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Two new covalently bonded double wall carbon nanotube-phthalocyanine nanohybrids (DWCNT-
ZnPc 1 and DWCNT-SiPc 2) hybrids with differently positioned phthalocyanine (connected
through ring periphery or through axial bond) have been synthesized and characterized
revealing different degree of ground and excited state interactions between both moieties.
Absorbance, emission and electrochemical studies show electronic communication between the
two active species. Femtosecond transient absorption and photocatalytic electron pooling studies
were performed to seek evidence of charge separation in these hybrids.
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www e/ Selective functionalization of the outer walls of double-walled carbon nanotubes (DWCNTs) with zinc and silicon

phthalocyanines leaving the inner walls undamaged has been accomplished. The mode of metal phthalocyanine (MPc)
connection was varied, that is, through macrocycle periphery in case of zinc phthalocyanine (ZnPc) and through silicon
axial position in case of silicon phthalocyanine (SiPc) to visualize it effect on phthalocyanine-DWCNT interactions.
Evidence of outer wall functionalization and degree of phthalocyanine substitution on DWCNT were arrived from HR-TEM,
AFM, IR, TGA, XPS and Raman techniques. The sensitizer-nanotube interactions were probed from studies involving optical
absorbance, and steady-state and time resolved emission, and electrochemical studies. The fluorescence of
phthalocyanines in these hybrids was found to be almost quantitatively quenched (>95%) due to interactions with DWCNT,
and such interactions were more for the SiPc derived hybrids. The performed femtosecond transient absorption studies
revealed that the interactions are dynamic involving the singlet excited phthalocyanine and the nanotubes. In agreement
with earlier studies, evidence for charge separation in these hybrids was bleak revealing weak signature bands of MPc™ in
the 850 nm range. Additionally, presence of trace amounts of single wall carbon nanotubes in the hybrids further

hampered detailed spectral analysis.

of electron donor counterparts and CNTs, either by a classical
covalent method® or a non-covalent interaction, have been
described.” Nevertheless, neither of the strategies is perfect:
while covalent bonding provides robust hybrid materials at the
cost of sacrificing electronic properties, the supramolecular
approach provides hybrids that are not very stable although
this approach yields materials without introducing defects on
the conjugated sp2 carbon lattice.

DWCNT,5 due to the electronic communication between
outer and inner walls,6 has recently emerged out as a
convenient substitute for functionalized CNT hybrid materials
as it combines all of the advantages found in the covalent and
the supramolecularly functionalized hybrids. This strategy has
been recently explored by us for the first time using
perylenediimides (PDIs) as electron donor decorating agents,
obtaining a series of DWCNT-PDI hybrids.7a and more recently
with antibodies.” However, although we were able to detect
an effective electronic communication between inner and
outer DWCNT walls where the inherent fluorescence of the
PDI subunit was effectively quenched, the evidence of charge
separation from the transient studies was bleak, and
accordingly, yields of photocatalytic electron pooling were
much lower than those reported earlier for fullerene and
single walled carbon nanotube based hybrids.

Introduction

The use of carbon nanostructures, as principal components in
donor-acceptor nanoensembles, is now experiencing a new
impulse, primarily due to the actual momentum around
graphene and graphene-based materials, but also because of
current multigram availability of fine structure-controlled
nanotube batches.! Carbon nanotubes (CNTs) have been
always considered as a very promising class of carbon-based
building blocks, suitable to construct hybrid materials with
exceptional optoelectronic features, but the historic variability
between batches has been, until now, a handicap that should
be eluded in near future to afford its reliable employment in
organic-based technological applications.2 In spite of that, very
interesting hybrid materials, based on the smart combination
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In this work we present DWCNTs covalently linked to
goodelectron donor systems wherein we have been able to
observe strong intramolecular interactions. We have chosen
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phthalocyanines (Pcs),S robust electron rich systems capable of
forming long lived charge separated states,9 to synthetize two
new DWCNT hybrids, DWCNT-ZnPc 1 and DWCNT-SiPc 2 (Chart
1). Moreover, we have studied the influence of the =n-
conjugate linker’s effect on the DWCNT-Pc interactions using
fully conjugated peripherally substituted zinc phthalocyanines
and non-conjugated axially substituted silicon
phthalocyanines. The structural properties of both DWCNT-
phthalocyanine hybrids have been investigated via
thermogravimetric analysis (TGA), X-ray photoelectron (XPS)
and Raman spectroscopies, and transmission electron (TEM)
and atomic force (AFM) microscopies. The photophysical
properties of the DWCNT-Pc’s derivatives have been studied
by absorption and emission spectroscopic techniques in
solution. This study is targeted to shed light on the electronic
interactions between the electron donor phthalocyanine connected
via conjugated and non-conjugated means to the outer wall of
DWCNT, and its conducting inner tube. In these DWCNT-Pc
hybrids, the inner tube would keep its (ideal) ballistic
conducting behavior, being then capable to rapidly transport
an electron to an external circuit, generated during the
photoexcitation of the Pc, to be incorporated in the future in
high efficient solar cells.

Journal Name

DWCNT-TMS

R = SiMe;
j ’
DWCNT-CCH R=H

o

DWCNT-ZnPc 1 DWCNT-SiPc 2
Scheme 1: Reagents and conditions: (a) 4-[(2-trimethylsilyl)ethynyl]aniline, isoamyl
nitrite, NMP, 70 2 C, 24 h; (b) TBAF, 02 Cto rt, 3 h; (c) then, Pc 3 or Pc 4, Pd,(dba)s,

AsPhs, NEt;, DMF, 1209C, 4 days.

DWCNT-ZnPc 1 DWCNT-SiPc 2
Chart 1: Structure of DWCNT-ZnPc 1 and DWCNT-SiPc 2.

ZnPc 3 was obtained following a previously described
procedure,12 while asymmetric diaxially-substituted SiPc 4 was
synthesized, for the first time, from tetra-tert-butyl silicon
dichlorophthalocyanine,13 and equimolar quantities of 4-
iodobenzoic acid and 4-methylbenzoic acid (Scheme 2) using,
in this case, microwave radiation to force double chloride
substitution at the axial valences (see S| for experimental
details).

Results and discussion
Synthesis and Characterization

The synthetic procedure for the preparation of the
corresponding DWCNT-ZnPc 1 and DWCNT-SiPc 2 is illustrated
in Scheme 1. Initially, pristine DWCNT was covalently
functionalized by Tour reaction™® with 4-(2-
trimethylsilyl)ethynylaniline in the presence of isoamyl nitrite
affording DWCNT-TMS. Subsequent cleavage of the TMS
groups using tetra-N-butylammonium fluoride (TBAF) gave
DWCNT-CCH. Finally, ZnPc 3 and SiPc 4 were grafted onto the
modified DWCNT using a Sonogashira C-C cross coupling
reaction'! affording the targeted nanohybrids 1 and 2.

2| J. Name., 2012, 00, 1-3

Scheme 2: Reagents and conditions: (a) 4-iodobenzoic acid, 4-methylbenzoic acid, 1-
butyl-3-methylimidazolium bromide, diglyme, microwave irradiation (200 MW, 200 °C,
15 min).
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Scheme 3: Reagents and conditions: (a) Pd(PPhs)s, Cul, THF, EtsN, Ar, 50 °C, 90 min.

This journal is © The Royal Society of Chemistry 20xx
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Despite ZnPc is a good reference compound, we have also
included Zn(l1) tri(tert-butyl-4-(1’-phenyl)ethynyl
phthalocyanine (ZnPc 5) as reference to get a more accurate
study of the influence of the interactions of the ZnPc over the
DWCNT and vice versa, ruling out the effect of the
phenylethynil bridge in the ground state electronic and redox
properties of the hybrid 1. ZnPc 5 was synthesized (Scheme 3)

following a modified synthetic route to the already
published.14 Sonogashira  coupling  of  (tri-tert-butyl-
ethynylphthancyaninato)zinc(II)12 with bromobenzene

afforded ZnPc 5 in 50 % yield (See Sl).

DWCNT-Pc nanoconjugates 1 and 2 were characterized by
Raman spectroscopy, thermogravimetric analysis (TGA), UV-vis
absorption, X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM) and atomic force
microscopy (AFM) as well as steady-state and time-resolved
spectroscopic techniques to obtain fully detailed information
about the structural, electronic and chemical properties of the
functionalized double wall carbon nanotubes.
Thermogravimetric analysis (TGA) was applied to detect the
degree of functionalization of the functionalized samples
under inert atmosphere and at 600°C. The thermogram shown
in Figure 1 revealed a weight loss about 4.1 % for pristine
DWCNT, 16.6 % for DWCNT-TMS, 20.5 % for phthalocyanine
hybrid DWCNT-ZnPc 1 51.2% the
phthalocyanine ZnPc 3. The corrected weight losses due to the

and for control
functional groups on nanotubes were then estimated to be
12.5 % for DWCNT-TMS and about 16.4 % for nanohybrid 1
(weight losses difference of DWCNT-TMS - pristine DWCNT
and DWCNT-ZnPc 1- pristine DWCNT). Accordingly, a degree of
functionalization of one unit of organic fragments per about
110 carbon atoms for DWCNT-TMS could be estimated; with
the same calculation, the amount of functional groups was 1
per 362 carbon atoms in nanohybrid 1.

100 —
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Figure 1: TGA curves of pristine DWCNT (grey), DWCNT-TMS (red), DIWCNT-ZnPc 1

(black) and ZnPc 3 (blue), (10 2C/ min under nitrogen).

In the case of nanohybrid 2, the thermogravimetric analysis
revealed a corrected weight loss of 14.2 %, 19.8 % and 51.5%
(for DWCNT-TMS, DWCNT-SiPc 2 and SiPc 4 respectively).
According with these results, the number of organic addends
in DWCNT-TMS was estimated as 1 per 98 carbon atoms and

This journal is © The Royal Society of Chemistry 20xx

every 411 carbon atoms in DWCNT-SiPc 2 (Figure 2). The
weight loss of 4.1 % at 600 °C observed for pristine-DWCNT
may be due to the destruction of the residual amorphous
carbon still present in the nanotubes and the
decarboxylation of the oxidized species.
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Figure 2: TGA profiles of pristine DWCNT (grey), DWCNT-TMS (red), DWCNT-SiPc 2
(black) and SiPc 4 (green), (10 2C/ min under nitrogen).

The functionalization procedure was also monitorized by X-

ray photoelectron spectroscopy (XPS). The binding energies of
core levels of the elements and percentage of peak
components of both DWCNT-Pcs and some of the raw
reagents are summarized in Table S1 (see Sl). Also included in
this table are the BEs of core-levels of the elements of pristine
DWCNT with that of Pcs (ZnPc 3 and SiPc 4) and DWCNT-TMS
intermediate employed in the synthesis of DWCNT-Pcs.
Fitting of the high resolution Cls spectrum of the pristine
DWCNT sample (Figure S7 in Sl ) displayed the main
component at 284.8 eV, due to sp2 C on the DWCNT surface,
and other minor components at 286.2, 287.7 and 289.2 eV
assigned to C-O, C=0 and COO groups respectively.15
Moreover, this Cls line shows a broad, weak component at
about 291.3 eV, originated from the n-n* plasmon emission of
C atoms in graphene-like structures.’® Similarly, the high
resolution O 1s peak of DWCNT has been resolved with two
components at 531.8 and 533.3 eV originated from O=C and O-
C bonds present on the DWCNT surface.”

Table 1: XPS elemental composition of pristine DWCNT, functionalized DWCNTs
samples and its precursors.

Page 4 of 11

<ol C 0 N si Zn |
ample
P (%at) | (%at) | (%at) | (%at) | (%at) | (%at)
ZnPc3 | 846 ; 125 ; 14 15
siPc4 777 | 66 | 122 | 17 } 18
pristine

951 | 49 ; ; ; ;
DWCNT
DWCNT-

963 | 31 ; 0.6 ; ;
™S
DWCNT-

933 | 30 | 33 ; 0.4 ;
ZnPc1
DWCNT-
" 920 | 46 | 30 | o4 ; ;
SiPc 2
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Upon anchoring the TMS group to DWCNT substrate, some
changes in the Cls profile were observed: a minor contribution
appeared at 285.3 eV, coming from the sp3 C of the TMS group
(see Figure S8), and simultaneously the nt-nt* plasmon emission
disappeared. Quantitative data have also been obtained from
XPS spectra. Surface composition of pristine DWCNT in terms
of atom percentage is compiled in Table 1. The O-content of
the pristine DWCNT is moderate (4.9%) and becomes reduced
to 3.1% upon incorporation of TMS groups indicating that
anchorage of TMS groups removes some of O-containing
groups of the pristine DWCNT.

In addition, the BEs values of DWCNT-Pcs 1 and 2, and
corresponding ZnPc 3 and SiPc 4 precursors are also
summarized in Table S1. C 1s and O 1s emissions of 1 and 2
display contributions of both substrate and phthalocyanine
precursors, together with N 1s and Zn 2p and Si 2p peaks
originated from the phthalocyanine moieties. The N 1s peak of
these functionalized samples was satisfactorily fitted to two
components: the lower BE (398.7-398.8 eV) corresponding to
six imine nitrogen atoms, while the peak at higher BE (400.3
eV) is associated to the two pyrrolic nitrogen atoms;™® the
former peak is three times more intense than the latter. This
observation is consistent with the molecular anchoring of the
phthalocyanine moiety on the DWCNT substrate (see Table
S1).

As shown in Table 1, indirect evidence for functionalization
of the DWCNT with phthalocyanine groups comes from
comparing atom percentages of C, O, N and Zn or Si in
functionalized DWCNT samples. The similar Zn and Si
percentage (0.4%) in both functionalized nanohybrids 1 and 2
indicates that the functionalization is almost the same degree
in both materials, in agreement with TGA data.

4| J. Name., 2012, 00, 1-3
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Figure 3: (A) Zoom of Raman spectra ( Ae,c=785 nm) of pristine DWCNT (grey), DWCNT-
TMS (red), DIWCNT-ZnPc 1 (black) and ZnPc 3 (blue). Intensities have been normalized
to the G-band (higher frequency); (B) the inset shows the presence of bands attributed
to ZnPc moiety in DWCNT-ZnPc 1.

The sequence of the structural modification of DWCNT can
be also followed by Raman spectroscopy (785 nm excitation)
(Figure 3 and 4). Pristine DWCNT exhibit the two characteristic
bands: the D mode (disordered-induced peak, sp3 carbon) at
around 1305 cm™® and the G mode (1585 cm'l) which
correspond to the stretching mode in graphite (sp2 carbons).
As can been observed in Figure 3(A) and 4(A), the
incorporation of the aryl moiety is traduced as an increase of
the D band (which arises from the transformation of the sp2 to
spacarbons), passing from Ip/lg = 0.02 for pristine DWCNT to
Io/lg = 0.07 for DWCNT-TMS. After second functionalization,
the incorporation of ZnPc 3 through the coupling reaction is
reflected in the spectrum of DWCNT-ZnPc 1. In Figure 3(B) it is
possible to find different peaks arising from ZnPc 3: at 1329,
1423 and 1511 cm™ for the peaks relating to the vibrations of
pyrrolic ring vibrations; the peak at 1420 cm™ for the C-N
stretching vibrations of the phthalocyanine structure as well as
peaks at 687 and 748 cm™ associated with the deformation of
the macrocycle.19 These Raman spectra further prove that
DWCNT-Pc 1 has grafted with ZnPc 3 moiety successfully.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4: (A) Zoom of the Raman spectra ( Aexc=785 nm) of pristine DWCNT (grey),
DWCNT-TMS (red), DWCNT-SiPc 2 (black) and SiPc 4 (green) . Intensities have been
normalized to the G-band (higher frequency); (B) the inset shows the presence of

bands attributed to SiPc in DWCNT-SiPc 2.

T
500

Analogously, the bands related to SiPc 4 are found in the
Raman spectrum of the nanohybrid 2 (Figure 4): at 1383 and
1195 cm™ (associated to the stretching vibrations of the
pyrrole groups), and also the corresponding C-H in-plane
vibrations of the benzene groups at 1030 cm™ and 971 cm™.%°
This fact corroborates the covalent anchoring of SiPc 4 onto
the nanotube surface, in agreement with XPS data.

For both nanohybrids 1 and 2, the G'-band appears at 1586
cm™, which is downshifted by 2 cm™ as compared to that of
starting DWCNT’s peak at 1588 cm™ (Figure 5). This result
demonstrates that the electron-donor moiety linked onto the
skeleton of double wall carbon nanotube is engaged in

. . A 21
intramolecular interactions.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5: G-band region (Aec= 785 nm) of (a) pristine DWCNT in comparison with
nanohybrid 1 and (b) pristine DWCNT in comparison with nanohybrid 2.

Regarding the radial breathing modes (RBM) (Figure 6),
comparison of the spectra before and after Tour reaction
shows that the RBM bands for the outer walls are reduced in
their intensities, whereas the inner wall peaks are hardly
affected. The retention of the inner tube suggests that the
Tour reaction has a high selectivity on the outer walls of
DWCNT.>

To further demonstrate the anchoring of the Pcs on the
nanotube skeleton, we employed an atomic force microscope
(AFM) to visualize the height increment of the materials. As
shown in Figure 7, while starting DWCNT had an average
height of ~ 2 nm (see Figure S9), after grafting the
phthalocyanine moiety, the height increased to 3.9 nm (Figure
7a) for ZnPc 3 and 4.2 nm in the case of 4 (Figure 7b); these
height increments agree well with the lengths of
phthalocyanine estimated from the more stable conformations
obtained by means of molecular mechanics (~ 2 nm for both
hybrids).

J. Name., 2013, 00, 1-3 | 5
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Figure 6: Comparative Raman spectrum from RBM zone (785 nm excitation) of pristine

DWCNT (black), DWCNT-TMS (red). Arrows indicate the Raman shift regions where
RBMs of the outer and inner tubes are observed.
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solution. In the nanohybrids, the first oxidation potentials are
positively shifted by 60 mV in the case of 1, and 20 mV for 2
respectively, relative to this corresponding phthalocyanine
reference. Moreover, reduction of the DWCNT has changed
and became a broad signal by the presence of the
phthalocyanine and second oxidation and reduction processes
of the phthalocyanine are influenced by the presence of the
DWCNTs in the hybrids 1 and 2. The Pcs second oxidation is
not detected due to the interaction of the Pc with the DWCNT.
In addition, the same interaction affects to the Pcs redox
potential (See Fig S10 and S11). This suggests that the
intramolecular interactions between the electroactive
moieties are stronger in the fully conjugated DWCNT-ZnPc 1
than in the non-conjugated DWCNT-SiPc 2 hybrid.

Table 2: Electrochemical data determined by OSWV of carbon nanohybrids 1 and 2,
ZnPc 5 and SiPc4.’

280nm

600nm

Figure 7: AFM topographic images of (a) DWCNT-ZnPc 1 and (b) DWCNT-Si Pc 2
prepared by drop casting on a silicon wafer from a SDBS/water solution.

Compound Eoa/V Eow/V Erear/V Erea2/V
DWCNT-ZnPc 1 0.45 -1.46
ZnPc5 0.39 0.93 -1.52 -1.95
DWCNT-ZnPc 1 0.36° 0.87° -1.44°
ZnPc5 0.32° -1.48°
DWCNT-SiPc 2 0.56 -1.44
SiPc 4 0.54 1.04 -0.96 -1.48

? Obtained in a benzonitrile solution containing 0.1 M TBAPFs and using Ag
/AgNO;s as a reference electrode, glassy carbon as working electrode and a Pt
wire counter electrode. Scan rate is 100 mV/s. Potential are referenced to Fc
/Fc*.b Data obtained in a THF solution.

Concurring with the AFM results, the transmission electron
microscopy (TEM) images
nanometers in sizedecorated with Pcs in 1 and 2 (Figure 8)

revealed, materials of several

Figure 8: TEM images of (a) DWCNT-ZnPc 1 and (b) DWCNT-SiPc 2.

Electrochemical, spectroscopic and photophysical

properties.
The electrochemical properties of DWCNT-Pc 1 and 2
materials were studied by Osteryoung Square Wave

Voltammetry (OSWV) and compared with the reference
compounds ZnPc 5 and SiPc 4 respectively in benzonitrile

6 | J. Name., 2012, 00, 1-3

The presence of covalent bonded Pcs molecules in DWCNT-
Pc 1 and 2 was further supported by the spectroscopic study
using UV-vis spectroscopy (recorded in DMF, PhCN and THF).
The absorption spectra of the hybrid DWCNT-ZnPc 1 and ZnPc
5 and DWCNT-SiPc 2 and SiPc 3 are compared in Figure 9a and
b respectively. The UV-vis spectrum of ZnPc 5 registered in THF
exhibits a typical metallophthalocyanine Q band split into two
peaks at 691 and 681 nm, due to the inherent asymmetry of
the molecule. These bands were slightly bathochromically
shifted when the spectrum is recorded in PhCN. In the case of
hybrid 1, the Q-band is observed in both solvents together
with a broad absorption from 700 to 800 nm indicating an
effective conjugation, through a conjugated ethinylbenzyl
linker, between the phthalocyanine and the DWCNT. This
interaction is not observed when the Q-band absorption of
SiPc 4 696 nm is compared with the Q-band in the hybrid
DWCNT-SiPc 2 centred and 698 nm.

Figure 10 a and b show steady-state fluorescence spectra
of DWCNT-ZnPc 1 and DWCNT-SiPc 2 hybrids (uncorrected for
DWCNT absorbance) along with their control compounds.
ZnPc 5 in DMF revealed an emission band at 679 nm along
with a shoulder band at 742 nm. In the DWCNT-ZnPc 1 hybrid,
the 679 nm band was found to be blue-shifted by 2 nm with
quenching of emission intensity as much as 95%. SiPc 4 in

This journal is © The Royal Society of Chemistry 20xx
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DMF revealed emission at 701 and 775 nm; interestingly, in
the hybrid the intense peak was blue-shifted to 684 nm with
quenching over 98%. These results reveal interactions
between the phthalocyanine sensitizer and DWCNT. The 17
nm blue-shift of SiPc 4 emission in the DWCNT-SiPc 2 hybrid
compared to the 2 nm blue-shift in DWCNT-ZnPc 1 indicates
that the SiPc 4 functionalized via axial position interacts better
than the ZnPc 5 functionalized via ring periphery. The
phthalocyanine fluorescence quenching in the hybrids could be
due to either ground state complex formation (dark complex
via inter- or intramolecular association) or dynamic quenching
from the singlet excited phthalocyanine.

ZnPc 5 (THF)

----- ZnPc 5 (PhCN)
—— DWCNT-ZnPc 1 (THF)
DWCNT-ZnPc 1 (PhCN)

Absorbance /au

T T T T T
300 400 500 600 700 800
Wavelenght / nm

1,0 4 (b)

—— DWCNT-SiPc 2
—SiPc 4

Absorbance /au

T T T
300 400 500 600 700 800
Wavelenght / nm

Figure 9: UV-vis spectra of (a) ZnPc 5 and DWCNT-ZnPc 1, registered in THF and PhCN
and (b) SiPc 4 and DWCNT-SiPc 2, registered in PhCN.

Pc3 —Pc4

1,0 DWCNT-Pe 1 1,04 DWCNT-Pc 2

0,8 038+
3 3
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> 064 z 0,6
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2 2
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E 0,4 £ 044

0,2 0,2+
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T T T T 1 T T T T 1
650 700 750 800 850 650 700 750 800 850

Wavelength (nm) Wavelength / nm

Figure 10. Steady-state fluorescence spectrum of (a) ZnPc 5 and DWCNT-ZnPc 1 hybrid
(Aex = 607 nm) in DMF. (b) SiPc 4 and DWCNT-SiPc 2 hybrid (Ae = 625 nm) in DMF.

This journal is © The Royal Society of Chemistry 20xx

To clarify this, time resolved fluorescence using time
correlated single photon counting (TCSPC) technique was
performed. Both ZnPc 5 and SiPc 4 revealed monoexponential
decay with lifetimes of 3.15 and 7.32 ns (see Figure S12 in Sl),
respectively. Our attempts to measure the lifetime of the
phthalocyanine in the hybrids to differentiate these two
mechanisms was not successful due to very low emission
intensity and relatively high detection limit of lifetime setup
(~200 ps). Further, femtosecond transient absorption studies
have been performed to differential between the types of
interactions and secure any evidence of charge separation in
these hybrids.

First, femtosecond transient spectra of the probes, ZnPc 5
and SiPc 3 were recorded. As shown in Figure S13a, upon
excitation of ZnPc 5 (100 fs pulses of 400 nm),
instantaneous singlet-singlet spectral features were observed with
characteristic excited singlet peaks at 438, 478, 560, 630, 730, 840
and 1268 nm accompanied by transient bleaching at 607 and 676
nm, opposite of the absorbance spectral features of ZnPc 5.2 The

laser

676 nm also had contributions from stimulated emission of ZnPc.
The singlet features decayed/recovered slowly in accordance of
ZnPc lifetime (3.15 ns) (see 13b for time profiles of 678 and 1300
nm peaks) with concomitant rise in the triplet features both in the
visible and NIR region. The peak at 480 nm could be attributed to
the 3ZnPc* state.”” Similarly, SiPc 4 immediately after excitation,
revealed instantaneous formation of 'SiPc*. Positive peaks at
603, 644, and 838 nm, and a negative peak at 694 nm were
observed (Figure S13c).
that of ground state bleaching and stimulated emission of SiPc

The negative peak corresponded to

4. Scanning the spectrum into the near-IR region revealed
broad spectral features with peak maxima at 1400 and 1476
nm corresponding singlet-singlet transition, similar to that
The time profile of the 694 nm
corresponding to the ground state recovery and decay of the

observed for 'znPc*.

1476 nm peak are shown in Figure 13d, respectively. These
time profiles show slow recovery and decay of the signals in
agreement with the relatively long fluorescence life time of
SiPc (7.32 ns).

Excited state interactions in covalently and non-covalently
linked phthalocyanine-single walled carbon nanotubes (Pc-
SWCNT) are well known.”>** Evidence for the occurrence of
electron transfer has been secured from the transient and
photocatalytic electron pooling experiments. Figure 11 shows
the femtosecond transient spectra of DWCNT-ZnPc 1 hybrids
in DMF. At the wavelength of 400
instantaneous formation of singlet excited state of ZnPc was
observed (spectrum at 0.49 ps).
intersystem crossing, the excited state decayed rapidly at a
rate of about 10" s*
interactions between the entities. New negative peaks at 566,
630, 701, 1080, 1206, and 1360 nm, at time constant less than
0.42 ps were observed. Recovery of the negative peaks was

excitation nm,
However, instead of slow

revealing efficient excited state

also rapid; in less than 3 ps most of the recovery process of
was complete (recovery time constant = 1.22 ps). It is
interesting to note that at 850 nm, weak spectral features
attributable to ZnPc® were present (see Figure 11b).
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Importantly, these results point out dynamic interactions as
the main cause for the observed fluorescence quenching in
Figure 10a.
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Figure 11. Femtosecond transient spectra of DWCNT-ZnPc 1 in DMF at the indicated
delay times (a) in the visible and (b) in the near-IR regions. The time profile of the 1200
nm peak is shown in panel c.

Similar results were also obtained in the case of DWCNT-
SiPc 2 hybrid. In this hybrid, initial SiPc singlet excitation was
notable (spectrum at 0.32 ps in Figure 12a) which decayed
rapidly at a rate of about 10" s revealing strong excited state
interactions between SiPc and DWCNT. Subsequent relaxation
of this peak revealed broad transient minima at 650 nm in the
visible region and at 1200, 1370 and 1495 nm in the near-IR
region with a time constant of about 0.42 ps (Figure 12c).
Recovery of these peaks was rapid and occurred at a rate
constant of 1.16 ps (see Figure 13c for the time profile). Weak
spectral features around 840 nm could be observed in
supportive of SiPc”, however, the strong transient minima
hampered further analysis of this peak.

(a)
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Figure 12. Femtosecond transient spectra of DWCNT-SiPc 2 in DMF at the indicated
delay times (a) in the visible and (b) in the near-IR regions. The time profile of the 650

nm peak is shown in panel c.
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Nanosecond transient spectra of the hybrid was also
recorded in DMF to seek evidence of charge separation from
the *MPc* (minor product of "MPc* intersystem crossing, M =
Zn and Si). As shown in Figure S14 for DWCNT-SiPc 1, broad
spectral features in the 800-870 nm range was observed. In
the near-IR region covering 900-1250 nm range, few positive
features were also observed, supporting rather weak charge
separation process, if any.

The origin of the broad negative peaks in the visible and
near-IR region in the case of both hybrids deserve special
mention. It is known that sodium dodecylbenzene sulfonate
(SDBS) micellar media exfoliates nanotubes effectively from
which photoluminescence could be detected.” Tsyboulski et
al. earlier reported photoluminescence studies of DWCNT in
SDBS media and concluded that the observed weak emission is
due to the trace amounts of SWCNT>® present in the sample.
The photoluminescence of DWCNT-ZnPc 1 hybrid in SDBS was
recorded as shown in Figure S15. Although much weak, peaks
characteristic of SWCNT were observed suggesting presence of
trace amounts of SWCNT?® in the DWCNT used in the present
study. This suggests that the SWCNTs could be responsible for
the transient minima peaks seen in Figures 11 and 12. In fact,
the spectral features and peak minima closely resemble that of
Pc-SWCNT reported earlier.”® These observations suggest weak
charge separation in the DWCNT-ZnPc 1 and DWCNT-SiPc 2
hybrids although strong excited state interactions are noticed.
It may be mentioned here that Aurisicchio et al.”’ made such a
porphyrin-DWCNT  hybrids, which
corroborates our recent study on perylenediimide-DWCNT
hybrids.7

conclusion on also

Experimental
General

Ultra purity DWCNTs (catalog number: XNM-UP-11050,
purified grade > 98%, length = 2 to 6 um, diameter distribution
1-3 nm, average diameter: 2 nm) were purchased from
XinNano Materials Inc (www.xinnanomaterials.com) and used
without further purification treatment. All chemicals were
reagent-grade, purchased from commercial sources, and used
as received, unless otherwise specified. All air-sensitive
reactions were carried out under Ar atmosphere. ZnPc 3 was
prepared following the experimental procedure described
elsewhere.”®

DWCNT-TMS

DWCNT (50 mg) were first stirred in N-methyl-2-pyrrolidone
(NMP) for 24 h, followed by sonication for 6 h and then 4-(2-
(trimethylsilyl)ethynyl)aniline29 (1.8 g, 8.3 mmol, 2eq C) and
isoamyl nitrite (1.3 mL, 10 mmol, 2.4 eq C) were. The reaction
mixture was stirred at 70°C for 24 h under Ar. After cooling to
room temperature, the crude was filtered over a PTFE
(Millipore, 0.1 um pore) membrane to separate the carbon-
based material, which was subsequently sonicated in NMP and
centifugated. The supernatant was separated, ant the solid
residue resuspended in NMP, filtered again and was washed
consecutively with methanol (MeOH) and dichloromethane

This journal is © The Royal Society of Chemistry 20xx
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(CH,Cl,) until the filtrate was clear; finally was dried in vacuum
oven at 409C to afford a black solid (57.6 mg) as the product.

Deprotection of DWCNT-TMS

To a dispersion of DWCNT-TMS (10 mg, 0.83 mmol) in NMP (15
mL) was added a solution of tetra-N-butylammonium fluoride
(TBAF, 1M in THF) (1.66 mmol). The reaction mixture was
stirred under 0°C argon at room temperature for 3 hours, then
filtered on PTFE (Millipore, 0.1 pum pore) membrane and
washed consecutively with tetrahydrofurane, MeOH, acetone
and CH,Cl,, to obtain the corresponding DWCNT-CCH such as a
black solid and used directly for the next step.

General Procedure for the synthesis of DWCNT-Pcs hybrids

Pd,(dba); (2.09 mg, 2.29 umol ) and AsPh; (14.09 mg, 0.046
mmol) were dissolved in dry N,N-Dimethylformamide (DMF)
(15mL) and subjected to several vacuum/argon cycles. Then,
triethylamine (NEt;) (0.5 mL) was added and subjected to
more vacuum/argon cycles. Finally, DWCNT-CCH (10 mg) and
the corresponding Pc (15 mg) were added to the reaction. The
suspension was sonicated for 10 minutes and heater at 120°C
for 4 days. After cooling to room temperature, the solid was
separated by filtration through a PFTE (Millipore, 0.1 um pore)
membrane and washed extensively with DMF. Sonication and
redispersion was repeated with acetone, MeOH and CH,Cl, to
remove the rest of the phthalocyanine and solvent; the
colorless filtrate was checked by TLC (Thin Layer
Chromatography) until the phthalocyanine had disappeared.
Finally, the solid was dried overnight under vacuum oven at
40°C to afford the corresponding modified DWCNT-ZnPc 1 and
DWCNT-SiPc 2 (17 mg and 14 mg, respectively).

Summary

In summary, the newly synthesized DWCNT-ZnPc 1 and
DWCNT-SiPc 2 hybrids with differently positioned
phthalocyanine (connected through ring periphery or through
axial bond) reveal different degrees of ground and excited
state The synthetic
protocols developed here allowed outer walls of the nanotube

interactions between the moieties.

functionalization leaving the inner walls intact. With the help
of HR-TEM, AFM, IR, TGA, XPS and Raman techniques, it was
possible to rationalize the level of functionalization. Evidence
for excited state interactions in these hybrids was secured
from fluorescence (steady-state and time-resolved) and
transient absorption spectral studies, with weak, if any,
evidence for charge separation. The presence of trace
amounts of SWCNT in the hybrids was witnessed from near-IR
photoluminescence and transient absorption studies. Further
studies to improve charge separation, photocatalytic activities
and organic photovoltaic device characterization of DWCNT
and SWCNT derived donor-acceptor hybrids are in progress in
our laboratories.

This journal is © The Royal Society of Chemistry 20xx
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