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Tuning	  of	  photoluminescence	  and	  up-‐conversion	  
photoluminescence	  properties	  of	  single-‐walled	  carbon	  nanotubes	  
by	  chemical	  functionalization	  

Yutaka	  Maeda,a,*	  Shun	  Minami,a	  Yuya	  Takehana,a	  Jing-‐Shuang	  Dang,b	  Shun	  Aota,c	  Kazunari	  
Matsuda,c	  Yuhei	  Miyauchi,c,*	  Michio	  Yamada,a	  Mitsuaki	  Suzuki,a	  Rui-‐Sheng	  Zhao,d	  Xiang	  Zhao,d	  
Shigeru	  Nagaseb,*	  

Single-‐walled	  carbon	  nanotubes	   (SWNTs)	  were	  subjected	   to	  alkylation	  using	  alkyl	  bromide	  and	  alkyl	  dibromide,	  and	   the	  

photoluminescence	  (PL)	  properties	  of	  the	  resulting	  alkylated	  SWNTs	  were	  characterized.	  Two	  new	  PL	  peaks	  were	  observed	  

along	  with	  the	  intrinsic	  PL	  peak	  at	  976	  nm	  when	  alkyl	  bromide	  was	  used	  (SWNTs-‐Bu:	  ~1095	  and	  1230	  nm,	  SWNTs-‐Bn:	  1104	  

and	  1197	  nm).	   In	  contrast,	   the	  use	  of	  α,α’-‐dibromo-‐o-‐xylene	  as	  a	  alkyl	  dibromide	  primarily	   resulted	   in	  only	  one	  new	  PL	  

peak,	  which	  was	  observed	  at	  1231	  nm.	  The	  results	  revealed	  that	  the	  Stokes	  shift	  of	  the	  new	  peaks	  was	  strongly	  influenced	  

by	   the	   addition	   patterns	   of	   the	   substituents.	   In	   addition,	   the	   time-‐resolved	   PL	   decay	   profiles	   of	   the	   alkylated	   SWNTs	  

revealed	   that	   the	   PL	   peaks	   possessing	   larger	   Stokes	   shift	   had	   longer	   exciton	   lifetimes.	   The	   up-‐conversion	   PL	   (UCPL)	  

intensity	  of	   the	  alkylated	  SWNTs	  at	  excitation	  wavelengths	  of	  1100	  and	  1250	  nm	  was	  estimated	   to	  be	  ~2.38	  and	  ~2.35	  

times	   higher	   than	   that	   of	   the	   as-‐dispersed	   SWNTs,	   respectively.

1.	  Introduction	  
Single-walled carbon nanotubes (SWNTs) have excellent 
mechanical and electrical properties, which make them suitable for 
various applications.1,2 The photoluminescence (PL) properties of 
semiconducting SWNTs in the near-infrared (NIR) region were 
studied for the first time in 2002.2,3 PL spectroscopy is a very 
powerful tool for the investigation of PL properties of 
semiconducting SWNTs as it can separately generate the E11 PL 
peaks of individual SWNTs by the excitation of the E22 transitions. 
Recently, NIR light has received significant attention in bio-imaging 
applications owing to the high transparency of biological tissues to 
it.5-8 To improve the performance of SWNTs as biological imaging 
materials, chirality-separated semiconducting SWNTs have been 
investigated, and have exhibited superior performance than their 
non-separated counterparts.9 Sidewall functionalization of SWNTs 
results in a new, bright, and red-shifted PL peak (E11

* PL peak).10-15 
Sidewall functionalization is an effective method for controlling the 
PL characteristics of SWNTs for practical applications as the 

introduction of new functionalities onto the SWNTs improves their 
dispersibility.16 In addition, owing to their large Stokes shifts, 
functionalized SWNTs can be excited by the E11 energy at which the 
transparency of biological tissues is higher than that at the E22 energy. 
Large Stokes shift allows easy elimination of Rayleigh scattering. 
Wang et al. reported that the peak energy of the new PL peak in 
SWNTs can be tuned to fall within the range 1110–1148 nm owing 
to the effect of 4-substituted phenyl groups on SWNTs.13 Recently, 
we reported that the dialkylation of SWNTs using butyllithium and 
butyl bromide and their subsequent thermal treatment results in a 
new strong PL peak in the NIR region.15,17 The dibutylated SWNTs 
obtained after the thermal treatment exhibited a larger Stokes shift at 
~1210 nm than those exhibited by the oxidized, arylated, and 
alkylcarboxylated SWNTs (See Table S1). In addition, the 
theoretical studies predicted that the band structure of the 
functionalized SWNTs was influenced by the local structures of the 
addition sites and the distance of the addition site carbons of the 
substituents.19,20 In this study, we demonstrate reductive alkylation of 
SWNTs using alkyl bromides (nbutyl bromide (nBuBr), isobutyl 
bromide (iBuBr), secbutyl bromide (secBuBr), benzyl bromide (BnBr)) 
and alkyl dibromide (α,α’-dibromo-o-xylene) and characterize their 
PL and UCPL properties. 

2.	  Experimental	  Section	  
2.1	  Typical	  procedure	  of	  reductive	  alkylation.	  	  

Naphthalene (300 mg, 2.34 mmol) and sodium (150 mg, 6.52 mmol) 
in a 200 mL heat-dried three-necked round-bottom flask were placed 
under argon. Anhydrous tetrahydrofuran (100 mL) was then added to 
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the flask and the contents were stirred for 30 min. A portion (10.0 
mg) of SWNTs in a 200 mL heat-dried three-necked round-bottom 
flask was placed under argon. The sodium naphthalenide solution 
was added to the SWNTs, which were then sonicated for 30 min, and 
butyl bromide (2.84 mmol) was subsequently added to the mixture. 
The mixture was sonicated for 1 h and then quenched by the addition 
of 30 mL of dry ethanol. Afterwards, the reaction mixture was 
washed with water and diluted in 10% HCl aq. and subsequently 
washed with NaHCO3 aq. until a neutral pH value was obtained. The 
resulting suspended black solid was collected by means of filtration 
using a membrane filter (PTFE, 1.0 µm) and washed with 
tetrahydrofuran, methanol, and dichloromethane via the dispersion-
filtration process. The solid was then dried under vacuum at 50 °C.  

2.2	  Thermal	  treatment	  of	  alkylated	  SWNTs.	  	  

The SWNTs-(nBu) were thermally treated at a heating rate of 
10 °C/min and a nitrogen flow rate of 50 mL/min by using a 
thermogravimetric analyzer (TG-50A; Shimadzu Corp.). After 
reaching 200 ˚C, the SWNTs-(nBu) was continuously hated for 6 h at 
200 ˚C, and then heating furnace was cooled, by using a cooling 
blower (BLW-50 cooling blower; Shimadzu Corp.).  

2.3	  Preparation	  of	  SWNTs	  dispersion	  using	  SDBS	  in	  D2O.	  	  

A portion of SWNTs or functionalized SWNTs (SWNTs-R) was 
added to 4 mL of D2O containing 1 wt% sodium 
dodecylbenzenesulfonate (SDBS) and sonicated for 1.5 h in a bath-
type sonicator (Branson ultrasonic cleaner 2510 J-MT). This 
suspension was then centrifuged for 1 h at 140,000 g. The absorption 
intensity at ~775 nm was adjusted, by adding an adequate dose of 
D2O solution containing 1 wt% of SDBS to the supernatant solution. 
After 10 min of sonication, the resulting suspension was centrifuged 
for 1 h at 140,000 g. The absorption intensities of the SWNTs and 
functionalized SWNTs for PL measurements are listed in Table S2. 

2.4	  Measurements	  of	  time	  resolved	  PL	  and	  UCPL.	  	  

A supercontinuum white-light source (Fianium, SC450) was used as 
an excitation light source for measurements of both time-resolved 
photoluminescence decay profiles and up-conversion 
photoluminescence spectra. The excitation light wavelengths for 
each measurement were selected using multiple optical filters. The 
time-resolved photoluminescence decay profiles were recorded using 
a time correlated single-photon counting technique under pulsed 
excitation (40 MHz, ~10 ps pulse duration at a photon wavelength of 
830 nm) with a liquid helium-cooled superconducting single photon 
detecting system (SCONTEL) operated at ~2K. The 
photoluminescence from each peak feature was separated using 
optical filters with a band-pass of 10 nm. To obtain the effective PL 
lifetimes, we fitted the data using the convolution of the instrumental 
response function (IRF) with Kohlrausch function (for free excitons) 
and double exponential function (for localized excitons) to obtain the 
original photoluminescence decay profiles of free and localized 
excitons. Up-conversion PL spectroscopy was performed using a Si-
based charge coupled device (CCD) cooled with liquid nitrogen 
(Princeton Instruments, SPEC-10). The reflection-mode confocal 
microscopic optical configurations with a 0.42 NA, ×50 objective 
were used for the optical measurements. All measurements were 
performed on samples placed in a quartz cell at room temperature. 

2.5	  Theoretical	  studies.	  	  

A hydrogen-terminated (6,6)-SWNT structure containing 21 carbon 
layers (C252H24) was employed to study the spin density distribution 
of Bu-(6,6)-SWNTs radical in which the Bu group is binding on the 
center carbon layer. Structural optimization was performed using 
Gaussian 09 within the DFT framework using the B3LYP functional 
in conjunction with the 6-31G(d) basis set.21-24  

3.	  RESULTS	  AND	  DISCUSSION	  
The alkylated SWNTs (SWNTs-R) were synthesized using sodium 
naphthalenide and alkyl bromide (RBr; R = nBu, iBu, and sBu) 
(Scheme 1).25,26 The degree of functionalization was estimated from 
the intensity ratio of the D/G bands in the Raman spectra of SWNTs-
Bu (Fig. 1a, b). Successful sidewall functionalization was confirmed 
by an increase in the D/G ratio with a decrease in the intensity of the 
radial breathing mode (RBM) peaks after the reductive reaction.27 

  During the reductive alkylation, it was difficult to measure the in 
situ absorption and PL characteristics of the SWNTs owing to their 
low dispersibility under the reaction conditions employed. The 
SWNTs and functionalized SWNTs were therefore dispersed in a 
D2O solution containing 1 wt% of SDBS and the resulting 
dispersions were then centrifuged at 140,000 g. In order to compare 
the characteristic absorption and PL peak intensities before and after 
functionalization, SWNT dispersions having absorption intensities of 
0.0735 ± 0.0085 and a local minimum at ~775 nm were prepared 
(see Table S2). This local minimum was selected because the 
absorption intensity at ~775 nm changes only slightly as compared 
to the intensity of the E11 characteristic peak in the photochemical 
reactions of the SWNTs with aliphatic amines.28 The weak 
characteristic E11 and E22 absorption peaks of SWNTs-Bu were 
consistent with the Raman spectroscopy results (Fig. 1a-c). 

  Two new PL peaks were observed at ~1100 (E11
*) and ~1230 nm 

(E11
**) in the PL spectra of SWNTs-Bu (Fig. 1d). According to 

previous reports, each of the oxidized (SWNTs-O: 1120 nm),10 
arylated (SWNTs-Ph: 1119 nm),13 alkylcarboxylated (SWNTs-
(CH2)5COOH: 1091 nm),14 and dialkylated SWNTs after thermal 
treatment at 300 ˚C (nBu-SWNTs-nBu (300 °C): 1213 nm) typically 
give rise to mainly one new peak.15  

  In this work, we focused our attention on the intermediates of Bu-
SWNTs-Bu and SWNTs-Bu, which have the same substituent 
groups. The difference in the distance of the addition site carbon 
atoms of the substituents may therefore account for the difference in 
the PL properties of Bu-SWNTs-Bu and SWNTs-Bu. As shown in 
Schemes 1 and 2, the Bu-SWNT and SWNT radicals were plausible 
intermediates for Bu-SWNTs-Bu and SWNTs-Bu, respectively. The 
theoretical calculations using the density functional theory revealed 
that the spin density of the Bu-SWNT radical was localized at the 
neighbouring carbon atoms of the addition site (Fig. 2). Therefore, 
the second butyl group could be introduced at the carbon atoms in 
the neighbourhood of the addition site carbon when butyllithium and 
butyl bromide were used. On the other hand, owing to the 
delocalization of the spin density of the SWNT radical, the butyl 
radicals could be introduced everywhere during the initial stage of 
the reaction between the SWNT and butyl radicals. Thus, we can 
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state that the addition of butyl radicals probably took place at the 
carbon atoms distant from the other addition site carbon atoms 
during the initial stage when sodium naphthalenide and butyl 
bromide were used. 

 

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Fig. 1.	   	   (a,b)	   Raman,	   (c)	   absorption,	   and	   (d)	   PL	   spectra	   of	   SWNTs	  
and	  SWNTs-‐Bu.	  	  

 
Scheme 1.  

 

Scheme 2. 

	  

 
 
 
 
Fig.	   2.	   Spin	   density	   of	   nBu-‐(6,6)SWNT	   radical.	   The	   hydrogen	  
atoms	  at	  edge	  are	  omitted	  for	  clarity.	  
 

   The effect of the addition patterns of the substituents on the PL 
properties of alkylated SWNTs was further investigated through the 
reductive alkylation of SWNTs with alkyl dibromide. In this study, 
α,α’-dibromo-o-xylene was selected because this dihalide is used in 
the synthesis of 1,2-cycloaddition products of C60.29,30 Interestingly, 
SWNTs-(o-xylyl), prepared with α,α’-dibromo-o-xylene gave rise to 
only one new PL peak at 1231 nm. In contrast, the benzylated 
SWNTs (SWNTs-Bn) prepared with benzyl bromide, yielded two 
new peaks at 1104 and 1197 nm. The results indicate that the 
positions of the PL peaks obtained after functionalization were 
strongly influenced by the distance between the addition site carbon 
atoms of the substituents (Fig. 3). Counter plots of the fluorescence 
intensity versus excitation and emission wavelength of the 
functionalized SWNTs (Fig. 4) revealed strong emission at E11 
excitation after the functionalization. As previously mentioned, the 

excitation of functionalized SWNTs by a high-efficiency NIR light 
is well-suited for applications such as biological imaging.	  	  

Scheme 3.	  	  

	  

 
 
	  

	  

	  

	  

	  

	  

	  

	  

	  

Fig.	  3.	  (a,b)	  Raman,	  (c)	  absorption,	  and	  (d)	  PL	  spectra	  of	  SWNTs	  
and	  functionalized	  SWNTs.	  
	  	  
  The UCPL properties of SWNTs, which possess properties such as 
high transparency and low phototoxicity in biological tissues, have 
received a great deal of attention. Akizuki et al. have recently 
reported that relatively efficient UCPL can be observed in oxidized 
and arylated SWNTs.31 It was reported that the UCPL intensities of 
oxidized SWNTs and arylated SWNTs at an excitation wavelength 
of 1148 nm (1.08 eV) are approximately 3 times higher than that of 
unfunctionalized SWNTs, respectively. This suggests that since the 
excitation energy of UCPL closely matched the PL peak energies of 
the oxidized and arylated SWNTs, the localized states generated by 
the chemical functionalization acted as intermediate states for 
excitation in the up-conversion processes.1 The UCPL measurements 
of SWNTs-nBu(Δ) were conducted to elucidate the relationship 
between the UCPL intensities and the PL peak energies (E11

* and 
E11

**). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.	  4.	  	  Counter	  plots	  of	  fluorescence	  intensity	  versus	  excitaion	  
and	  emission	  wavelength	  of	  SWNTs	  and	  funciotnalized	  SWNTs.	  
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Fig.	   5.	   (a)	   Absorption	   spectra	   of	   SWNTs	   (black),	   SWNTs-‐nBu	   (red),	  
and	   SWNTs-‐nBu(Δ)	   (blue)	   normalized	   at	   780	   nm.	   (b)	   PL	   spectra	   of	  
SWNTs	   (black),	   SWNTs-‐nBu	   (red),	   and	   SWNTs-‐nBu(Δ)	   (blue).	   (c)	  
Time-‐resolved	   PL	   decay	   profiles	   of	   SWNTs-‐nBu(Δ)	   at	   an	   excitation	  
wavelength	  of	  830	  nm.	  The	  red,	  yellow,	  and	  blue	  circles	  indicate	  the	  
PL	  decay	  at	  980,	  1100,	  and	  1200	  nm,	  respectively.	  
	  
	   In a recent study, the luminescence quantum yield of localized 
excitons in oxidized SWNTs was found to be at least one order 
larger (~18%) than that of free excitons (typically ~1%).12 The high 
quantum yield of the localized excitons was estimated from the PL 
lifetime of the free and localized excitons in the oxidized SWNTs, 
which is approximately six times longer than that of the intrinsic 
excitons. Here, the measurement of PL lifetimes of SWNTs-nBu was 
conducted using the time-correlated single photon counting method 
to compare the exciton lifetimes at E11, E11

*, and E11
**. SWNTs-nBu, 

which were thermally treated at 200 °C for 6 h (SWNTs-nBu(Δ)) for 
partial removal of substituents and gave rise to the E11, E11

*, and E11
** 

PL peaks, were prepared for the comparison of these exciton 
lifetimes (Fig. 5). The time-resolved PL decay profiles of SWNTs-
nBu(Δ) at room temperature are shown in Fig. 5c, and the exciton 
lifetimes at 980, 1100, and 1200 nm were estimated to be ~23, ~65, 
and ~118 ps, respectively. It is noteworthy that the PL peaks 
possessing larger Stokes shift had longer exciton lifetimes. This is 
attributable to longer PL lifetimes resulting in high PL quantum 
yield. Moreover, larger Stokes shift allows easy elimination of auto-
fluorescence in bio-imaging applications. 

  Fig. 6a,b shows the UCPL spectra of the as-dispersed SWNTs and 
SWNTs-nBu(Δ), respectively. The UCPL intensities of both the 
samples varied depending on the excitation wavelengths. Fig. 6c 
shows the integrated UCPL intensities as a function of excitation 
wavelengths. For all the excitation wavelengths, the UCPL 
intensities of SWNTs-nBu(Δ) were stronger than that of the as-
dispersed SWNTs. Fig. 6d plots the ratio of the UCPL intensities of 
SWNTs-nBu(Δ) to those of the as-dispersed SWNTs at each 
excitation wavelength. It can clearly be observed that the UCPL 
intensities of SWNTs-nBu(Δ) were high at the wavelengths 
corresponding to E11

* (~1,13 eV (1100 nm)) and E11
** (~1.0 eV 

(1250 nm)) as compared to those of the as-dispersed SWNTs. Since 
the UCPL of SWNTs has been attributed to the efficient phonon-
assisted energy up-conversion processes from the localized to free 
exciton states, the increase in peak intensity in the UCPL spectra of 
SWNTs-nBu(Δ) is attributable to an increase in the number of 
initially created localized excitons with energies of E11

* and E11
** at 

the functionalized sites. Furthermore, the lower UCPL intensity for 
larger energy gain for both the as-dispersed SWNTs and SWNTs-

nBu(Δ) is attributable to the decrease in the number of phonons for 
higher energy phonon at room temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.	  6	  (a),	  (b)	  Excitation	  wavelength	  dependence	  of	  the	  PL	  spectra	  of	  
as-‐dispersed	   SWNTs	   and	   SWNTs-‐nBu(Δ).	   (c)	   Integrated	   UCPL	  
intensity	  vs.	  excitation	  wavelength	  for	  as-‐dispersed	  SWNTs	  (○)	  and	  
SWNTs-‐nBu(Δ)	   (●).	   Inset:	   Expanded	   views	   in	   1180	   –	   1300	   nm.	   (d)	  
Ratio	   of	   the	   spectral	   integrated	   UCPL	   intensity	   of	   as-‐dispersed	  
SWNTs	  and	  SWNTs-‐nBu(Δ)	  (I_doped/I_as-‐dispersed)	  as	  a	  function	  of	  
excitation	  wavelength.	  

4.	  Conclusions	  
In conclusion, we have studied the PL and UCPL properties of 
alkylated SWNTs prepared using alkyl bromide and alkyl 
dibromide. Two new PL peaks were observed when alkyl 
bromide was used (SWNTs-Bu: ~1095 and 1230 nm. SWNTs-
Bn: 1104 and 1197 nm). In contrast, the use of α,α’-dibromo-o-
xylene primarily resulted in only one new PL peak. The results 
indicate that as two-step reductive alkylation, the cycloaddition 
reaction of SWNTs using alkyl dibromide is effective to 
generate new and strong PL peak with large Stokes shift. In 
addition, the time-resolved PL decay profiles of the alkylated 
SWNTs revealed that the PL peaks possessing larger Stokes 
shift had longer exciton lifetimes. The UCPL efficiency of the 
alkylated SWNTs at the excitation wavelengths of 1100 and 
1250 nm was estimated to be ~2.38 and ~2.35 times higher than 
that of the as-dispersed SWNTs, respectively. Controlling the 
distance of the addition site carbons is a simple method for 
controlling the Stokes shift, emission efficiency, lifetime, and 
up-conversion efficiency of NIR PL. This method is highly 
desirable owing to its applicability in various NIR PL 
applications. 
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