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matrix material and whose red fluorescence 
lights up the porous matrix. Optical 
detection of this signal makes the approach 
easily applied in situ, where catalysts can be 
interrogated under reaction conditions.

Using this differential fluorescence 
staining approach, Weckhuysen and co-
workers analysed the acidity of individual 
FCC catalyst particles that were freshly made 
or were treated in ways that mimicked the 
deactivation processes they undergo in an 
industrial FCC unit, such as coke formation, 
metal deposition and hydrothermal ageing. 
They directly visualized and mapped the 
acidity of individual zeolite domains in 
each catalyst particle, and uncovered large 
heterogeneity in the acidity within each one 
and among different particles, as well as at 
every stage of the deactivation process; none 
of this information is available in ensemble-
averaged measurements. The deactivation 
processes were found to lead to loss of strong 
acid sites in individual zeolite domains, 
whereas access to the zeolite domains through 
the matrix material stayed unchanged.

More excitingly, the loss of strong acid sites 
at the single-particle level is directly correlated 
with the loss of the catalysts’ activity in 
catalytic cracking. This correlation makes 

acidity mapping by fluorescence confocal 
microscopy a viable approach for diagnosing 
the cracking activity of individual catalyst 
particles, including for those catalyst particles 
taken from an industrial FCC reactor. Such a 
reactor contains a huge mixture of unequally 
deactivated catalysts as well as fresh ones that 
are continually added to compensate for the 
catalyst deactivation. With a small amount of 
sample, one can now screen the effectiveness 
of the catalyst particles from various parts of a 
reactor bed and at various stages during their 
usage in an industrial process.

The fluorogenic reaction approach further 
opens a way to push the spatial resolution 
down to the nanometre scale. Traditional 
fluorescence confocal microscopy has a 
diffraction-limited resolution of about 
half-a-micrometre; it cannot see catalytic 
domains that are nanometres in dimension, 
but which could be highly active. The 
fluorogenic reaction offers a natural bridge 
towards single-molecule fluorescence 
imaging of catalysis, which has a spatial 
resolution down to ~20 nm owing to the 
super-resolution imaging analysis2–7.

The current results have uncovered 
large heterogeneity in the deactivation of 
individual particles and catalytic domains. 

But how the individual particles and 
domains deactivate in real time is unclear. 
Do domains and particles that are more 
active deactivate faster or slower? Real-time 
measurements, while the catalyst particles 
are operating, are needed to investigate the 
mechanism of deactivation. With clever 
designs of reactor cells, real-time optical 
detection should be possible. Although still 
early to say how we can use this knowledge 
to improve FCC catalysts, a petroleum 
engineer would definitely like to have a tool 
that can pinpoint the activity in a single 
catalyst particle with nanometre resolution 
in real time. ❐
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Adenosine triphosphate (ATP) is the 
most common free-energy carrier 
in the biosphere. Its synthesis, first 

suggested by Mitchell1, involves two sets 
of membrane-bound enzymes — one 
(proton pumps) creating a transmembrane 
proton gradient and the other (ATP 
synthase) consuming this potential to drive 
ATP synthesis.

The general acceptance of this scenario 
sparked interest in the behaviour of protons 
at the membrane/solution interface2,3 
— a very narrow layer, only a few water 
molecules across, where protons are released 
and consumed. Monitoring such proton 
dynamics is extremely difficult3 because of 
the proton’s high diffusivity: unlike other 
ions, protons (and hydroxyl ions) do not 
propagate in water by mass transport. Rather, 
they diffuse by the Grotthuss mechanism, 

where the rearrangement of covalent and 
hydrogen bonds around the solvated proton 
propagates the protonic charge4. Even faster 
proton translocation from acidic to basic 
moieties at close proximity can occur along 
ordered chains of water molecules (‘water 
wires’) connecting them, by a concerted 
multi-proton tunnelling mechanism, leading 
to an inverse temperature effect for the rate 
function for traversing the wire5.

In respiratory membranes, the high 
density of proton-pumping proteins can 
generate a local state of quasi-equilibrium, 
and the resulting ‘localized pH gradient’ may 
be in disequilibrium with the surrounding 
solution. This depends on the rate of proton 
pumping, on the presence of mobile buffers 
in solution and, to a large extent, on the 
buffer capacity of the surface itself. Junge 
and McLaughlin provided6 a general theory 

for diffusion in the presence of both mobile 
and fixed buffers — fixed ones including 
the anionic (phosphate) head-groups of 
the lipids, and other molecules that can 
be protonated and are embedded in the 
lipid bilayer. If protons were transferred 
predominantly by fixed buffers, the protons’ 
lateral diffusion rate would diminish by 
several orders of magnitude as compared with 
water, commensurate with their pKa value.

Protons pumped by bacteriorhodopsin, 
however, have been observed to diffuse 
laterally on the surrounding membrane 
surface about as fast as in water7. Moreover, 
they were detected in solution considerably 
after their arrival at target membrane 
sites, suggesting that protons are somehow 
retained on the surface for a long time.

Now, building on their earlier 
experimentation8, Peter Pohl and co-workers9 
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Proton fronts on membranes
Proton migration on membranes is a crucial step in the bioenergetics of the cell. It has typically been regarded 
as slow successive proton transfers between ionizable moieties within the membrane, but recent measurements 
suggest fast lateral diffusion in the membrane’s hydration layer.
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describe in the Proceedings of the National 
Academy of Sciences USA the implementation 
of a technique suitable for monitoring proton 
dispersion on membranes over mesoscopic 
dimensions (50–120 μm). These experiments, 
more quantitative than previous ones, were 
performed on three different phospholipid 
membranes (PC, GMO and PE in Fig. 1), 
whose proton affinities vary by 7 pKa units. 
The membranes were impregnated with lipid-
bound fluorescein (~1/60 on a molar basis), a 
photoexcitable pH indicator with a pKa of 8.5. 
Its fluorescence under visible light decreases 
when the local proton concentration increases. 
In addition, a cage-proton compound was 
adsorbed onto each membrane that rapidly 
dissociates to produce protons on excitation 
by ultraviolet light. The membranes were 
immersed in aqueous solutions containing 
100 mM salt and a low concentration 
(0.1 mM) of mobile buffer (pH = 9).

The measurements were carried out using 
two rectangular light sources of differing 
wavelengths. Protons were produced by 
ultraviolet irradiation on one patch, travelled 
across the membrane, and were monitored 
by the decrease in fluorescein emission from 

the second rectangle (a distance r away), 
which was illuminated by visible light. In 
spite of the vastly different pKa values for the 
three membranes, the maximal fluorescence 
change occurred at roughly the same time 
(Fig. 1), indicating that protons do not 
migrate by transferring between fixed buffer 
moieties. The fast times to peak correspond 
to diffusion coefficients similar to those in 
water. Yet, if protons were diffusing in the 
bulk, they would rapidly disperse in the 
three-dimensional volume without giving 
rise to an observable signal. Hence Pohl and 
collaborators concluded that they diffuse in 
the membrane’s hydration layer. This means 
that there is a substantial barrier preventing 
protons from leaving the surface — but if it 
does not arise from protons binding to the 
fixed buffers, its origin remains a mystery.

To address this type of diffusion data 
quantitatively, researchers have striven to 
solve the coupled two- and three-dimensional 
diffusion equations for membrane and bulk, 
respectively2,9. Considering that, on nanoscale 
dimensions, surface diffusion is approximately 
decoupled from the bulk10, we suggest here a 
‘pedestrian’ model for the kinetics.

The two rectangular patches are parallel 
to each other, reducing the dimensionality of 
the system. We thus solve a one-dimensional 
diffusion equation for the proton surface 
density, σ(x,t), at time t along the line (x) 
connecting the two illuminated patches. 
In addition, we assume proton depletion 
by some unimolecular process (rate 
parameter k), such as escape to the bulk or 
neutralization by the soluble buffer: 

D –kσ(x,t)
∂t

∂σ(x,t)
=

∂x2

∂2σ(x,t)
 

This equation is easily solved to fit the data 
in Fig. 1 (see figure for more details) and 
determine the lateral diffusion coefficient, D. 
We find that it increases weakly with 
increasing pKa, but only by a factor of 2 
rather than the 107 expected in the case of  
migration through fixed buffers. Moreover, 
for the most water-ordering membrane (PE), 
D is larger than in the bulk. Diffusion in two 
dimensions (that is, allowing also motion in 
the bulk perpendicular to the membrane) 
does not fit the data (see dashed line in 
Fig. 1). This supports fast proton diffusion 
along the membrane surface.

When the experiments were repeated9 
in D2O instead of H2O, D was slowed by a 
factor of about 5, compared with a kinetic 
isotope effect of 1.4 for proton mobility in 
water4. Both the ultra-fast diffusion and 
this abnormally high isotope effect can be 
interpreted as indicative of proton migration 
along water-wire segments5.

At short times, however, none of the 
diffusion models discussed above fit the 
data satisfactorily. Its examination on a 
log–log scale (Fig. 1 inset), which was not 
reported by Pohl and co-workers, reveals 
that the signal rises abruptly (at about 
20 ms) rather than gradually as predicted. 
This could be an experimental artefact, 
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Figure 1 | Time-resolved fluorescein-derivative signal for proton migration on three membranes: 
diphytanoyl phosphatidylcholine (PC, pKa ≈ 2.2), glycerolmonoleate (GMO, pKa ≈ 8.5), and diphytanoyl 
phosphatidylethanolamine (PE, pKa ≈ 9.6), in a solution containing 0.1 mM CAPSO buffer (pH = 9). The 
solution of the diffusion equation subject to the initial condition σ(x,0) = Aδ(x), a Dirac delta function 
of strength A, is a Gaussian multiplied by a decaying exponential, as shown in the inset. The observed 
fluorescence signal is F(t) = Fmax– σ(r,t) , where r = 70 μm is the distance between the illuminated 
rectangles, and Fmax the maximal fluorescence intensity at pH 9. Our fits (black lines) give D = 6.0, 8.5 
and 12.0 (10–5 cm2 s–1) and k = 0.43, 0.36 and 0.15 s–1, for PC, GMO and PE, respectively. In comparison, 
D = 9.3 × 10–5 cm2 s–1 for protons in bulk water. The dashed magenta line corresponds to two-dimensional 
diffusion (dividing the equation in the inset by t1/2) with k = 0 and D = 6.5 × 10–5 cm2 s–1. Data adapted 
from Fig. 2 of ref. 9 (PC and GMO were interchanged there), courtesy of P. Pohl. 

Figure 2 | A schematic model for front formation, 
where the spheres represent the protons, forming 
a proton front that can be compared to marbles 
spreading on a corrugated surface. For simplicity, 
dispersion to the bulk is excluded from the cartoon.
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For much of the past 50 years, some of the 
most challenging endeavours in organic 
chemistry have involved the stepwise 

synthesis of the molecular structures of 
nature1. Some of these endeavours have had 
the express aim of exploring the biological 
function of the target natural products; 
others have been driven by the appeal of their 
unusual structural features. Recent years have 
seen the growth of a new theme in synthesis 
— not so much that of natural products but 
of natural functions2,3. The challenge here is 
to recreate in the laboratory molecules that 
have the same functional features as complex 
biological systems without necessarily having 
the same structural complexity — to strip 
down these complex biological systems to 
their bare essentials.

Molecules known as foldamers, for 
example, have been used successfully by 
chemists to mimic the orientational and 
hence binding characteristics of biomolecules, 
but replacing the metabolically degradable 
peptide or phosphate linkages with stable 
alternatives such as aromatic amides or ureas4. 
Likewise, chemists have made molecules 
that modulate their properties in response 
to light5,6, or change shape in the presence of 
metal ions7. Examples include ion channels 
that can be opened or closed in response to 
external stimuli8, and structures capable of 
mimicking the sliding action of actin and 
myosin in muscles9 or unidirectional rotation 
in the manner of a bacterial flagellum10,11. 
Although some of these structures are 
remarkable synthetic achievements, none of 
them have the structural complexity typical 
of their functional analogues in biology. 

In carefully chosen cases, the ingenuity of 
chemists can be a fair match for nature despite 
her ownership of the workings of protein 
synthesis and a 3.5-billion-year head start.

One theme that emerges from the 
synthesis of these biomimetic molecular 
devices is the way that, for all the advances 
made by synthetic chemistry in the field 
of stereocontrol (diastereoselective and 
asymmetric synthesis) over the past decades, 
nature still has a huge lead when it comes to 
the ability to control conformation, especially 
over distances of nanometres or more12. 
Writing in Nature Chemistry, Eiji Yashima 

and co-workers now report13 a synthetic 
molecule that also displays the ability to relay 
conformational effects over considerable 
distances on the molecular scale14.

The octahedral tris-bipyridyl iron(ii) 
complex at the core of their structure can 
exist in two chiral conformations that each 
have distinctive circular dichroism signatures, 
and it therefore behaves as a reporter of 
local chirality. Six peptide chains, made of 
oligomers of quaternary achiral amino acids, 
extend out from the octahedral core, two 
from each bipyridyl unit, and act as antennae 
through which conformational information 

MOLECULAR DEVICES

Communicating chirality
Conformational control can be used to transmit information in the form of chirality over relatively long molecular 
distances and could be the key to the preparation of minimalistic synthetic mimics of biological systems.

Jonathan Clayden

Figure 1 | Stereochemical induction in an iron(ii) complex. A single l-valine residue, distant from the metal 
centre, induces formation of a right-handed helix in a helicogenic peptide tetramer, and this chirality is 
further transferred to the chiral arrangement of the 2,2-bipyridyl ligands around the metal centre.
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but might also depict physical reality. If 
so, what could be its origin? We suggest 
that the protons are dumped like a pile of 
marbles on a corrugated surface (Fig. 2). The 
excess protons propagate as an advancing 
front, saturating all fixed buffer sites on 
their way, and allowing the protons that 
follow to advance unhindered. This would 
also explain the relative insensitivity to the 
nature of the fixed buffers.

Do ‘proton fronts’ really evolve on 
membranes, and does proton transport on 

membranes show substantial deviations 
from the classical diffusion equation at 
short times? These are certainly intriguing 
questions that advanced experimentation 
could aim to answer. ❐
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