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Selective Enhancement of Photoluminescence in Filled 
Single-Walled Carbon Nanotubes
 The insertion of organometallic molecules into the hollow core of single-
walled carbon nanotubes can drastically change their properties. Using 
biocompatible standardized suspensions of pristine, opened, and fi lled 
nanotubes, a very selective enhancement of the photoluminescence and 
optical absorption is observed. Via ferrocene encapsulation, the PL signal 
increases almost by a factor of three for tubes with chiralities such as (8,6) 
and (9,5). This behavior is attributed to a local electron charge transfer from 
the ferrocene molecules that balances out the p-type doping of the nanotubes 
resulting from the modifi ed charge distribution of the surfactant molecules 
and the opening process. The near infrared photoluminescence of the nano-
tubes in solution is strongly enhanced when ferrocene is encapsulated. The 
diameter-dependent charge transfer is additionally confi rmed by fi rst princi-
ples calculations. These fi ndings highlight an essential ingredient to optimize 
the application of solvated nanotubes, for instance, as in–vivo near infrared 
sensors in biomedical research. 
  1. Introduction 

 The unique one-dimensional nanostructural and electronic 
properties of single-walled carbon nanotubes (SWCNTs) have 
stimulated worldwide investigation towards their perspective 
applications. [  1  ]  There is a special interest in the use of semi-
conducting tubes for the construction of nanoscale devices [  2  ]  
and applications in fi elds like biomedicine, [  3  ]  where the optical 
properties associated to the electronic density of states at the 
van Hove singularities (vHS) of SWCNTs are crucial. They 
are responsible for a highly selective and sensitive resonant 
optical absorption (OAS), photoluminescence (PL) and Raman 
responses. [  1  ,  4  ]  Additionally, the excitonic optical band gap of 
SWCNTs is inversely proportional to their diameter. For nano-
tubes between 0.8–2 nm the fi rst excitonic transition is in the 
near infrared (NIR) spectral range, while the second and third 
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are in the visible and UV ranges, respec-
tively. In this context, complementary 
to OAS, the discovery of a structured PL 
from isolated semiconducting SWCNTs in 
solution triggered the study of individual 
semiconducting nanotubes with defi ned 
chirality (n,m). [  5  ]  Especially, SWCNTs with 
an energy gap around 1 eV and a corre-
sponding PL response in the NIR are 
widely studied. Since blood and tissues 
are transparent in this spectral range, very 
promising biomedical applications are 
envisaged. [  3  ]  Therefore, it is not surprising 
that studies of SWCNTs functionalized 
with respect to water solubility, biocompat-
ibility and their application in biological 
imaging and sensing have been remark-
ably propelled in the last years. [  3  ,  6  ,  7  ]  

 Although bright NIR emission of 
SWCNTs has been observed, there is 
still a debate concerning their emission 
quantum yields. Reported values range from 0.01% to 7%, [  5  ,  8–12  ]  
from which, free-standing SWCNTs exhibit the highest values. [  8  ]  
The PL quantum yield of individual SWCNTs strongly depends 
on the environment and functionalization, which complicates 
the production of a biocompatible and water soluble suspen-
sion of individual functionalized SWCNTs that retain a bright 
NIR fl uorescence. Not surprisingly, functionalization methods 
for SWCNTs with respect to water solubility, biocompatibility 
and their application in biological imaging and sensing have 
been remarkably propelled in the last years. [  3  ,  6  ,  7  ]  The fi nd-
ings reported in the present manuscript highlight an essential 
ingredient to optimize the application of solvated nanotubes, 
for instance, as in–vivo near infrared sensors in biomedical 
research. 

 Comparing the PL quantum yield of freestanding individual 
SWCNTs in vacuum, the values for surfactant-stabilized water–
soluble SWCNTs remain poor, except where reducing agents 
are added to solvated tubes to enhance the PL. [  12  ]  Covalent side-
wall functionalization, [  13  ]  as well as functionalization by water 
fi lling decrease the PL response of the solvated SWCNTs, [  13–15  ]  
because it is extremely sensitive not only to charge transfer but 
also to hybridization. PL quenching occurs either by the pres-
ence of metallic SWCNTs, by adsorbed metallic particles, or 
by covalent and non-covalent functionalization. This structure-
dependent luminescence of semiconducting SWCNTs on func-
tionalization and environment has been extensively studied 
with the goal to monitor any electronic perturbation and the 
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     Figure  1 .     Optical absorption for pristine (black), opened (red), and fi lled 
(blue) nanotubes, as suspended in bile salt water solution. All spectra 
were normalized [  13  ,  29  ]  at the position of the minimum between E 11  and 
E 22 , as indicated by the dashed line. The grey area highlights the E 11  peak, 
which shows the strongest enhancement with fi lling.  
corresponding shifts of the excitonic transition energies. [  16–19  ]  
Indeed, the controlled functionalization of SWCNTs opens var-
ious possibilities to tune the electronic properties and to pro-
mote PL visualization. Although controlling the charge transfer 
to/from semiconducting SWCNTs is a promising way to modify 
the PL response, most previous studies deal with either cova-
lent attachment of electron donor/acceptor functional groups, 
or with non–covalent modifi cation. [  6  ,  20  ]  An additional disadvan-
tage of such methods is the introduction of non-biocompatible 
components in solvated SWCNTs and in most of these cases 
the PL quantum yield is reduced. Only ozone treated SWCNTs 
in solution exhibit a small increase of the PL response by a 
sidewall reaction accompanied by a shift in the transition ener-
gies, as recently reported. [  19  ]  All this happens when we con-
sider the functionalization of the outer side of the SWCNTs, 
but the hollow space inside the tubes also provides possibilities 
to modify the tube properties. [  21  ,  22  ]  Surprisingly much less has 
been reported on the PL response of fi lled nanotubes. The avail-
able literature mostly considers big molecules like C 60  intro-
duced into large diameter SWCNTs, which are not optimum 
for bio applications. [  23  ]  In this regard, selecting molecules with 
sizes that fi t into the inner core of small diameter tubes (ideally 
between 0.8–1.2 nm) should promote non-covalent intera ction 
preserving the SWCNTs’ intrinsic 1D electronic properties. 
Studies have shown the formation novel hybrid structures by 
inserting exotic molecules such as organometallic compounds 
in high yield into small diameter nanotubes, which drastically 
change their properties. [  24  ]  Theoretical work predicted that 
depending on its electron affi nity, the inserted molecule can 
transfer charge to/from the outer tube, modifying the SWCNTs’ 
electronic properties in a controlled manner even at a molec-
ular level. [  25  ]  Nanotube fi lling can overcome the instability and 
insolubility of dopants assisted by the effective host nanotube 
shielding. The great progress related to this method is illus-
trated by the high yield encapsulation of metallocenes inside 
SWCNTs with various diameters, such as the work reported 
in references. [  24  ,  26  ]  Note also that if the hollow space inside 
SWCNTs is seen as the ideal site to perform nanochemical reac-
tions, tracing them makes possible tailoring the charge transfer 
(p- and n-type) between metallocenes and the tube. [  27  ,  28  ]  This 
provides a unique tunable and reproducible charge transfer 
interaction between molecules and SWCNTs, without modifi -
cations of the 1D vHS response and without infl uencing their 
biocompatibility. 

 This contribution shows for the fi rst time that functionali-
zation with the organometallic compound ferrocene represents 
an ideal pathway to selectively enhance the PL response in 
SWCNTs. Using standardized suspensions of pristine, opened 
and ferrocene fi lled HiPCo nanotubes, we demonstrate that 
the optical absorption and the PL response not only strongly 
depend on the nanotube chirality and diameter, but also on 
the ferrocene molecules encapsulated in the hollow core. Two-
dimensional (2D) PL maps show clearly fi ve different regions of 
interaction regarding the actual nanotube diameter and chirality. 
Concomitant to previous results, these regions can be unam-
biguously assigned to either diameter dependent selective oxi-
dation as well as water fi lling or to the infl uence of fi lling by the 
organometallic ferrocene molecules. For semiconducting nano-
tubes with indices (8,6) and (9,5) we fi nd a strong enhancement 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3202–3208
of the PL response up to a factor of three after fi lling. These 
tubes owe a diameter close to the minimal value, which allows 
them to be fi lled by ferrocene molecules, i.e. 0.9 nm. The same 
enhancement for OAS at the fi rst excitonic interband transition 
indicates that the interaction between the ferrocene molecules 
and nanotubes yields a local charge transfer, which balances out 
the charge distribution of the surfactant molecules. This charge 
transfer was analyzed by ab-initio simulations using a Mulliken 
population analysis of density functional theory (DFT) calcula-
tions and confi rmed that it is most effi cient when the diameter 
of the nanotubes is close to the size of the ferrocene molecule 
and two times the van der Waals radius.   

 2. Results and Discussion 

 The suspensions used in our experiments were pristine, 
opened and ferrocene fi lled HiPCo nanotubes. The processes 
to open, fi ll and determine the fi lling ratio are fully described 
in the supplementary information provided. We start here with 
a comparison of the OAS of suspended individual tubes. The 
spectra obtained from pristine, opened and fi lled SWCNTs are 
shown in  Figure    1   from top to bottom and they were normal-
ized at the position of the minimum between E 11  and E 22 , as 
indicated by the dashed line. [  13  ,  29  ]  According to the absorption 
energy, the peaks E 11  and E 22  can be assigned to the fi rst and 
second excitonic transitions between vHs of semiconducting 
SWCNTs, respectively. The changes of spectral features of the 
fi rst interband transition in the opened tubes due to oxidation 
and doping effects also appear. If we look at the optical absorp-
tion peaks at wavelengths between 900 and 1100 nm, they 
were obviously suppressed for the opened and fi lled tubes in 
comparison to the pristine ones. On the other hand, the inten-
sity of the corresponding E 22  is unchanged. This signifi cant 
lowering in the aforementioned range can be attributed to the 
reduced abundance of tubes with that corresponding signal 
after opening. Note that it has been suggested that the red-shift 
of the E 11  transitions in the opened tubes can be due to water 
3203wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Maps for pristine tubes (left) and opened SWCNTs (right), respectively. All tubes were 
suspended in bile salt aqueous solution. The PL intensity is plotted on a logarithmic scale after 
normalizing to the optical density at 900 nm. The yellow circles show PL peaks of SWCNTs, 
which disappeared in the opened sample but are present in the pristine material.  
fi lling, because it induces a strong change of 
dielectric background. [  30  ]  This is a solid proof, 
which distinctly illustrates that smaller tubes 
with higher curvature are more reactive than 
tubes with larger diameter. The end caps of 
SWCNTs must be opened before ferrocene 
fi lling and we cannot forget that the oxida-
tion in air is used to remove the caps because 
they are more reactive compared to the nano-
tube sidewalls due to their higher curva-
ture. [  31  ]  However, for the same reason tubes 
with ultra small diameter are also sensitive 
to the oxidation process. [  32  ]  The infl uence 
of the opening process and the subsequent 
water fi lling on the PL response still need 
to be clarifi ed although it has been reported 
to some extent that they strongly infl uence 

the optical and PL response. [  30  ]  The SWCNTs’ opening induces 
p-type doping attributed to adsorbed oxygen at ambient condi-
tions and carbon-oxygen bonds formed during thermal treat-
ments. [  33  ]  Such doping depletes the electrons in the valence 
band of SWCNTs and induces a downshift of the Fermi level. 
Correspondingly, some optical allowed excitonic interband tran-
sitions between the valence and conduction band of SWCNTs 
are suppressed. This doping effect can be very localized and 
independent from the diameters. It is also different from 
pure charge transfer p-type doping where only charge from 
the highest valence band is taken, and therefore it infl uences 
the spectral features of the E 11  region for all types of SWCNTs 
simultaneously. This also explains the change of optical inten-
sity for peaks between 1100 and 1250 nm. Furthermore, there 
is no obvious shift of the optical absorption peak and in the 
corresponding fl uorescence response. The doping by opening 
is also different from doping by strong ozone based oxidation, 
where nanotube solutions are fi rst exposed to ozone and sub-
sequently to light. In this way oxygen is absorbed on the wall 
of a nanotube and traps mobile excitons. [  19  ]  In contrast to the 
results depicted in Figure  1  this strong oxygen doping modifi es 
the NIR band gaps in fl uorescent SWCNTs. Analyzing the fer-
rocene fi lling, the red shift of E 11  is retained and absorption of 
selected SWCNTs is strongly enhanced. This is highlighted in 
Figure  1  by the grey area with the peak at 1180 nm. Also some 
of the peaks that overlap those additionally enhanced peaks can 
be tentatively assigned to the (8,6), (8,7), (9,5), (10,5), and (11,1) 
tubes. This is a fi rst indication of compensation due to p-type 
doping via the charge transfer from the encapsulated ferrocene 
molecules to the nanotubes.  

 The results of the 2D PL maps of the pristine and opened 
tubes are depicted in  Figure    2  , again after the normalization 
to the optical density at 900 nm. In the corresponding contour 
plots, the color code describes the intensity of the peaks associ-
ated with the emission from the E 11  transition after excitation 
in the second interband transition E 22 . The assignment of the 
specifi c chiralities for each peak was performed following the 
empirical relations from Bachilo et al. [  34  ]  It is obvious that sig-
nifi cant changes of spectral features in the PL maps happen 
for smaller diameter SWCNTs. For example, tubes (8,3), (6,5), 
and (7,5) exhibit a reduced PL intensity after opening, whereas 
the emission feature of nanotubes (6,4) and (9,1) completely 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
disappeared. This vanishing can be again associated with the 
fact that smaller tubes are more reactive with oxygen in the 
opening process. [  32  ]  The comparison reveals on the other hand 
an increase of PL signals from larger diameter tubes after 
opening. The relative PL intensity of special chirality SWCNTs 
is also altered after opening, since the oxidation process elimi-
nates some SWCNTs leading to a revision of their diameter dis-
tribution as the relative abundance of each tube is changed. For 
instance tubes (10,2) and (9,4) are more abundant in the opened 
material than in the pristine material. In the opened tubes, the 
resonance for excitation and the fl uorescence peak positions 
were slightly, but non-uniformly, red-shifted compared to their 
position in the pristine SWCNTs. The former red shifts by about 
3 nm, while the latter is downshifted by 6 nm on average. Such 
red-shifts can be explained by the presence of liquids inside the 
opened SWCNTs. [  16  ]  The tube-fi lling with surfactants can be 
ruled out due to the small tube diameter of only about 1 nm. [  35  ]  
The encapsulated water causes a reduction of electron-electron 
repulsion and exciton binding energy by dielectric screening 
effects, which results in the observed red shifts. [  30  ]  The red-shift 
of the emission wavelength shows a dependence on the nano-
tube diameter. Larger diameter nanotubes exhibit a stronger 
downshift, since they are more favorable for fi lling than smaller 
tubes. [  36  ]  Considering the size of the ferrocene molecule and 
van der Waals distance, the smallest diameter of a nanotube 
which can be fi lled by ferrocene is around 0.9 nm, as proved 
by multifrequency Raman results and molecular dynamics 
calculations. [  26  ]  Therefore, only few tubes in the PL response 
of Figure  2 , namely the tubes with chirality (8,6), (9,5), (8,7), 
(11,1), and (10,5) are large enough for ferrocene encapsulation. 
Smaller diameter semiconducting tubes are not able to host 
ferrocene molecules. This is confi rmed in the 2D PL contour 
map of ferrocene fi lled nanotubes as shown in  Figure    3  . The 
distinct feature is the strong enhancement of the emission for 
longer wavelengths, especially emission features from tubes 
(8,6) and (9,5), while the emission from tubes (10,2) and (9,4) 
is dramatically decreased. The fl uorescence peak position of 
ferrocene fi lled SWCNTs are clearly red-shifted like the emis-
sion peaks of opened water fi lled tubes. The luminescence is 
very close (nearly the same peak shift) in smaller tubes without 
ferrocene fi lling and opened tubes, which is not surprising 
since both were only fi lled by water. On the other hand, the 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3202–3208
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     Figure  4 .     Spectra integrated for excitations between 500 and 800 nm 
for pristine (black), opened (red), and ferrocene fi lled SWCNTs (blue), 
respectively. The dashed line indicates the normalization point. The chi-
rality assignment for the emission spectra is shown.  

     Figure  3 .     2D PL excitation − emission contour plot for ferrocene fi lled 
SWCNTs dispersed in bile salt water solution. The PL intensity is plotted 
in a logarithmic scale after normalizing to the optical density at 900 nm.  
emission peak from ferrocene fi lled tubes is 2 nm redshifted 
compared to water fi lled tubes. The excitation from ferrocene 
fi lled tube shows a blueshift by about 2 nm, which further con-
fi rms the different effect of encapsulated ferrocene and water 
on PL. Regarding the relative PL quantum yield, we consider 
the observed signals in the PL maps, which represent the abun-
     Figure  5 .     a) Top: PL intensity of opened (�) and fi lled (�) tubes in relation to pristine nano-
tubes as a function of the tube diameter. Bottom: Ratio between the fi lled (�) and opened tubes 
as a function of tube diameter. The dashed line indicates the smallest diameter for which tubes 
can be fi lled with ferrocene. Different regions are separated by vertical dotted line marked as 
I, II, III, IV, and V. b) Optimized geometries for ferrocene fi lled into SWCNTs with molecules 
aligned lying (chirality (8,6) and (9,5)) and molecules aligned standing (chirality (16,0)).  
dance of the corresponding nanotube spe-
cies as well as their intrinsic PL intensities. 
The peak height or the integrated intensity 
of the signal can be used to discuss the PL 
response. [  9  ]  However, to fi nd the structure-
dependent intrinsic PL quantum yield, exci-
tonic transitions must also be taken into 
account to extract abundances of the different 
semiconducting nanotube species. [  37  ]  Here, 
for simplicity, only the relative variation of PL 
amplitude is considered. In our case all emis-
sion spectra are summed up for excitation 
wavelengths between 500 10 and 800 nm in 
order to extract the average relative PL cross-
section. Analogous to the optical absorption, 
the summed spectra of the pristine, opened 
and fi lled nanotubes are again normalized at 
900 nm in order to account for the different 
optical density. This is the most accurate 
normalization since there are no emission 
peaks and therefore, only contribution from 
the static dielectric background is present. 
This was also used to normalize the PL inten-
sity in the color code of the 2D PL maps in 
Figure  2  and  3 .  Figure    4   depicts the inte-
grated PL response (integrating the excitation 
energy between 500 and 800 nm) normalized 
again to the optical density at 900 nm. There 
is a remarkable enhancement of the intensity 
for fi lled SWCNTs at emission wavelengths 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3202–3208
around 1190 nm and 1270 nm. The strongest enhancement is 
found for the tubes with chirality (8,6) and (9,5). This integrated 
PL response complements the OAS results described before.    

 To elucidate the changes in the PL intensity in more detail, 
in  Figure    5  a we have also plotted the relative PL intensity ratios 
between the pristine, opened and fi lled nanotubes as a function 
3205wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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bers identify fi ve different diameter regions. Regarding the PL 
intensity ratio between opened and pristine tubes, the ones 
smaller than 0.75 nm were etched away during the opening 
process, and therefore have zero PL yield. This is highlighted in 
zone I. For tube diameters smaller than 0.82 nm, opened tubes 
have lower PL intensity than pristine ones, assigned to the non-
radiative recombination from the defects in the opened tubes 
generated in oxidation process (zone II). Opened and pristine 
specie with diameters larger than 0.82 nm have almost the 
same PL intensity, except for two kinds with 0.88 and 0.91 nm, 
assigned to (10,2) and (9,4), respectively. The PL intensity 
enhancement in these cases accounts the dramatic increase of 
relative abundance resulting from the opening process (zone 
III). Here the tubes are still too small to allow ferrocene encap-
sulation, but they can be fi lled with water. With increasing tube 
diameters, the ferrocene molecules go inside the tubes and the 
PL intensity is dramatically enhanced. This is shown in zones 
IV and V, where zone IV is the optimum region. The change 
of PL intensity ratio between the fi lled tubes and the pristine 
and opened tubes clearly indicates a threshold at 0.90 nm 
(there is no PL enhancement below 0.90 nm but it is strong 
for tubes larger than 0.90 nm). Additionally, the minimum dia-
meter of tubes to host ferrocene is found to be 0.90 nm. The 
PL enhancement induced by ferrocene fi lling is clearly demon-
strated in the lower panel of Figure  5 a and it can be as high 
as a factor of three. Since the fi lled and the opened materials 
have the same relative nanotube abundance, we can focus only 
on ratio between fi lled and opened tubes as a function of tube 
diameter (zones IV and V). In the PL map in Figure  3 , the 
signal increases to about 170% and 270% for tubes (8,6) and 
(9,5), compared to opened tubes’ PL intensity. For the (8,7) and 
(10,5) tubes there is still increase to 160% and 175% after fi lling 
as compared to the pristine SWCNTs’ intensity. This enhance-
ment is also clearly depicted in the optical absorption response 
of the E 11  transition, as shown in Figure  1 .  

 Strong absorption peaks in the spectrum corresponding to 
the ferrocene fi lled tubes were found at 1180 nm and 1270 nm 
(grey shaded area) with a blue shift compared to the response 
for the opened tubes. This charge transfer between ferrocene 
and nanotubes of different diameters has been reported experi-
mentally and theoretically. [  27  ,  38  ,  39  ]  For instance, a  − 0.0067 e-/Å 
electron charge transfer was shown in a 1.4 nm tube. [  27  ]  Molec-
ular dynamics calculations demonstrate that the optimal diam-
eter at which ferrocene fi lling starts is about 0.9 nm (0.05 nm 
smaller than that observed in Raman, where only tubes in which 
ferrocene can be converted into inner tubes can be detected). [  26  ]  
Details about these mentioned Raman measurements can be 
found in the supplementary information. In our experiments, 
the smallest detected inner tube had (4,3) chirality. Here, notice 
that the carbon atoms from the decomposed ferrocene mole-
cules would not be able to form a stable inner tube if the dia-
meter would be too small to allow the closing of an inner tube. 
Monitoring the PL intensity immediately after fi lling, we could 
confi rm the fi lling of tubes which are too small to host a stable 
inner tube, which cannot be detected by Raman spectroscopy. We 
corroborated that the observed limiting tube diameter of 0.9 nm 
for ferrocene fi lling is in perfect agreement with the theoretical 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
www.MaterialsViews.com

predictions. [  26  ]  When the diameter is increased beyond 0.9 nm, 
the molecules can enter and form a linear chain with orientation 
parallel to the tube axis. At about 0.97 nm a maximum increase 
of the PL intensity is obtained. With diameters above 1 nm, the 
ferrocene orientation is such that the axes of the molecules are 
perpendicular to the tube axis. Both facts are expected to sig-
nifi cantly modify the charge transfer from the ferrocene to the 
nanotubes. The PL intensity is infl uenced by the change of ori-
entation as indicated in zone V. To evaluate the charge transfer 
from ferrocene to the nanotube in different orientations, we 
performed a Mulliken-population analysis. Considering the 
experimental results, (8,6), (9,5) and (16,0) tubes were used to 
exemplify this. Their diameters are appropriate for fi lling in the 
parallel and perpendicular geometry, respectively. The confi gu-
rations are shown in Figure  5 b and represent typical tubes of 
the zone IV and V. For both orientations we observe a transfer 
of electrons from ferrocene to the nanotube. For the (8,6) and 
(9,5) tubes the charge transfer is  − 0.0119 and  − 0,0124 e-/Å cor-
respondingly, while for the (16,0) the value is  − 0.0106 e-/Å. In all 
cases this charge transfer is more than twice as high as observed 
explicitly by photoemission experiments using 1.4 nm tubes. [  27  ]  
From this analysis we can assert that the selective increase of the 
PL intensity is related to the charge transfer from ferrocene to 
the nanotubes. The n-type doping from ferrocene compensates 
p-type doping from the opening process and the surfactant mol-
ecules. This also explains the different enhancement factors for 
different chiralities. The highest electron charge transfer (e-/Å) 
is observed when the molecules are optimally oriented, which 
also gives the strongest enhancement of the PL. The response 
of fi lled individual tubes in solution is still slightly lower com-
pared to the results in freestanding SWCNT, [  8  ]  which indicates 
that the maximum charge transfer from ferrocene defi nes the 
lower boundary to balance out the p-type doping resulting from 
opening and solvatation. It is then inferable that using different 
fi llers with optimized diameters can provide an even stronger 
charge transfer, enabling tailoring the PL response in solution 
to the limit given by the freestanding SWCNT. It is interesting 
to compare the response from ferrocene fi lling with C 60  fi lled 
SWCNTs, where no charge transfer occurs. [  40  ,  41  ]  From the weak 
van der Waals interaction between C 60  and nanotubes, changes 
are observed in the vibrational and optical response like a shift 
in the pentagonal pinch mode in C 60  [  40  ]  and a strong spectral 
shift of the excitation and emission energies in the PL maps by 
up to 100 meV (with no obvious change in PL intensity), attrib-
uted to local strain effects and hybridization of the SWCNTs and 
the C 60 . [  23  ]  This differs clearly from ferrocene fi lled SWCNTs, 
where there is strong charge transfer, but the corresponding 
fl uorescent spectral shift is less than 10 meV, indicating that 
ferrocene fi lling does not lead to strong distortion of the outer 
tubes, which would yield a strong modifi cation of the gap. The 
PL spectral intensity enhancement is rather assigned to the for-
mation of a novel hybrid complex balancing the p-type doping 
from the opening and solvatation processes.   

 3. Conclusions 

 Summarizing, we demonstrate a clear pathway to enhance 
the near infrared PL of SWCNTs in solution by inserting 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3202–3208
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organometallic molecules, particularly useful for biological 
imaging, where bright SWCNT–fl uorescence with high biocom-
patiblity is required. The ferrocene encapsulation increases the 
PL signal almost by a factor of three in SWCNTs with diameters 
close to 0.9 nm, indicating that the interaction between fer-
rocene and those nanotubes yields a local diameter dependent 
charge transfer, which balances out the p-type doping from the 
opening and the charge distribution of the surfactant molecules. 
First principles calculations suggest an orientation of the mol-
ecules inside the tubes. These fi lling reactions are applicable to 
other non-biocompatible donor and acceptor molecules with 
equivalent diameters allowing tailoring the photoluminescence, 
which is a crucial ingredient to optimize the application of sol-
vated SWCNTs as in–vivo near infrared sensors in biomedical 
research.   

 4. Experimental Section 
 Because of their broad diameter distribution and a mean diameter 
of around 1 nm, commercially available HiPCo (high pressure 
decomposition CO) SWCNTs were used in this study. Purifi cation by 
vacuum annealing and centrifugation were applied to obtain what was 
used as the pristine starting material. In a second step, the tubes were 
opened by heating a buckypaper in air up to 420  ° C for 20 min. As a 
third step, fi lling with ferrocene was achieved by heating a mixture of 
ferrocene and opened nanotubes inside a vacuum ( < 5  ×  10  − 6  mbar) 
sealed quartz tube at 400  ° C for 72 h. [  24  ,  26  ]  The non-encapsulated 
ferrocene was removed by dynamic vacuum annealing at 400  ° C for 
1 h. [  26  ]  Additionally, after the PL experiments, the ferrocene fi lled SWCNTs 
were converted into double-walled carbon nanotubes to verify the fi lling 
ratio. Details about this procedure and the fi lling ratios are given in the 
supplementary information. To obtain well-isolated individual nanotubes, 
the samples were dispersed in deionized water with the help of 2% w/v 
bile salts (Sigma Aldrich) under ultrasonication (Branson Sonifi er 450) 
and subsequent centrifugation (Thermal Scientifi c 1 000 000 g). [  42  ]  Their 
supernatant (50%) rich with isolated nanotubes was collected as target 
material for this study. OAS data were collected using a Bruker VERTEX 
80v Fourier transform spectrometer. PL measurements were carried 
out with a Nanolog (Horiba Jobin Yvon) spectrometer with emission 
wavelengths from 800 to 1360 nm. All measurements were done at room 
temperature. Normalization of the different suspensions with respect to 
their optical density was achieved by taking the background between 
the fi rst and second optical transition as reference. [  13  ,  29  ]  Furthermore, in 
order to evaluate the charge transferred from ferrocene to the nanotube 
for various molecular orientations, Mulliken-population analysis of 
DFT calculations at the PBE/6- 31G �  level were performed. The DFT 
calculations were carried out with the Gaussian [  43  ]  series of programs 
using the PBE functional. [  44  ]  PBE has already proved to be effi cient both in 
describing transition-metal-doping in single-walled carbon nanotubes [  45  ]  
and in determining the ground state geometric and electronic structure 
of ferrocene. [  46  ]  The 6-31G �  basis set was used. [  47  ]  

 The Mulliken analysis allows quantifying the charge transfer between 
the ferrocene molecule and the nanotube. [  48  ]  A cluster model approach 
was selected for the description of the nanotubes. Compared with 
other fi rst-principles approaches, the cluster model has advantages 
in computational speed and physical transparency and provides a 
description of local bonding information, charge transfer, and related 
properties. Electronic structure calculations frequently invoke periodic 
boundary conditions to obtain electrostatic potentials. For systems that 
are electronically charged, or which contain dipole (or higher) moments, 
this artifi ce introduces spurious potentials due to the interactions 
between the system and multipole moments of its periodic images in 
aperiodic directions. Charged systems are particularly problematic since 
their electrostatic energy would be divergent. The geometries were 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3202–3208
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