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The mechanism of electrochemical reduction of calix[4]quinones (CQs) is of vital importance, as their reduction
products, calix[4]hydroquinones (CQ@$J, are known to self-assemble organic nanotubes, which in turn self-
assemble novel metal nanostructures by a self-synthetic process of electrochemical reduction of solvated
metals. We therefore conducted detailed studies of electrochemical reduction of CQ in rigorously dried
acetonitrile (CHCN) and in CHCN containing varied amounts of water as well as perchloric acid. CQ
undergoes a series of reversible one electron reductions in dsZKeading to anion radicals of each of
p-benzoquinone units followed by formation of dianions. However, a series of following chemical-
electrochemical reactions with protons takes place after the initial electron transfers@NCébntaining

water. The final product of this series of reactions is identified as £@#lan eight electron, eight proton
reaction. The intermediate species are identified, and the reaction mechanism is elucidated using transient
electrochemical, electrochemical quartz crystal microbalance and spectroelectrochemical measurements. The
present results could be utilized to fine control the self-assembling reaction of nanotubes by electrochemical
processes and to design electrochemically controllable nanomechanical devices.

Introduction rigorously dried nonprotic solvents-However, the mechanism

) . . ... of p-BQ reduction may be summarized as follows in aqueous
Calixarenes have received much attention due to their ability ¢q|utions®

to bind ions or molecules, acting as a receptor molecule for the

host-guest complexesElectroactive calixarenes could be more Q+e =Q" (1)
attractive because their electroactive groups including quione

or nitroaromatic moietiésprovide chemists with opportunities Q" +H'=QH )
to control the binding ability as well as the chemical selectivity.

The electrochemical control of binding properties for guest QH +e =QH ©)
molecules may lead to applications otherwise unavailable in

chemical and biochemical reaction systems. OH +H' = QH, (4)

It is known that CQH, one of the redox active calixarenes

with four hydl‘oquinone mOietieS, forms self-assembled Organic where Q representQ_ The sequence of the reactions is thus
nanotube bundleSUltrathin silver wires of a diameter of 0.4 described as two rounds of an electron-transfer coupled with a
nm were shown to grow inside the C@Manotubes under  chemical reaction, i.e., the ECEC or EHEH mechanism, unless
ambient agueous conditions when silver nitrate is added to thep-BQ is reduced further to its dianion,?Q in the absence of
agueous solution containing the nanotubes. Metal, semiconducprotons. When the acidity of the medium is high, reactions 2

tor, or conductive polymer nanowires have been studied and 4 can be so fast that the whole reaction may be described
extensively due to their possible uses in manufacturing nanoscaleas a concerted two-electron, two-proton reaction

devices.

Electrochemical reduction of CQ can be thought of as four Q+2H" +2e = QH, (5)
consecutive reductions @Fbenzoquione-BQ) units as CQ
is made of fourp-BQs connected in parallel by fourCH,— where QH is 1,4-dihydroquinone. This reaction is the basis of

groups in betweerp-BQ undergoes reversible two one-electron what is known as a “quinone/hydroquinone electrode” for pH
transfer reductions to form anion radicals and dianions in measurements.

Now the electrochemistry of CQ in rigorously dried non-
*To whom correspondence should be addressed. E-mail: smpark@ agueous solutions would most likely be expected to follow the
po.:,tech.edu. Phonet82-54-279-2102. Fax:+82—54—279-3399. reactions summarized above. In other words, CQ would undergo

Department of Chemistry and Center for Integrated Molecular Systems. o, consecutive reversible one-electron reductions to form anion
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Materials. radicals of eachp-BQ unit, followed by the formation of
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however, the sequence summarized above as reactions 1 through 0.8 -
4 or 5 would be observed depending on the acidity of the
medium.

Recently, electrochemical studies of CQ in nonaquous media
including CHCN,” N,N-dimethylformamide (DMF¥,and dichlo-
romethane (CkCl,)® have been reported. All of these experi-
ments were conducted under an argon or nitrogen atmosphere
in rigorously dried solvents to remove residual water, and indeed
its electrochemistry in these media was described as the
formation of anion radicals of foup-BQ units before the
formation of dianions. Removal of water ensures the stability
of intermediate species such as anion radicals and/or dianions.
However, the electrochemistry of CQ in aqueous media should
be important just as well because CQould be formed as a 0.2
final product upon reducing CQ in aqueous media. Further, N
CQHg is known to form organic nanotubes in aqueous media 02 00 -02 -04 -06 -08 -1.0 -1.2 -1.4 -16
under appropriate conditiorf8 Water must play an important E,V vs. Ag

role in making organic nanotube bundles by four hydrogen . )
Figure 1. CVs for reduction of 1 mM CQ at a GC electrode in

bonds between OH groups of hydroquinone moieties and water . . L .
molecules. For this reason, our present study addresses elecIrlgorOUSIy dried CHCN containing 0.10 M TBAPEas a supporting

- - - e electrolyte. The scan rate was 100 mV/s.
trochemical reduction of CQ to CQHn solutions containing
water, primarily aiming at elucidation of the reaction mechanism
involved in electrochemical reduction of CQ to Cgéploying whereAf is the change in frequencyym is the mass change,
transient electrochemical, electrochemical quartz crystal mi- andC; is the sensitivity constant. THg value was obtained to
crobalance (EQCM), and spectroelectrochemical techniques, anthe 6.68 ng/Hz/crhfrom calibration experiments using silver
its relevance to the formation of CQ@Hhanotubes upon CQ  deposition from a silver nitrate solution.
reduction is discussed. Thus, we conducted experiments in |n sjitu UV—visible absorption spectra were taken with an
rigorously dried CHCN first as a control experiment, followed  Oriel InstaSpec IV spectrometer with a charge-coupled device
by a series of experiments, in which varied amounts of water (CCD) array detector, which was configured in a near normal

0.6

0.2 S

0.0

Current density, mA/cm

and proton sources were used. incidence reflectance mode using a bifurcated quartz optical
_ fiber.1213 A Xenone lamp (75 W) was used as a light source.
Experimental Method The wavelength of the spectrograph was calibrated using a small

CQ and CQH were synthesized and purified according to Mereury lamp.
the procedure described in the literatéffeCH;CN (Aldrich, _ _
99.8%, anhydrous) was purified by three successive vacuumResults and Discussion
distillations over POs to remove organic impurities and water.

Figure 1 shows typical cyclic voltammograms (CVs) of C
Tetrabutylammonium hexafluorophosphate (TBAPHdrich, g P Y 9 ( ) Q

in rigorously dried CHCN in an argon atmosphere. Similar

= ,99'0%) was recrystallized twice from absolute ethanol and oqjts have been reported on electrochemical reduction of CQ
dried overnight under reduced pressure at ADOAfter oxygen in nonaqueous solutions such as4OM,” DMF 8 and CHCl,.°

was removed, the solvent and the supporting electrolyte wereryo cv/g shown in Figure 1 are very similar to that described

movedoto a g(ljovebox under an gr(ﬁon atmosphlere. Cdeyag griedby Gomez-Kaifer et al.except that the reduction waves are a
at 100°C under vacuum overnight. Acetonitrile was dried by little more reversible and better resolved in our case. These

three freezepump-thaw cycles under vacuum. In SOme negtigators attributed each CV wave to reduction of gaB®
experiments, where the wateCH;CN mixed solvent was used, unit to form an anion radical. Thus, the first four waves shown

thcg-dlst|IIed delonlzeq water was .used. In these cases, thej, Figure 1 must be responsible for the consecutive formation
solution was bubbled with argon or nitrogen to remove 0Xygen. ¢ anion radicals of foup-BQ units, and the two following
The supporting electrolyte was mostly 0.10 M LiGIldrich, less reversible ones after the initial four waves should be further
99.99%) unless otherwise stated. _ reduction of two of those anion radicals to corresponding
Electrochemical experiments were performed using an EG&G ianjons. The dianions are more reactive and the reversibility
PAR model 273-A potentiostat/galvanostat. Glassy carbon and uf the |ast two waves are significantly reduced compared to the
gold disk (area= 0.20 cnf) electrodes used as & working it four waves. The difference in peak potentials between the
electrode were polished successively with 1.0, 0.3, and 0.05gec0ng and third waves are significantly larger than those
u#m alumina slurries (Fisher) and cleaned by ultrasonication in penyeen the first and second as well as the third and fourth
doubly distilled, deionized water before drying for use. The \ayes indicating that the first two electron transfers take place
platinum spiral wire and Ag/AgCl (or Ag ere) were used as 4t the first and thirdp-BQ units. The third electron transfer,
counter and reference electrodes, respectively. however, occurs at the thirtBQ molecule, which is located
The EQCM experiments were carried out using an EG&G- petween the twop-BQ anion radicals, resulting in a large
Seiko model 917 quartz crystal analyzer (QCA) along with an resjstance to the incoming electron. This explains why the
EG&G PAR model 273 A potentiostat/galvanostatd MHz  qential differences between the first and second waves, as well
AT-cut quartz crystal qoated with gold was used as a working 55 the third and fourth waves, are smaller than that between the
electrode. A decrease in frequency at this electrode correspondgecond and third waves. After cycling the potential a few times,
to an increase in mass according to the Sauerbrey eqtfation the working electrode was passivated due perhaps to the low
solubility of reduced products formed from following chemical
Af=—-CAm (6) reactions of anion radicals and dianions of CQ (vide infra).
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the differences in absorbance arising from the electrochemical
reaction during the potential cycling. A relatively broad absor-
bance peak at around 436 nm with its shoulders ranging from
350 to 500 nm grows as CQ is reduced until another broad band
begins to appear at bout 775 nm at a more negative potential.
It is not clear, however, whether other absorption bands emerge
as the potential becomes negative. For this reason, we ran two-
dimensional (2D) correlation analysis to resolve and identify
the absorption band4.In the 2D-analysis method, synchronous
and asynchronous spectra are obtained by applying a correlation
analysis on a series of spectra obtained using an external
perturbation such as changing potentials; synchronous spectra
represent the overall similarity between two separate spectral
intensity variations, whereas asynchronous spectra show the
measure of dissimilarity of the spectral intensity variati#fis.
Because of the wide range of applications of this technique, it
has become one of the standard analytical techniques for
interpreting various types of spectroscopic data. The details are
described elsewhetfé and no further description is given here.
The synchronous 2D correlation spectrum obtained during the
reoxidation of reduced CQ is shown in Figure 2b as a contour
map. The intensity of a synchronous 2D correlation spectrum
represents the simultaneous or coincidental changes of spectral
intensity variations measured at two different wavelengths,
andv,. A power spectrum extracted along the diagonal line of
the synchronous spectrum is also shown at the top of Figure
2b. Three autopeaks located at the diagonal line are clearly
observed at 389, 436, and 775 nm, which are not readily detected
in 1D spectra (Figure 2a). All cross-peaks located at off-diagonal
line have positive signs indicating that these absorption peaks
increase together. There are three autopeaks at 389, 436, and
775 nm, which also show up as cross-peaks as well. These cross-
peaks show positive signs indicating that the absorbance peaks
increase together.

The asynchronous 2D correlation spectrum shown in Figure
2c¢ shows that the corresponding bands are occurring at different
rates. An asynchronous cross-peak develops only if the intensi-
ties of two spectral features change out of phase (i.e., delayed
or accelerated) with each other. The sign of an asynchronous
cross-peak becomes positive if the intensity change atcurs
predominantly before, in the sequential order of perturbation.

It becomes negative, on the other hand, if the change occurs
afterv,. This rule, however, is reversed if the synchronous peak
is negative”* The analysis of the asynchronous spectrum
indicates that the absorption bands emerge in the order of 436
— 389 — 775— 550 nm. Further examination of the spectra
singled out from those displayed in Figure 2a (not shown)
reveals that the absorption peak at 436 nm increases monotoni-
cally until peaks at 389, 775, and 550 nm begin to show up

Figure 2. (a) In situ UV—vis absorption spectra recorded for reduction \when the potential becomes more negative than abdud V,

of 1.0 mM CQ by scanning between 0.2 and.6 V at a GC electrode
in CH:CN with 0.1 M TBAPFK at a scan rate of 100 mV/s. (b)

Synchronous and (c) asynchronous 2D correlation contour maps of CQ.

The dotted line indicates regions of negative correlation

where dianions are produced. This leads to a conclusion that
the band at 436 nm results from the first reduction product,

i.e., anion radicals op-BQ units. We thus assign the band at
436 nm to the anion radical, that at 775 nm to the free radical

To show that the four reduction waves do indeed result from generated by protonation of the anion radical, i.e.,*Qihd

the generation of anion radicals pfBQ units, we carried out

that at 550 nm to QHfrom the similarity of their wavelengths

in situ spectroelectrochemical experiments. Figure 2 shows ato those observed during electrolysispBQ in DMSO in the
series of in situ UV-vis absorbance spectra simultaneously presence and absence of wafels However, the band at 389
obtained during reduction of 1.0 mM CQ by scanning the nm has not been reported in the literature, which we assign to

potential from+0.20 to—1.60 V at a reflective glassy carbon

electrode in dry CHCN with 0.10 M TBAPFK used as a

the dianion, @, because it is observed only belowl.0 V.
Here the QM band shows up after the dianion is generated

supporting electrolyte. Since the reference absorbance spectrunibecause of the slow kinetics of the protonation reaction of Q
was taken at 0.20 V before the potential sweep started underdue to the trace amounts of protons available in the, @\
otherwise identical conditions, the spectra obtained representsolution. The species QHwould most likely be produced by
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Figure 3. (a) CVs for reduction of 1.3 M CQ with 2.2 M HO (1,
+++), with 2.3 M H,0 and 62 mM HCIQ (2, —), and with 62 mM
HCIO, and 0.14 M HO (3, ---) in CHCN with 0.1 M LiCIO,. The
scan rate was 50 mV/s. (b) CVs for reduction of 1.Rr€Q in an
acetonitrile solution of 2.3 M kD and 0.1 M LiCIQ with 62 mM of:
(1) perchloric acid, (2) benzoic acidkp= 4.19), (3) acetic acid

= 4.75), and (4) phenol ¢ = 9.98). The working electrode was a
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Figure 4. CVs recorded at a GC electrode for reduction of 0.50 mM

CQ in a 0.10 M LiCIQ solution in ACN containing 0.083 M #D at
a scan rate of 50 mV/s.
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water present (more will be discussed below). Second, the CV
peak shows shifts in potential upon addition of proton donors
such as HCI@ This is an indication that the proton causes the
following chemical reaction such as reactions 2 or 4 to the
electrogenerated speci€sThird, the current density is much
larger in the presence of water than in its absence, indicating
that more than just one electron transfer is taking place within
a single CV peak. From the fact that the current density is
increased drastically when water is added, we surmise that the
series of reactions summarized by reactionstlare indeed
occurring within the single CV peak. Finally, the peak separation
between the cathodic and anodic peaks is significantly different
depending on whether there is an acid or not. The peak shift
depends on the acidity of the proton donor (see curves 2 and
3). This is demonstrated clearly in CVs recorded insCN

with different acid dissociation constants (Figure 3b). The peak
separation is 212 mV without HClbut 558 mV with the acid
present. This indicates that the reversal (anodic) peak in the

GC disk for all of these measurements, and the scan rate was 50 mv/sPresence of acid is due to the reoxidation of the final product,

and K, values are the dissociation constants in pure water &C20

protonation of @~ as well. Our spectroelectrochemical experi-

perhaps CQB whereas that with water alone is due to the
reoxidation of intermediate species, which would not be the
immediate reduction product, GQ. This was confirmed by

ments provide clear evidence that the first four CV waves result recording a CV for an authentic CQHhinder identical experi-
from consecutive reduction gFBQ upon potential sweep.

Since we obtained spectral information on intermediate
species from the results in dry GEN and yet the electrochemi-

mental conditions (vide infra).
What appears to be a single CV peak when water is present
is resolved when the amount of water is reduced or the scan

cal reduction of CQ in aqueous media is of our primary interest, rate is changed. Figure 4 shows CVs recorded in the presence
the next series of experiments were carried out in the presenceof 0.083 M HO, in which the first and second CV peaks are
of water. Because of the low solubility of CQ in water, we used clearly resolved due to the slow rate of protonation such that
acetonitrile as a major solvent with varied amounts of water two electron transfer steps are resolved. Yet the current density
and perchloric acid (HCIg) as a proton donor.
Figure 3 shows CVs recorded for a 1.0 mM CQ solution in separation between peaks Al and C1 is only 137 mV, which
CH3CN with 0.10 M LiCIO, used as an electrolyte under various becomes 245 mV when the potential is scanned downlid
experimental conditions. Figure 3a shows CVs recorded igs CH V. This indicates that the relatively slow chemical reaction

CN with (1) 2.20 M water only, (2) 2.34 M D and 0.062 M
HCIO4, and (3) 0.062 M HCI®@ and 0.14 M HO that came

is significantly larger than that shown in Figure 1. The peak

proceeds following the electron transfer continuously to the final
product, and eventually an intermediate species close to the final

from HCIO,. A few comments can be made on these CVs. First, product is reoxidized at peak C2, if it is not the final product.
CVs shown here are significantly different from those obtained Note also that the anodic peaks in both Figures 3 and 4 show
in dry CHsCN in that a single peak is observed as opposed to characteristics of strong adsorption or precipitation. Thus, the

a number of peaks observed in dry €N (Figure 1). Also,

product, regardless of whether it is an intermediate or final, is

the CV behavior shown by CQ in the presence of water is strongly adsorbed or precipitated on the electrode surface. More

entirely different from that op-BQ in nonaqueous media with

will be addressed on this below. The difference in CV shapes
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added. The scan rate was 50 mV/s. ﬁln(CQ(HZO)p] - pn—FIn[H 201 (9)

for an electron-transfer reaction
shown in Figure 3al and that in Figure 5b indicates that the
products, whether they are intermediate or final, are more soluble CQ+ mH" +ne = CQH,, (20)
in a solution containing TBAP§than in that having LiCIQ.
In other words, a larger organic supporting electrolyte such as HereEy is the peak potential for reaction 10 when no water is
TBAPFs acts as a better surfactant for organic products than present in a 62 mM HCI@solution in CHCN, andE, is the

their more hydrophilic counterpart such as LiGIO peak potential with water present. Equation 9 explains the
To see if indeed the ECEC reaction occurs within the single decrease in peak potential for an increase iBxQHassuming
CV peak, we now compare the CVs recorded insCN without that the addition of water does not change the proton concentra-

(a) and with (b) water under otherwise identical experimental tion. The assumption is not unreasonable as H@@ strong
conditions in Figure 5. The CVs show that the wave is more acid and its ability to protonate the solvent would not be affected
drawn out in this partially aqueous solution, and the ratio of by the concentration of water. From the slope of the plot, we
the charges passed in the same potential rang&®20 to obtain ap/n value of 4.0 with &K value of 1.8x 10%°. Thus,
—0.771 V, where the second peak hits its minimum just before eight water molecules would be incorporated into epdsQ
its increase for the third peak in the absence of water, with and unit.
without water is about 2.1 for each electron transferred, To find if water molecules incorporated are charged, effects
indicating that the ECEC reactions must be occurring in a single of the ionic strength have been studied by varying the
CV peak. Note that TBARfwas used as a supporting electrolyte concentration of LiCIQ and the result is shown in Figure 7.
to record CVs shown in Figures 1 and 5, while LiGl@as As can be seen, the current for CQ reduction decreases as the
used for the rest of the experiments. This is because LiCIO ionic strength increases for a solution containing 0.50 mM CQ,
was not used in rigorously dried solvents due to the difficulty 62 mM HCIQ,, and varied amounts of LiClODThe decrease in
of removing hydrated water, whereas TBARTad a solubility current upon increase in ionic strength indicates that the
problem in a medium with a high water content. electroactive species undergoing the reaction is an ionic species
To see how the water molecules interact with a CQ molecule, as its activity coefficient is affected by the ionic strength. Since
we carried out the water concentration dependency of CQ an experiment cannot be run at the zero ionic strength, no
reduction in CHCN containing 62 mM HCI@ and the result  standard state is available in this set of experiments, and there
is shown in Figure 6. Since the peak potential shifts in a negative is no way of knowing the actual activity coefficient. Although
direction as the water concentration increases, water moleculesve have no experimental information as to the charge of the
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ionic species and, thus, on whether four water molecules are (
all or partially protonated, our experiments allow us to conclude ~ -0.2
that protonated water molecules are acting as ligands for each E
p-BQ during the reduction. This is partially supported by arecent &, 044
theoretical work® wherein G~ shows a significant charge §
transfer to the hydrating water molecules. Since this charge O 064
transfer increases with an increasing number of water molecules, & 1
it is expected that & would give a full electron to neighboring g 081
water molecules in the presence of eight water molecules, &
resulting in @ —water or G~ —protonated water in the presence - 107
of proton sources. o
From the results described thus far, the electrochemistry of ’

CQ indry CHsCN can be regarded as an extension of that of 12 10 o8  os o4 o2 oo -2
p-BQ as can be seen from results shown in Figures 1 and 2, E, V vs. AgIAGCI

whereas its electrochemistry in the presence of water is entirely
different from that ofp-BQ in aqueous medig-BQ undergoes electrode in a CHCN solution of 2.3 M HO. 62 mM HCIQ, 0.10 M

a reversible one-electron transfer to form an anion radical upon LiCIO,, and 1.2 mM CQ; (b) Freduency shifts concurren’tly- recorded
reduction in nonaqueous media containing a large amount of ith the CVs in (a). The scan rate was 50 mVis.

water and even in unbuffered aqueous solutions above pH

2.5!518]ts electrochemistry in buffered aqueous media or in  Figure 8 shows CVs and frequency changes concurrently
unbuffered solutions of pH lower than 2.5 is described as a recorded during CQ reduction in a @EN solution containing
chemically reversible, but electrochemically irreversible, two g2 mM HCIO, and 2.3 M HO for the first three consecutive
electron reaction according to reactioh’8*°which is the basis  ¢ycles at a gold coated quartz crystal electrode. Here CQ is
for the so-called quinone electrode used for pH measurementseqyced to CQllaccording to reaction 11. The CV shown in
No intermediate species has been detected for reaction 5 on atkjgyre 8 is essentially identical to that shown in Figure 3a2
electrochemical time scale including CV and/or chronoamper- except that there is a large ohmic voltage drofR (drop) in
ometry. However, we saw clearly that the electrochemistry of the cell used for EQCM measurements due to its nonideal cell

CQ in dried ACN is entirely different from that with water as configuration compared to a normal cell used for Figure 3.
seen from Figures 1 and 3. When the medium is strongly acidic, gecause of the-R drop, the CV shown in Figure 8 is

Figure 8. (a) Three consecutively recorded CVs at a Au-coated QCA

we observe a reaction similar to reaction 5, i.e. significantly sloped, and the peak separation became sizably
. B larger than that shown in Figure 3a2. Also, the CV recorded
CQ+8H" +8e =CQH, (11) from CQHs was essentially the reverse of that shown in Figure

8, indicating that reaction 11 is chemically reversible but
On the other hand, the intermediate species, which suggest thaelectrochemically irreversible. This is another evidence that
the overall reaction consists of the elementary reactions given CQHg is produced when CQ is reduced in an organic medium
as (1)-(4), are detected in the GBN solutions with just water ~ containing a proton source. While CQ is being reduced to &QH
alone or in mildly acidic solutions. Thus, the rate of the reaction the accumulation of the product, C@Hbn the electrode surface
sequence is slow enough for the intermediate species to beis shown by decreases in the frequency. The decreasd@®
observed (Figure 4). One reason for the higher stability of the Hz/cycle is relatively small perhaps because much of @QH
intermediate species generated during CQ reduction is becauselectrogenerated is dissolved as soon as it is produced. The
the reaction products such as QHQH*, and QH freeze in amount precipitated is only about-420% of that theoretically
the solid phase on the electrode surface as soon as they arestimated from reaction 11. This is also shown by smaller anodic
produced. To show that this is the case, a series of microgravi-waves in comparison to cathodic waves at both the glassy carbon
metric experiments have been conducted using an EQCM and gold electrodes [Figure 3a curves 2 and 3, and Figure 3b
technique. curve 1) and the gold electrode (Figure 8a)]. Even after the
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1.00 that the separation of the two anodic peaks has to do with the
075 ] scan rate, indicating that different intermediate species may be
detected depending on how much time has been allowed after
(a) ! .
] the first electron transfer. In the present case, the electrochemical
0.25 o annealing of the reaction products by cycling repeatedly
0.00 1 produces different states of the precipitate such as different
crystalline forms or hydration numbers, which would cause the
potential shifts.

0504 Two features noticed from Figure 9b are (1) much larger

-0.75 4 amounts of insoluble products are precipitated initially on the

surface than those shown in Figure 8b upon CQ reduction, but

] (2) a large fraction £80%) of the initial precipitate is redis-

B S S S B S B solved upon reoxidation as can be seen from the large frequency

0.6 0.4 0.2 00 -02 -04 -06 -0.8 -1.0 . . . . . .
increase. This observation suggests that the intermediate species
E.Vvs. AglAgCI are more insoluble than the final product, C&QH

In efforts to see how the rate of precipitation/dissolution
R (b) corresponds to its current counterpart, a derivative sigrs/ (d
\ dt) obtained for the frequency change during the first cycle is
N shown in Figure 9c along with the concurrently recorded CV.
‘ In an ideal situation, where the electrogenerated products
Vo o precipitate immediately on the electrode surface, the two signals
| Lo should be identicall2! In our case, the two signals are quite
2.0 o\ \\ different, indicating that the electron transfer reaction does not
] \ . B > straightforwardly lead to precipitation. Also, it is seen that the
254 \\\\ - precipitation is delayed more during the anodic wave. That the
T dAf/dt signal shows a slight delay behind the CV rise during
the cathodic scan indicates that the intermediate species gener-
06 04 02 00 02 04 -06 08 -1.0 ated upon first electron transfer, most likely Qldrecipitates
E, Vvs. AglAgCI almost immediately, and the intermediate thus precipitated
. . . T . T . ._ undergoes the following chemical and electron transfer reactions.
In other words, the second and following electron transfers as
well as chemical reactions take place inside the solid phase on
the electrode after the first reduction product is rapidly adsorbed.
We thus believe that further reactions to Q&hd QH proceed
within the solid phase. This must be the reason the overpotentials
for the second and third steps are reduced so that only one broad
peak appears. Also, this is why the limiting currents are reduced
drastically to only about 1/7 1/6 of the peak current because
the current is now controlled by the diffusion of CQ molecules
and protons through the newly formed solid phase.

—— 112 Upon reversing the potential, the dissolution of electrogen-
04 0200 02 04 06 08 A0 erated products upon anodic scan occurs only after nearly all
E. Vvs. AgiAgCI of the anodic current has decayed. We assign the anodic peak
Figure 9. (a) Serie_s of CVs ata gold-coateo_l QCA electrode for three gt a more negative potential to the reoxidation of Qid QH*
consecutive potential cycles in a GEN solution of 2.2 M HO, 0.1 and the second anodic peak following it to the oxidation of QH
M LiClIOy, and_1.2 mM CQ; (b) Frequency shlf_ts concurrently recorded back to CQ. Depending on how long the products have been
with the CVs in (a); (c) CV and derivative signals of the frequency " .
shift with respect to time vs voltage obtained from the first potential €lectrochemically annealed, the compactness of the solid phase
cycle shown in (a) and (b) above. The broken line indicates thé/-d ~ and the physical and chemical transformations of the resulting
dt signal while the solid line is the CVs. The scan rate was 50 mV/s. precipitate, would differ, resulting in further potential shifts

(Figure 9a). Part of the precipitate dissolves back into solution

anodic peak is past, no further weight decrease is observed,When the electrogenerated pr_oducts are OXidiZ?d back to CQ.

indicating that the dissolution is not caused by reoxidation of However, there still are some mtermedlgte Species and perhaps

CQHe. CQHg left on the surface because reoxidation of the reduced
Figure 9 shows the first three consecutive CVs (a), corre- products requires the diffusion of protons toward the solution,

sponding frequency changes (b), and the derivative signal of Which limits the reaction, and thus, part of CFemains on

the frequency shift with respect to time (c), recorded in a&CH the surface. This explains why the dissolution of the precipitate

CN solution containing only 2.2 M ¥D. As the potential cycling from the electrode surface does not take place until all the anodic

is continued, both the cathodic and anodic peak currents decreas€urrent has decayed in Figure 9c.

and the second anodic peak shifts in a more positive direction. As already pointed out, an important difference between the

The CVs shown here are different from those shown previously electrochemical behaviors gf-BQ and that of its cyclic

in that two anodic peaks are resolved instead of the one observedligomer, CQ, in wet nonaqueous solutions arises from the fact

at glassy carbon electrodes (Figure 3). Even at the GC electrodethat the intermediate species @BQ, i.e., QH and QH-, are

well resolved CVs were often obtained (Figure 4). We found soluble, whereas the corresponding intermediate species of CQ
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Figure 10. (a) UV—vis absorption spectra obtained in &N
containing 2.2 M HO with authentic samples of 2.4 105 M CQ
(solid line) and 3.3x 10> M CQHs (dotted line), respectively; and
(b) UV—vis absorption spectrum obtained after electrolysis of 1.0 mM
CQ at 0 V for 90 min in the CECN solution containing 2.2 M kD,

62 mM HCIQ,, and 0.1 M LiCIQ. The working electrode was a Pt
wire with Ag/AgCl and Pt gauze used as reference and counter
electrodes, respectively. B0 P

T
250

6001

50061

Wavelength, nm

400{ .

reduction are not. This explains why the electrochemistry of | ! : : ;
CQ is not a simple extension of that pfBQ. 300 400 500 600 700 800
To detect the intermediate species, we ran in situ spectro- Wavelength, nm
electrochemical experiments. Figure 10 shows (a) the absorption,:igure 11. (a) In situ UV—vis absorption spectra recorded at a
spectra of authentic samples of CQ and G@ta 2.2 M RO reflective glassy carbon electrode during potential cycles between 0.5
solution in CHCN and (b) the in situ absorption spectrum and—1.0 V in CHCN with 2.2 M H0, 0.10 M LiCIQ,, and 1.2 mM
obtained during the electrolysis of 1 mM CQ in a wet 40 CQ. The scan rate was 50 mV/s; (b) Synchronous and (c) asynchronous
solution with HCIQ at a reflective glassy carbon working 2D corr_elati_on contour maps of derive(_j from spectra shown in (a). The
electrode. It is seen clearly that the only product upon dotted line indicates regions of negative correlation.
electrochemical reduction of CQ in wet @EN containing
HCIO, is CQHs as was expected; the spectrum shown in Figure (Figure 11, parts b and c). There are a number of absorption

10b is just made of the mixture of CQ and Cid solution. bands with their intensities varying during the potential sweep,
The CQH peak absorbing at 296 nm is overlaid on the shoulder which are difficult to identify or resolve. For this reason, we
of the absorption peak of CQ at 247 nm. ran 2D analyses, and the 2D synchronous and asynchronous

Figure 11a shows a series of in situ absorption spectra correlation spectra are shown in Figure 11, parts b and c. The
recorded during a potential sweep in a wetdCN solution of synchronous spectrum identifies four auto peaks at 282, 391,
1.0 mM CQ and 2-D correlation spectra obtained from them 452, and 788 nm. The signs of cross-peaks of the synchronous
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spectrum are all positive, indicating that they all grow during concerted eight-electron reduction to the final product, GQH
the negative potential scan. Analysis of the asynchronous 2D is obtained similar to reaction 5 as would be expected from the
correlation spectrum indicates that the band at 595 nm occurselectrochemistry of its monomeric counterpgBQ. It was
at about the same time as that at 282 and 788 nm after the peakalso found that the CQ reduction potential shows an acidity
at 391 and 452 nm show up first. Thus, the peaks at 282, 595,dependency, indicating that the proton accelerates the following
and 788 start to emerge at about the same time after thechemical reaction after the electron transfer. The water con-
absorption peak at 391 nm has shown up first, followed by that centration dependency of the CQ reduction potential and the
at 452. ionic strength dependency of the reduction current in the
All of the absorption bands identified here were also present presence of HCI@led us to conclude that protonated water
in the spectra obtained in dry GEIN except for the band at  molecules interact with the CQ molecule by forming a complex
282 nm, though all of the bands are red or blue shifted comparedwhose formation constant is 18 10%°.
to those observed in dry GBN shown in Figure 2 and those The results obtained from the EQCM and spectroelectro-
shown in Figure 10. We believe relatively large spectral shifts chemical experiments show that CQ reduction in3CN
observed here are due primarily to poor spectral resoluti@4 containing just 2.2 M water undergoes a series of ECEC
nm at 546 nm) as a result of a relatively wide slit width used reactions to eventually produce the final product, GQFhe
(25um) for a higher spectral sensitivity and also heavy spectral EQCM measurements indicate that what appears to be a single
overlaps of broad absorption peaks resulting from the generationCV peak actually consists of a series of electron transfer and
of large amounts of intermediate species, most of which absorbfollowing chemical reactions. The final product, Ctdnd all
light in a broad spectral region. Accepting this, we assign the of the intermediate species produced during the electrolysis of
282 nm peak to CQ§1 391 nm to CG~, 452 nm to CQ*, 595 CQ in dry CHCN are detected in the spectra recorded during
nm to CHQ, and 788 nm to CHQin reference to our earlier  the electrolysis in wet CECN.
assignments for the bands in spectra obtained in dryGDH It has been reported that CQlis known to form organic
The sequence of the band emergence is also very revealingnanotubes via four hydrogen bonds formed between OH groups
The appearance of the 391 nm band gCJirst in the series of hydroquinone (HQ) moieties and water molecuflésis for
must be due to the fact that the last protonation step to producethis reason that the electrochemical reduction of CQ is important
the CQH is the slowest rate-limiting step of the whole CQ as a good understanding of its mechanism would allow the
reduction reactions in the presence of water. The emergence olvarious parameters for CQ reduction and thus the tube formation
the 452 nm band (Q) next in the series indicates that the to be straightforwardly controlled. In fact, our present results
protonation of the anion radical is the second slowest step andsuggest that CQ is already in the form, which would lead to
begins to be populated a little after the electrolysis begins. the tubular structure upon reduction. Our preliminary results
Finally the fact that CHQand CHQ appear last in the series  show that relatively large nanotubes are formed upon CQ
along with CQH indicates that further reduction of CH@ reduction, and studies to fine-tune this reaction are currently
CHQ™ and its protonation to produce the final product GQH under way in our laboratory. In addition, the exploitation of
is relatively fast. Only after all of these series of reactions structural changes from CQ (partial cone shape) to g@bhe
proceed, the final product, CQHis produced. shape) or vice versa could be utilized to design a novel
Our assignments here for the results obtained from the two electrochemically controllable nanomechanical devices, like
extremes of the spectroelectrochemical experiments conductedhose of quino-cyclophane systefs.
without water (Figure 2) and with water (Figure 11) are
consistent with each other. These results show indeed that the Acknowledgment. This work was supported by a grant from
reaction is taking place via the elementary reaction stepsthe Korea Science and Engineering Foundation (KOSEF)
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