Chem. Mater2005,17, 20632068 2063

Noncovalent Immobilization of Cgo on Gold Surfaces by SAMs of
Cyclotriveratrylene Derivatives

Sheng Zhand,Amit Palkar] Alex Fragosd,® Pilar Pradog, Javier de Mendoz&! and
Luis Echegoyen*

Department of Chemistry, Clemson Waisity, Clemson, South Carolina 29634, Weiisidad Autooma de
Madrid, Facultad de Ciencias, Departamento de’Qica Organica, E-28049 Madrid, Spain,
Laboratory of Bioinorganic Chemistry, Faculty of Chemistry, kéirsity of Havana, Havana 10400, Cuba,
and Institut Catalad’InvestigacioQuimica (ICIQ), 43007 Tarragona, Spain

Receied October 11, 2004. Rised Manuscript Receeéd February 4, 2005

Two cyclotriveratrylene (CTV) derivatives, one containing a thioctic e&)ear{d the other with thioether
groups R), were synthesized. UVvis titration of Gy with these two CTV derivatives confirmed the
host-guest interaction betweens€and the CTV derivatives. Self-assembled monolayers (SAM9) of
and 2 were formed on gold surfaces and were characterized by CV blocking experiments, impedance
spectroscopy, and electrochemical reductive desorption. Noncovalent immobilizatiofy oh @Qold
surfaces was obtained with SAMs of the two CTV derivatives. SAM4 o&n bind G, after they are
formed or during formation. However, SAMs @fcan only incorporate & if they are formed from a
solution containing botl2 and Gg.

Introduction by Shinkai et al. The cationic complex betweeg @nd a
homooxacalix[3]arene derivative was attached as the second
layer onto negatively charged indium/tin oxide electrodes
through electrostatic interactioh\ third layer containing
d)orphyrins was also introduced, and such a system exhibits
a very high quantum yield (21%) upon irradiation. As far as

Fullerene[60] possesses many attractive and potentially
useful physical and chemical propertidsangmuir-Blodgett
(LB) films and especially self-assembled monolayers (SAMs)
have demonstrated obvious advantages to form definable an
highly ordered fullerene arrays on surfaces. Thin films of we know, these are the only reports involving the noncovas-
fullerene-based materials exhibit interesting characteristicsI ti ' i f & into th ;
such as photovoltaic responses, superconductivity, nonlinear<" .|ncorpora.|on ° ) Into the surtaces.
optical properties, and biological activity. Many reports have ~ Since the pioneering researches done by Atwood et al.
been published describing how to covalently construct @nd Shinkai etal. to purify & by the selective complexation
densely packed & monolayerg. Covalent attachment of with p—tert—butylcghx[8]arer1éi mtgrest in constructl_ng Su-
on surfaces, however, partially destroys thdelocalization pramolecular architectures involving fullerenes has increased.
due to introduction of the adduct. In additionss@as a high ~ Many supramolecules between fullerenes gntyclodex-
aggregation tendency, which affects its molecular electronic tfin.’ calix[njarenes; cyclotriveratrylene (CTVj,and crown-
properties® In 1996, we successfully assembled a fullerene- €thers” have been developed. Most supramolecular com-
crown ether derivative on gold surfaces through the ost P1exes of Go in solution exist only in aqueous systems. In
guest interaction between surface-attached ammonium groups
and the crown-ether moiety appended t@.ONoncovalent 4) ffia’iS,Ai-: gt??nezéladégavgill?%'ogé'q.: Kaifer, A. E.; Echegoyen,
incorporation of Go onto surfaces has been accomplished 5y ) Hatano, T.; Ikeda, A.; Akiyama, T.; Yamada, S.; Sano, M.;
Kanekiyo, Y.; Shinkai, SJ. Chem. Soc., Perkin Trans.290Q 909.
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Scheme 1. Synthesis of CTV Thioctic Ester Derivative 1

SHEY

SR

OMe OMe DCC, DMAP
OH

OH OH

(\K\/\/COOH
L)
(o)

[e) O OMe OMe 0
o}

1
S
\
S

Scheme 2. Synthesis of CTV Thioether Derivative 2
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organic solvents, such complexes are prone to dissociation.afforded the corresponding acyl chloride, which was reacted

Shinkai et al. have investigated many different caljafenes
to screen suitable receptors fogo@nd discovered that most
of them do not interact with & in solution!! On the other
hand, Atwood et al. found that excess CTV angdi@ toluene
result in micelle-like aggregates, and the CT@ interac-
tion does persist even in toluene solutfddere, we explore

with triphenol5%*in dry benzene in the presence of DMAP
to give CTV thioether derivativ® in 63% yield (Scheme
2).

UV Titration of C g, with CTV Derivatives. The com-
plexation ofl and2 with Cgo was first studied in solution
by observing the changes of the absorption spectrunyef C

the use of noncovalent interactions between CTV receptorsin toluene upon addition of increasing concentrations of the
and G to trap fullerenes on surfaces. In this way, underiva- receptors (Figure 1). As can be seen, the spectral changes

tized Gy could adhere to surfaces and aggregation gf C
could be inhibited by the encapsulation within the CTV
receptors.

Results and Discussion

Synthesis of Cyclotriveratrylene Derivatives 1 and 2.
Two novel CTV derivatives containing thioctic esté) and
thioether R) residues were designed for the immobilization

studies. Previous evaluations of molecular models suggested, y4ition of 40 equiv, indicative of weak binding

are more pronounced for receptbrindicating a stronger
interaction than with2. Data treatment for a 1:1 complex
according to the method proposed by Rose and Dfago
afforded a binding constant of 12030 M. This value is
in good agreement (2 ~1) with the binding reported by
Nierengarten et al. for dendrimers based on the CTV
scaffold?®

In contrast, the spectra of;gin the presence df showed
no appreciable changes in the absorbance even after the
S0 no

that the spacers introduced on the CTV matrix provide an p;nqing constant could be determined. This could be due to

appropriate distance to the electrode surface fgrdom-
plexation.

Compoundl was obtained in 73% vyield by coupling the
CTV tris-alcohol derivative3'? with thioctic acid in the

presence of DCC and DMAP (Scheme 1). On the other hand

treatment of 11-thiodecyl-undecanoic ac#'¢ with SOCh

(11) Ikeda, A.; Yoshimura, M.; Shinkai, S.etrahedron Lett1997 38,
2107.

(12) Veiot, G.; Dutasta, J. P.; Matouzenko, G.; Collet, Petrahedron
1995 51, 389.

the presence of the long alkyl chains directly attached to the

(13) Liebau, M.; Janssen, H. M.; Inoue, K.; Shinkai, S.; Huskens, J.;
Sijbesma, R. P.; Meijer, E. W.; Reinhoudt, D. NMangmuir2002 18,
674.

'(14) Canceill, J.; Collet, A.; Gottarelli, GI. Am. Chem. Sod.984 106,

5997.

(15) Rose, N. J.; Drago, R. 8. Am. Chem. S0d.959 81, 6138.

(16) (a) Nierengarten, J.-F.; Oswald, L.; Eckert, J.-F.; Nicoud, J.-F;
Armaroli, N. Tetrahedron Lett.1999 40, 5681. (b) Felder, D.;
Heinrich, B.; Guillon, D.; Nicoud, J.-F.; Nierengarten, J.&hem.-
Eur. J.200Q 6, 3501. (c) Rio, Y.; Nierengarten, J.-Fetrahedron
Lett. 2002 43, 4321.
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Figure 1. UV—uvisible spectra of titrations of & (0.101 mM) with compound4 (a) and2 (b) in toluene.
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CTV phenol groups, pointing outside the cavity, that are not
expected to interact with the guest and thus reduce its binding
ability.

Preparation and Characterization of SAMs of 1 and
2. SAMs were formed by immersion of bare gold electrodes
in freshly prepared solutions of the receptors. They were
initially characterized by observing their blocking effect on
the cyclic voltammetric (CV) response of the Ru(N§™2"
redox couple (Figure 2). As compared to the reversible redox
behavior on a bare gold electrode, a pronounced attenuation
of the anodic current reveals that the monolayers block the g
redox process reasonably well. SAMs bexhibit a better 02 00 02 04 06 08 10 A2 144 16
blocking effect than those @ Obviously, the blocking effect Potential/V vs Ag/AgCI
of both SAMs is not perfect, because large cathodic currents gig e 4. Electrochemical desorption of SAMs @f(—) and2 (- - - -) on
were still observed. This can be attributed to a loosely packedAu in 0.5 M KOH.
SAM, to good electron permeability through the monolayers,
or to a combination of both. obtained on bare gold electrodes is simple straight lines (the

Further characterization of the SAMs was performed by Warburg impedance), because the redox reactions are very
electrochemical impedance spectroscopy (Figure 3). Fitting fast on bare gold surfaces. These observations are consistent
of the experimental data using the commercially available with the CV blocking experiments.
program EQUIVALENT CIRCUITY’ charge-transfer resis- To characterize the SAMs quantitatively, reductive de-
tance Re) values of 8.1 and 5.2 were obtained for SAMs  sorption experiments were conducted by dipping the SAM
of 1 and 2, respectively. The charge-transfer resistance is modified gold beads into thoroughly deoxygenated 0.5 M
caused by the blocking of electron transfer by the monolayersKOH. The scans were initiated at a potenti&l®oV and
formed on the electrodes. In contrast, the Nyqyist plot swept cathodically to a potential 6f1.35 V at a scan rate
of 0.1 V/s. The cyclic voltammograms in Figure 4 were
(17) Boukamp, B. ASolid State lonic4986 20, 31. recorded on gold electrodes covered with SAMslair 2
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opposite, relative to the values in solution. A cathodic
potential shift of about 200 mV was observed whepWwas
immobilized on cysteamine modified gold surfaég@n the
other hand, when §was incorporated on electrode surfaces
via electropolymerization of pyrrole, the reduction waves for
Cso shift anodically by more than 200 7 Other covalently
immobilized Go's displayed relatively smaller potential shifts
(10—-50 mV) as compared to their values in solutféf?*
Our observation of no apparent redox potential difference
from surface-confined £ to its solution values is surprising,
PP I T P B R P B and perhaps it is the net result due to immobilization and
04 06 08 -10 -1.2 -14 -16 -1.8 donor-acceptor interactions. Further experiments are needed
Potential/V vs Ag/Ag" to clarify these observations.

Figure 5. CV recorded in CHCN of SAMs of 1 before ¢ - - -) andafter After immersing the modified gold beads into 1,2-

dipping into a solution of & (—, second scan;- - -, sixth scan). Supporting ; ; :

electrolyte: 0.1 M BuNPF. Scan rate: 0.1 V/s. dlchloropenzene SQ|UtI0nS ofgecfor 10 h, the _charglng
current is several times larger than that obtained for the

and show desorption waves atl.0 V vs Ag/AgCl, which monolgyer ofl, as shown in. Figure 5. T_o prove that this
is due to the reductive desorption of the surface attached®ffect is not due to a possible desorption caused by the
thiolates. The shape and position of the desorption peaksincubation of SAMs into 1,2-dichlorobenzene, a control
are similar to those reported before for SAMs of thioctic €XPeriment was performed by dipping a monolayed af
acid!® By integrating the current under the cathodic wave, 1,2-dichlorobenzene and measuring the background electro-
estimated surface coverages of 44710°1° and 3.26x chemical response of the corresponding SAMs. Essentially
10 mol/cn? were obtained for SAMs ofl and 2, no change was observed for the CV responses of SAMs of
respectively. The data obtained by CV, impedance, and 1 before and after the incubation in 1,2-dichlorobenzene,
desorption indicate that SAMs dfare more compact than indi_cating that no desorption occurred during the incubation
those of2. This result is expected considering that the Period.
dithiolane moiety of thioctic acid interacts stronger with the ~ Most remarkably, the color of the gold bead electrodes
surface than thioether groups. changed significantly, after several scans, from an original
Ceo Trapping by CTV Derivative 1. The voltammetric ~ COPP€r color to dark red. This observation might be due to
response of SAMs ofl was recorded before and after the rearrangement of the monolayer structure and to charge-

interaction with Go (Figure 5). The dashed line is the CV transfer processes associated with complexation. A similar
in the absence of & which, as expected, showed no observation was reported earlier during electrochemical scans

response. When the modified gold beads were immersed into®f films of Ceo—p-tert-butylcalix[8]arene complex on glassy
1,2-dichlorobenzene solutions ofgor 10 h, a clear redox ~ ¢arbon electrqdes. In that. case, the color Change of ghe C
response of the fullerene was observed. Two well-resolved p—tezrst—butylcal|x[8]arene film was from brownish to dark
reversible redox waves &, = —0.93 and-1.34 V versus "0’

Ag/Agt were observed, which correspond to the first and ~ Based on the apparent structural rearrangements observed
second reduction processes af,Gespectively, confirming  €lectrochemically for SAMs ot in the presence of é we

the incorporation of & on gold surfaces. The peaks are decided to grow SAMs from mixed solutions containing both
relatively broad, suggesting the presence of different interac-1 and Go. The gold beads were immersed into 1,2-
tion modes of @. This interaction can take place either dichlorobenzene solutions containing 1 mMlodnd 6 mM

15 |-

-
)
|

Current/pA
(3}
T

through encapsulation of ¢ in the cavity of 1 or by of Cgo for 2 days. Interestingly, no differences in electro-
introduction into the space between the attached CTV chemical behavior were observed as compared to those of
molecules. After conversion of the potentials vs AgiAg SAMs of 1 to which G was added later. The CV shows

those vs Fc/Fgl the values are-0.97 and—1.38 V for two pairs of reversible broad peaks corresponding to the first
the first and second reduction of;4Crespectively, which ~ and second redox processes &f.@lso, the SAM modified
are essentially the same as those of fregrCsolution. There ~ gold beads turned to dark red after several scans.
have been numerous reports of reduction potentials for Cg Trapping by CTV Derivative 2. A CTV derivative
immobilized Go on surfaces, both covalently and supra- having long alkyl chains with thioether grou (vas also
molecularly?5326-22 The values are inconsistent, some evaluated for g immobilization. Initially, we tried to bind
reporting significant cathodic shifts and others reporting the Cgg after forming the SAMs of. However, the SAMs 02,
unlike those ofl, cannot incorporate d, as judged by the

(18) Dong, Y. Z.; Abaci, S.; Shannon, C.; Bozack, MLangmuir2003 lack of an electrochemical response for the fullerene. Instead,
19) 1C9, 892”2. N. G Geiger. W. Eohem. Re. 1996 96, 877 the CV exhibits a typical electrochemical response of
onnelly, N. G.; Geiger, W. em. Re. , . : 24 : :
(20) Hatano, T.; Bae, A-H.; Sugiyasu, K.: Fuiita, N.: Takeuchi, M.; lkeda, PNYSically adsorbed &= The long alkyl side chains are
A.; Shinkai, S.0rg. Biomol. Chem2003 1, 2343. probably blocking the insertion ofggin the CTV cavity.

(21) Kang, S. H.; Ma, H.; Kang, M.-S.; Kim, K.-S.; Jen, A. K.-Y.; Zareie,
M. H.; Sarikaya, M.Angew. Chem., Int. E®004 43, 1512.

(22) Deronzier, A.; Moutet, J.-C.; Seta, .Am. Chem. S0d.994 116, (23) Luo, H. X.; Li, N. Q.; He, W. J,; Shi, Z. J.; Gu, Z. N.; Zhou, X. H.
5019. Electroanalysisl998 10, 576.
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Figure 6. (a) CV recorded in CECN of SAMs grown from a mixture of
Cso and 2 at variable scan rates (0.1, 0.2, 840 V/s). Supporting
electrolyte: 0.1 M BuNPFs. (b) Plot of peak intensity versus scan rates
for SAMs grown from a mixture of & and2.

Because the SAMs were unable to bingh,Gxperiments
were conducted to incorporated@uring SAM formation.
The SAMs were grown from 1,2-dichlorobenzene solutions
containing 1 mM of2 and 6 mM of Go. Immersion of the
gold beads into a freshly prepared solution allowed SAMs
of 2 to be formed, as indicated by the blocking effect of the

Chem. Mater., Vol. 17, No. 8, 2002067

Conclusions

Two new CTV derivatives with gold surface anchoring
groups were prepared. Their supramolecular interactions with
Ceo Were investigated via UWvis titration experiments.
Taking advantage of the hesfjuest interaction betweenC
and the CTV derivatives, this work shows the noncovalent
immobilization of Go on gold surfaces by observing its
electrochemical responses. Further investigation will include
the study of the photoelectrochemical properties of these
fullerene-trapped monolayers.

Experimental Section

Monolayer Preparation. Gold bead electrodes were prepared
by heating a gold wire in a natural gasfame followed by cooling
in deionized water. A glass capillary was inserted from the opposite
side of the gold beads and melted onto the wire, insulating the gold
electrodes. The gold beads were electrochemically cleaned as
reported previously> Monolayers on gold were prepared by
chemisorption, that is, by immersion of freshly prepared gold beads
in 1 mM solutions of compounds (in CH,Cl,) or 2 (in toluene),
or mixtures of the CTV derivative (1 mM) ands§6 mM) in 1,2-
dichlorobenzene, for 48 h. After removal, the gold beads were
thoroughly washed with the appropriate solvent and dried in a
stream of argon.

Electrochemical MeasurementsCyclic voltammetry (CV) and
impedance measurements were conducted with a CHI-660 elec-
trochemical workstation by using a three-electrode cell. A gold bead
was used as the working electrode, in combination with Ag/AgCI
or Ag/Agt as references. A Pt wire served as the counter electrode.
Impedance measurements were performed in a solution containing
equal concentrations (1 mM) of oxidized and reduced forms of the
Ru(NH)e2 ™2™ redox couple. The formal redox potentid;[, =
(E° + E®/2] was determined by cyclic voltammetry. The
frequency range utilized was 1 kHz to 0.1 Hz with an ac-amplitude
of 5 mV. The electrochemical desorption experiments were
performed in a 0.5 M KOH solution thoroughly purged by argon.

UV—Vis Titrations. CTV hostsl and2 were added to a toluene
solution of Gy (0.101 mM). Additions were made between 0 and

of the Ru(NH)s#™2" redox couple, although no faradaic 40 equiv. The absorbance was recorded at 430 nm. The concentra-
response for g was observed. This indicates that the tion of Cso was kept constant throughout the experiment so that
monolayers cannot incorporate the fullerene, a result that isthe change in absorbance is due to both free CTV host and the
consistent with the UV titration experiments. The binding complex. The data obtained were then treated according to the
appears to be thermodynamically and/or kinetically unfavor- m.ethod described py Ro;e and Drago, which |s.based on the original
able. Interestingly, if the mixture of and Gy is kept for 2 H|Idebrand—Ben<_aS| equatiof? The_ only assumption for thfe methpd
weeks and SAMs are then grown from the resulting solution, ggﬂgﬁg&?i;g;zaetnggeloigzmes present obey Beer's law in the
they do show evidence ofegincorporation (Figure 6a), (4)-2,7,12-Trig{ 2-[(£)-1,2-dithiolane-3-pentanoyljethoxy-3,-
indicating that Comple)'(atlon betwegrgo(hnd 2is avery g 13 rimethoxy-10,15-dihydroH-tribenzo[a,d glcyclononene (1).
slow process. The cyclic voltammetric response recorded incTv alcohol 3!2 (0.1 g, 0.185 mmol) and thioctic acid (0.23 g,
CHsCN exhibits two broad waves &, = —0.92 and—1.32 1.11 mmol) were dissolved in anhydrous DMF (5 mL) and stirred
V vs Ag/Ag", which correspond to the first two reduction at 0°C for 30 min under Ar. DCC (0.23 g, 1.11 mmol) and DMAP
processes of . As can be seen, the shape and potential (20 mg, 0.17 mmol) were then added, and the mixture was stirred
positions are very similar to those obtained by trapp”ag C at 0°C for another 30 min. The cooling bath was then removed,
by SAMs of 1. The peak intensities increased linearly with and the reaction mixture was stirred at room temperature for 48 h.
the scan rate in the range of 8:1.0 V/s (Figure 6b), T_he |nsolublt_e urea byproduct was removed by filtration through a
indicative of surface-confined behavior. The second reduction '"® 91ass frit. The solvent was removed, and the residue was

wave looks sharper and larger as compared to the first one dissolved in CHCI;, washed with water, and dried over Mg50
as in the case 0? 9 P "Column chromatography (S6—10% ether/CHCI,) of the crude

residue afforded a pale yellow glassy solid0.15 g, 73%).1H

(24) (a) Jehoulet, C.; Obeng, Y. S.; Kim, Y.-T.; Zhou, F.; Bard, AJ.J.
Am. Chem. S0d.992 114, 4237. (b) Chlistunoff, J.; Cliffel, D.; Bard,
A. J. Thin Solid Films1995 257, 166.

(25) (a) Zhang, S.; Echegoyen, Org. Lett.2004 6, 791. (b) Zhang, S.;
Song, F.; Echegoyen, [Eur. J. Org. Chem2004 2936.
(26) Hirose, K.J. Inclusion Phenom. Macrocycl. Che2001 39, 193.
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NMR (300 MHz, CDC}): ¢ 6.91 (s, 3H), 6.86 (s, 3H), 4.74.73 product with4 as revealed by TLC. Column chromatography ($iO

(d, 3H,J = 13.6 Hz), 4.42-4.36 (m, 6H), 4.26-4.15 (m, 6H), CH.Cl,/cyclohexane 95:5) of the crude residue affor@ggluted

3.83 (s, 9H), 3.783.73 (m, 3H), 3.56-3.52 (d, 3H,J = 13.6 Hz), first) as a colorless oil (0.66 g, 63%), which was dried overnight

3.13-3.00 (m, 6H), 2.42-2.32 (m, 9H), 1.88-1.21 (m, 21H)*C under high vacuum at 5TC to give a paraffin-like solid. Mp: 49

NMR (75 MHz, CDCh): 6 173.3, 148.5, 146.5, 133.1, 131.7, 116.5, 50°C.*H NMR (500 MHz, CDC}): 6 7.03 (s, 3H), 6.89 (s, 3H),

114.0, 67.5, 62.5, 56.2, 40.0, 38.3, 36.3, 34.4, 33.8, 28.6, 24.5.4.75-4.72 (d, 3H,J = 13 Hz), 3.81 (s, 9H), 3.613.58 (d, 3H,

MALDI-TOF MS: m/z1128 [(M+ Na)']. IR (KBr): v 3354, 2928, J = 13 Hz), 2.59-2.55 (m, 6H), 2.53 (t, 12H) = 7.4 Hz), 1.77

2852, 1737, 1509, 1442, 1261, 1144, 1089, 1050, 845. Anal. Calcd (qt, 6H,J = 7.3 Hz), 1.62 (qt, 12H) = 7.3 Hz), 1.56-1.25 (m,

for CsH72015S: C, 58.68; H, 6.57. Found: C, 58.75; H, 6.62.  78H), 0.91 (t, 9H,J = 7.1 Hz).13C NMR (125 MHz, CDC}): ¢
(£)-2,7,12-Tris[11-(decylthio)undecanoyl]-3,8,13-trimethoxy- 171.8, 149.7, 138.5, 137.7, 131.4, 123.9, 114.1, 56.1, 36.4, 34.0,

10,15-dihydro-HH-tribenzo[a,d,g]cyclononene (2) A solution of 32.2,31.9, 29.8, 29.60, 29.57, 29.52, 29.48, 29.4, 29.3, 29.1, 29.0,

413 (1.56 g, 4.2 mmol) in dry benzene (40 mL) was treated with 27.0, 25.0, 22.7, 14.2. MALDI-TOF MSm/z 1429.9 [(M+ H)*"

SOCL (1 mL) under argon fo2 h atroom temperature, and then ]. Anal. Calcd for GH14400S:: C, 73.06; H, 10.15. Found: C,

concentrated to dryness at a temperature not exceedif@.4Ehe 73.30; H, 10.00.

resulting oil was redissolved in dry benzene (10 mL) and added

dropwise under argon to a vigorously stirred mixture of compound _ Acknowledgment. Financial support from the National
514 (0.30 g, 0.74 mmol) and DMAP (0.68 g, 2.8 mmol) in dry Science Foundation (Grant No. CHE-0135786) and DGICYT

benzene (50 mL). Stirring was continued overnight at room (GrantBQU2002-03536) is greatly appreciated. A.F. also thanks

temperature, and then the reaction mixture was diluted with gHCl Ministerio de Educacio, Cultura y Deporte (Spain), and the
(100 mL), washed with 0.1 M HCI and brine, dried with 488, International Initiatives Program of ACS for fellowships.

and concentrated to dryness. The residue is a mixture of the desiredCM048222+



