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We report a Raman spectroscopy study of charge transfer interactions in complexes formed by
single-walled carbon nanotubes (SWNTs) and [FeFe] hydrogenase I (CaHydI) from Clostridium
acetobutylicum. The choice of Raman excitation wavelength and sample preparation conditions allows
differences to be observed for complexes involving metallic (m) and semiconducting (s) species.
Adsorbed CaHydI can reversibly inject electronic charge into the LUMOs of s-SWNTs, while charge
can be injected and removed from m-SWNTs at lower potentials just above the Fermi energy.
Time-dependent enzymatic assays demonstrated that the reduced and oxidized forms of CaHydI are
deactivated by oxygen, but at rates that varied by an order of magnitude. The time evolution of the
oxidative decay of the CaHydI activity reveals different time constants when complexed with m-SWNTs
and s-SWNTs. The correlation of enzymatic assays with time-dependent Raman spectroscopy provides
a novel method by which the charge transfer interactions may be investigated in the various
SWNT–CaHydI complexes. Surprisingly, an oxidized form of CaHydI is apparently more resistant to
oxygen deactivation when complexed to m-SWNTs rather than s-SWNTs.

Introduction

One way to build a sustainable energy economy is to use solar
energy to split water. The energy stored can then be accessed by
reacting hydrogen with oxygen to generate power in a fuel cell
or internal combustion engine. Since the waste product of the
reaction is only water, the cycle is completely closed and generates
no greenhouse gases. With this future in mind, low cost materials
are being sought for efficient solar-to-hydrogen and hydrogen-to-
electricity conversion technologies. Currently, the scale-up of such
devices is limited by a reliance on catalysts derived from expensive
precious metals, such as platinum. Ideally, one inexpensive catalyst
made from abundant materials could be used for both hydrogen
production and oxidation, which would reduce costs, streamline
manufacturing, and facilitate large-scale development.

Fortunately, a variety of microorganisms biosynthesize hydro-
genases, a group of metalloenzymes that catalyze the hydrogen
half-reaction (2H+ + 2e- � H2).1 Hydrogenases are biocatalysts in-
volving only a polypeptide chain and abundant first-row transition
metals, and can potentially be incorporated into electrochemical
cells2,3 or molecular devices4 as cheap, renewable, and efficient
alternatives to noble metal catalysts. However, a number of tech-
nical hurdles limit the effectiveness of hydrogenases in biomimetic
systems. Irreversible inhibition of some hydrogenases by oxidation
represents one such challenge. Another major challenge is to
achieve a robust and efficient electronic interaction between
hydrogenase and other non-biological system components in a
manner that does not compromise enzymatic activity.

National Renewable Energy Laboratory, Material Science, 16253 Denver
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Single-wall carbon nanotubes (SWNTs) are interesting candi-
dates for use as molecular wires within bio-hybrid systems because
of their nanoscale dimensions (comparable to the dimensions of a
protein), high surface area, and outstanding electrical conductiv-
ity. Several recent reports in the literature have demonstrated that
carbon nanotubes provide a useful scaffolding for electroactive
enzymes, allowing for biological detection,5–7 cellular delivery,8,9

or improved immobilization on non-biological materials.10 More
recently, two reports have shown that considerably improved
electron transfer efficiency between hydrogenase and an electrode
surface can be achieved by utilizing carbon nanotubes.11,12

Recently, we demonstrated that the [FeFe] hydrogenase
CaHydI from Clostridium acetobutylicum spontaneously forms
stable, catalytic, complexes with semiconducting SWNTs
(s-SWNTs) in solution.13 Formation of the complexes, denoted
as [SWNT|CaHydI], sensitized the s-SWNTs to the proton-H2

redox couple through the catalytic activity of CaHydI. We followed
photoluminescence (PL) emission quenching and studied electron
transfer into the LUMO of the s-SWNTs. The PL quenching
depended on the relative position of the SWNT LUMOs and the
redox potential of the hydrogen half reaction, the latter of which
was tuned by changing the H2 partial pressure above the solution.

As-produced SWNT samples consist of both semiconducting
and metallic species in a ratio of ~2 : 1. Consequently, we assumed
that the metallic (m) SWNTs present in our samples also formed
complexes with CaHydI. However, the existence or behavior of
possible [m-SWNT|CaHydI] complexes could not be determined
by PL spectroscopy because of the finite density of states between
the HOMO and LUMO levels in m-SWNTs which prevent band-
edge PL. Raman spectroscopy offers a powerful complement to PL
spectroscopy as it enables studies of charge transfer interactions
with both s- and m-SWNTs.14,15 Vibrations specific to m- and
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s-SWNTs can be determined through the judicious selection of
Raman excitation wavelength (lex).16 Moreover, charge transfer
can significantly affect the intensity, position, and shape of the
SWNT Raman peaks by modifying the resonance conditions
and/or altering the electron density between C–C bonds. We find
Raman spectroscopy to be an ideal compliment to PL in the study
of the [SWNT|CaHydI] complexes because it permits analysis of
non-emissive m-SWNTs while also providing additional informa-
tion on [s-SWNT|CaHydI] complexes.

In this report, we present a comprehensive Raman investigation
of HipCO SWNTs complexed with CaHydI. We observed that
the Raman signals associated with the radial breathing modes
(RBMs) and tangential (G) modes are significantly modified for
both s- and m-SWNTs and describe these observations in terms of
charge transfer processes mediated by adsorbed CaHydI. Selection
of lex allows the charge transfer reactions with s- and m-SWNTs
to be followed independently, and fast acquisition times permit
the kinetics of the interactions to be assessed. In agreement
with our PL results,17 the Raman data confirm that s-SWNTs
accept electrons from the reduced form of the enzyme (CaHydIred)
into the s-SWNT LUMO. Static and dynamic Raman spectra
demonstrate that m-SWNTs accept electrons from both the
reduced (CaHydIred) and oxidized (CaHydIox) forms of the enzyme.
The results suggest that an oxidized form of CaHydIox, which is
generated by complexation with m-SWNTs, is more stable towards
oxygen deactivation than is free CaHydIox. Oxygen deactivation
assays on the free enzyme suggest that a key factor for oxygen
sensitivity is protection of the distal, catalytic iron site from
oxygen attack. The results from this study may be helpful for
designing catalytic SWNT|CaHydI bio-hybrids, and may also
suggest potential pathways to increase the oxygen tolerance of
highly oxygen-sensitive bio-catalysts.

Experimental

As produced HipCO SWNTs were purchased from Carbon
Nanotechnologies Incorporated (CNI) (Lot R0576, quoted purity
>65 wt%) and were used without any further purification.
Aqueous SWNT dispersions were produced by ultrasonication
of SWNT powders in 1% (mg ml-1) solutions of sodium cholate
(SC), followed by centrifugation with a swing bucket (SW28) rotor
at 28000 rev min-1 (141 000 g) for 4 h.18 Sonication was performed
with a Cole Palmer 750 W 1/4¢¢ ultra-sonic tip at 40% power for
40 min, while the sample was cooled by 20 ◦C water flowing in an
external jacket. Dispersions were investigated in 1 cm cuvettes.

The [FeFe] hydrogenase from the bacterium Clostridium ace-
tobutylicum (CaHydI) was overexpressed in E. coli and purified
as described previously.19 The concentration of purified CaHydI
in stock solutions varied between 1–2 mg ml-1, and the specific
activity varied between 200–400 U mg-1 (1 U is equivalent to
1 mmol H2 produced per minute). Specific activity was determined
by measuring the rate of H2 evolution by gas chromatography
in the presence of 25 mM methyl viologen after the enzyme was
reduced by an excess of sodium dithionite in a 100 mM TES
buffer (pH 7). Similar techniques were used to compare the rates at
which molecular oxygen irreversibly deactivated neat CaHydI and
CaHydI complexed with SWNTs. For these experiments, solution
aliquots were taken as a function of time, immediately mixed with
25 mM sodium dithionite in 100 mM TES buffer (pH 7), and

purged with Ar for 5 min to remove any traces of O2 or H2 prior
to measuring the rate of H2 evolution. Hydrogen evolution was
initiated by addition of reduced methyl viologen.

To produce [SWNT|CaHydI] bio-hybrids, stock solutions of
SWNT and CaHydI were first diluted with 100 mM TES buffer
(pH 7), equilibrated with either a 4% H2 (in N2) or pure Ar
atmosphere, and than simply mixed together and incubated at
least one hour prior to measurements. CaHydI was diluted 20
fold in the preparation of final solutions from the stock. Catalytic
activity of CaHydI was stable in the presence of SWNTs for at
least several weeks.17 The final concentrations of sodium cholate
were diluted to be ≤0.3 wt% (3 mg ml-1) to avoid denaturation of
the CaHydI.

We measured the properties of [SWNT|CaHydI] bio-hybrids
prepared by four different procedures. The preparations were
chosen in an effort to poise CaHydI at intermediate states in the
catalytic cycle. Previous spectroscopic and spectroelectrochemi-
cal studies have shown that similar [FeFe] hydrogenases from
Clostridium pasteurianum can be poised by employing redox or
H2/pH controlled conditions.20 By analogy, we expect similar
behavior for CaHydI. Fig. 1 shows cartoon representations of
the four different preparations. Preparation 1 was the control
sample, which contained only SC-dispersed SWNTs, with no
enzyme added. In the absence of enzyme, SWNTs were insensitive
to the gaseous environment (H2, Ar, or air), so 1 was conveniently
investigated in lab air. In preparation 2, the SWNT and CaHydI
solutions were equilibrated under 4% H2 and then mixed to create
the bio-hybrid. In this case, we expect the enzyme solution to
be comprised of predominantly the reduced form of the enzyme
(CaHydIred), with the oxidized enzyme (CaHydIox) being the
minority species. Preparation 3 resulted when 2 was purged with
Ar for 45 min. Here we expect the enzyme’s redox state to be
shifted further towards the oxidized but catalytically active form,
CaHydIox, and the partial pressure of H2 is estimated be ~10-7 atm
following our previous work.17 In preparation 4 the headspace of
the enzyme and SWNT solutions were purged with Ar for 8 h prior
to mixing. In this case, we expect CaHydIox to be the dominant
enzyme species in solution prior to mixing.

Fig. 1 Cartoon exhibiting four different conditions under which
[SWNT|CaHydI] bio-hybrid samples were prepared and examined. Prepa-
ration 1, the control sample, consists of HipCO SWNTs dispersed in 0.3%
sodium cholate in H2O under a headspace gas of 4% H2 in N2. Preparation
2 was obtained by combining 1 with a CaHydI-containing solution while
reducing conditions (4% H2) were maintained. Preparation 3 is 2 purged
with Ar for ~45 min. Condition 4 is a [SWNT|CaHydI] mixture prepared
from individual samples that had been purged under Ar for 8 h prior to
mixing.
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Raman spectra were recorded in a backscattering configuration,
with excitation at 532 nm from a frequency-doubled YAG laser, or
632.8 nm from a Helium/Neon (HeNe) laser.21 Time dependent
measurements were performed without changing the position
of the cuvette, and no flocculation was observed during these
experiments. Laser output was monitored during measurement to
ensure a constant excitation power for each spectrum. Photolu-
minescence spectra were obtained in a front-face configuration
in a modified Fourier transform instrument with excitation from
a tungsten lamp coupled to a monochromator.22 Theoretical
calculations of SWNT electronic structure were calculated as
previously described.23–26

Results and discussion

Static solution-phase Raman spectroscopy experiments were
first performed to analyze the electronic interactions in
[SWNT|CaHydI] complexes formed in the various equilibrated
preparations. Fig. 2a shows data taken with 633 nm excitation
in the RBM region for the control sample (preparation 1), a
mixture of SWNTs and CaHydI that was prepared under 4% H2

(preparation 2), and a mixture of CaHydI and SWNTs which was
extensively purged under Ar before mixing (preparation 1). The
RBM signals are in the range of ~180 to 300 cm-1, as expected for

Fig. 2 Raman spectra of SWNT in various preparations at equilibrium.
(a) RBM region at lex = 633 nm. (b) G-Band region at lex = 633 nm.
(c) G-Band regions at lex = 532 nm.

the typical HipCO diameter distribution (~0.8–1.2 nm). Note that
this choice of excitation wavelength allows for the behavior of s-
and m-SWNTs to be discerned: peaks below 225 cm-1 correspond
to excitation of the larger diameter m-SWNTs via the first metallic
resonance (M11), while the peaks above 225 cm-1 are associated
with smaller diameter s-SWNTs excited via the second excitonic
transition (S22). Comparing the data from 2 and 1, a dramatically
reduced intensity RBM intensity is observed for s- and m-SWNTs
after CaHydI is complexed under the reducing conditions. As
discussed in detail below, these finding are explained by CaHydI-
mediated electron injection, in agreement with our previous PL
study on [s-SWNT|CaHydI] complexes. In contrast, data from 4
shows that the s-SWNT RBM modes are unaffected relative to 1,
while the m-SWNT modes were significantly attenuated. In this
case, the data suggest that electron injection occurs to a significant
extent only for the m-SWNTs, while charge injection does not
occur appreciably for s-SWNTs. It is important to note that the
spectra can be normalized to one another by obtaining additional
Raman data after the preparations were equilibrated with lab air,
as shown in the next section. This procedure completely deactivates
the enzyme, returns all SWNTs to their intrinsic electronic state in
solution, and permits differences in concentration to be directly
assessed since the spectra are virtually identical except for a scaling
factor, thus enabling normalization.

Fig. 2b shows the G band spectra for the same samples excited
at 633 nm. Due to the particular resonance conditions for the
m-SWNTs and s-SWNTs with 633 nm light, the G+ mode is
dominated by s-SWNTs, and overshadows the broad metallic G-

mode. Thus, in contrast to the RBM data, the m-SWNT behavior
is not as clearly discerned in the G-band region of the spectrum
with lex = 633 nm (Fig. 2b). Data from 1 shows a dominant, sharp
G+ mode at 1592 cm-1 from s-SWNTs and a small G- shoulder at
~1530 cm-1 from m-SWNTs.16 In 2, the intensity of the G+ mode
is reduced by ~50%, while the m-SWNT G- mode is much less
intense, slightly narrower, and blue-shifted. The sample purged
with Ar before mixing (4) showed a semiconducting G+ peak with
the same intensity as 1, while the metallic G- mode was slightly
narrower and blue-shifted relative to 1.

The G-band spectra change dramatically when lex = 532 nm
(Fig. 2c). At this wavelength, s-SWNTs are excited resonantly
via the third (S33) excitonic transition, and similar intensities
are observed for both the G+ and G- modes. As a result, the
extreme sensitivity of the G- mode to the preparation conditions
becomes readily apparent. In 1, the G- is at 1528 cm-1 and has
a width of ~80 cm-1. In 2, the G- mode is significantly blue-
shifted to ~1580 cm-1 and strongly narrowed to ~20 cm-1. When
the headspace of 2 is purged with Ar for 45 min (preparation 3), the
G- broadens (~35 cm-1) and the peak position (1560 cm-1) moves
towards the value obtained for 1. When samples were purged
extensively prior to mixing (4), the G- mode is at 1545 cm-1 with
a width of ~50 cm-1 - close to, but still significantly different than
the control sample (1). No new information is obtained regarding
the semiconducting G+ mode with lex = 532 nm: the G+ mode in 2
and 3 is attenuated by nearly 50% relative to 1, while the G+ mode
is barely affected under preparation 4, in complete agreement with
observations made with lex = 633 nm (Fig. 2b).

Summarizing the findings for s-SWNTs presented in Fig. 2,
the G+ and RBMs are significantly attenuated under the more
reducing conditions with H2 present (preparation 2), and a slight
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increase in intensity is observed for these modes when the H2

partial pressure is reduced in the headspace by purging with Ar
(preparation 3). An interpretation based on electron injection into
s-SWNT LUMOs under 2 and removal under 3 is consistent
with the changes observed for s-SWNT PL under identical
experimental conditions.17 In that case, the PL of all s-SWNTs
was quenched under 4% H2 due to electron injection mediated
by CaHydI when the potential of the H+/H2 half reaction was
poised at approximately -0.37 V vs. NHE. Electron occupation
of the s-SWNT LUMO quenches the PL and diminishes the
resonance Raman conditions for s-SWNTs, which attenuates the
intensity of both tangential and radial vibrational modes. When
the headspace was purged with Ar (preparation 3), PL from a few
of the smallest diameter SWNTs became observable again due to
a positive shift in the H+/H2 redox potential to approximately
-0.20 V. Consistent with PL, the Raman intensity is restored as
charge is withdrawn from the s-SWNTs and a new equilibrium
is established. Smaller diameter tubes are not reversibly changed
because their LUMO levels lie at more positive electrochemical
potentials. The full PL intensities for all s-SWNT species are seen
in the PLE map for condition 4 (not shown), suggesting that
the H+/H2 redox potential lies below the LUMO of all s-SWNT
species, preventing electron injection. Consistently, the RBM and
G+ modes in condition 4 are similar to the control sample. Fig. 3
shows the position of the LUMO level for the (6,5) species, which
is one of the smallest diameter s-SWNTs in our sample, as well as
the electrochemical potential of the hydrogen half reaction under
preparations 2, 3, and 4. The potential for condition 4 is only an
estimate, based on the observation that PL from all s-SWNTs is
seen under this condition. The alignment of the (6,5) LUMO with
the different redox potentials makes it clear how changes in the H2

partial pressure can lead to dramatic changes in both the PL and
Raman data based on charge equilibration.

The responses of the m-SWNTs in the RBM region (Fig. 2a)
are quite similar to that of the s-SWNTs, except for one important
difference. As with the s-SWNTs, the m-SWNT RBM modes
are strongly attenuated under condition 2 (4% H2), but, in

contrast, they remain reduced in intensity even after 8 h of Ar
purging (4). Although it is clear that the redox potential of the
hydrogen couple has been shifted to more oxidizing potentials
under these conditions, it is difficult to indicate an exact potential
for this preparation in Fig. 3. However, it is clear that the
electronic properties of the m-SWNTs are significantly perturbed
in condition 4, suggesting that charge transfer has occurred under
these conditions.

The effects on the m-SWNT G- modes are more complex, and
must be discussed in terms of the changing position, intensity,
and width of this broad peak. The energy and width of the G-

mode depends on the Fermi energy of the metallic SWNTs, which
determines the energy window for coupling of the G phonon
to electronic excitations near the Dirac point.27–29 Similar to the
case of graphene,30 the energy and width of the G- mode have a
minimum and maximum, respectively, when SWNTs are undoped
and the Fermi energy is at the Dirac point. As the Fermi energy
is moved away from the Dirac point to either higher or lower
energy (n- or p-type doping), the G- mode narrows and blue-
shifts, providing a useful indicator of intentional or unintentional
doping.27,29 In the present case, the progressive red-shifting and
broadening of the G- mode seen in spectra 2, 3, and 4 suggests
that the Fermi level is moved more positive toward the intrinsic
case (1) as the ambient environment is made less reducing. These
effects are displayed schematically in the Ek diagrams on the right
side of Fig. 3. The top case depicts an n-doped m-SWNT and
the bottom case depicts an intrinsic m-SWNT. For the intrinsic
m-SWNT, the G- electronic coupling to virtual e-h+ pairs (left
side) and real e-h+ pairs (right side) gives rise to a large energetic
dispersion that leads to a red-shifted and broad G- peak. Phonon
damping via decay into vertical e-h+ pairs (right side) controls the
G- peak width, while the creation and annihilation of virtual e-h+

pairs (left side) re-normalizes the phonon energy. After injection
of electrons from CaHydI, the energetic dispersion of the phonon–
electron coupling is diminished by the Pauli exclusion principle,
leading to a narrowing of the G- mode and re-normalization to
higher energy.

Fig. 3 Left: Calculated density of states for an (6,5) s-SWNT and an (6,6) m-SWNT are plotted versus energy on both an electrochemical scale, where
the normal hydrogen electrode (NHE) is zero, and versus vacuum. Red lines show the approximate Fermi level for the various SWNT dispersions studied
in this report, as confirmed by photoluminescence, absorbance, Raman spectroscopy, and the Nernst equation. Right: Ek diagrams showing how the G-

phonon of m-SWNTs is re-normalized and broadened by coupling to electronic excitations near the Dirac point.
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The changes in the G- mode are fully consistent with expecta-
tions based on electron injection. This arises from the fact that,
in contrast to s-SWNTs that can only accept electron density into
the LUMOs, unoccupied mid-gap states above the Fermi level
in m-SWNTs can accept electrons at potentials below the first
conduction band singularity. The observation that m-SWNTs are
significantly affected by complexation under 4 is quite intriguing
considering that the CaHydI is expected to be fully poised at
CaHydIox. The data suggest that electron density can still be
transferred from CaHydIox to unoccupied states above the m-
SWNT Fermi level. An alternative explanation based on electron
withdrawal to render m-SWNTs p-type is unlikely based of the
large positive potential that would be required (>+0.7 V vs. NHE).

Fig. 4a and 4b show Raman data for [SWNT|CaHydI] com-
plexes equilibrated under preparation 2 and then exposed to lab air
at t = 0. The experiments were designed to probe how the charge
injected into SWNTs was affected when CaHydI complexed to
SWNTs was deactivated by O2. As before, we focus on G-band
data taken with lex = 532 nm and RBM data obtained with lex =
633 nm to elucidate the behaviors of m- and s-SWNTs separately.
Considering the G-band first (Fig. 4a), exposure to O2 causes the
initial G+ intensity to increase and saturate at the intensity of 1
after ~29 min. In contrast, the G- mode evolved much more slowly,

Fig. 4 Time-dependence of Raman spectra after preparations were
exposed to air. (a) G-Band data taken at lex = 532 nm for 2, (b) RBM
data taken at lex = 633 nm for 2, and (c) RBM data taken at lex = 633 nm
for 4.

broadening and red-shifting such that its shape eventually returned
to that seen for 1 over the course of several hours. Fig. 4b shows
the same basic result from the perspective of the RBM data. The
attenuated RBM signals seen for 2 return to the values seen for
1 after exposure to O2. Once again, the s-SWNT peaks saturate
at the control sample (1) values after ~30 min, while the peaks
for m-SWNTs require several hours to return completely to their
unperturbed intensities. Both data sets show that the rate at which
the m- and s-SWNTs return to their unperturbed states differs
significantly, which indicates that the kinetics of O2 deactivation
depend on whether CaHydI is bound to m- or s-SWNT species.

For comparison, we examined the rate at which SWNTs in 4
relaxed upon exposure to air (Fig. 4c). In agreement with data
in Fig. 2, the s-SWNT modes were not appreciably affected by
complex formation under these conditions, so minimal change
with exposure to air was expected or seen. Also in agreement with
Fig. 2, the m-SWNT RBMs were initially attenuated, but not to the
same degree seen for preparation 2. Again, less electron injection is
possible, and only into m-SWNTs, when complexes were formed
under Ar. In this case, the m-SWNT RBM modes evolve back
more slowly to their unperturbed intensities than when m-SWNTs
were deactivated from preparation 2 (Fig. 4b). This is surprising
since (vide infra) one expects CaHydIred to be more O2 tolerant than
CaHydIox and, furthermore, it may be expected that the complexes
formed under 2 should be stabilized against deactivation to some
degree by the reducing equivalents initially present on the SWNTs.

A more quantitative assessment is gained by plotting the
changes in the Raman signals shown in Fig. 4 as a function of time.
Kinetics for m- or s-SWNTs can be obtained from the intensity
of the G- or G+ mode, respectively, with lex = 532 nm, or by
integrating the area under the m- or s-SWNT RBMs when lex =
633 nm. Fig. 5a displays the results of this analysis, with the data
normalized to values of zero initially and unity when the Raman
response had stopped changing. This presentation format makes
it clear that for a given type of SWNT (m or s) the kinetics for
restoration of the Raman signals to the unperturbed values seen
for 1 are independent of whether the G-band or RBM responses
are examined. Furthermore, it can be readily seen that the kinetics
for deactivation are significantly different for s- and m-SWNTs,
and that the kinetics of the latter are strongly dependent on the
sample preparation conditions.

Table 1 displays the kinetic constants obtained by fitting
exponential rise times to the data in Fig. 5a. All curves for s-SWNT
kinetics could be fit to a single exponential time constant with
values of ~4–5 ¥ 10-3 s-1. This rate is close to the values reported for
the PL recovery from s-SWNTs which were studied under the same
conditions (2.5–4 ¥ 10-3 s-1). Thus, it seems clear that the recovery
of the Raman and PL signals has the same origin in the case of s-
SWNTs. Specifically, electrons injected into the s-SWNT LUMOs,
mediated by complexed CaHydI under reducing conditions, are
removed as the enzyme is deactivated in O2. In contrast, m-SWNT
traces required two time constants to be fit, with one being similar
in magnitude to the time constant for s-SWNTs, and a second
that was an order of magnitude slower (2–5 ¥ 10-4 s-1, Table 1).
Interestingly, the relative contribution of the slow time constant
depended on the method under which the complex was prepared.
For complexes prepared under 4% hydrogen (2), m-SWNT kinetics
were dominated by the fast component (~90%), whereas the slow
time constant dominated (90%) when samples were extensively
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Fig. 5 (a) Kinetics of return of Raman signals after SWNT–enzyme
complexes were exposed to air, utilizing either RBM or G-band data
in Fig. 2 (see text). (b) Residual H2-evolving activity of CaHydIred and
CaHydIox upon exposure to O2 (see text). (c) Residual activities of the free
CaHydI (from top) are compared with the residual activities of CaHydI
mixed with SWNTs after extensive purging with Ar (condition 4). Activity
data are presented in logarithmic scale to better illustrate single versus
bi-exponential functionality.

purged with Ar prior to mixing (4). The fast component is the same
as that observed for the s-SWNT kinetics in reducing conditions,
and the relative contribution of this component is consistent with
what is qualitatively expected for the enzyme equilibrium from Le

Chatelier’s principle. In reducing conditions (4% H2), CaHydIred

dominates, and after purging with Ar, CaHydIred becomes the
minority species. However, the existence of the slow time constant
suggests that m-SWNTs may interact with CaHydIox to produce a
more oxygen-tolerant species.

In an effort to understand the origin of the different time
constants observed for deactivation of the complexes we examined
the rate of CaHydI deactivation in the absence of SWNTs (Fig. 5b).
A solution containing primarily CaHydIox was prepared by
extensive Ar sparging20 and the rate of deactivation upon exposure
to air was measured by determining the enzyme’s ability to
continue to produce hydrogen (vide supra). In this case, the activity
decay fit a single exponential function with a time constant of ~3 ¥
10-3 s-1. Evaluating the rate at which CaHydIred was deactivated
by O2 was not as straightforward. To keep the enzyme poised in
the reduced state, O2 was injected into a capped vial containing
4% H2 to achieve an O2 concentration the same as air (21%). The
head space composition was verified by gas chromatography, and
aliquots were withdrawn periodically and analyzed for hydrogen
evolution activity. The activity decay for CaHydIred also fit a single
exponential function, but with a ten-fold lower time constant of
~4 ¥ 10-4 s-1.31 Note that if CaHydIred prepared under 4% H2 was
simply exposed to air the activity decay was biexponential (data
not shown), as expected for time constants corresponding to both
the faster and slower rates observed for CaHydIox and CaHydIred,
respectively. Thus, we found the rate of CaHydI deactivation by
O2 to be clearly dependent on the oxidation state of the enzyme.
This can be qualitatively understood by considering that the distal
Fe in CaHydI, the site at which both catalysis and, presumably,
irreversible oxidation occurs, is more likely to be occupied by H2

when in the reduced form, and therefore protected against reaction
with O2 to some degree.32

Interestingly, the assayed rate for CaHydIox deactivation is
the same as the single rate seen for the return of the s-SWNT
Raman signals when 2 was exposed to air, which is the same
as the dominant rate seen for m-SWNTs deactivation from 2
(Table 1). This is somewhat surprising considering that preparation
2 contains 4% H2, which should poise the enzyme primarily in the
CaHydIred state. Naively, one might expect SWNT deactivation
from 2 to occur at the same rate seen for CaHydIred or, alternatively,
at both a slow and a fast rate, as was observed when the activity
of CaHydIred was assayed after opening the sample to air. Though
our understanding is not complete, the findings suggest either a
more efficient conversion of bound CaHydIred to CaHydIox, which
might be a result of more efficient O2 transport to the enzyme
when complexed with SWNTs, or a change in oxidation state of

Table 1 Rate constants obtained from fits to kinetics of the Raman spectroscopy data for air-exposed [SWNT|CaHydI] complexes and free CaHydI. The
preparations (prep) and analysis methods are described in the text. Metallic SWNTs required two time constants to fit the biexponential data, with the
slower component, (k2), dominating the response to differing degrees (%k2)

Sample Preparation lex/nm m- or s-SWNT (mode) k1/s-1 k2/s-1 %k2

[SWNT|CaHydI] 2 633 s-SWNT (G+) 0.0047 — 0
[SWNT|CaHydI] 2 633 s-SWNT (RBM) 0.0053 — 0
[SWNT|CaHydI] 2 633 m-SWNT (RBM) 0.0033 0.00047 10
[SWNT|CaHydI] 2 532 s-SWNT (G+) 0.0042 — 0
[SWNT|CaHydI] 2 532 m-SWNT (G-) 0.003 0.0002 11
[SWNT|CaHydI] 4 633 m-SWNT (RBM) 0.005 0.0002 90
CaHydI 4 — — 0.003 — 0
CaHydI 2 — — — 0.0004 100
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the enzyme due to the charge injection process itself. The former
scenario could be the result of improved transport for O2 in the gas
channels due to conformational changes in the enzyme structure
due to complexation. The latter scenario could result from direct
electron transfer from CaHydIred to the SWNT, such that the
bound enzyme, now in the CaHydIox state, decayed with the rate
of free CaHydIox. Clearly, these issues require further study.

Even more surprising is the fact that [m-SWNT|CaHydI]
complexes exhibit two rate constants for deactivation via Raman
spectroscopy, and that the slower rate (~2 ¥ 10-4 s-1), the one similar
to the rate of O2 deactivation assayed for the H2-poised enzyme
(Table 1), is dominant when preparation 4 is exposed to air. This
is surprising because CaHydIox is expected to be the dominant
species in 4, and the rate for CaHydIox deactivation assayed in
SWNT-free solutions was fast (3 ¥ 10-3 s-1, Table 1). This could
be rationalized if CaHydIox were able to pull enough electronic
charge from m-SWNTs under these relatively oxidizing conditions
to become CaHydIred. This would explain why the deactivation
kinetics are comparable to those assayed for poised CaHydIred.
However, such a process would entail removing electrons from
m-SWNTs, rendering them p-type, and is unlikely because of the
large positive potential required, >+0.7 V vs. NHE, as discussed
above.

A more palatable explanation can be constructed by con-
sidering the behavior of some other [FeFe] hydrogenases. For
example, when Desulfovibrio vulgaris and D. desulfuricans are
initially purified in the presence of O2 they transition to an
O2 insensitive, non-catalytic state, Hox

air.1,33 This occurs via a 1
or 3 electron oxidation of the oxidized catalytic form of the
enzyme, Hox, through an intermediate state, Htrans.34,35 Within this
context, CaHydIox might undergo oxidation by charge transfer to
m-SWNTs under condition 4. Both the electron density still
present in CaHydIox and the thermodynamics of the exchange
suggest this is possible. As a result CaHydIox would transition to
a more oxidized Htrans-like state. This oxidized form of CaHydIox

might have a coordinatively saturated H-cluster due to formation
of an exchangeable ligand, e.g. OH-, at the active distal iron
site and may therefore be less reactive to O2. Following the
idea that CaHydIox is protected against O2 deactivation only
when complexed to m-SWNTs we performed an assay of the
residual H2 evolution activity after complexes prepared under 4
were exposed to lab air. Fig. 5c shows the data plotted with the
residual activity for free CaHydIox and CaHydIred (reproduced
from Fig. 5b). Consistent with our view, both the fast and slow
rates of deactivation are observed, and the transition from fast
to slow occurs at ~70% residual activity. This corresponds to the
expected ratio between semiconducting to metallic SWNTs (2 : 1),
as expected if the surface density of CaHydI was equal on both m-
and s-SWNTs and the enzyme bound to s-SWNTs was deactivated
more quickly than the enzyme complexed to m-SWNTs.

Conclusion

In conclusion, we have performed a detailed solution-phase
Raman study of charge transfer that occurs in complexes formed
between SWNTs and the [FeFe] hydrogenase CaHydI. The analy-
sis of Raman modes specific to either semiconducting or metallic
SWNTs allows us to follow static or dynamic charge transfer events
that have a critical dependence on the SWNT electronic structure.

In agreement with our previous study, we find that s-SWNTs
interact solely with the reduced enzyme, accepting electrons
created by the oxidation of H2. In contrast, the continuous density
of states between the first van Hove singularities in m-SWNTs
allows electron injection from both the reduced and oxidized forms
of the enzyme. Our results suggest that purified m-SWNTs or
s-SWNTs, rather than mixed preparations, may be more suitable
in the fabrication of [SWNT|CaHydI] bio-hybrids for specific
applications due to greater control of the bio-hybrid electronic
properties. In particular, s-SWNTs might be better suited for use
in solar-driven devices, in which the strongly absorbing, tunable
HOMO–LUMO transitions could be used to couple energy into
the [SWNT|CaHydI] complex. In contrast, the high dark conduc-
tivity and continuous mid-gap density of states in m-SWNTs might
make them better suited for hydrogen production or conversion in
electrochemical applications. The recent demonstration of highly
efficient separation of SWNTs by electronic structure36 implies that
rationally tailored SWNT/hydrogenase bio-hybrids could provide
abundant, inexpensive, and scalable material alternatives for an
emerging hydrogen economy.
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