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the exciton diffusion length, which is typi-
cally about 5–10 nm. [ 6 ]  The advantage of 
a bilayer structure is, however, that the 
transport paths of the generated electrons 
and holes are separated because they are 
confi ned to the donor and acceptor layers, 
respectively. This eliminates bimolecular 
charge recombination except within a thin 
interfacial layer which greatly simplifi es 
the analysis of photocurrent data, pro-
vided that the donor–acceptor interface is 
sharp. [ 7 ]  donor–acceptor bilayers can be 
made by spin coating using orthogonal 

solvents to prevent intermixing or by vapor phase deposition 
of the acceptor onto the donor fi lm. To estimate whether or 
not the interface formed is abrupt requires knowledge on how 
rapidly C 60  diffuses within the polymer fi lm. Even though a 
detailed understanding on the diffusion properties of acceptor 
molecules such as C 60  is essential to analyze bilayer cells, to 
optimize bulk heterojunction cells or to even fabricate cells 
with graded donor–acceptor interfaces, only limited informa-
tion is available on the diffusion of C 60 , and even less is known 
about ways to control and to reduce its diffusion. [ 3–5 ]  

 Measurements of the diffusion of molecules through a 
poly mer fi lm can be experimentally demanding. They often 
probe the motion of a tracer molecule on a microscopic rather 
than a macroscopic scale in order to monitor molecular motion 
near the glass transition. Examples are forced Rayleigh scat-
tering or fl uorescence correlation spectroscopy. [ 8 ]  Secondary ion 
mass spectroscopy on isotopically labeled diffusion particles 
allows monitoring particle diffusion on a macroscopic scale. [ 3,4 ]  
While this method has been applied successfully to PCBM, it is 
experimentally demanding and it is limited to compounds that 
can be deuterated easily. For example, it cannot be applied to 
bare C 60  because deuteration is not possible. In order to circum-
vent this limitation we developed an optical technique that is 
derived from studies of charge transport in an organic semicon-
ductor and that is known as the time-of-fl ight (TOF) technique. [ 9 ]  
In a conventional TOF experiment, charge carriers are injected 
from one electrode—either optically or electrically—and move 
towards an exit electrode. The associated time-dependent con-
ductivity is monitored, with a drop in conductivity indicating 
the arrival of the charges at the exit electrode. The arrival time 
then gives a measure for the carrier mobility. 

 One can adapt this technique to measure the diffusion 
of neutral C 60  molecules or any other acceptor molecule by 
replacing the exit electrode with a fl uorescent sensing layer. For 
this, a quartz substrate carrying a thin layer of a fl uorescence 
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 The diffusion of fullerenes such as C 60  and PCBM in organic semiconduc-
tors is a key factor in controlling the effi ciency of organic solar cells, though 
it is challenging to measure and to control. A simple optical method based 
on photoluminescence quenching is developed to assess the diffusion of 
a quencher molecule such as C 60  through a semiconducting polymer fi lm, 
in this case made with the polymer polyfl uorene. When the mobility of the 
polymer chains is reduced by chemical crosslinking, the diffusion coeffi cient 
of C 60  can be reduced by up to three orders of magnitude. 

  1.     Introduction 

 Due to their high electron affi nity C 60  and its derivatives, such 
as PCBM, are prototypical electron acceptors used in organic 
solar cells in which conjugated polymers are employed as elec-
tron donors. Usually the active layer is a bulk donor–acceptor 
heterojunction that can be prepared by simple spin-coating. 
Due to the intermixing of donor and acceptor, all optical exci-
tations can be harvested by exciton diffusion towards the 
internal donor–acceptor interface. It is commonly assumed 
that in course of fi lm deposition the fullerene forms domains 
whose size and structure depend on way how the solvent used 
in fi lm formation is evaporated and on fi lm annealing. [ 1 ]  These 
processes are controlled by the diffusion of the fullerene. [ 1–5 ]  
Alternatively, organic solar cells can also be fabricated in the 
form of donor–acceptor bilayers. The disadvantage of such 
bilayer diodes is that only light absorbed close to the donor–
acceptor interface can contribute to the photogeneration of 
charges. The layer thickness of this interface corresponds to 
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probe is covered with a layer of the material to be investigated, 
the “transport material”. Finally a thin layer of C 60  is deposited 
on top of the transport layer. When C 60  molecules are “injected” 
to the transport layer by a sudden increase in temperature they 
diffuse towards the sensing layer and will eventually quench 
the sensor's fl uorescence because C 60  acts as a sink for optically 
excited sensor excitons due to transfer of the exited electron of 
the chromophore. The drop in the fl uorescence of the sensor 
layer observed at a certain time is therefore a measure of the 
time required for the C 60  to traverse the transport layer. To sup-
press the diffusion of the C 60  through the transport material, in 
our case a polyfl uorene polymer, it is necessary to reduce the 
mobility of the polymer chain. For this, we have incorporated a 
well-controlled amount of acrylate moieties into the side-chain 
of the polyfl uorene that crosslink with adjacent moieties upon 
illumination with UV light. The observation of an increased 
arrival time of the C 60  in a transport layer of the crosslinked 
polyfl uorene indicates that the resulting network of polymer 
chains reduces the diffusivity of the C 60  dramatically.  

  2.     Results and Discussion 

 The experimental approach is detailed in  Figure    1  . The con-
dition that such an experiment can work is that the incident 
light must only excite the sensor layer rather the transport 
layer. In the present case this is realized by combining poly-
fl uorene (PF2/6) as a transport layer with a 15–17 nm thick 
MEH-PPV fi lm as a sensing layer. PF2/6 absorbs in the ultravi-
olet spectral range from about 400 nm to shorter wavelengths 
while MEH-PPV can already be excited at longer wavelength 
down to the red spectral range. The thickness of the transport 
layer ranged from 0.4 µm to 4.2 µm. A 30 nm thick C 60  layer 
is vapor deposited onto one half of the transport layer using a 
shadow mask. The C 60 -free cell compartment serves as a refer-
ence (control) cell. The sensor layer is excited by a diode laser 
once in the probe area and once in the control area, and the 
photoluminescence of the MEH-PPV sensor in each area is 
detected with a CCD camera using fi ber optics. Due care was 
taken to ensure that incident light intensities impinging on 
both probe and control sample areas are equal. This is illus-
trated in Figure  1 a. The emissions from the probe area and the 
reference area have been recorded always immediately after 
each other for each data point using a shutter arrangement 
in the laser beam. Normalizing the emission coming from 
the probe cell compartment to that of the reference cell com-
partment provides, therefore, a measure for the quenching of 
sensor singlet excitons due to C 60  molecules arriving at the 
sensor surface. The cells have always been measured immedi-
ately after fabrication.  

 Within the time-frame of the experiment, we observe no 
change in the sensor emission over time when the probe and 
reference area are compared at room temperature (Figure  1 a). 
However, when the sample was heated to above room tempera-
ture, a distinct, sudden drop in sensor emission can be seen 
in the probe area at some time after the increase in temper-
ature (Figure  1 b). This is detailed in Figure  1 c, with the tem-
perature ramp indicated in the upper part of Figure  1 c and 
the fl uorescence intensity from the probe area displayed by 

the blue circles. The fl uorescence in the control area decreases 
only marginally after heating as indicated by the black triangles. 
The red, solid curve is the time dependence of the sensor fl uo-
rescence of the presence of a C 60  layer on top of the transport 
layer, normalized to the fl uorescence in the absence of C 60 . One 
notices that there is a minor increase of the sensor emission 
once the sample temperature is equilibrated. The likely reason 
is that sample heating reduces somewhat the internal refl ection 
of the incident light due to smoothing of the interface between 
C 60  and the transport layer, or between transport and sensing 
layer. After the initial heating step the sensor emission is fi rst 
constant until it features a kink at a certain time, designated 
as the arrival time  τ  arr . This is an indication that a suffi cient 
number of C 60  molecules reach the sensing layer so that its 
fl uorescence becomes quenched. This is reminiscent of the 
kink observed in a time of fl ight signal in a transient photo-
conductivity experiment noting, however, that in the electrical 
case there is a superimposed drift current that is absent when 
neutral molecules diffuse across a transport layer. As expected, 
 τ  arr  decreases with increasing temperature (vide infra). 

 Diffusion theory predicts that the diffusion length  L  of parti-
cles is related to the diffusion coeffi cient and the time via

    L ZDt=   (1) 

 with  Z  = 6, 4, or 2 for three-, two-, or one-dimensional diffu-
sion, respectively. [ 10 ]  Since in this experiment the diffusion 
length is identical with the sample thickness one would expect 
that the arrival time  τ  arr  should scale with  L  2 / D . As can be seen 
in  Figure    2  , however, this is only fulfi lled for PF2/6 fi lms that 
are thicker than 1 µm. For thinner samples the arrival time 
is—within the experimental uncertainty—independent of 
layer thickness. The data pertaining to the crosslinked deriva-
tive PF2/6-A-75:25, also shown in Figure  2 , shall be discussed 
further below. We shall fi rst focus on understanding the dif-
fusion in common, non crosslinked PF2/6. Obviously, in thin 
PF2/6 fi lms the arrival time of C 60  is not controlled by the time 
needed for C 60  molecules to diffuse from the “injection” layer 
through the transport layer to the sensing layer. Since that time 
decreases by a factor of 50 upon increasing the sample tem-
perature from 353 K to 433 K it cannot be associated with the 
equilibration time of the sample after the temperature jump 
(as the time for the sample to equilibrate should increase with 
increasing temperature rather than decrease). The constant 
arrival time for thin fi lms must either be due to temperature 
activated detachment of C 60  molecules from the “injection” 
layer or to their incorporation into the sensor layer. Although 
C 60  transport through the polymer is diffusion-controlled, the 
arrival time in fi lms thinner than 1 µm is determined by other 
processes. It turns out that in both cases, that is, for thin and 
for thick samples, the reciprocal arrival time features an Arrhe-
nius-type of temperature dependence indicating that both, 
the diffusion of C 60  through the transport layer as well as the 
injection or incorporation of C 60  are thermally activated rate 
processes.  Figure    3   shows data for the temperature depend-
ence of the reciprocal arrival times for a 420 nm and a 700 nm 
PF2/6 fi lm. Within experimental uncertainty the results are 
identical for both thicknesses and yield an activation energy 
of 0.93 ± 0.08 eV. In contrast, the activation energy for the 
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reciprocal arrival in a 2700 nm thick PF2/6 fi lm is 0.65 ± 
0.05 eV. It must refl ect the thermally activated diffusion of C 60  
through the fi lm.   

 Analysis of the above C 60  diffusion experiments requires 
more detailed information on the arrival time. The excitons 
in the sensor layer are quenched when a suffi cient number of 
C 60  molecules have migrated through the PF2/6 polymer fi lm, 
accumulated at the interface and subsequently dope the sensor 
layer. This quenching process involves long range diffusion of 
a singlet exciton in the sensitizing MEH-PPV layer and short 

range electron transfer from the excited singlet state of MEH-
PPV to C 60 . It can be treated in the concept of random walk of 
excitons in an organic solid containing a fractional concentra-
tion  c  of traps. [ 11 ]  If  k  f  is the rate constant for fl uorescence decay 
of the undoped host and  v  the rate constant of exciton hopping 
towards traps, the fl uorescence yield is
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 Figure 1.    Illustration of the experimental procedure. a) In the control cell (1) and the sample cell (2) the fl uorescence of the MEH-PPV sensor layer, 
excited by a diode laser-shutter unit (L-S) (485 nm), is separately recorded by a CCD camera. At room temperature the cw-fl uorescence intensity is 
virtually constant with time. b,c) After heating up the sample within a time interval of 5–10 min to a variable operation temperature, C 60  molecules 
begin to diffuse. While in the control cell the sensor fl uorescence decreases only marginally (black triangles), it features a kink in the sample cell at a 
time (blue circles). This kink will be designated as the arrival time of the C 60  molecules. The red solid line gives the temporal evolution of the sensor 
fl uorescence in the probe cell normalized to that of the control cell. d) Chemical structure of PF2/6-A-n:m, a polyfl uorene containing n crosslinkable 
repeat units with acrylate moieties. e) Illustration of the crosslinking-process.
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 The ratio  v / k   f   is a measure of the number of jumps an 
exciton executes before it is captured by a trap, for example, 
by electron transfer to C 60 . Studies of fl uorescence quenching 
on a PPV derivative doped with trifl uorenone [ 12 ]  and PCPDTBT 
doped with C 60  [ 13 ]  show that in conjugated polymers  v / k   f   is 
about 10 3 , indicating that 0.1% of traps is suffi cient to reduce 
the fl uorescence by 50%. We make the plausible assumption 
that C 60  molecules that arrive at the sensor layer will subse-
quently diffuse into that layer and establish a homogeneous 
doping profi le. Suppose that a monolayer of C 60  molecules with 
area density of  N  0  = (a 2  per unit area), where  a  is the lattice 
constant, is incorporated in the sensor layer of thickness  d . It 
generates a concentration 1/ a  2  d  of quenchers per unit volume. 
This is equivalent to a relative quencher concentration of  a / d . 
According to Equation   2   this should reduce the fl uorescence 
yield to  ϕ  = (1 +  f ) −1  where  f  =  va / k   f   d . For  v / k   f   = 10 3 ,  a  = 10 −7  cm 
and  d  = 1.6 × 10 −5  cm this yields  f  = 63. Now consider how the 
concentration of C 60  inside the sensor layer evolves with time. 
Solving the diffusion equation in one dimension under the 
constraint that at  t  = 0 the concentration of the sensor interface 
is zero, predicts that the relative number of particles,  p  =  n / n  0 , 
to that diffused across the transport layer with thickness  L  after 
a time  t ’ is

    
p t L Dt1 erf 2

1´ ´( )( )( ) = −
−

  
(3)

   

 The quenching effi ciency should follow

    t f p t1
1φ ( )( ) ( )= + −

  (4) 

 presuming that the rate-limiting step is the arrival time of C 60  
at the interface rather than the subsequent motion inside the 
sensor layer. 

  Figure    4   shows that the experimentally measured arrival 
signal for 1.9 µm thick PF2/6 fi lm at 413 K can be per-
fectly fi tted by Equation   3  , 4   using a diffusion coeffi cient 

 D  = 1.8 × 10 −11  cm 2  s −1  and  f  = 59 provided that the time axis 
is rescaled to  t ’ =  t  =  t  0  where  t  0  = 13 min. The arrival signal for 
a 3.4 µm thick PF2/6 recorded at the same temperature can be 
fi tted with same parameters except that the value of the diffu-
sion coeffi cient is by a factor of 1.8 smaller. This is likely due 
to uncontrollable differences in fi lm preparation. Considering 
the uncertainties regarding the input parameters the agree-
ment between experiment and theory is better than expected. 
In any case the perfect match between theory and experiment 
supports the validity of this data analysis. The rescaling of the 
time axis by  t  0  = 13 min is readily accounted for the additional 
time required for the diffusion of C 60  from the sensor interface 
into the bulk of the sensor layer. It turns out that that this time 
agrees with the C 60  arrival time in thinner PF2/6 fi lms. This 
suggests that  t  0  is controlled by the diffusion time within the 
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 Figure 3.    a) Arrhenius plot of the reciprocal arrival times of C 60  in a PF2/6 
transport layer for fi lms of 420 nm (triangles) and 700 nm (squares) thick-
ness, i.e., for the injection-limited regime. b) Arrhenius plot of the diffu-
sion coeffi cients for fi lms of PF2/6, PF2/6-A-25:75, and of PF2/6-A-75:25 
with thicknesses as indicated in the fi gure, which pertain to the diffusion-
limited regime for the respective materials.

 Figure 2.    Arrival time of C 60  molecules as a function of the thickness 
of the polymer transport layer for PF2/6 and its crosslinked derivative 
PF2/6-A-75:25.  T  = 415 K.
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sensor MEH-PPV fi lm rather that by the time it takes to inject a 
C 60  into the transport layer. This interpretation is supported by 
the fact that there is no deviation between the experimental and 
the theoretical arrival signal at long times. If the arriving C 60  
molecules would accumulate at the sensor interface rather than 
penetrate into, the arrival signal should feature an additional 
asymptotical tail because the thickness of the sensor layer is 
twice of the diffusion length of singlet excitons in MEH-PPV. 
Therefore a fraction of excitons should survive.  

 The above formalism clarifi es the process of C 60  through 
the polymer fi lm but it is unnecessary for extracting values for 
the diffusion coeffi cient. It turns out that when operationally 
identifying the kink of the arrival signal from the intersection 
of the tangents prior and after the kink and using  D  =  L  2 /(2 t  kink ) 
(Equation   1  ) one obtains a D value that is virtually identical 
with that inferred from the “exact” treatment. This facilitates 
data analysis. The reason is that there are two opposing effects. 
On the one hand the kink time underestimates the arrival time 
because, in reality, it refl ects only the arrival of the earliest C 60  
molecules but on the other hand one C 60  molecule can quench 
all sensor excitons within the exciton capture radius which is 
5–10 nm. [ 14 ]  

 From the temperature dependence of the arrival signal for 
thick PF2/6 fi lms we calculated the diffusion coeffi cient for C 60  
in the PF2/6 layer. The data, shown in Figure  3 b, bear out an 
activation energy of 0.65 +/− 0.05 eV. It is signifi cantly lower 
than the activation inferred from the arrival signal for thin sam-
ples. Under the assumption that the activation energy indeed 
due to migration of C 60  into the sensor layer we have to identify 
it with C 60  diffusion within a MEH-PPV fi lm. 

 We now explore the effect that crosslinking of poly mer 
chains has on C 60  diffusion. Crosslinking has been accom-
plished via free radical polymerization of the acrylate groups. 
Figure  2  demonstrates that crosslinking 75% of the repeat 

units of polyfl uorene (PF2/6-A-75:25) has a dramatic effect 
on i) the C 60  arrival time as a function of the fi lm thickness, 
ii) the associated activation energy, and iii) the trade-off 
between detachment of C 60  from the C 60  injection layer and 
subsequent diffusion. It is obvious that even in fi lms as thin as 
100–300 nm the C 60  arrival time scales with the square of the 
fi lm thickness. This indicates that C 60  transport is in all cases 
diffusion limited rather than injection limited, and it allows cal-
culating the diffusion coeffi cient. The data shown in  Figure    5   
indicate that crosslinking 75% of the repeat units by acrylate 
linkages reduces the diffusion coeffi cient in a PF2/6 fi lm at 
393 K by a factor of 350. Upon complete crosslinking (PF2/6-
A-100:0) C 60  diffusion is retarded by a factor of 1000 as docu-
mented by Figure  5 . The associated activation energy increases 
from 0.65 eV to 1.17 eV for the PF2/6-A-75:25 fi lm. Obviously, 
crosslinking reduces the mobility of the polymer chains. By the 
way, when extrapolating the temperature dependence of  D ( T ) 
in the crosslinked sample down to 295 K one would arrive at a 
value of the diffusion coeffi cient as low as 4 × 10 −19  cm 2  s −1  for 
PF2/6-A-75:25.  

 How does the value for the diffusion coeffi cient we obtain 
for the diffusion of C 60  in PF2/6 compare to that of other mol-
ecule-in-polymer systems? Treat and coworkers used dynamic 
secondary ion mass spectroscopy to determine the diffusion 
coeffi cient for deuterated PCBM that was diffusing into a 
265 nm layer of P3HT. [ 4 ]  At 423 K, PCBM has travelled through 
the entire 265 nm layer after 30 s, thus yielding to a diffusion 

coeffi cient of D
L

2

265 nm

2.30s
10 cm s

2 2

11 2 1( )
τ

= = ≈ − − , fully consistent 

with the value we obtained for 413 K for PF2/6 (c.f. Figure  3 b). 
However while the values obtained for diffusion through the 
bulk are very similar for the two material systems the diffusion 
coeffi cient in P3HT is almost three orders of magnitude larger 
when lateral diffusion is measured. [ 3 ]  It is conceivable in this 
case that PCBM transport is facilitated by hopping at the free 
surface of the polymer fi lm. 

 Finally we will also extrapolate the experimental data to 
room temperature in order to make predictions regarding 
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 Figure 4.    The temporal evolution of the sensor fl uorescence in the probe 
cell normalized to that of the control cell for a 1900 nm thick PF2/6 layer 
(red squares) and for a 3400 nm thick PF2/6 layer (blue circles). The red 
solid line gives the fi t for the 1900 nm thick PF2/6 probe and the blue 
solid line the fi t for the 3400 nm thick PF2/6 probe. The fi t-function and 
parameters are given in the text.

 Figure 5.    Diffusion coeffi cient of C 60  as a function of the fraction of 
crosslinked polymer repeat units for PF2/6-A-n:m at 413 K.
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unintentional doping of a polymer upon vapor deposition of a 
C 60  layer. One may ask how long it takes until a 50 nm thick 
polymer fi lm has been doped up to a concentration of 1% C 60  
per polymer repeat unit. Taking  N  0  = 10 21  cm −3  as a rough esti-
mate for the number density of repeat units, the number of 
C 60  molecules in the 50 nm thick polymer fi lm per unit area 
would then be 5 × 10 13  cm −2 , that is, one half of the number of 
C 60  molecules in a monolayer had to be incorporated into the 
fi lm. As a rough estimate one identify the diffusion length of 
C 60  with the fi lm thickness. When extrapolating the diffusion 
coeffi cient to 293 K one arrives at  D (293 K) = 10 −14  cm 2  s −1  and, 
from  τ  =  L  2 /2 D , a diffusion time of 1000 s. Obviously, a 50 nm 
thick PF2/6 fi lm will contain a signifi cant concentration of 
C 60  in a sample held at room temperature already shortly after 
preparation. Crosslinking would prevent this effect because in 
a PF2/6-A-75–25 fi lm the diffusion coeffi cient at room tem-
perature is fi ve orders of magnitude lower and the concomitant 
doping time would be by fi ve orders of magnitude longer. Obvi-
ously, crosslinking is a way to prevent undesired C 60  doping 
and for controlled device processing.  

  3.     Conclusions 

 The present results demonstrate that the technique of fl uores-
cence sensing provides a simple way to access the diffusion of 
C 60  across a polymer fi lm. It offers opportunity to study how 
modifi cations of the polymer structure changes molecular dif-
fusion and thus opens new avenues for controlled processing 
of composite fi lms. It can be applied to other polymers such as 
P3HT or low-bandgap polymers that are of more relevance to 
solar cell applications, provided that one can fi nd a suffi ciently 
red-shifted fl uorescence probe that can be excited without 
simultaneously exciting the transport matrix.  

  4.     Experimental Section 
  Sample Preparation : Samples for the diffusion experiment were 

prepared in a glove-box by fi rst depositing a 15–17 nm thick MEH-PPV 
fi lm onto a 2 cm × 2 cm quartz substrate from toluene solution by spin-
coating. This thin fi lm was annealed at 453 K for 10 min, which renders 
it resistant against swelling and/or dissolution when a subsequent 
transport layer is deposited onto it by spin coating. As transport layer, 
we used the polyfl uorenes shown in Figure  2 d, which were deposited 
onto the MEH-PPV by spin-coating from toluene solution to yield fi lms 
ranging from 0.4 µm to 4.2 µm. Sample preparation is completed by 
vapor deposition of a 30 nm thick C 60  layer with a shadow mask onto 
half of the polyfl uorene fi lm. 

  Materials : Poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) 
(MEH-PPV) was purchased by Aldrich and used as received. C 60  was 
purchased by American Dye Source and also used as received. The 
polyfl uorene polymers with photocrosslinkable acrylate units (Figure 
 1 d) were prepared similar to the method described elsewhere. [ 15 ]  They 
are crosslinked via free radical polymerization of the acrylate groups, 
leading to the formation of a polymer network (Figure  1 e). In order to 
vary the degree of crosslinking a total of fi ve derivatives are used in this 
work, labeled PF2/6-A-n:m, where  n  is the fraction of PF2/6 monomers 
with an acrylate group in the side chain and  m  is the fraction of non-
crosslinkable PF2/6 monomers. We used PF2/6-A-100:0, PF2/6-A-75:25, 
PF2/6-A-50:50, PF2/6-A-25:75 and PF2/6-A-0:100, which is also referred 

to as PF2/6. The detailed procedure for the synthesis of the crosslinkable 
polyfl uorenes is given in the supporting information. The crosslinking 
of the acrylate groups was carried out by photopolymerization using 
1 wt% of the commercial photoinitiator Irgacure 784. Thin fi lms of the 
polyfl uorenes were irradiated at 40 °C for 10 min with a 50 W xenon 
lamp with UV fi lter. [ 15 ]  

  Experimental Setup : The MEH-PPV sensing layer is excited using 
a continuous-wave diode laser at 485 nm at an excitation density of 
0.25 mW mm −2  and the photoluminescence is recorded using a fi ber-
coupled spectrometer connected to a CCD camera (Andor-Solis). For the 
measurement, the sample was held under vacuum in a heatable cryostat. 
To record each data point, the reference half and the C 60 -covered half of 
the sample were excited immediately after each other, and shutters were 
used to limit the exposure time of the sample to the minimum.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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