Fused Porphyrin—Single-Walled
Carbon Nanotube Hybrids: Efficient
Formation and Photophysical
Characterization

Qiwen Zhong, Vyacheslav V. Diev, Sean T. Roberts, Priscilla D. Antunez, Richard L. Brutchey,
Stephen E. Bradforth, and Mark E. Thompson*

Department of Chemistry, University of Southern California, Los Angeles, California 90089, United States

ABSTRACT A systematic study of the interaction between sr-extended porphyrins and single-

walled carbon nanotubes (SWNTs) is reported here. Zinc porphyrins with 1-pyrenyl groups in the

5,15-meso positions, 1, as well as compounds where one or both of the pyrene groups have been fused ¢) tiker = 260 1
at the meso and 3 positions of the porphyrin core, 2 and 3, respectively, have been examined. The
strongest binding to SWNTs is observed for porphyrin 3, leading to debundling of the nanotubes and
formation of stable suspensions of 3—SWNT hybrids in a range of common organic solvents.
Absorption spectra of 3—SWNT suspensions are broad and continuous (4 = 400—1400 nm), and the
Q-band of 3 displays a significant bathochromic shift of 33 nm. The surface coverage of the SWNTs in the nanohybrids was estimated by spectroscopic and
analytical methods and found to reach 64% for (7,6) nanotubes. The size and shape of 77-conjugated porphyrins were found to be important factors in
determining the strength of the ;77— interactions, as the linear anti-3 isomer displays more than 90% binding selectivity compared to the bent syn-3
isomer. Steady-state photoluminescence measurements show quenching of porphyrin emission from the nanohybrids. Femtosecond transient absorption
spectroscopy reveals that this quenching results from ultrafast electron transfer from the photoexcited porphyrin to the SWNT (1/kc; = 260 fs) followed by
rapid charge recombination on a picosecond time scale. Overall, our data demonstrate that direct 7—z interaction between fused porphyrins and SWNTs
leads to electronically coupled stable nanohybrids.

KEYWORDS: n-extended porphyrins - noncovalent 7— interaction - single-walled carbon nanotubes - nanohybrids -

isomer selectivity - femtosecond transient absorption - ultrafast electron transfer

have unique optical,1 ~* mechanical,>~’

and electronic®® properties that have
been utilized in a wide range of applications
in fields such as biology, molecular electron-
ics, and solar energy conversion.'®~'> How-
ever, the polydispersity and insolubility of
SWNTs in common organic solvents and
water hamper the extension of SWNTs to
further applications.”® Among efforts to
increase the processability of SWNTs, the
noncovalent binding of small molecules
or polymers to SWNT surfaces is a powerful
strategy to introduce chemical functional-
ities to SWNTs without significantly affecting
the structure and electronic properties of
the nanotubes.'”'® In this context, polycyclic
aromatic molecules and conjugated poly-
mers have been used to modify and disperse
SWNTs by forming z— interactions with

S ingle-walled carbon nanotubes (SWNTs)
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nanotube sidewalls.'®?® The attachment
of functional units to SWNTs through the
formation of solubilizing 77— interactions
offers great opportunity to develop SWNT-
based hybrids for various applications.
In particular, SWNT-based photosensitizing
donor—acceptor multichromophore nano-
hybrids*'*? are promising materials for
photovoltaic applications due to their light-
harvesting characteristics and the excellent
charge transport properties of SWNTs. 2324
Chromophores have been tethered to
polycyclic aromatic compounds, such as
pyrene, which noncovalently bind to SWNT
surfaces through 77—z interactions,>>? but
the spatial distance between the chromo-
phores and the SWNT surface can hinder
desirable electronic coupling in such photo-
sensitized donor—acceptor hybrids. Hetero-
cyclic polyaromatic molecules such as
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syn-3

Figure 1. Structures of nonfused bis-pyrenyl porphyrin 1, monofused pyrenyl porphyrin 2, and doubly fused pyrenyl
porphyrin 3 including the isomers anti-3 and syn-3. Ar indicates 3,5-di-tert-butylphenyl groups.

27,28

porphyrins can bind more directly to SWNTs
through the 7-system of the chromophores, resulting
in porphyrin—SWNT hybrids with the potential for
improved electronic coupling between the SWNT
and bound chromophore. However, these hybrids
can be easily dissociated, indicating a weak affinity
for the SWNT surface. Due to the larger size of their
q-system, triply connected porphyrin tapes®*3° and
polymers®' were found to display a larger binding
affinity for SWNTs compared to porphyrin monomers.
However, these conjugated porphyrins not only
are difficult to synthesize but also display limited
solubility and processability. Moreover, making a
stable suspension using triply connected porphyrins
is possible only in trifluoroacetic acid-containing sol-
vents or by adding multiple bulky alkyl groups to
the porphyrin tape.® The further rational design of
photoactive SWNT donor—acceptor hybrids requires
a fundamental understanding of the noncovalent
chemistry, the nature of —m interactions between
light-harvesting molecules and SWNTs, and its effect
on photosensitized energy and electron transfer
processes.

Large sr-extended porphyrins obtained by the fusion
of porphyrin to meso-connected polycyclic aromatic
rings have attracted significant attention recently.3?~3°
Among them, porphyrins fused at meso, 5 positions
with unsubstituted polycyclic aromatic rings represent
unique types of large z-systems that are not sterically
blocked and thus available to form z—m stacking
interactions with SWNT surfaces3®3° At the same
time these porphyrins have improved solubility in
organic solvents due to out-of-plane distortions of
the porphyrin core that prevent strong aggregation.
Previously, we demonstrated that such porphyrins can
exhibit 77— interactions with each other and also with
fullerenes, as evidenced by a significant bathochromic
shift of the porphyrin Q-band transition in thin film
absorption spectra.>®3°

In this study, we have probed the concept of using
the unhindered 7-system of fused porphyrins, mini-
mizing the spatial distance between the porphyrin
chromophore and the SWNT surface, to enhance their
affinity to bind to SWNT sidewalls and to facilitate
electronic coupling. We chose nonfused bis-pyrenyl
porphyrin 1, monofused pyrenyl porphyrin 2, and the
doubly fused pyrenyl porphyrins anti-3 and syn-3,
shown in Figure 1, to systematically study how
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extending the size and shape of the 7-systems of these
pyrenyl-porphyrins modifies their interaction with
SWNTs.

We demonstrate the first example of stable and
easily processable nanohybrids formed by strong non-
covalent interactions between SWNTs and w-extended
porphyrins in nonpolar organic solvents. These por-
phyrin—SWNT hybrids show very promising light-
harvesting properties, possessing absorption transi-
tions that span from the visible to the NIR due to
complementary absorption features of the porphyrin
chromophore and SWNTs. The binding interaction
between SWNTs and attached porphyrins not only
displays selectivity toward specific porphyrin isomers
but is also sufficiently strong to prevent dissociation of
the porphyrin from the SWNT when strongly coordi-
nating ligands are added, allowing further hierarchical
modification by metal—ligand axial coordination with-
out disturbing the stability of the hybrids. Femtose-
cond transient absorption experiments reveal the
presence of ultrafast photoinduced electron transfer
between porphyrin molecules and the SWNT to which
they are bound, but also show rapid electron—hole
recombination following electron transfer.

RESULTS AND DISCUSSION

The formation of noncovalent 7— interactions bet-
ween nanotube sidewalls and conjugated materials,
including aromatic molecules and conjugated poly-
mers, is a useful and simple approach to modify and
disperse SWNTs. The solubilizing ability of different
conjugated materials has been shown to depend on
the size of the s-system of the noncovalent modifier.
For example, pyrene groups adsorb onto SWNTs and
impart solubility to the nanotubes, whereas phenan-
threne binding groups show only limited solubilizing
ability and naphthalene binding groups have no solu-
bilizing affect.*° In addition, the affinity of conjugated
porphyrin oligomers to bind to SWNTs was demon-
strated to increase sharply with the length of the
porphyrin's 7z-system.*'

To determine the affinity with which pyrenyl por-
phyrins 1, 2, and 3 bind to SWNTs, porphyrin—SWNT
suspensions were prepared by sonicating SWNTs
with porphyrin solutions. 1, 2, and 3 were prepared
as previously described.*®3° Compound 3 is obtained
as a 1:1 mixture of anti and syn isomers. Sonication
of SWNTs with solutions of 2 or 3 for approximately
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one hour results in a homogeneous suspension of
SWNTs, whereas insoluble SWNTs aggregates could
still be observed when 1 was employed. Formation
of a well-dispersed suspension was found to occur in a
wide range of solvents, including dimethylformamide
(DMF), chlorobenzene, CH,Cl,, THF, and toluene. The
suspensions of SWNTs with 1, 2, and 3 were filtered
through a 0.4 um pore polytetrafluoroethylene (PTFE)
membrane and washed repeatedly with the solvent
used for sonication until the filtrate was colorless,
indicating the removal of any excess/unbound por-
phyrin.?®>3° The prepared porphyrin—SWNT hybrids
could be quantitatively resuspended after filtration
and washing. The 1-SWNT suspension began to pre-
cipitate upon standing for an hour in the absence
of excess porphyrin, while 2—SWNT did not show
precipitation within 24 h of preparation but started
aggregating after a week. In contrast, 3—SWNT
showed no sign of precipitation after a week of stand-
ing without the presence of excess porphyrin.

Absorption spectroscopy was used to characterize
suspensions of these porphyrin—SWNT hybrids. Opti-
cal absorption spectra of the porphyrin—SWNT hybrids
along with spectra of the individual components
are shown in Figure 2. Compounds 1, 2, and 3 display
Soret and Q-band absorptions characteristic of por-
phyrins below and above 550 nm, respectively, which
red-shift and broaden as the z-system of the porphyrin
is extended through consecutive pyrene fusion. The
Soret and Q-band absorptions of 1 (1 hax = 429 and
560 nm, respectively) did not change upon suspending
with SWNTs, while those of 2 (A.x = 498 and 725 nm,
respectively) broadened and red-shifted to 500 and
743 nm following the addition of SWNTs to solution,
indicating interaction between 2 and the added
SWNTs. The broad features attributed to SWNT absorp-
tion in the region of A = 1000—1400 nm are unaltered
by the presence of 2, suggesting that many of the
SWNTs present in solution do not directly interact with
2, possibly due to the presence of large SWNT bundles.
Absorption bands of 3 are observed at 510, 530, and
834 nm and show a similar broadening and red-shift
to 512, 534, and 867 nm once SWNTSs are added to the
solution. In the region of A = 1000—1400 nm, SWNTs
show distinct absorption features that are narrower
and better resolved with respect to the absorption of
a pristine SWNT suspension, suggesting substantial if
not complete dissociation of the SWNT bundles.

The dissociation of SWNT bundles by 3 into small
bundles or individual SWNTs was further confirmed by
transmission electron microscopy (TEM) characteriza-
tion of the hybrids. Before modification by 3, SWNTs
are aggregated (Figure 3A), forming a dense network
of bundles due to strong internanotube van der Waals
attractions. In contrast, 3—SWNT shows substantial
unwinding of the aggregates into small bundles or
individual tubes (Figure 3B), indicating that 7—x
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Figure 2. Absorption spectra of (A) nonfused bis-pyrenyl
porphyrin 1 and 1-SWNT hybrids in DMF. Inset: Porphyrin
Q-band at 560 nm. (B) Monofused porphyrin 2, COMoCAT
SWNTs, and 2—SWNT hybrids in DMF. (C) Doubly fused
porphyrin 3, CoMoCAT SWNTs, and 3—SWNT hybrids in
DMF.

interactions between 3 and the SWNT surface are
strong enough to overcome internanotube van der
Waals attraction and prevent SWNTs from rebundling
after formation of the porphyrin—SWNT hybrids.

To further investigate the interaction between 3
and SWNTs, we varied the ratio between 3 and SWNTs
in solution, and instead of filtering off unbound por-
phyrin after an hour of probe sonication, ultracentrifi-
gation for 30 min at 42000g was used to remove large
SWNT bundles. Absorption spectra of the supernatant
solution after centrifugation are shown in Figure 4A.
When an excessive amount of 3 was used (i.e., 2:1
weight ratio), absorption spectra of the supernatant
solution show both free porphyrin and 3—SWNT hy-
brid features. As the amount of 3 was reduced (1:1), no
absorption from free porphyrin was observed in the
supernatant, suggesting an irreversible attachment of
3 to SWNTs. When the weight ratio between 3 to SWNT
fell below 0.3, the supernatant became colorless
and displayed no absorption from either 3 or SWNTs,
suggesting the amount of 3 was not enough to break
apart SWNT bundles, so that both 3 and SWNTs are
quantitatively removed by ultracentrifigation from
solution. Therefore a threshold porphyrin to SWNT ratio
exists for efficient SWNT dispersion. When a mixture of
1,2, and 3 is used, only the free porphyrin absorption of
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Figure 3. (A) TEM characterization of the SWNT sample
before porphyrin 3 modification and (B) after modification.
The black scale bar in both images indicates 200 nm.

1 and 2 is observed in the supernatant, with 1 being
enriched, while absorptions corresponding to either
free SWNTs or 3 are not observed (Figure 4B), suggest-
ing that 3 has the highest binding affinity for SWNTs,
followed by 2 and lastly 1. This study provides strong
evidence that the degree of interaction between mono-
porphyrins and SWNTs can be increased through the
extension of the s-system of monoporphyrins. Even
though 1 is singly connected to two pyrenyl groups,
a functional group well known to bind to SWNTs,*?
steric hindrance between porphyrin and pyrenyl rings
in the structure of 1 prevents the binding of either
pyrene moiety or porphyrin core to the sidewalls of the
SWNTs. Upon pyrene fusion, steric hindrance was elimi-
nated and the extended sw-conjugation enhanced the
binding interactions between either 2 or 3 and SWNTs.

Possible detachment of 3 from SWNTs was investi-
gated by repeating the washing, filtering, and resuspen-
sion cycle of the 3—SWNT hybrids. The relative
absorbance of the porphyrin compared to that of SWNTs
was unchanged after three cycles (Figure 5A), indicating
no measurable detachment of 3 from SWNTs. Moreover,
no detachment of 3 from SWNTs was observed follow-
ing the addition of coordination additives, such as
pyridine and dodecylamine, to 3—SWNT suspensions.
While the added amines did not lead to release of 3, the
porphyrin Q-band absorption of the nanohybrids dis-
played a red-shift (Figure 5B) due to the coordination of
the additives to 3. Similar red-shifted Q-band absorption
was observed when the same additives were added to
the porphyrin solution (see Supporting Information
Figure S1). This coordination reaction allows for further
modification of 3—SWNT hybrids by metal—ligand axial
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Figure 4. Absorption spectra of the supernatant. (A) Sam-
ples with different 3 to SWNT weight ratios. Black arrows
indicate the disappearance of absorption features from
free porphyrin 3. (B) Samples with a mixture of porphyrins
1, 2, and 3 (red: initial porphyrin mixture absorption;
blue: supernatant after sonication with SWNTs and
centrifugation). Inset: Supernatant absorption at 400—600 hm
plotted on an expanded scale.

coordination without disturbing the stability of the
hybrids.

Modification Ratio Estimation. The fraction of the SWNT
surface covered by 3 in 3—SWNT hybrids was esti-
mated by two methods, absorption spectroscopy and
elemental analysis. In the first method, the amount of
bound 3 in the nanohybrids was estimated by using
the molar absorptivity of the Q-band for 3 in CH,Cl, at
867 nm (1.1 x 10° M~' cm™"), assuming this value
remains unchanged upon binding to SWNTs. The
nanohybrids were prepared using a measured amount
of SWNTSs and an excess of 3. After filtration of 3—SWNT
and repeated washing to eliminate excess 3, the
3—-SWNT sample was suspended in a fixed volume
of DMF and the absorption spectrum measured to
estimate the amount of 3 in the 3—SWNT sample.
The measured modification ratio was 177 SWNT car-
bon atoms per molecule of 3. To estimate the percen-
tage of the SWNT surface covered by 3, we consider
the fact that we used a CoMoCAT SWNT mixture, which
contains a majority (>50%) of (7,6) semiconducting
SWNTs. (7,6) SWNTs have a diameter of 0.88 nm with
508 carbon atoms per unit cell. Given the measured
modification ratio, we estimate that 2.9 molecules of 3
exist per unit cell of (7,6) SWNT.

The modification ratio was also evaluated by ele-
mental analysis of the unbound 3 in the filtrate from
the absorbance measurement. Unbound 3 was first
demetalated, followed by EDTA titration to determine
the Zn concentration. Given that each porphyrin
molecule coordinates a single Zn atom, the titrated
amount of Zn in the filtrate is complementary to that
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Figure 5. Absorption spectra of 3—SWNT hybrids (A) after
one and three cycles of washing, filtering, and redispersing
and (B) with pyridine (py) and dodecylamine (dda) as
coordination ligands.

in the porphyrin—SWNT hybrids. The modification
ratio determined by this method was 157 SWNT carbon
atoms per molecule of 3, which is nearly double the
modification ratio of 280 carbon atoms to 1 molecule
of previously reported pyrene derivatives.** On the
basis of a (7,6) SWNT, the modification ratio was
estimated to be 3.2 molecules of 3 per unit cell of
(7,6) SWNT, reaching a 64% surface coverage of SWNT.
The estimated modification ratios from both absorp-
tion spectroscopy and elemental analysis are in good
agreement given that our modification ratio calculated
from the molar absorptivity of 3 does not account for
the broadening and red-shifting of the porphyrin
Q-band upon binding to SWNTs. If the oscillator
strength of the porphyrin Q-band is preserved upon
SWNT binding, our methodology will lead to an under-
estimation of the amount of porphyrin bound to the
SWNT surface.

The molecular morphology of the pyrene-fused
porphyrins was also investigated. As aforementioned,
the as-synthesized 3 was a 1:1 mixture of anti and
syn isomers. In both isomers, the length of the cavity
between the two di-tert-butylphenyl groups is 0.89 nm,
matching well the diameter of (7,6) SWNTs. The bind-
ing of the two isomers to SWNTSs was probed with NMR.
The NMR spectrum (Figure 6) of the initial solution of
3 displays a 1:1 ratio of the two isomers, based on the
integration of H* peaks. After treatment with SWNTs,
the NMR spectrum of the filtrate shows a 1:9 ratio of the
anti and syn isomers, indicating that anti-3 is bound
to SWNTs in preference to syn-3. While anti-3 and
syn-3 are similar chemically, they have very different
shapes. The geometry-optimized structures of the
two compounds are shown in Figure 7. The length of
the molecule along the SWNT s—x interaction axis
is 2.3 nm for the linear anti-3 isomer (Figure 7A) and
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Figure 6. Top: NMR spectrum of 3 before modification with
SWNTs. Bottom: NMR spectrum of the filtrate following the
addition of SWNTs.

Figure 7. (A and B) Comparison of the s-system size and
shape of anti-3 and syn-3 with that of the SWNT along the
SWNT's long axis. (C and D) Optimized structures of model
porphyrins anti-3 and syn-3 without the 3,5-di-tert-butyl-
phenyl groups, calculated at the B3LYP/6-31G*/LANL2DZ
level. Reprinted with permission from V. V. Diev, C. W.
Schlenker, K. Hanson, Q. Zhong, J. D. Zimmerman, S. R.
Forrest, and M. E. Thompson, J. Org. Chem. 2012, 77, 143.
Copyright 2012, American Chemical Society.

1.5 nm for the bent syn-3 isomer (Figure 7B), which
suggests that anti-3 has a larger surface area available
to form z—z interactions with a neighboring SWNT.
In both cases, the modification ratio of 3.2 molecules
per (7,6) unit cell is very compact, as the length of a (7,6)
unit cell is 4.8 nm, twice and three times the length of
anti-3 and syn-3, respectively. The side view of the
isomers also shows a difference in the surface curva-
ture between anti-3 and syn-3. In the case of anti-3, the
two fused-pyrene groups are slightly twisted in oppo-
site directions (Figure 7C), which matches well with the
surface curvature of (7,6) SWNTs. In the case of syn-3,
the two fused-pyrene groups are curved in the same
direction, distancing the s-system of syn-3 from the
SWNT surface (Figure 7D). Therefore we hypothesize
that 3-anti interacts more strongly with SWNTs com-
pared to syn-3 due to the larger 7—u interaction area
and favorable surface curvature of anti-3.

Photophysical Properties of 3—SWNTs. The photophysical
properties of 3—SWNTs were first studied by fluores-
cence experiments. Emission spectra were obtained
by exciting the peak of the porphyrin Soret band.
Before modification with SWNTs, strong NIR emission
was observed for 3 at 830 nm in DMF. However upon
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Figure 8. Emission spectra of 3 and 3—SWNT hybrids in DMF.

the formation of 3—SWNTs, over 80% of the porphyrin
emission was found to be quenched. This quenching
may result from a variety of processes, including energy
transfer from 3 to the bound SWNT or photoinduced
charge separation.

To distinguish the excited-state kinetics that follow
the photoexcitation of 3, femtosecond transient ab-
sorption experiments were performed. Optical excita-
tion of the porphyrin Q-band was achieved through an
excitation pulse centered at 800 nm (Figure 9). Photo-
bleaches corresponding to both the Soret (550 nm)
and Q-bands (860 nm) of 3 appear immediately
upon photoexcitation, indicating a depletion of the
porphyrin's ground state. Interestingly, a photobleach
at 660 nm that matches a feature in the absorption
spectra of the unmodified SWNTs (Figure 2) also arises
within the experiment's time resolution (100 fs).
The concurrent growth of this feature along with
photobleaches due to the porphyrin suggests that
the electronic ground state of 3 partially extends onto
the SWNT backbone. This observation is consistent
with the large red-shift that occurs in the absorption
spectrum of 3 upon binding to a SWNT, suggesting an
extension of the s-system of 3.

As the time delay between pump and probe is
increased, the photobleaches corresponding to both
the SWNT and Soret and Q-bands of 3 rapidly decay
over the course of 1 ps. This result is qualitatively
different from that observed in measurements of 3
dissolved in DMF (Figure S2). In these experiments,
photoexcitation gives rise to Soret and Q-band photo-
bleaches as well as a broad induced absorption band
between these features. However, all of these features
are long-lived compared to those seen following
photoexcitation of 3—SWNTs. Excitation of 3 in DMF
leads to a photobleach and induced absorption fea-
tures that decay exponentially with a rate constant
of 1.8 ns and do not evolve spectrally with time.
These observations, taken together with the fact that
Zn-porphyrins generally have low intersystem crossing
yields, suggest that the 1.8 ns time scale represents the
sum of the rates for radiative and internal conversion
pathways that directly return 3 to its ground state.
Returning to the transient spectra of 3—SWNT
(Figure 9A), as the relaxation of the Soret and Q-band
photobleaches occurs, a new induced absorption band
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Figure 9. (A and B) Transient spectra measured for 3—SWNT
hybrids in DMF following photoexcitation at 800 nm. (C)
Temporal slices that correspond to the relaxation of the
photobleach of the Q-band of 3 (black squares) and the
induced absorption attributed to the cation of 3 (red circles).
The dash dot blue lines correspond to biexponential fits with
time constants of 260 fs and 6 ps.

appears at 900—970 nm, suggesting evolution from
the initially populated S, state of 3 to a new excited
state. This new absorption feature peaks at a time delay
of 1 ps, decays over the course of a few tens of ps, and
has largely vanished by 100 ps. Likewise, beyond 1 ps,
the decay of the Q-band photobleach slows and tracks
the relaxation of the induced absorption feature bet-
ween 900 and 970 nm (Figure 9B). An isosbestic point
at 890 nm can be observed between the Q-band
bleach and the induced absorption band, indicating
that the relaxation of this feature leads to a repopula-
tion of the porphyrin's ground state. Both the growth
and decay of the induced absorption band as well as
the decay of the Q-band photobleach can be described
by a biexponential function with time scales of 260 fs
and 6 ps (Figure 9C).

The rapid photobleach loss and growth of a new
absorption feature following the photoexcitation of 3
is unlikely to result from energy transfer from 3 to the
SWNT backbone. Such a process would result in the
return of 3 to its ground state, causing the photobleach
of its Soret and Q-bands to fully recover as the new
absorption feature appears. The fact that these bands
show an additional slow decay that tracks the loss of
the new absorption feature argues against this scenar-
io. A more likely explanation for the observed spectral
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evolution is that photoexcitation of 3 drives an electron
transfer reaction between it and the bound SWNT. In
this case, the appearance of new absorption features
corresponding to both the cation of 3 and the SWNT
anion are expected to appear. Furthermore, if these
features overlap spectrally with the Soret and Q-bands
of 3, a decrease in the photobleach of these bands will
be observed as the 3 cation and SWNT anion absorp-
tion features grow as the charge transfer reaction takes
place. Once charge transfer has occurred, if charge
recombination takes place that results in a nonradia-
tive return of 3—SWNT to its ground state, then both
the photobleach of 3 and any cation/anion-induced
absorption features will decay with the same time
scale. Prior studies that have utilized pyrene-based
linkers to tether electron-rich groups to SWNTs have
observed photoinduced charge transfer between the
tethered electron donor and SWNT,**~*” but generally
on longer time scales (a few ps to tens of ns) than the
sub-ps decay observed here. However, the 3—SWNT
system described here differs from the materials in-
vestigated in these studies in that the doubly fused
pyrene groups of 3 cause it to directly sit on the
sidewall of the SWNT, leading to a smaller separation
between the m-systems of 3 and the SWNT than in
systems tethered to SWNTSs via pyrene linkers.

To test if the spectral evolution we observe in the
transient spectra can indeed be attributed to photo-
induced electron transfer, we measured the cation
absorption spectra of 3 by electrochemically oxidizing
itin a cyclic voltammetry cell (Figure 10). The measured
cation absorption spectrum shows a strong reduction
in the intensity of both the Soret and Q-bands, but
gains appreciable intensity to the red of both of these
bands, notably near 600 nm and from 870 to 1000 nm.
This latter region is the same spectral range over
which the new absorption feature is observed in the
transient spectra. Likewise, even though the intensities
of the Soret and Q-bands are diminished in the cation
absorption spectrum, the cation still shows an appreci-
able absorption in the range that these bands appear,
lending support to the hypothesis that the sub-ps
decay of the Soret and Q-bands arises from charge
transfer. The rapidity with which charge transfer
occurs in 3—SWNT gives rise to the strong quenching
observed in steady-state photoluminescence experi-
ments (Figure 8).

Figure 11A plots transient spectra but now mea-
sured in the NIR spectral range after photoexcitation
of the 3—SWNT hybrid at 850 nm. A series of strong
photobleach bands are found to arise within the instru-
ment response, the most prominent of which appears
at 1165 nm and matches a feature in the ground-state
absorption spectrum of the 3—SWNT hybrid that is
attributable to the bound SWNT. Similar to what was
observed for the Soret and Q-bands of 3, after a delay
of 1 ps, the decay of the SWNT photobleach tracks
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Figure 10. Absorption spectra of the porphyrin 3 cation
measured through electrochemical oxidation.
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Figure 11. (A) Spectral slices showing the evolution of
transient absorption spectra of 3—SWNT hybrids in the
NIR spectral range following photoexcitation at 850 nm.
(B) Temporal slices showing the relaxation of the photo-
bleach of the SWNT (black squares) and 3 cation induced
absorption (red circles). The sign of the SWNT photobleach
has been inverted to enable better comparison with the 3
cation induced absorption profile. After 1 ps, these features
show similar relaxation profiles. (C) Comparison of the
absorption spectrum of 3—SWNT hybrids and the transient
spectrum measured at a time delay of 1 ps.

the disappearance of the 3 cation (Figure 11B). This
indicates that the electronic relaxation of the bound
SWNT is linked to that of the porphyrin, as would be
expected for the recombination of photogenerated
charge carriers. At long time delays (~1 ns), the SWNT
photobleach is found to relax to a 3% offset, indicating
that a small amount of charge carriers persist in the
system following photoexcitation.

Given that we observe induced absorption features
that correspond to the cation of 3 following photo-
excitation, we also expect to observe the appearance
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of induced absorption features that are characteristic of
SWNT anions. Prior transient absorptions of similar SWNT
hybrid systems that undergo photoinduced charge
transfer have attributed the appearance of induced
absorption features between 1200 and 1600 nm to
SWNT anions.* However, for the system studied here,
no net induced absorption signal is observed in this
spectral range. Rather, a comparison of the absorption
spectrum of 3—SWNT and the transient spectrum ob-
tained at a 1 ps time delay where charge transfer is
expected to be largely complete shows that the transient
spectrum is not solely composed of a photobleach of
ground-state absorption features. This may in part arise
from contributions to the spectrum from weak SWNT
anion induced absorption bands as well as a shift in the
location of the van Hove singularities as a result of SWNT
anion formation, as was observed in a tetrathiafulvalene-
sensitized SWNT system.*

CONCLUSIONS

A systematic study of the binding between m-sys-
tems of fused pyrenylporphyrins and SWNTs has been
reported. High solubility and unhindered s-system of
fused pyrenylporphyrins allow efficient dispersion of
SWNTs in common organic solvents, e.g., toluene,
CH,Cl,, and DMF. The binding of SWNTs to porphyrins
has been found to be dependent on the length and

SYNTHESIS AND EXPERIMENTAL METHODS

SWNTs used in our experiments were purification-grade
HipCO SWNTs purchased from Unidym and CoMoCAT (7,6)
SWNTs purchased from Sigma Aldrich; materials were used as
purchased without any further purification. PTFE membranes
with a pore size of 0.4 um were purchased from Millipore.
Ultrasonication (sonicator 3000, Misonix) was implemented
by immersing an ultrasonic probe (standard 12.7 mm diameter
tip) into 5—7 mL of the SWNT suspension. During sonication,
the solution was immersed in an ice—water bath to prevent
heating. Ultracentrifugation was performed using a Beckman
XL-90. Absorption measurements were carried out using a
Cary 14 UV—visible spectrometer, while steady-state emission
measurements were performed using a Photon Technology
International QuantaMaster model C-60 fluorimeter. TEM was
performed on a JEOL JEM-2100 microscope at an operating
voltage of 200 kV, equipped with a Gatan Orius CCD camera,
and samples were prepared by drop casting SWNT suspensions
onto 300 mesh Formvar-coated copper grids (Ted Pella, Inc.).
"H NMR spectra were recorded on a Varian 400-MR spectro-
meter, and chemical shifts were reported in ppm relative to the
residual nondeuterated solvent CHCl; (6 7.26 ppm).

Ultrafast transient absorption experiments were conducted
with a Ti:Sapphire regenerative amplifier operating at a 1kHz
repetition rate (Coherent Legend, 3.5 mJ, 35 fs). Excitation
pulses centered at 800 nm were derived from the direct output
of the amplifier, while pulses centered at 850 nm were pro-
duced by pumping a visible OPA (Spectra Physics OPA-800C)
with ~10% of the amplifier output. White light supercontinuum
probe pulses were created by focusing a small amount of the
amplifier output into either a 1 mm thick CaF, plate or a c-cut
sapphire plate. CaF, was found to give a stable continuum
from 320 to 1080 nm while sapphire yielded a continuum that
extended further into the near-IR (450—1400 nm). To prevent
photodamage, the CaF, plate was rotated slowly during data
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shape of the porphyrin's 77-system. While the nonfused
porphyrin 1 shows only limited ability to solubilize
SWNTs, the ability of porphyrins to bind to the
SWNT surface increases across the series: monofused
2, doubly fused syn-3, doubly fused anti-3. Very high
selectivity in binding (>9:1) between different isomeric
porphyrins with different sz-system shapes has been
observed. The linear z-system of the anti-3 isomer fits
well to a linear-shaped SWNT, resulting in improved
binding to the surface of the SWNT compared to
bent isomers with a similarly sized s-system. The for-
mation of stable 3—SWNT hybrids, characterized by
UV—vis and SEM, allows further hierarchical modi-
fication by axial coordination of nitrogen-containing
ligands to the porphyrin metal center to generate
three-component nanohybrids. Transient absorption ex-
periments indicate that while rapid photoinduced charge
transfer occurs in 3—SWNT hybrids (1/kcr = 260 fs), the
majority of the photoinduced charges recombine over
the course of a few picoseconds. This is the first example
of strong electronic binding between s-extended por-
phyrins and SWNTs. Future modification of the nano-
hybrids through the addition of coordination ligands that
move the positive charge further from the SWNT may be
able to suppress the rapid charge recombination ob-
served in the hybrids studied here, leading to a system
suitable for applications in solar energy conversion.

collection. Following its generation, the white light continuum
was collimated and focused into the sample using a pair of off-
axis aluminum parabolic mirrors. The pump was focused to a
point after the sample with a CaF, lens to give a spot size of
300 um (fwhm) at the sample. After passing through the sample,
the probe was dispersed by a spectrograph (Oriel MS1271) onto
a 256-element photodiode array. A Si diode array was used to
measure spectra from 400 to 970 nm, while a thermoelectrically
cooled InGaAs array (Hamamatsu G9213-256S) recorded tran-
sient spectra in the range 1000—1450 nm.

Samples for transient absorption experiments consisted of
a solution of 3—SWNT in DMF held in a T mm quartz cuvette.
Samples were slowly translated perpendicular to the path of the
pump and probe by a linear stage to prevent sample photo-
damage. The cross correlation of the pump and probe in a
sample cuvette filled with neat DMF had an average fwhm
of 100 fs across the probe spectrum. Transient spectra were
recorded for a number of different pump energies between
60 and 900 nJ. Over this range, spectra were found to scale
linearly with the pump fluence, suggesting that contributions
to the spectra from bimolecular annihilation processes are
minimal. For experiments that probe the NIR spectral range
(Figure 11A), the sample concentration was adjusted such that
the peak optical density of the Q-band of 3 was 0.3. A pump
energy of 60 nJ was used, and the polarization between the
pump and the probe was set to the magic angle. Due to the
large scattering background in the visible region that arises
from SWNTs, the sample concentration was lowered by 3x to
record the spectra in Figure 9, and the pump energy was raised
to 550 nJ. For this data set, the pump and probe were oriented
perpendicular to one another. This allowed the suppression of
scattered pump light by passing the probe through a polarizer
after the sample.
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