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Single-file diffusion is the restricted propagation of particles that cannot pass each other. 
The occurrence of this phenomenon should be reflected by a change in the time de- 
pendence of the mean particle displacement in comparison with ordinary diffusion. 
Although this process is considered to be the rate-controlling mechanism in a large variety 
of processes, so far no direct evidence of this phenomenon has been provided. Diffusion 
measurements made with pulsed field gradient nuclear magnetic resonance (NMR) in 
unidimensional pore systems (zeolites AIP0,-5 and Theta-I) reflect the expected time 
dependence of single-file diffusion. 

Particle propagation in ordered systems of 
two and more dilnensions proceeds by ordi- 
nary diffusion. It is reflected by the propor- 
tionality between the observation time and 
the mean square displacement of a tagged 
particle. As soon ,as particle mo17ement is 
restricted to one dimension, substantial de- 
viations may occur. Situations of this type 
occur in unidimensional i l D )  channel svs- 
terns, which may be found in a large variety 
of substances and materials. If the channel 
radii are of the order of the diameters of the 
moving particles, the individual particles 
are unable to pass each other as a conse- 
quence of their hard-core interaction, and 
the situation may be compared with a file of 
strung pearls (1).  This effect dramatically 
reduces the translational mobilitv of anv 
individual particle, and it may be shown 
theoretically that the mean square displace- 
ment will increase only in proportion to the 
sauare root of the observation time (2).  , , 

Transport under such conditions has been 
termed sinele-file diffusion 13). " , , 

One of the most important processes in 
which single-file diffusion plays a crucial 
role is the transport of ions through biolog- 
ical membranes. In biological systems, the 
flux ratio often deviates fro111 the ideal val- 
ue expected for ionic solutions on the basis 
of the classical Nernst-Planck theory. A 

quantitative analysis of the influx or efflux 
of a species of ions through a particular area 
of the cell membrane (4) strongly suggests 
that the ions are unable to pass each other 
on their a7av throueh the channels within " 
the membranes (5).  Other examples of sin- 
gle-file diffusion are expected with diff~~sion 
in porous materials, including extremely 
narrow capillaries, synthetic membranes, 
and microporous solids. The  unexpectedly 
large activation energies that are observed 
for catalytic reactions in zeolites with a 1D 
channel structure (6) ,  which are in contrast 
to the slnall acti.r.ation energies generally 
found for transport inhibition in multidi- 
rnensional pore netalorks, are thought to be 
an immediate consequence of intracrystal- 
line single-file diff~~sion. 

In all of these cases, hoalever, the occur- 
rence of single-file diffusion has been pos- 
tulated only as a mechanism that would 
prolvide an excellent microdynamic expla- 
nation of the observed dependencies. As far 
as ale know, direct measurements of the 
proportionality between the mean square 
displacement of particle propagation and 
the square root of the observation titne 
have not been reported. We present here a 
systematic experimental study of this phe- 
nomenon in which we apply the pulsed 
field gradient (PFG) NMR method (7, 8) to 
zeolites with a 1D channel structure (9) .  
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- 
dependent processes (1 0). Because synthet- 
ic zeolites are available only as crystallites 
with maximum diameters of 10 to 100 pm, 
the possibilities of single-crystal structure 
analysis are rather limited. T o  circumvent 
the risk of ambiguity due to s t r~~ctural  pe- 
culiarities of the given sample, ale halve 
carried out studies with zeolite speci~nens 
stetnlning from quite different syntheses. 

The usefulness of PFG NMR for tracing 
single-file diffusion in zeolites has been un- 
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clear (1 1).  However, progress has been 
tnade in both the instrumentation (12, 13) 
and the data-processing (14) of PFG NMR, 
and these PFG NMR diffi~sion studies of 
methane (CH,) in AiP04-5 gi1.e clear evi- 
dence for the proportionality between the 
mean square displacenlent and the square 
root of the observation time. In these mea- 
surements, we applied the horne-built PFG 
NMR spectrometer FEGRIS 400 (12, 13), 
operating at a proton resonance frequency of 
400 MHz with field gradient amplitudes up 
to 24 T mP1. As a typical example of the 
primary experinlental data of the PFG NMR 
experiment, Fig. 1 presents the intensity 1V 
of the NMR signal (the "spin echo") as a 
filnction of the quantity (ysg)', where y 
denotes the magnetogyric ratio and S and g 
stand for the width and amplitude of the 
field gradient pulses, respectively. We com- 
pared the obsen.ed signal with that stem- 
ming frotn the gas phase above the bed of 
zeolite cwstallites. We found that the first 
steep decay is caused by the CH, molecules 
in the eas nhase between the indil.idua1 crvs- " 
tallites. Subtracting this contribution leads 
to the filled svrnbols in Fie. 1. The solid line 
indicates the best fit of the function' 

to the data points. 
Equation 1 represents the theoretical ex- 

pression for the PFG NMR spin echo atten- 
uation for 1D diff~~sion along statistically 
distributed directions (15) with a mean 
square displacement equal to (z2(t)). It is 
derived from the standard Stejskal-Tanner 
expression (1 6) with the quantity x intro- 
duced as the cosine between the channels 
and the field gradient direction. The  quan- 

o w d o 0  

[(r%~)~l(lO~ m2) 

Fig. 1. PFG NMR spin echo attenuation for CH, in 
AIP0,-5 at 293 K for a sorbate concentration of 
0.2 molecule per unit cell and an observation time 
t of 12 ms (open symbols). The filed symbols 
represent the intensity of the signal stemming 
from the intracrystaine space as estimated by 
comparison with the gas-phase signal, The solid 
line ind~cates the best f ~ t  of Eq. 1 to the data 
~ o n t s .  



Fig. 2. Moeci~lar mean square d~spacements re- 
sutng from PFG NMR self-dffuson stud~es at 
293 K w~th CH, (0 0 2 molecule per unt cell) and 
CF, (0 0 4 molecule per un~t cell) n AIP0,-5 and 
w~th CH, In theta-1 (H 0 5 molecule per unt cell) 
as a functon of the observat~on tme The broken 
l~nes ~nd~cate the dependence z2(t ) 7 t 'I2 

tity t is the obser\.ation time, which is given 
by the time span between the field gradient 
pulses (and which in the terminology of 
PFG NMR is generally denoted A) .  Here, 
the direction of molecular displacement is 
given by that of the channel systetn. The 
open symbols in Fig. 2 represent the mean 
square displacement in the channel direc- 
tion as a function of the observation time, 
determined frotn the best fit of Eq. 1 to the 
spin echo attenuation. It follows frotn this 
representation that the obser\.ed titne de- 
pendence in no way complies with that of 
ordinary diffilsion. For sufficiently small dis- 
placements, the rnean square displacement 
is fo~lnd to increase in proportion to t'12 as 
required for single-file systems. Frotn this 
part of the representation, one detertnines a 
value of F = 6 x 10-l1 tn2 s-'I2 for the 
mobility factor of single-file diffusion, where 
F is defined by the relation (1 1 )  

by analogy to the Eirstein equation for 
normal diffusion. In the case of actilvated 
jutnps, F has been predicted theoretically 
(2)  to be proportional to (1 - 0)/0, with 0 
denoting the relative occupancy. 

With increasing obsen.ation time, the 
displacements tend to increase less and less. 
This effect rnay be attrib~ltable to the influ- 

ence of transport resistances in the chan- 
nels, which become significant for displace- 
tnents 2 3  pm. This value rnay be consid- 
ered as a measure of the mean distance 
between blockages within the channels. 
This type of information cannot be obtained 
from the structure analysis by x-ray diffrac- 
tion, which is insensitive to lattice defects at 
such a low concentration. The results are 
thus complementary to the res~llts of studies 
of the accessibility of the zeolite channel 
network by polarization microscopy (17). 

The  single-particle diffusivity at infinite 
dilution corresponding to this tnobility fac- 
tor may be estimated on the basis of simple 
random-walk considerations (1 1 ). Within 
the model applied, the coefficient of single- 
particle diff~~sion may attain the order of 
l o p 4  m2 s-'. This \.slue is astonishingly 
high and exceeds the largest intracrystalline 
diffusivities obser\.ed so far in zeolites (8)  by 
fo~lr orders of magnitude. A possible expla- 
nation for this mobility enhance~nent may 
be related to the fact that earlier PFG NMR 
diff~~sion studies have generally been carried 
out with zeolites containing pore networks 
where the dissipation of motnentum for a 
particular, isolated tnolecule might be ex- 
pected to occur much faster than in straight 
1D channels. In \view of the estimates given 
in (1 1 ), the high mobility is indispensable 
for the PFG NMR rneasuretnent of tnolec- 
ular displacements in single-file systems. 

The observed time dependence of the 
tnean square displacement of CH4 in 
A1P04-5 is at \variance with recent PFG 
NMR measurements of the satne system 
(18) that have yielded 1D normal diffusion. 
In those studies, however, a much smaller 
range of observation times alas considered (t  
= 1, 4, 5, and 6 ms), where, in addition, the 
reliability of the attenuation data for t = 1 
ms is probably limited as a result of exper- 
itnental problerns inherent in PFG NMR 
tneasurelnents for short observation times 
(7, 13). From a mere co~nparison of the 
diameters of the tnolecules [0.38 nm (19)] 
and the channels [0.73 nm (9)],  it clearly 
cannot be excluded that the A1P04-5 struc- 
ture does permit a mutual passage of the 
C H 4  tnolec~lles within the channels. In this 
case, the observed t1I2 dependence could as 

Table 1. Results of the PFG NMR measurement of molecular diffusion in a variety of zeolites with a 1 D 
channel structure at 293 K. The host zeolites are described in the reference listed in the first column. 

Mean 
Guest-host crystal Concentration Range of 

(molecules per observation F 
system length 

un~t cell) times (ms) ( m ~ % - l / ~  ) 
(km) 

SCIENCE VOL. 2 7 2  3 MAY 1996 

well result if the chosen observation times 
were within the trarsition range between 
unrestricted normal diffusion and restricted 
diff~~sion. 

In order to exclude such a possibility, 
we have investigated a variety of adsor- 
bate-adsorbent systetns (20) .  These studies 
have included both a reduction of the 
channel diameter [0.44 to 0.55 nln for 
theta-1 (9)] and an enhancement of the 
tnolecular diameter [0.47 nm for tetrafluo- 
somethane (CF4) (19)].  In all cases, the 
measured rnean square displacements were 
found to folloal Eq. 2. Two typical exam- 
ples are included in Fig. 2. As expected, 
both an increase in the molecular diarne- 
ter and a reduction in the channel diam- 
eter effect a reduction of the mobility 
(Table 1). Taken together, these results 
constitute direct e\.idence of single-file 
diffusion in zeolites with a 1D channel 
structure. 
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Photoinduced Magnetization of a 
Cobalt-Iron Cyanide 

O. Sato, T. lyoda, A. Fujishima,* K. Hashimoto* 

Photoinduced magnetization was observed in a Prussian blue analog, K02Co14 

[Fe(CN)6]-6.9H2v 2 0. An increase in the critical temperature from 16 to 19 kelvin was observed 
as a result of red light illumination. Moreover, the magnetization in the ferrimagnetic region 
below 16 kelvin was substantially increased after illumination and could be restored almost 
to its original level by thermal treatment. These effects are thought to be caused by an 
internal photochemical redox reaction. Furthermore, blue light illumination could be used 
to partly remove the enhancement of the magnetization. Such control over magnetic 
properties by optical stimuli may have application in magneto-optical devices. 

The design of molecule-based compounds 
exhibiting spontaneous magnetization with 
high critical temperature, Tc, is one of the 
main challenges in molecular materials sci­
ence. Compelling results have recently 
been reported {1-11). Current research in 
this field aims not only to improve magnet­
ic properties, but also to achieve unusual 
properties, which to date have not been 
realized in magnets. Our objective is the 
production of magnets with magnetic prop­
erties that can be controlled by external 
stimuli (Fig. 1). We previously reported an 
electrochemically tunable molecule-based 
magnet (12). Another possibility is the in­
duction of a magnetic phase transition by 
optical stimuli. This subject is of consider­
able importance because the photon mode 
allows access to a variety of different types 
of materials with high speed and superior 
resolution. We now report photoinduced 
magnetization changes observed in a co­
balt-iron cyanide. 

A photoinduced memory effect can be 
triggered by an electronic excitation in a 
given material that induces the rearrange­
ment of the lattice, resulting in the forma­
tion of a new phase after relaxation (13). 
This new phase may have modified magnetic 
properties. The material we chose in our ex­
periments was a cobalt-iron cyanide-based 
Prussian blue analog. A compound with a 
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stoichiometryofCon
3[Fein(CN)6]2 (Tc = 14 

to 15 K) has already been reported (14-17). 
The reaction of K3Fe in(CN)6 and ConCl2 

in aqueous solution produces a dark purple 
precipitate (18). Elemental analysis yields 
the formula K02CoL4[Fe(CN)6]-6.9H2O 
(19), hereafter designated as compound 1. 
The powder x-ray diffraction pattern was 
consistent with a face-centered cubic struc­
ture (unit cell parameter = 10.28 A) (Fig. 
1). The optical absorption spectrum is 
shown in Fig. 2. The infrared (IR) spectrum 
measurement at 12 K in the region from 
2000 to 2200 c m - 1 showed three peaks: a 
strong peak at 2162 cm - 1 , a weak peak at 
2116 cm - 1 , and a shoulder at 2097 cm - 1 . 
The CN stretch for CoI1

3[FeIII(CN)6]2 was 
observed at 2160 cm - 1 , whereas that for 
Con

2[Fen(CN)6] was observed at 2085 
c m - 1 (16). The peak at 2116 cm - 1 appears 
when K+ is included in the compounds. 
Thus, we think that the peak at 2162 cm - 1 

is due to the stretching of CN in Fem-CN-
Co11 links at positions where no K+ ion is 
located in interstitial sites, and the peak at 

2116 c m - 1 can be assigned to the stretching 
of CN groups that surround K+ ions. The 
relatively low frequency of the CN stretch 
(2116 cm - 1 ) indicates that the oxidation 
states of the metals in Fe-CN-Co moieties 
exhibiting this frequency can be expressed 
as Fen-CN-Com. The peak at 2097 c m - 1 is 
probably due to the CN stretch of Fen-CN-
Co11 moieties, but this is not clear at 
present. Magnetic properties were investi­
gated with a superconducting quantum in­
terference device (SQUID) magnetometer 
(Quantum Design MPMS-5S). The product 
of the molar magnetic susceptibility and 
temperature, XM^> versus T plot first de­
creased upon cooling and then increased at 
lower temperatures, indicating a short-range 
antiferromagnetic interaction between 
paramagnetic centers bearing different 
numbers of unpaired electrons (ferrimag-
netism). The X M _ 1 v e r s u s T plots became 
almost linear in the paramagnetic region 
below 150 K. The Curie constant, C, and 
the Weiss constant, 9, were 3.4 cm3 mol - 1 

K and — 8 K, respectively. The field-cooled 
magnetization (FCM) versus temperature 
plots at H = 5 G displayed an abrupt break 
at Tc = 16 K. The field dependence of the 
magnetization yielded a magnetization at 5 
T of about 2.2 Bohr magnetons per 
K02Co14[Fe(CN)6]-6.9H2O moiety. 

A Hg-Xe lamp was used as the light 
source in the investigation of the photoin­
duced magnetic effects. The filtered red 
light (660 nm with 50-nm half-width, 3.5 
mW/cm2) was guided by optical fiber into 
the SQUID magnetometer for illumination 
of the sample. Upon irradiation at 5 K, the 
magnetization at 5 G increased rapidly and 
then gradually saturated after several tens of 
minutes (20). The enhancement effect per­
sisted for periods of several days at 5 K. The 
FCM was measured as a function of temper­
ature before and after light illumination at 5 
K (Fig. 3). The Tc after the irradiation was 
about 19 K, which was 3 K higher than the 
Tc of the material before illumination. Fur­
thermore, the magnetization was substan­
tially enhanced in the entire temperature 
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Fig. 1 (left). (A) Control of spins in magnetic materials. (B) Unit cell of compound 1. Interstitial K+ ions, 
water molecules, and defects in the unit cell have been omitted for clarity. Fig. 2 (right). Optical 
absorption spectrum of compound 1. 
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