
A br eakthr ough wi t h 
gr eat  potent ial
The Donnan electrical potent ial arises 
from an imbalance of charges at the 
interface of a charged membrane and a 
liquid, and for more than a century it  
stubbornly eluded direct measurement. 
Many researchers had even writ ten off 
such a measurement as impossible. Now, 
using ambient-pressure x-ray 
photoelectrion spectroscopy (APXPS) at 
the ALS, scient ists direct ly measured the 
Donnan potent ial for the first  t ime. 

The ability to probe the characterist ics of 
this potent ial at  membrane-solut ion 
interfaces could yield new insights in 
biology, energy science, and materials 
science. For example, the Donnan potent ial 
plays a crit ical role in biological funct ions 
ranging from muscle contract ions to neural 
signaling. Energy storage and water 

purificat ion using ion exchange membranes 
(IEMs) are also important applicat ions 
involving the Donnan potent ial.

Select ive membr ane 
per meabi l i t y
A key step for many chemical and biological 
systems is the select ive transport of mobile 
ions in a liquid across a semi-permeable 
charged membrane. In 1911, Brit ish-Irish 
chemist Frederick Donnan postulated a 
mechanism for this phenomenon. When a 
membrane containing fixed ions reaches 
equilibrium with an electrolyte solut ion, 
counter-ions from the solut ion (with 
charge opposite that of the membrane?s 
fixed ions) are electrostat ically pulled into 
the membrane, while co-ions (which have 
the same charge as the fixed ions) are 
repulsed. The result ing unequal 
distribut ion of ions generates an electrical 

potent ial (the Donnan potent ial) that acts 
to exclude co-ions from entering the 
membrane. However, the inability to 
direct ly measure this potent ial has 
constrained advances that rely on an 
accurate and precise understanding of the 
transport phenomena.

Measur ing t he ?unmeasur able?
About 10 years ago, ALS scient ists 
combined APXPS? a technique pioneered 
at the ALS? with higher-energy x-rays. In 
the work described here, the researchers 
used such higher-energy ?tender? x-rays (4 
keV) at Beamline 9.3.1 to enable 
photoelectrons emitted from a buried 
interface region to pass through dense 
liquid and solid phases for detect ion. Unt il 
recent ly, the ALS was the only place in the 
world where this could be done at a 
solid-liquid interface.The samples 
consisted of a commercial IEM dipped 

Scient i f ic 
Achievement
At the Advanced Light Source (ALS), 
researchers performed the first  
direct measurement of the Donnan 
electrical potent ial, which arises 
from an imbalance of charges at 
membrane-solut ion interfaces. 

Signi f icance 
and Impact
Considered unmeasurable for over a 
century, the Donnan potent ial is 
relevant to a wide range of fields, 
from cell biology to energy storage 
and water desalinat ion.

Left : Schemat ic of the x-ray experiment . Right : The presence of fixed ions inside a membrane 
generates an elect rochemical potent ial gradient  (the Donnan potent ial) that  leads to more 
counter-ions (with charge opposite that  of the fixed ions) diffusing from the solut ion to the 
membrane relat ive to co-ions (which have the same charge as the fixed ions).

Fir st  Dir ect  Measur ement  of 
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into monovalent and divalent aqueous 
salt  solut ions (NaCl and MgCl2). The 
membranes were pulled from the solut ion, 
leaving a thin layer of solut ion about 17?20 
nm thick. These were then measured under 
equilibrium condit ions using tender x-rays. 
To help validate the experiments, team 
members compared the measured Donnan 
potent ial values to simulated 
thermodynamic models. 

Next  level unlocked
By detect ing shifts in the binding energies 
of membrane-related core levels, the 
experiments direct ly revealed how the 
Donnan potent ial depends on external 
salt  concentrat ion and counter-ion 
valence. In addit ion, the researchers 
showed that the classic Donnan model 
assuming ideal behavior fails to predict 
experimentally measured Donnan 
potent ials, while an improved model 
(Donnan/Manning) incorporat ing some of 
the thermodynamic nonidealit ies shows 
reasonable correlat ion. 

In the future, the researchers plan to 
explore more complex membrane-
electrolyte systems, with improvements in 
the experimental set-up that will enhance 
the spectral resolut ion and signal-to-noise 
rat io. Overall, the work establishes a 
foundation for direct ly studying ion 
transport across charged-membrane 
interfaces, unlocking previously 
inaccessible fundamental propert ies, 
especially for systems deviat ing from ideal 
behavior that have been challenging to 
address theoret ically due to limitat ions in 
current models.
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Representat ive (a) O 1s and (b) S 1s core-level APXPS spectra from commercially available cat ion 
exchange membranes with negat ively charged sulfonate groups, equilibrated with different  
concentrat ions of NaCl solut ions (GPW = gas phase water; LPW = liquid phase water). (c) Averaged S 

1s binding energy and the corresponding Donnan potent ial values as a funct ion of the external 
solut ion concentrat ion. The binding energy was calibrated using bulk LPW.
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