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We present electrochemical Raman measurements on en- y T " T . T y T

ergy transfer complexes formed by combining single- 1.0+ adT CNT-dye energy .
walled carbon nanotubes and dye molecules. The pres- s anthracene o complexes
ence of the dye molecules in the proximity of the nan- 08k pyrene i

otubes impacts the nanotubes’ charging behavior, lead-
ing to changes in the position of the charge neutrality _ all
point and the maximum achievable doping strength. We 2 ™ ,
compare these results to spectra acquired in solution an&t | G mode Raman signal
determine the corresponding Fermi energy shifts, which§, 04 -1.t1v ellfCtFOChem'cal
are found to be similar in the energy transfer complexes® gate volage
and a reference sample. Our results have implications 0.2
for the photoluminescence enhancement/quenching pre-
viously observed in these energy transfer complexes.

reference

n 1 n 1 n 1 n 1
1400 1450 1500 1550 1600
Raman Shift (cm™)
Electrochemical G-mode Raman spectra at a gate voltage of
-1.1V showing much larger doping strength for the reference

sample than for the energy transfer complexes, as seen in the
higher-frequency and narrower peak.
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1 Introduction Single-walled carbon nanotubes have ergy transfer complexes have recently been developed[5—
attracted enormous research interest because of thegdvari 10] to overcome these shortcomings. In these complexes,
optical properties [1], excellent electronic transporarch a dye featuring a higher intrinsic absorption strength is
acteristics [2], and potential biomedical applications[3 brought into proximity of the nanotube. After optical ex-
Semiconducting nanotubes emit light at near-infraredcitation of the dye, the excitation is transferred into the
wavelengths, in the biomedically relevant transparencynanotube, and the nanotube emits light in the near infrared.
window of tissue[4]. The energy transfer efficiency reaches values that are very

Nanotubes have low intrinsic absorption strengths anqdos'3 to un_ity, meaning that almost every excitation ceate
different chiralities require different excitation eneg In the dye is transferred into the nanotubes, 7, 9].
which hinders imaging application. Carbon nanotube en-
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Spectroelectrochemical Raman measurements of cagies[15,18]. At the same time, the integrated peak intgnsit
bon nanotubes have been used to investigate the electrodecreases. At larger gate voltages the semiconducting LO
phonon coupling and the charge states of nanotubes in sgeak initially located at588cm~! additionally up-shifts
lution and on substrates. The metallic LO compongint to higher frequencies.
the G-modéneshape is very sensitive to the Fermi energy,

Whitcrlll.caLnObe cEanghe_g.tby a}?prllying a galte vcr)ll_tar?(la. Lh eaks for the G-mode region and track the peak position
metafiic LY peak exnibils a vohn anomaly, WhICh 1€ads 5,4 \yigth (full width at half maximum) of the lowest-

to a downshift of the peak compared to semiconductingr ; :
. . . requency fit component, which corresponds to the metal-
tubes[11-17]. Furthermore, in metallic tubes there is an;. qLO pe};k. The game type of measur?ament and analysis

additional phonon relaxation channel consisting of elec-, - performed for the pyrene-carbon nanotube and a4T-

tronic excitations between the linear bands crossing at th%arbon nanotube energy transfer complexes and the refer-
Fermi energy[18]. This additional phonon relaxation Chan'ence sample. Figure 2 shows the peak position and width
nel leads to a broader Raman peak. Both the Kohn anomalgS a function of gate voltage for all four samples

and the phonon relaxation channel are only in effect at in- _ _
trinsic Fermi energies and are lifted when the Fermi energy  Comparing the behavior of the three energy transfer
is shifted by half the phonon energy in either direction. ~ complexes and the reference sample, we can make several

In this paper we conduct in-situ spectro-electrochemicapPservations: Firstly, the gate voltage at which the mietall
Raman measurements on carbon nanotube energy trans® p.eak_exh]:fbns th? m?]X'm.L]{fm width andl mmnnym peak
fer complexes formed using three different dye moleculed?0Sition is different for the different samples. This can be
and compare their behavior to that of a reference samplefttributed to doping of the nanotubes by the dye molecules,

We find that the energy transfer complexes exhibit dif- Whri](.:h ha_?] to be counlt.eredhby a certain gate vloltage to
ferent electrochemical charging characteristics such as gchiéve charge neutrality. The corresponding voltages are

lower gating efficiency and shifted voltage position of the *0-1V for anthracene and -0.1V for pyrene and a4T. How-
charge neutrality point. We also investigate the Fermi en-EVerl, the spectrum of the reference sample also does not

ergy of complexes in solution and find that charge transfe/©XNibit maximum broadening and minimum peak position
between the constituents cannot explain the photolumines2t OV butinstead at +0.1V.
cence quenching observed previously for some of these Secondly, the rate of change of the width and position
complexes. of the metallic LO peak, i.e. the gate efficiency, is slightly
smaller for the anthracene and pyrene samples than the a4T
2 Methods and Samples Raman spectra were ac- and the reference samples. This means that is harder to in-

quired on a Horiba XploRa spectrometer with 638nm duce a given charge density in the nanotubes in these sam-
laser excitationTo prepare the energy transfer complexes, ples, presumably due to the presence of the dye molecules
the hydrophobic dyes are introduced into the micelles andn immediate proximity to the nanotubes. To quantify the
onto the tubes via micelle swelling as described in Ref. [6].9ate efficiency, we observe the difference in gate voltage
Consequently, there are no free dye molecules in the soluPetween the two points where the peak width reaches half
tion.We investigate three energy transfer complexes conits maximum value (e.g+0.6V — (—0.4V) = 1V for an-
taining anthracene, pyrene, aad:]uarterthiophene(a4T), thracene). From theory we know that this corresponds to
formed with PLV single-walled carbon nanotubes. For & change in the Fermi energy equal to the phonon energy,
the electrochemical Raman measurements, the sample®OmeV[12,16,17]. We thus arrive at a gating efficiency of
were dropcast from solution onto a go|d-coa‘[ed Wafero.zoeV/V for anthracene. The gate efficiency is 0.20eV/V
to form the Working electrode. Trimethy|pr0py|amm0- for pyrene and 0.25eV/V for a4T and the reference Sample.
nium bis(trifluoromethanesulfonyl)imide was used as the  Thijrdly, the most pronounced difference is in the mini-

electrolyte. The electrochemical cell was co_mpleted bYmum width and and maximum peak position of the metal-
a Ag/AgCl reference electrode and a Ag wire counter|ic | O peak obtained at high gate voltages. Here the val-
electrode. Gate voltages between -1.1V and +1.1V Wergyes for the reference sample indicate significantly stronge
applied in steps of 0.1V using a homemade voltage sourcejoping than for the energy transfer complexes, leading to
a lower peak width and higher peak frequency. This obser-
3 Results and Discussion Figure 1 shows G-mode vation can be hypothesized to be due to the presence of the
Raman spectra of the anthracene-carbon nanotube energlye molecules between the electric double layer and the
transfer complex acquired while sweeping the gate voltageanotube, which reduces the maximum capacitance of the
from OV to +1.1V. Spectra were also acquired at negativenanotube-electrolyte interface. This leads to lower maxi-
gate voltages. With increasing gate voltage, the metallionum charge densities. The maximum doping in the ref-
LO peak initially located afl552cm~! upshifts and nar- erence sample is greater than in all three energy transfer
rows in accordance with established results on the Kohrcomplexes, while the behavior among the energy trans-
anomaly and the additional phonon relaxation channelfer complexes is fairly similar. Specifically, the peak widt
which are lifted and blocked at non-intrinsic Fermi ener- and position at -1.1V arég6cm~! and1594cm~1!, respec-

We fitted the electrochemical Raman spectra with three
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Figure 2 Peak width(full width at half maximumand peak po-
sition of the metallic LO peak extracted from the fitted electro-
chemical Raman spectra as a function of gate voltage.

geneity would have manifested itself as a lower maximum
peak width and higher minimum peak position because at

! . L . L s L s a single gate voltage, not all the tubes would have been at
1450 1500 1550 1600 charge neutrality.

Raman Shift (cm™) Photoluminescence measurements on the carbon nan-
. otube energy transfer complexes are typically carried out
Figure 1 Electrochemical Raman spectra of the anthracene-, sojution. We therefore also compare Raman spectra of
carbon nanotube energy transfer complex acquired at gate volty,r samples acquired in solution to the electrochemical Ra-
ages from 0V to +1.1V with 638nm laser excitation. man spectra in order to assess the charge state of the nan-
otubes in solution, and in particular if the tubes are chérge
enough to quench their luminescence.
tively, compared t82cm~! and1579cm~! for anthracene. The G-mode Raman spectra in solution, shown in
A comparison of the spectra at -1.1V is shown in Fig. 3b. Fig. 3¢, match the electrochemical Raman spectra taken
Itis interesting to note that the maximum peak width of at gate voltages of -0.3V for anthracene, -0.4V for pyrene
80cm~! and the minimum peak position ab50cm~! of and a4T, and -0.2V for the reference sample. We take the
the metallic LO peak obtained at the charge neutrality pointvoltage difference between these values and the respective
is very similar in all the samples, see Fig. 3a. This provesvoltages of the charge neutrality point and convert them to
that the dye molecules do not introduce significant FermiFermi energy shifts using the gate efficiencies determined
energy inhomogeneity in the tubes, as could have ariseerarlier in this paper. This calculation gives Fermi energy
from uneven coverage of the tubes. Fermi energy inhomoshifts of 80meV for anthracene and pyrene and 75meV
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Figure 3 a) Spectra at charge neutrality showing a similar line-
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enhancement. Pyrene quenches the photoluminescence for
all chiralities, by 30% on averagé/e do not focus on the
Raman signal of semiconducting tubes in this work be-
cause their G-mode peak position and width is affected
much less by changing the Fermi energy than the G-mode
of metallic tubes.

In our measurements we found the spectra in solution
to correspond to electrochemical potentials at most 0.4V
below the charge neutrality point. Assuming a charging ef-
ficiency of 1eV/V for semiconducting tubes inside the band
gap, these values would not be sufficient to shift the Fermi
energy into the valence band, at which point quenching was
observed in the absorption in Ref.[19].

Regardless of whether the Fermi energy shifts would be
strong enough to quench the absorption or luminescence,
since the Fermi energy shifts are very similar to the refer-
ence sample for all three energy transfer complexes, charge
transfer cannot be the explanation for the photolumines-
cence quenching and enhancement observed in Ref. [6].
The photoluminescence quenching can be atributed to a re-
duced radiative life time in the energy transfer complexes.
The precise mechanism of the radiative life time reduction
was not determined. A possible candidate is the extrinsic
local modulation of the Fermi energy through the adsorbed
dye molecules leading to increased scattefihg local
modulation of the Fermi energy is not accesible in our ex-
permiments, which probe the average Fermi energy in an
ensemble of nanotubes.

4 Conclusion To summarize, we performed electro-
chemical Raman measurements on the carbon nanotube
energy transfer complexes. We found that the presence of
the dyes influences the charging behavior of the nanotubes,
as manifested in different positions of the charge netyrali
point and reduced maximum doping strength. Furthermore,
we examined the Raman spectra of the same complexes in
solution and found that the Fermi energy has very similar
values in all samples. This rules out charge transfer as the
explanation for the different photoluminescence enhance-
ment/quenching behavior of the different samples.

Acknowledgements S.R. acknowledges funding by the

shape in all the samples. b) Spectra at -1.1V showing much largeERC (Grant No. 210642).
doping strength for the reference sample than for the energy trans-

fer complexes. c) Spectra in solution, from which the Fermi en-

ergy shifts were determined.

for a4T and the reference sample. These values are for the

metallic tubes that contribute to the metallic LO peak.

Our measurements in this paper probe several metal-
lic chiralities that contribute to the metallic LO peak in
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