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Abstract: Dispersible single-walled carbon nanotubes grafted with poly(4-vinylpyr-
idine), SWNT-PVP, were tested in coordination assays with zinc tetraphenylpor-

phyrin (ZnP). Kinetic and spectroscopic evidence corroborates the successful for-
mation of a SWNT-PVP-ZnP nanohybrid. Within this SWNT-PVP-ZnP nanohy-
brid, static electron-transfer quenching (2.04£0.1)x10° s™* converts the photoexcit-
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ed-ZnP chromophore into a radical-ion-pair state with a microsecond lifetime,

namely one-electron oxidized-ZnP and reduced-SWNT.

Introduction

Nanometer-scale structures are under intense investigation
with aim of producing innovative materials, composites, and
electronic devices of greatly reduced size.!! Among the wide
range of available structures, carbon nanostructures provide
a good example of great potential in materials science.
Carbon nanotubes (CNT), and in particular, single-walled
carbon nanotubes (SWNT) are graphene cylinders with di-
ameters typically on the nanometer scale.* These cylinders
have typical lengths of micrometers, with a unique blend of
mechanical, electrical, thermal, and optical properties.””!
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Consequently, the development of methodologies for inte-
grating CNT into functional structures, such as ultralight
composites, and donor—acceptor hybrids, has emerged as an
area of intense research.*'!

However, processing and applications of CNT have been
hindered by difficulty in manipulation, mainly due to the
high intertube attraction energies. The most common way to
produce clean, individual CNT involves extensive horn soni-
cation and/or the use of strongly oxidizing agents (such as
nitric acid, sulfuric acid, hydrogen peroxide, ozone oxida-
tion, and so on).'"? But such drastic conditions bring about
major changes in the m-electronic structure and, subsequent-
ly, in the properties of CNT.'*"'*l Moreover, CNT degrada-
tion will inevitably take place.

To improve CNT solubility, while decreasing CNT aggre-
gation, two general strategies have been devised. First, the
sp>-hybridized structure of graphene can be covalently func-
tionalized by using groups that increase the interaction with
the surrounding medium."*! Second, noncovalent functionali-
zation through m—m interactions allows the formation of
stable suspensions, while leaving the graphene structure
intact.['!7]

Once functionalized, CNT can be employed in a variety
of innovative fields. Among these, CNT find use as accept-
ors in donor—acceptor hybrid materials for applications in
solar energy conversion.™'”'¥ Work performed either in
condensed media or at electrode surfaces demonstrated that
the presence of extended, delocalized m-electron systems is,
indeed, very useful for inducing charge transfer and charge
transport. For example, illumination of CNT-based donor—
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acceptor nanohybrids with visible light is typically followed
by fast charge separation and slow charge recombination.
The lifetimes of the charge-separated radical-ion-pair states
are so long that these systems can be used for the fabrica-
tion of photovoltaic devices.'*!¥

In the present work we combine the covalent and nonco-
valent approaches to provide a route towards versatile
donor—acceptor hybrid structures. SWNT were grafted with
poly(4-vinylpyridine), PVP, to form DMF-soluble SWNT-
PVP (see Scheme 1)."") The pyridine moieties present in
SWNT-PVP favor the axial coordination of a strong donor
in the excited state, zinc tetraphenylporphyrin (ZnP).

Results and Discussion

The SWNT-PVP was prepared by free-radical polymeri-
zation of 4-vinylpyridine in a dispersion of pristine high-
pressure carbon monoxide, (HIPCO) SWNT in DMF. Free
PVP and SWNT catalyst residues were removed by a series
of centrifugation and decantation steps. Thermogravimetric
analysis of SWNT-PVP gave a SWNT-to-PVP weight ratio
of 61/39 with less than 1% residual catalyst.['”)

Two regions of transitions are discernable in the absorp-
tion spectra. First, the UV part that corresponds to the poly-
mer.”” Second, the visible and near-infrared part (see
Figure 1) where the characteristic van Hove singularities of

Scheme 1. Compounds used in this study: SWNT-PVP (left) and PVP (right).
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Figure 1. Room temperature absorption spectrum of SWNT-PVP in
DMF.

SWNT (bandgap transitions in semiconducting and metallic
SWNT) are typically seen. The fact that van Hove singulari-
ties are present indicates that only minor modification of
the electronic structure had occurred during the free-radical
polymerization. The absorption measurements were also
used to estimate the SWNT-PVP concentration at
18.6 mgL %

Raman spectra of solid SWNT-PVP showed a small in-
crease in the D-band suggesting a low degree of functionali-
zation of the SWNT side walls and minor changes in the
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radial breathing modes indicating little perturbation of the
electronic structure relative to pristine SWNT.!

The distribution of diameters and lengths of SWNT-PVP
were determined by tapping-mode AFM. From typical
images, as shown in Figure 2, individual SWNT and small

Figure 2. AFM height images of SWNT-PVP on a mica surface.

bundles are discernable, the lengths of which vary between
several hundred nanometers and several micrometers. The
heights of tubes, on the other hand, range from 0.8 to
3.2 nm with an average of 1.5 nm matching the diameters of
individual pristine SWNT that are usually from 0.6 to
1.3 nm. Overall the presence of PVP chains leads to appa-
rently thicker SWNT contours. Consequently, we correlate
the 1.5 nm height of the SWNT-PVP with individual tubes.
A qualitative similar conclusion is derived from TEM meas-
urements. Figure 3 shows some representative TEM images
of SWNT-PVP that were recorded with different magnifica-
tions.

SWNT-PVP can be fully dispersed in DMF, yielding sus-
pensions that are stable for months. Electronic interactions
between SWNT and PVP in the excited state are assumed
from the fact that the PVP-centered fluorescence in SWNT-
PVP is largely quenched (such as by a factor >10, see Fig-
ure S1 in the Supporting Information) relative to PVP,
which was employed as a reference.

Cyclic voltammetric (CV) experiments were carried out
in SWNT-PVP dispersions obtained upon short (<1 min)
sonication in either DMF or THF, with tetrabutylammonium
hexafluorophosphate as supporting electrolyte. The CV pat-
tern obtained in DMF was complicated by strong adsorption
phenomena at ~—0.5 and—1 V, which made the identifica-
tion of the voltammetric features associated to SWNT-PVP
unfeasible. THF was therefore chosen, in spite of the much
lower loadings of nanotubes achieved in that solvent. The
CV curve shown in Figure 4 (dashed line) displays, at poten-
tials >—2.2'V, the typical continuum of (low-intensity) dif-
fusion-controlled cathodic current, with onset at ~—0.5V
(Figure 4, inset), that was already observed in the case of
pyrrolidine-functionalized SWNT, investigated under similar
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Figure 3. TEM pictures of SWNT-PVP with different magnifications: see
scale bars for details.

conditions.® Such a current is associated with the reduc-
tion of SWNT.B1 A sharp increase of the cathodic current
(I) was observed at potentials < —2.5 V attributed to: 1) the
increase in the electronic density of state of SWNTSs, 2)
the parallel reduction of the pyridyl moieties in the PVP
chains. In fact, the latter process is responsible for the broad
and irreversible cathodic shoulder located at about —2.6 V
(and for the coupled anodic peak observed at —1.4 V in the
reverse scan). Prolonged sonication (30 min) of the THF so-
lution, along with a large increase of its optical density
(OD) indicative of a larger dispersion of SWNT-PVP,
brought about the significant enhancement of the above vol-
tammetric features (Figure 4, solid line). However, the pres-
ence of a novel reduction peak located at —2.2 V, in the CV
curve of the heavily sonicated solution, also suggests that
some degradation of PVP-SWNT is likely to occur under
such conditions.

The complexation of ZnP with SWNT-PVP, a sketch for
which is shown in Scheme 2, and also with PVP was checked
by spectroscopic fluorescence and absorption titration ex-
periments. In particular, various concentrations of SWNT-
PVP or PVP were added to a ZnP solution in DMF (ap-
proximately 5 um) without affecting the overall SWNT-PVP
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Figure 4. CV curves of a SWNT-PVP in 0.05m TBAH/THF solution, run
after prolonged (——) and short sonication (-----). The dash-dot line
(-+—+) corresponds to the response of the blank supporting electrolyte so-
lution. Inset: baseline-corrected CV curve, run after short sonication.
Scan rate=1.0 Vs™!, T=25°C. Working electrode: Pt disc (r=62.5 mm).
Potentials were measured versus silver quasi-reference electrode.

concentration. The solutions of SWNT-PVP and PVP were
matched at the 300 nm absorption to guarantee comparable
concentrations in the two independent sets of titration ex-
periments. With increasing SWNT-PVP concentration the
ZnP absorption features (Soret and Q-band) revealed bath-
ochromic shifts, up to around 2 nm. These shifts were fur-

FULL PAPER

ther accompanied by small but notable broadenings and iso-
sbestic points at around 422 and 429 nm. The presence of
the isosbestic points implies a clean conversion from ZnP to
SWNT-PVP-ZnP. Most evident are the shifts in the Soret-
band region (400-450 nm), where the van Hove singularities
of SWNT-PVP do not interfere to any significant extent
with the porphyrin transitions (Figure 5a).”!! In contrast, in
the region of the Q-bands (500-600 nm), the absorption of
the SWNT prevents a meaningful spectral analysis (Fig-
ure 5b). The same bathochromic shifts in the Soret band de-
veloped when just PVP or pyridine were mixed with ZnP.

The shifts observed, though small, indicate a ligand-ex-
change reaction. The solvent DMF is, in fact, a coordinating
agent itself, thus competing with pyridine for the complexa-
tion of the ZnP.*? From this we conclude that the batho-
chromic shifts reflect electronic effects that evolve from a
tighter metal-to-ligand coordination.

The fluorescence emission experiments with ZnP allow a
distinction between coordinating SWNT-PVP or PVP.
Figure 6 shows the steady-state fluorescence with 429 nm ex-
citation (the isosbestic point in the absorption measure-
ments). In particular, when adding SWNT-PVP, the ZnP
fluorescence quantum yields (@=0.04) under aerated or
deaerated conditions drop exponentially approaching
asymptotically @ base values of approximately 0.01. In line
with previous findings, we assign this behavior to static elec-

Scheme 2. Partial structure of SWNT-PVP that coordinates axially to ZnP.
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Figure 5. a) Absorption spectra of ZnP (5 um) in DMF after addition of
variable SWNT-PVP concentrations. b) Absorption spectra of ZnP (5 um)
in DMF after addition of variable SWNT-PVP concentrations.
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Figure 6. Fluorescence spectra of ZnP (5 um) in DMF after addition of
variable SWNT-PVP concentrations. The excitation wavelength is the iso-
sbestic point at 429 nm.

tron-transfer quenching within a SWNT-PVP-ZnP complex
(vide infra). Besides the quenching, we also observe red-
shifts of the fluorescence maxima, similar to the absorption
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spectra. With the help of the fluorescence base-value and
the fluorescence features of ZnP (fluorescence quantum
yield (@) of 0.04 and fluorescence lifetime (7) of 2.0 ns) we
estimate the underlying intrahybrid electron-transfer rate to
be (1.840.5)x10°s™! from Equation (1).

k= [q)(zm))—Q)(SWNT-PVP-ZnP)]/[T(ZnP) q)(SWNT-PVP-ZnP)] (1)

In sharp contrast, a reference experiment using PVP gives
no appreciable fluorescence quenching (see Figure S2 in the
Supporting Information). The lack of any electron-accepting
character of PVP is responsible for the absence of fluores-
cence quenching.” Despite the unchanged fluorescence
values, the maxima exhibit the expected red-shift. Similar
findings also emerged in parallel experiments, when pyridine
was added to a solution of ZnP in DMFE.

A series of blank experiments with SWNT (pristine
SWNT and SWNT-PVP) were also performed. In particular,
SWNT-PVP was titrated with free-base tetraphenylporphyr-
in (H,P, see Figure S3 and S4 in the Supporting Informa-
tion). The lack of shifts in the absorption spectrum confirms
the absence of coordination. However, a moderate H,P fluo-
rescence quenching of less than 20% was observed, which
suggests some other pathways of excited-state deactivation.
It should be noted that for SWNT-PVP-ZnP under compara-
ble conditions the quenching is more than 65% (see
Figure 6). To investigate the SWNT-H,P interactions, simi-
lar concentrations of pristine SWNT, suspended in DMF,
were added to H,P and/or ZnP, giving identical results of no
shift in absorption and about 20 % fluorescence quenching.
It is reasonable to deduce m—m interactions to be responsible
for the residual fluorescence quenching.?*!

Kinetic support for an electron-transfer deactivation came
from complementary time-resolved fluorescence measure-
ments. For ZnP in aerated DMF the fluorescence decay is
best fitted, with a %> value of approximately one, by a mono-
exponential expression that yields a lifetime of 1.94+0.1 ns.
On the other hand, in SWNT-PVP-ZnP, the decay profile is
diexponential with a long-lived (1.94+0.1 ns) and a short-
lived (0.41+0.05 ns) component (see Figure S5, Supporting
Information). Table 1 summarizes the most relevant fluores-
cence parameters of solutions containing different SWNT-
PVP/ZnP ratios. The resemblance of the former value with
that of just ZnP alone, namely, prior to the addition of

Table 1. Time-resolved fluorescence data for SWNT-PVP-ZnP.

ZnP aliquots fluorescence fluorescence fluorescence ratio

SWNT-PVP lifetime lifetime lifetime between
[ns]@! [ns]®! [ns]®! lifetimes
Sum 0 1.94
Spum 1 1.89 0.39 1.42
Spum 2 2.0 0.38 1.07
Sum 3 2.3 0.41 0.71
0 3 1.3

[a] Long-lived component: intrinsic ZnP fluorescence deactivation.
[b] Short-lived component: electron-transfer quenching. [c] PVP fluores-
cence lifetime.
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SWNT-PVP, suggests a regular fluorescence deactivation of
free ZnP. In other words, it refers to ZnP that is not coordi-
nated to SWNT-PVP. The shorter lifetime, however, corre-
sponds to the actual electron-transfer quenching determined
by Equation (2) as (1.940.1)x10°s™", which occurs within
the photoexcited SWNT-PVP-ZnP complex.

k = 1/tswnr-pvpzor)—1/T(zap) (2)

Notably, a good agreement is established between the ex-
trapolated value and that determined in the steady-state ex-
periments - vide supra. As the SWNT-PVP concentration is
increased, the same two-component decays are noted
throughout the titration experiments. Only the relative con-
tributions change, that is, the relative weight of the short-
lived component increases steadily with increasing SWNT-
PVP, while that of the long-lived component decreases si-
multaneously (see Table 1). At the end-point of the titration,
the short-lived component predominates. In line with the
aforementioned observation, upon titrating ZnP with PVP
or pyridine, only a monoexponential decay is seen through-
out the entire series of experiments. Moreover, the decays
always reflect the intrinsic ZnP fluorescence lifetime of
2.0+0.2 ns. Similarly, in SWNT-PVP/H,P and SWNT/H,P
only the long-lived component of free H,P (9.54+0.5 ns) is
seen.

All these data point to a static and rapid singlet-excited-
state quenching event occurring inside well-defined nanohy-
brids of SWNT-PVP-ZnP. The most likely excited-state
quenching process involves electron transfer, namely, oxida-
tion of the ZnP and reduction of the SWNT [Eq. (3)].

SWNT-PVP - ZnP#“SWNT-PVP - (' *ZnP) —

(SWNT ~-PVP) - (ZnP™") ®)

Transient absorption measurements were performed to
confirm the nature of the fluorescence quenching. The con-
cept here is to photoexcite ZnP or SWNT-PVP-ZnP with
short (6 ns) laser pulses at 532 nm, a wavelength that corre-
sponds to the area of Q-band absorption. Following the
rapid excitation, we should be able: 1) to visualize the tran-
sient and/or stable products, 2) resolve their formation/
decay kinetics, and 3) to make a quantitative and qualitative
comparison between the two cases.

In the case of ZnP alone, after a time delay of 50 ns we
see the characteristic triplet—triplet fingerprints (Figure 7).
In particular, transient bleaching of the Soret and Q-band
develops, and is further accompanied by a characteristic
triplet signature at 800 nm.” The ZnP triplet-excited state
is oxygen-sensitive (Koyygen=6.5x10°M"'s™"), causing the for-
mation of singlet oxygen, and decays under oxygen-free con-
ditions with a lifetime of typically around 50 ps under our
experimental conditions.

Appreciable differences can be observed following photo-
excitation of SWNT-PVP-ZnP (see Figure 8). After a time
delay of 50 ns, important changes are the broad 600-800 nm
absorptions and the lack of the triplet feature at 800 nm. In-
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Figure 7. Nanosecond transient absorption spectrum following the
532 nm excitation of ZnP in DMF (time delay is 50 ns) shown are the
triplet—triplet features of ZnP.
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Figure 8. Top: Nanosecond transient absorption spectrum following the
532 nm excitation of SWNT-PVP-ZnP in DMF (time delay is 50 ns)

shown are the ZnP radical cation features. Bottom: Time-absorption pro-
files at 760 nm.

terestingly, the oscillator strength of the new transient, al-
though the ZnP concentration in SWNT-PVP-ZnP is identi-
cal to that used for the ZnP reference experiment, is stron-
ger.”l The new features, especially the 600-800 nm absorp-
tion, are those of the one-electron-oxidized ZnP product,
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namely, the m-radical cation. The transient absorption spec-
trum obtained upon one-electron pulse-radiolytic oxidation
of ZnP in oxygenated dichloromethane containing 1 vol %
pyridine is displayed in Figure 9.?”! From the type of fea-
tures we postulate that an intracomplex electron transfer,
evolving from the photoexcited ZnP to the electron-accept-

04
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Figure 9. Differential absorption spectrum (UV/Vis spectrum) monitored
200 ps after pulse radiolytic oxidation of ZnP in oxygenated dichlorome-
thane solutions containing 1 vol % pyridine.

ing SWNT-PVP, governs the photoexcited-state deactivation
of SWNT-PVP-ZnP.

Analysis of the time—absorption profiles gave a respecta-
ble lifetime for the charge-separated radical ion pair of 3.8+
0.2 ps. The lifetime of this radical-ion-pair state is compara-
ble to what has been seen in previously studied nanohybrids
(Scheme 3): SWNT grafted with poly(sodium 4-styrenesulfo-
nate) (SWNT-PSS"")/octacationic free-base porphyrin salt
(H,P®**+), SWNT/linearly-polymerized poly(methyl methacry-
late) carrying free-base porphyrin (H,P-polymer), and
SWNT grafted with 1-(trimethylammonium acetyl)pyrene
(SWNT/pyrene™*)/octaanionic zinc porphyrin salt
(ZnP?%).Be16%17] The radical ion pair decay provides the
quantitative recovery of the singlet ground state. Population
of the ZnP triplet-excited state is thermodynamically unfea-
sible, as we will demonstrate below. Notably, in reference
experiments with PVP-ZnP and pyridine-ZnP only the long-
lived triplet features were detected.

A thermodynamic correlation further supports the experi-
mental observations. For systems composed of SWNT-PVP
(the electron acceptor) and ZnP (the electron donor), we
find approximate energies of the radical-ion-pair states from
the electrochemical reduction of SWNT-PVP (—0.5 V) and

Scheme 3. SWNT-based nanohybrids. Upper part: SWNT/linearly-polymerized poly(methylmethacrylate) carrying free-base porphyrin (H,P-polymer).

[16v]

Center part: SWNT grafted with 1-(trimethylammonium acetyl) pyrene (SWNT/pyrene*).'™ Lower part: SWNT grafted with poly(sodium-4-styrenesul-

fonate) (SWNT-PSS"").[*!
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the electrochemical oxidation of ZnP (4+0.8 V) to be
1.3 eV. The singlet-excited-state energy, on the other hand,
comes from the energy average of the longest wavelength
absorption and the shortest wavelength fluorescence. Ac-
cordingly, for ZnP the singlet-excited-state energy is 2.1 eV.
The triplet-excited-state energy, as directly taken from phos-
phorescence measurements, is 1.5 eV. We used these values
to construct the energy diagram depicted in Figure 10. Im-

*ZnpP
216V
A T 3zpp
e’ : ——
15eVv
(SWNT)™ - (ZnP)™* ’

1.3 eV

v
SWNT - ZnP

Figure 10. Energy diagram summarizing the states following photoexcita-
tion of SWNT-PVP-ZnP.

plicit are the driving forces for charge separation (evolving
from the singlet-excited electron donor) and for charge re-
combination (decay of the radical-ion-pair state) that are
appreciably large with values around 0.8 and 1.3 eV, respec-
tively. Based on the reasonably high polarity of DMF with a
dielectric constant of approximately 36 we omit the Cou-
lombic correction term in our correlation.

Temperature can be used to control the SWNT-PVP-ZnP
association. The SWNT-PVP coordination to ZnP is labile
and dynamic. Hence, increasing or decreasing the tempera-
ture weakens or strengthens the complex, respectively. In
this context, fluorescence emerged as a sensitive tempera-
ture probe. Temperature increase, for example, led to a no-
table reactivation of the ZnP fluorescence, while lower tem-
peratures essentially caused deactivation. An illustration is
given in Figure 11. The effects were reproducible between
temperatures of 10 and 80°C.

Conclusion

Successful coordination was achieved using dispersible
single-walled carbon nanotubes grafted with poly(4-vinylpyr-
idine) and ZnP. The novel nanohybrids (SWNT-PVP-ZnP)
were characterized in the ground and excited state with spe-
cific accent on electron-transfer chemistry.[”] In fact, fluores-
cence and transient absorption measurements provide kinet-
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Figure 11. Fluorescence spectra of SWNT-PVP-ZnP in DMF at variable
temperatures between 15 and 75°C in increments of 10°C. The excitation
wavelength is the isosbestic point at 429 nm. Arrows indicate the fluores-
cence reactivation with increasing temperature.

ic and spectroscopic evidence that support a transfer of
charge density. A consequence of strong donor-acceptor
coupling is the rapid formation of microsecond-lived radi-
cal-ion-pair states.

Experimental Section

Nanosecond laser flash photolysis experiments were performed with laser
pulses from a Quanta-Ray CDR Nd:YAG system (532 nm, 6 ns pulse-
width) in a front-face excitation geometry. The photomultiplier output
was digitized with a Tektronix 7912 AD programmable digitizer. Fluores-
cence lifetimes were measured with a Laser Strobe Fluorescence Life-
time Spectrometer (Photon Technology International) with 337 nm laser
pulses from a nitrogen laser fiber-coupled to a lens-based T-formal
sample compartment equipped with a stroboscopic detector. Details of
the laser strobe systems are described on the manufacture’s website,
http://www.pti-nj.com. Emission spectra were recorded with a SLM 8100
spectrofluorometer. The experiments were performed at room tempera-
ture. A 570 nm long-pass filter in the emission path was used in order to
eliminate the interference from the solvent and stray light for recording
the fullerene fluorescence. Each spectrum was an average of at least five
individual scans and was corrected by using the correction function sup-
plied by the manufacturer, by subtraction of the photomultiplier dark
counts signal.

The electrochemical experiments were carried out according to methods
and procedures described in reference [8c]. The one-compartment elec-
trochemical cell was airtight with high-vacuum glass stopcocks fitted with
either Teflon or Viton O-rings in order to prevent contamination by
grease. The connections to the high-vacuum line and to the Schlenk flask
containing the solvent were made by using spherical joints also fitted
with O-rings. The pressure in the electrochemical cell prior to performing
the trap-to-trap distillation of the solvent, ranged typically from 1.0-
2.0x107° mbar. The working electrode consisted of a platinum-disc micro-
electrode (r=125 pm) sealed in glass. The counter electrode consisted of
a platinum spiral and the quasi-reference electrode was a silver spiral.
Voltammograms were recorded with an AMEL Model 552 potentiostat
or a custom-made fast potentiostat controlled by either an AMEL
Model 568 function generator or an ELCHEMA Model FG-206F. Data
acquisition was performed by a Nicolet Model3091 digital oscilloscope
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interfaced to a PC. Temperature was controlled within 0.1°C with a
Lauda RLS thermostat.
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