiments appears to be nearly 

independent of the deuteration of the buffer / glycerol matrix containing the protein (apart from 

some differences in heat dissipation), and of the detergent employed in the isolation and 

purification procedure.  Apparent differences in NPHB and hole recovery rates between samples 

with different detergent are attributable to DM-based dimeric Cyt b6f samples featuring stronger 

electron-phonon coupling and shorter (and possibly distributed) excited state lifetime, in 

agreement with results obtained for DM-based Cyt b6f samples from other organisms by other 

groups. Two plausible explanations for spectral dynamics remain. The observed dynamics most 

likely is the genuine protein dynamics, despite the shape of the barrier distribution(s) resembling 

~ V/1 , and likely involves cooperative effects. Alternatively, but less likely one of the two sub-

distributions of barriers observed in Cyt b6f may be due to the outside solvent environment 

dynamics involving specifically the whole –OH groups. Single proton / deuteron tunneling in the 

water / glycerol environment can be safely excluded as the origin of our NPHB observations. 
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The differences in heat dissipation between protonated and deuterated samples are most 

consistent with the presence of higher interface thermal resistivity between (still protonated) 

protein and deuterated outside environment, possibly due to phonon frequency mismatch.  
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