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Abstract: The combined atomic force—electrochemical microscopy (AFM-SECM) technique was used in
aqueous solution to determine both the static and dynamical properties of nanometer-thick monolayers of
poly(ethylene glycol) (PEG) chains end-grafted to a gold substrate surface. Approach of a microelectrode
tip from a redox end-labeled PEG layer triggered a tip-to-substrate cycling motion of the chains’ free ends
as a result of the redox heads’ oxidation at the tip and re-reduction at the substrate surface. As few as
~200 chains at a time could be addressed in such a way. Quantitative analysis of the data, in the light of
a simple model of elastic bounded diffusion SECM positive feedback, gave access to the end-tethered
polymer layer thickness and the end-to-end diffusion coefficient of the chains. The thickness of the grafted
PEG layer was shown to increase with the chain surface coverage, while the end-to-end diffusion coefficient
was found to be constant and close to the one predicted by Rouse dynamics. At close tip—substrate
separation, slowing of the chains’ motion, as a consequence of their vertical confinement within the tip—
substrate gap, was observed and quantitatively modeled.

Introduction molecular layers. They have largely confirmed the early
theoretical predictions in terms of coverage and molecular
weight dependence of the layer height or of the monomer
distribution within the layer. However, the dynamical properties
of end-tethered polymer layers, even though also theoretically

The structure of molecular layers formed by attaching linear
polymeric chains to surfaces by one of their extremities displays
the unique property of being controlled by the chain surface
coveragé-? In a good solvent, at coverage low enough for the A e .
chains not to overlap, the chains can be statistically viewed asexploredj have proved much more difficult to access experi-
hemispherical blobs (referred to as “mushrooms”) of a dimen- mentally!
sion similar to the free chain Flory radius in solutid®,? At We show here that atomic foreelectrochemical microscopy
higher coverage the chains tend to avoid one another by (AFM-SECM) 2° an electrochemical near-field technique com-
stretching away from the anchoring surface, thus forming a so- bining atomic force and electrochemical microscopy, can be
called polymer brush. Numerous experimental wbHesse been
devoted to the study of the static structure of such polymeric
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used to determine both the static and dynamical properties of prepared from Fc-PEGnyOH using the activating coupling reagent
end-tethered molecular layers of redox-tagged poly(ethylene N.N-disuccinimidyl carbonate (DSC) as previously reported. In the

g|ycol) (PEG) Cha|ns in aqueous So|ution’ a good So'vent for pl’esent Study, the reSUIting activated NHS ester was precipitated from
such chains. the reaction mixture by addition of diethyl ether, washed copiously

Custom-synthesized heterobifunctional linear Fc-RE& with ether, and then redissolved in dichloromethane. The solution was
Y passed onto a 0.22m Millipore Miltex membrane and evaporated to

NHS m0|ecu_|es’ made Of_ poly(ethylene glycol) chains of ield Fc-PEG40-NHS, which was finally dried and stored in vacuo at
molecular weight 3400, bearing at one end a ferrocene (Fc) heacﬂ °C. All experiments were performed at ambient temperature unless
and at the other aN-hydroxysuccinimide activated ester (NHS), otherwise specified.
are covalently attached to an amine-bearing gold substrate 2-Aminoethanethiol (cysteamine;98%) and sodium perchlorate
surface, thus yielding a well-defined polymeric layer of control- (NaClO,) monohydrate were purchased from Fluka and Merck,
lable chain coverage. When a nanometer-sized spherical mi-respectively. Other commercial chemicals were reagent grade or better
croelectrode, mounted as a combined AFM-SECM probe and quality and used as received. All aqueous solutions were made with
biased at a positive enough potential, is approached from theMilli-Q purified water (Millipore). Phosphate buffer (0.1 M ionic
gold substrate, the ferrocene heads borne by the substrateSrength) was made of 49 mM KRQ;, pH-adjusted to 7.0 wita 1 M
anchored PEG chains can be oxidized into ferriceniuntFc NaOH solution. All solvents used for P_EG grafting qf gold substrate
. surfaces as well as AFM-SECM experiments were filtered before use

at the microelectrode and subsequently reduced back to the|rOn a 0.224m nylon Cameo filter.

fgrrocene state by th_e appropriately biased subgtrate. The ensuing Preparation of the Template-Stripped Gold Substrate Surface.
tip-to-substrate cycling of the ferrocene heads is controlled only the smooth gold-on-mica substrates were prepared following a

by the chain flexibility; thgrefore, the fecorded tip current  procedure reported in the literatdéeBriefly, a mica sheet was cleaved
directly reflects the dynamics of the chain movement that can just before being put into the vacuum chamber of a BOC Edwards

thus be characterized quantitatively. The microelectrode tip canauto 306 vacuum system, 20 cm above pure gold (99.999%), which
be precisely positioned within the few-nanometers-thick polymer was then evaporated under a pressure gf 20-° mbar onto the mica
layer and the steady-state cyclic voltammogram of the ferrocenesurface at the rate of 0.1 nm/s (the deposition rate was controlled by a

heads recorded, thus giving access to the parameters of théluartz balance). The evaporation was considered to be complete after
microelectrode reaction. a 200-nm-thick layer had been deposited. The gold-covered mica sheet

. . . was then glued (epotek 377) onto a glass slide, which had previously
Thg _Sma” size of the spherical mmrqelectrode and the been rinsed with both Milli-Q water and acetone, and baked in an oven
amplifying effect of the tip-to-substrate cycling of the ferrocene ,; 150°c for 1.5 h. The micagold—glass sandwich thus obtained

heads allow us to address a very limited number of chains, thuscould be stored for several months without the gold surface being
probing the dynamics of a few hundred chains at a time. altered. The gold surface was separated from the mica just before use.
Moreover, the force-sensing capabilities of the combined AFM- This was accomplished by soaking the sandwich in THF for 2 min
SECM probe allow us to measure the dynamical response ofand then pulling the mica from the flat gold surface-bearing glass slide.
the chains while continually compressing the polymer layer. The gold surface was then rinsed successively with ethanol and Milli-Q
The thus-measured static (height) and dynamical (diffusion water. Tapping-mode AFM.characterizgtion of the freshly stripped
coefficient) properties of the molecular layer are then studied Surface was carried out using conventional AFM probedQ nm

as functions of the chain coverage radius). The surface topography consisted-2D0-nm-wide, extremely

Di | hemical . | d flat plateaus separated by narrow valley20 nm in width). Only the
Irect electrochemical measurements at a microelectrode gy ceg having an average roughness<éfnm were immediately

penetrating a 0.zm-thick redox-polymerfilm have been  thjlated with cysteamine. When required, evaluation of the effective
previously reported in the pioneering work of Bard and co- area of the gold substrates was carried out as previously repdiigd,

workers!® In contrast, here it is a@ingle molecular layemof integration of the reduction peak of the gold oxide monolayer formed

end-grafted nanometer-sized macromolecules that is probed byby cycling the substrate in a 0.5 MxBO, solution betweert-0.3 and

the AFM-SECM combined technique. +1.6 V/ISCE at 0.2 V/s and resting for 5 min at a potential of-c&.5
VISCE*We reproducibly found an effective substrate surface area of

Experimental Section 2.5 cnt (corresponding to a roughness-e2) and thus used this value

to calculate the chain surface coverage as described in the text. In a
separate experiment, we imaged the substrate in tapping-mode AFM
during electrochemical cycling in order to make sure that this process
did not disrupt the template-stripped gold surface.

Preparation of the End-Grafted PEG Monolayers on Gold
Substrate Surface.The liquid cell in which the gold substrate surface
was mounted was filled wita 5 mMcysteamine solution in ethanol
(filtered through a 0.0%«m Isopore Millipore membrane) and kept for
2 h under a nitrogen atmosphere, after which the surface was thoroughly
rinsed with ethanol and Milli-Q water. A Fc-PE&eNHS solution in
phosphate buffer, pH 7, was then introduced into the liquid cell and

PEGa400 Derivatives and Materials. Poly(ethylene glycol) (PEG)
3400 monoacidQ-(2-carboxyethyl)poly(ethylene glycol) 3400 (OH-
PEG0rCOH), and O-2-[N-hydroxysuccinimidylethyloxycarbonyl]-
O'-2-(N-biotinamidoethyl)poly(ethylene glycol) 3400 (Biotin-PE&r
NHS, average molecular weight 3500, average number of Q€K
monomer unitdN = 77) were from Nektar Therapeutics, Huntsville,
AL (formerly Shearwater Polymers). The Fc-Pg§OH conjugate
was prepared from poly(ethylene glycol) 3400 monoacid (OH-R&G
CO,H) as previously described.Prior to NHS activation, the Fc-
PEGorOH sample was purified onto a Waters GiBondapak 125-

A, 10um HPLC column and evaluated for its molecular mass
distribution by matrix-assisted laser desorption/ionization time-of-flight

(12) (a) Hegner, M.; Wagner, P.; SemenzaSarf. Sci.1993 291, 39-46. (b)

(MALDI-TOF) mass spectrometry. MALDI-TOF MS for Fc-Pkggo Wagner, P.; Hegner, M.; Githerodt, H.-J.; Semenza, Gangmuir1995
OH, (+) data: m/z (M + Na)*; the distribution of peaks (repeating 11, 3867-3875. .

. 13) A ,A,; D lle, C.; M s | | , 557
units = 44 u) corresponded to average= 79, GyHasFeNNaQ: (13) 55né?§. emaille, C oiroux, JMacromolecule2002 35, 5578

requires 3804.35; polydispersity ind€x1.01. Fc-PEGuorNHS was (14) (a) Michri, A. A.; Pshenichnikov, A. G.; Burshtein, Rh. Elecktrokhim.
1972 8, 364-366. (b) Rand, D. A. J.; Woods, R. Electroanal. Chem.
1972 35, 209-218. (c) Cadle, S. H.; Bruckenstein, Snal. Chem1974
(10) Mirkin, M. V.; Fan, F.-R. F.; Bard, A. JSciencel992 257, 364—366. 46, 16—20. (d) Trasatti, S.; Petrii, O. ARure Appl. Chem1991, 63, 711~
(11) Anne, A.; Moiroux, JMacromoleculesl999 32, 5829-5835. 734.
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left to react with the cysteamine-derivatized surface. The final chain
grafting coverage was adjusted by varying the Fc-REBIHS solution
concentration (from 0.5 to 20 mM) and the reaction time (from 3 to 15
min). As previously observel,any further increase of the reaction
time or Fc-PEGueNHS concentration did not yield any noticeable

thicknesst. The images showed that the spherical shape of the tip was
not altered by the repeated tip-to substrate contact occurring unavoidably
during AFM-based experiments. This was a benefit of the appropriate
cantilever flexibility. Within the SEM resolution scale, the lower parts

of the tips were seen to be hemispherical. It therefore seemed reasonable

increase in the PEG surface concentration. The saturation surfaceto assume that the hemispherical geometry was preserved even at the

coverage of~2 x 107! mol/cn? of effective surface area that we

very bottom section of the tips actually “seen” by the nanometer-sized

obtained was quite close to the values reported in the literature for the chains. (See Supporting Information for SEM images of one of the

covalent attachment of PEG chains to various solid surf&déswever,
this value is slightly higher than the one we previously reporte@l8

x 107 mol/cn?, which could be grafted onto the surface of polished
gold disk microelectrod€e$. This difference might arise from the higher

tips used here.)

In order to be imaged, the probes were irreversibly glued onto
conductive supports and thus could not be reused after SEM imaging.

Calculation of the Spring Constant of the Combined ProbesThe

degrees of cleanliness and homogeneity of the evaporated gold surfacegpring constant of the combined prolligese Was calculated from the

when compared to polished resin-embedded polycrystalline gold wire
surfaces. Prior to the AFM-SECM experiment, the surface was
thoroughly rinsed with Milli-Q water. When not in use, the Fc-PEG-

grafted gold surfaces were stored at room temperature in deaerate
Milli-Q water. A typical decrease of ca. 15% in the surface coverage

was observed after the first overnight storage of ca. 16 h. Beyond the

first overnight storage, the PEG-modified gold surfaces exhibit good

stability and can be used for a week with no appreciable changes in

the electrochemical response.

Fabrication and Characteristics of the Combined AFM-SECM
Probes. The combined AFM-SECM probes bearing submicrometer-
sized spherical electrode tips were fabricated as previously repérted.
Briefly, a ~5-mm-long, 60«m-diameter gold wire was bent to a right
angle ~1 mm away from one of its ends while its other end was

measured dimensions of the flattened part of the wire-based probe,
which acted as a rectangular cantilever, using the fortftigone =
w413, wherew, t, andl stand respectively for the cantilever width,
hickness, and length artglis the elastic modulus of gold-80 Gpa)®
Even thoughw and | were carefully measured using an optical
microscope and using a scanning electron microscope, we estimated
the resulting accuracy on the value kfione to be not better than
~ £50%. This poor accuracy is mostly a consequence of the cubic
dependence of the spring constant on the cantilever thickness (see the
above expression). We are currently trying to adapt reported spring
constant calibration techniquésto determine more accurately the
spring constant of our made-AFM combined probes. In the work
reported here, three different combined probes, labeled p1, p2, and p3,
were used. Their tip radii were respectively of 225, 335, and 400 nm,

flattened between stainless steel plates. The short extremity of the wiregng their spring constants were 0.5, 1, and 5 nN/nm. Probe pl was

was then etched electrochemically and its very end thus given a roughly yseq for the experiments presented below, corresponding to a Fc-PEG
conical shape. A spark discharge of controlled intensity was then used g;rface concentratio,, of 0.5, 1, and 2« 10~ mol/cn?. Probes p2

to locally fuse the very end of the wire, which rounded up instanta-
neously upon cooling. As previously showhthe arc discharge
microelectrode fabrication technique allows a reproducible control of

the tip geometry. In the present work, the spark generator was set to

generate exclusively spherical tips having a diameter in the@8+
um range. Even though smaller tips can be fabricated using this
technique, we chose this tip size range so that the recorded currents i
AFM-SECM experiments were in an easily measurable rangeldf

pA. The surface of the spherical tip end was shown by scanning electron

microscopy imaging to be extremely smooth (no corrugation could be
seen even at a magnification ®200 000). The probe was then entirely

insulated by deposition of electrophoretic paint and was glued onto a

standard AFM silicon chip. Shortly before use, a high-voltage pulse

was applied to the probe to selectively expose its spherical tip end. To

remove any residual contaminant, the tip was finally electrochemically
cleaned by immersing its very end in a 0.5 M3, solution while
scanning its potential betweer0.3 and+-1.8 V/SCE at 2 V/s for about

10 cycles. We limited the number of experiments using the same tip
to three in order to minimize the risk of destroying the tip during

handling. The exact value of the spherical tip radius was determined
by scanning electron microscopy as described below and used when

required for data interpretation, thus ensuring comparability between
the data from separate experiments.

Scanning Electron Microscopy Imaging of the Probeslmages

n

and p3 were respectively used for the experiments carried dutat
1.25x 107* and 1.75x 10~* mol/cn?.

AFM-SECM Experiments. The AFM/SECM experiments were
performed with a Molecular Imaging PICOSPM AFM microscope
(Scientec, France) that was equipped with a fluid cell containing an
aqueos 1 M NaClIQ electrolyte solution. A homemade bipotentiostat
enabled us to independently apply the electrochemical tip and substrate
potentials with respect to a quasi-reference electrode (an AgCl-coated
silver wire). The counter electrode was a platinum wire. The quasi-
reference electrode was calibrated against a KCI saturated calomel
electrode (SCE). The tip and substrate currents were measured by the
high (100 pA/V) and low (2Q:A/V) gain current measuring circuits
of the bipotentiostat. The substrate potential was generated by a PAR175
programmer, and the substrate current data were acquired on a digital
oscilloscope. The Molecular Imaging PICOSCAN controller was used
to generate the tip potential and to acquire the tip current data. The tip
biasing circuit was kept opened when the tip was at rest on the surface,
that is, when the AFM force feedback loop was. As a result, no
long-lasting tip-substrate short-circuit could occur. During AFM-
SECM experiments, the tip movement and potential were under the
control of a homemade script program that performed the subsequent
tasks. The program was in charge of withdrawing the tip from the
surface before closing the tip biasing circuit. The tip was then set to
its assigned potential and equilibrated for a few seconds before any

were acquired using a LEO S440 scanning electron microscope (SEM) gpnroach curve or cyclic voltamogram was recorded. After that, the

at an electron beam energy of 20 keV. The probes were imaged as-is

that is, they were not coated with a thin metal sputtered layer. The
probes were systematically imaged after they were used in AFM-SECM
experiments in order to measure the tip radRg, and the cantilever

(15) (a) Burns, N. L.; Van Alstine, J. M.; Harris, J. Nlangmuir 1995 11,
2768-2776. (b) Sofia, S. J.; Premnath, V.; Merill, E. Macromolecules
1998 31, 5059-5070. (c) Lu, H. B.; Campbell, C. T.; Castner, D. G.
Langmuir200Q 16, 1711-1718. (d) Tokumitsu, S.; Liebich, A.; Herrwerth,
S.; Himmelhaus, M.; Grunze, M_.angmuir 2002 18, 8862-8870. (e)
Sharma, S.; Johnson, R. W.; Desai, TLAngmuir2004 20, 348-356.

(16) Abbou, J.; Demaille, C.; Druet, M.; Moiroux, Anal. Chem.22002 74,
6355-6363.

;script program opened the tip circuit before restoring the feedback loop,

which brought the tip back to its resting position in contact with the
surface. Thanks to this fully automated procedure, only occasional brief
tip—substrate short-circuits occurred during approach curves but were
noticed to have no consequence on the tip performance in subsequent

(17) (a) Sader, J. E.; Chon, J. W. M.; MulvaneyRev. Sci. Instrum1999 70,
3967-3969. (b) Burnham, N. A.; Chen, X.; Hodges, C. S.; Matei, G. A.;
Thoreson, E. J.; Roberts, C. J.; Davies, M. C.; Tendler, S. J. B.
Nanotechnolog2003 14, 1-6.

(18) Sader, J. E.; Larson, |.; Mulvaney, P.; White, LR®v. Sci. Instrum1995
66, 3789-3798.
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200 At a slow enough scan rate, a characteristic reversible
i(pA) Fe Nerstian surface voltammograbwas recorded (Figure 1). The
"= separation between the peak potentials of the anodic and
1001 cathodic waves was smalk20 mV at 1 V/s, and the peak
N=79 currents of the waves were proportional to the scan rate, while
the current coincided with the background current at potentials
0 much larger or much smaller than the peak potentials (see Figure
1). The surface standard potential of the PEG-chain-borne Fc/
- :}"’ - Fct redox coupleE® = 150+ 10 mV/SCE, as evaluated from
100 Hz 4 M r the average value of the anodic and cathodic peak potentials,
73773773737 was in agreement with earlier reported val&®® Such volta-
E (V/ISCE) Gold substrate mmetric behavior ensures that all the ferrocene heads are given
200 — ample time to reach the substrate and to reversibly exchange
o1 0 ol 02 03 an electron with it. Therefore, the surface concentratigrof

Figure 1. (Left) Cyclic voltammogram at the gold substrate electrode ferrocene heads, and Cons_equently of PE.G chains, present. at
bearing end-grafted Fc-PE&o chains. Solid line, cyclic voltamogram of  the surface could be determined by integrating the voltammetric
the Fc-PEG bearing substrate; dashed line, background signal recorded aftegigna|§9 (see Supporting Information for details). By adjusting
the Fc-PEG layer had been electrochemically stripped; dotted line, yha grafting conditions, PEG layers of surface concentration
background-corrected signal. Signals were numerically filtered (see Sup- ; 11 e .
porting Information). Grafting surface concentratiéh= 2 x 10~ mol/ varying from 0.5x 10" ** mol/cn up to a saturation coverage
cn?; scan ratep = 2 V/s; 1 M NaClQ supporting electrolyte; effective ~ of 2 x 10711 mol/cn? could be prepared for AFM-SECM
surface, area 2.5 cin(Right) Schematic representation of the grafted redox characterization (see Experimental Section). Interestingly, the
monolayer. peak potentials of the surface signals were the same whatever
the Fc-PEG surface concentration. This shows that the aqueous
withdrawn from the surface, to be translated over it between approach gnvwonment experienced by the ferrocene heads was similar
curves. in all cases.

The tip movement was monitored via the reflection of the AFM  When electroinactive Biotin-PE&o chains instead of Fe-
laser onto the cantilever arm of the probe and the detection of the PEGaoo Chains were grafted onto the substrate, no Faradaic
reflected beam on a position-sensitive detector (PSD). The PSD wassignal was recorded, as anticipated. Due to the similar size and
calibrated in situ using its linear response with the piezo elongation. hydrophobic properties of Fc and Biotin heads, we can reason-

For each experiment, dozens of AFM-SECM approach curves were ably assume in the following that similar amounts of Fc-PEG
acquired at different locations on the substrate. The deflection approachand Biotin-PEG chains could be end-grafted onto a gold surface

curves presenting interference peaks due to the laser-based tip-trackingyhen identical PEG chain length and derivatization conditions
system’ were not considered for further analysis. As a result, for each gre consideredt

individual experiment, only-510 of the simultaneously acquired current . . .
and deflection approach curves were fitted using the theoretical Tip Deflection and Tip Current Approach Curves of the

expressions reported below. In some cases, after several approach curvesnd-Grafted PEG Layers in a 1 M NaClO4 Aqueous Solu-

had been recorded, we noted a partial loss of the tip current responsefion. (&) Tip Deflection versus Distance ResponseAs
probably as a result of tip contamination. The full magnitude of the represented schematically in Figure 2, the combined AFM-
current signal was restored after the tip had been withdrawn from the SECM probe was pushed by the supporting piezo toward a gold
surface and cycled in situ betweei®.3 and+1.2 V vs Ag/AgCl QRE substrate bearing an end-grafted Fc-PEG layer.

_at Q.5 V/s. During the mea;urements, the microscope head was placed Ziip, the tip displacement away from its resting position, was
inside a homemade vibration-proof Faraday cage. plotted as a function of the imposed piezo elongatiB;o

The resulting characteristic AFM deflection approach curve, as

approaches. The AFM built-in controller interface allowed the tip, once

Results shown in Figure 2b, can be divided into three zones (labeled I,
Terminal Attachment of the PEG Chains to the Gold I, ). In zone I, the tip is too far away to sense the substrate
Substrate Surface.The surface of a template-stripped gold and is at rest. In zone Il, the tip starts to compress the polymer
substrate was modified by reaction with cysteamine-{l88l,— layer, which deforms under load, and the cantilever arm

CH,—NH,) as described in the Experimental Section. The thus- supporting the tip bends upward. In zone I, the tip has made
obtained amine-functionalized surface was subsequently reactechard contact with the substrate and moves linearly with the
with NHS-terminated PEG chains bearing, at the other extremity, piezo. It is noteworthy that no “jump to contact” was recorded
either redox-active alkyl-ferrocene (Fc) or electro-inactive on the approach curve, as the short-range forces usually
Biotin. This resulted in the covalent end-grafting of the responsible for such a phenomenon were probably screened out
chains to the surface via a stable amide-type bond, as sketchedy the large repulsive forces resulting from the compression of
in Figure 1. the polymer layer. When the tip was pulled away from the
Cyclic Voltammetry of the Substrate Bearing an End- surface, the retraction curve recorded at that time, once corrected

Grafted Fc-PEG Layer: Measurement of the PEG Surface for the piezo hysteresis, could be exactly superimposed on the

Coverage. When ferrocene-tagged PEG chains were im-

il i H (19) Laviron, E. InElectroanalytical ChemistryBard, A. J., Ed.; Marcel
mobilized, the cham surface coverage could be conveniently Dekker: New York 1082 Vol 12 pp 53157,
measured by recording the cyclic votammogram of the substrate(20) (a) Anne, A.; Demaille, C.; Moiroux, d. Am. Chem. Socl999 121,
; B ; : 10379-10388. (b) Demaille, C.; Moiroux, J. Phys. Chem. BL999 103
immersed in an aqueous solution contagnhM NaClQ; as a 9903-9909. (c) Anne, A.; Demaille, C.; Moiroux, 3. Am. Chem. Soc.
supporting electrolyte. 2001, 123,4817-4825.
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Figure 2. (a) Representative deflection behavior of a combined AFM-
SECM probe partially penetrating a substrate-grafted polymer layer
(represented as a dotted area). (I) The gold tip is in solution far away from
the substrate and thus not deflected. (II) Upon further approach by an
incrementAZyiezo the tip is brought in contact with the layer and starts to
compress it. As a result, the flexible cantilever arm bends upward by an
amountZ;p. When in region lll, the tip has made hard contact with the
substrate. Simultaneously recorded tip deflection (b) and tip current (c) vs
piezo elongatiorZiezocurves for a gold substrate bearing redox Fc-Bfgés
chains (continuous lines) or Biotin-PE£g, chains (dashed line in (c); the

potentials largely positiveH, = +0.4 V/SCE) and sufficiently
negative Esyp = —0.1 V/SCE) with respect to the ferrocene
head standard potenti&{= +0.15 V/SCE). When the tip was
far away from the substrate (zone | of the deflection curve), no
current was detected. However, upon further approach (zone
), a current started to flow through the tip and increased while
the tip was further pressed against the polymer layer until a
broad current peak was reached. Further compression of the
Fc-PEG layer resulted in a slight decrease, followed by a sudden
jump of the current as zone Il was reached. Upon reversal of
the piezo movement, a tip current retraction curve was recorded
that was very similar to, albeit slightly less intense than, the tip
current forward curve. The hysteresis seen is largely due to the
nonlinear piezo response. When the same experiment was
conducted over a Biotin-PEG layer instead of a Fc-PEG layer,
the same tip deflection curve as reproduced in Figure 2b was
obtained. However, a drastically different tip current approach
curve was detected (see dashed curve in Figure 2c) as no current
was detected in zone I, although the tip was touching and
indeed compressing the layer. Only the abrupt current rise of
zone lll, indicative of tunneling, was then recorded.
Monitoring both the tip and piezo movements allowed the
critical distanced, separating the tip from the substrate to be
derived: Ad = AZpiezo — Zip (See Figure 2a). From this
expression and as graphically represented in Figure 2b, it is
seen that the “hard-contact” contact point between the tip and
the gold substrate surface, i.d.= 0, corresponds to the linear
portion (zone Il of Figure 2b) of the force curve, which is
reached asymptotically in th&jezoScale. Admittedly, although
this way of defining the “hard-contact” point is usually employed
in AFM experiments, it is not error-free as, in the linear portion
of the force curve, a thin, stiffened layer of polymer may be
sandwiched between the tip and substfa@efinition of azZ,,,,
= 0 point, as represented in Figure 2b, is convenient as it allows
us to visualize the tipsubstrate contact poihiad the polymer
layer not been presenibut it is in no way required for the above
d calibration. It should also be kept in mind that tizig, = 0
point does not correspond to the onset of the approaching tip
grafted layer contact. Indeed, no such sharp contact point is
expected here as the contact is first made with the outer edge
of the end-grafted layer which is by nature a diffuse and
compliant surfacé? In other words, the monomers of end-
grafted polymers are predicted to be distributed away from the
grafting surface, following a smoothly decaying profilep that
no clear-cut grafted layer/solution boundary can be defined other
than statistically.

retraction curve is not represented). The dotted line in (b) is used to show  The deflection and current approach curves shown respec-

graphically how the tip-to-substrate distandgis determined and how the
Zpiezo = 0 point is defined. The insets in (b) and (c) show the respective
replots of the curves as a function afderived as explained in the text.

= 2 x 1071 mol/cn?. Gold substrate potentiaEs,, was held at—0.1
VISCE; the tip biask, = +0.4 V/SCE 1 M NaClQ, supporting electrolyte.

approach curve (see inset in Figure 2b). No negative deflection,

indicative of adhesion or chain elongation, was observed on

tively in parts b and c of Figure 2 were then replotted as a
function of d in the corresponding insets. Although virtually
no tip deviation was recorded dt> 10 nm, the current was
observed to increase gradually when the tip was 30 nm away
from the surface, to reach its maximum @t~ 4 nm, and
decreased slowly until tunneling occurreddat 0. The onset

of tunneling was noticed to correspond to the 0 point within

the retraction curve. The cantilevers of the homemade probesan accuracy of=1 nm, thus validating the above force curve-

used here are probably too stiff to detect such phenomena.
(b) Tip Current versus Distance ResponseThe bipoten-

tiostat allowed the tip current to be measured, so that a current1)

approach curve plotting the tip current versts,, could be

acquired simultaneously with the deflection curve, as presented
in Figure 2c. The tip and substrate were respectively biased at

based “hard-contact” point determination.

(a) Overney, R. M,; Leta, D. P.; Pictroski, C. F.; Rafailovich, M. H.; Liu,
Y.; Quinn, J.; Sokolov, J.; Einsenberg, A.; Overney,Rhys. Re. Lett.
1996 76, 1272-1275. (b) Braithwaite, G. J. C.; Howe, A.; Luckham, P.
F. Langmuir1996 12, 4224-4237.

(22) Israelachvili, JIntermolecular and Surface Force@nd ed.; Academic
Press: San Diego, CA, 1992; pp 28398.
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Figure 3. Dependence of the tip current vs distance approach curves on E 15 nm
the applied tip potential. The value of the tip potentty, is indicated on 54 msesesseme T
the curve. The inset shows the variation of the peak current of the approach 3 . 20 nm
curve,ipeak as a function of the tip potentiasys = —0.1 VISCE;T" = 2 0 3 E (V/SCE)
x 107 mol/cn?; 1 M NaClQ, supporting electrolyte. ST

Both the tip deflection and tip current approach curves were 005 0005 0.1 015 02 025 03 035 04
P b PP Figure 4. Cyclic voltammetry within the Fc-PEG macromolecular layer.

highly reproducible and could be recorded repeatedly either atthe AFM-SECM tip is positioned at a tip-to-substrate distadd®m the
the same spot on the surface or after the tip had been translate®EG-modified substrate, and the tip potential is scanned at 0.5 V/s.
along it (hovering). In some cases, however, typically after tens Unprocessed (a) and background-subtracted (b) voltammograms recorded
of approaph curves were recqrded, anin sit.u cleanipg of the.tip gé:%ﬁ?:ds df',oTrEee‘;°ge§’vit'ﬁi‘\ei°8_r£‘§s’;?f&df_%éhfeo?éeic%' \alt(r)llctiarlnsmr?%r,ams
was required, which was carried out by cycling the tip potential respectively.
as detailed in the Experimental Section. Subsequently, the tip
current signal was fully recovered. We observed that increasing tip within the Fc-PEG layer at a predefined distance from the
the NaClQ supporting electrolyte concentration from 1to 2 M substrate surface. Using the programmable interface of the AFM
did not change the approach curves. Varying the tip approachcontroller, the following automated sequence was executed (see
speed from 10 to 50 nm/s had also no effect, which supports Experimental Section for details). The tip was pulled away from
the fact that the recorded tip currents were indeed stationary,the substrate by a predefined amount, biased to an initial
i.e., time independent. potential of —0.05 V/SCE, and a cyclic voltammogram was
(c) Tip Potential Dependence of the Tip Current versus recorded at a relatively high scan rate of 0.5 V/s so that the
Distance Approach Curve.Tip deflection and current approach  thermal drift of the piezo during the voltamogram was mini-
curves were simultaneously recorded over Fc-PEG derivatizedmized. At this stage, the tip-biasing circuit was opened. The
substrates for different values of the tip potentiai, ranging tip was then brought back in contact with the substrate and
from —0.1 to+0.4 V/SCE, the substrate potential being held retracted again. The resulting deflection approach curve was
constant at—0.1 V/SCE. Regardless of the tip potential, used to determine accurately the distance at which the
deflection curves such as the one shown in Figure 2b were voltammogram was recorded. As shown in Figure 4a, when the
recorded. Conversely, the tip current versus distance approachip was positioned 30 nm away from the surface, a purely
curves were observed to be extremely dependent on the tipcapacitive signal was recorded.
potential, as seen in Figure 3. But when the tip was positioned closer to the surface, the
Below a tip potential value of 0 V/SCE, virtually no current voltammogram developed a typical sigmoid shape. This is made
other than tunneling was recorded. However, as the tip potentialeven more obvious in Figure 4b, where the voltammogram
increased, so did the magnitude of the tip current approachrecorded at 30 nm is used as a background and subtracted from
curves until the tip potential reacheed.3 V/SCE, where the  the voltammograms recorded with the tip positioned within the
current ceased to increase with the tip potential. The resulting layer. The height of the plateau current of the S-shaped
S-shaped variation dfeax the peak height of the tip current  voltammogram was observed to depend stronglgt:otine closer
approach curve, as a function of the tip potential is plotted in the tip-to-substrate distance, the more intense the plateau current.
the inset of Figure 3. In the following, unless otherwise stated, During these in situ cyclic voltammetry experiments, the
tip current approach curves were recorded with a tip potential substrate potential was kept constant-&1 V/SCE.
Ewp > 0.3 V/ISCE, which is sufficiently high for the current Effect of the Surface Coverage of Fc-PEG Chains on the
approach curve not to depend on the exact valug;gf Approach Curves. AFM-SECM experiments were conducted
Cyclic Voltammetry with the Tip inside the Few-Nano- over gold surfaces bearing Fc-PEG chains at given surface
meters-Thick End-Grafted Fc-PEG Layer. The positioning concentrations ranging from 0.5 10711 to 2 x 10~ mol/
capabilities of the AFM instrument were used to position the cn?. In every case, the deflection curves thus obtained resembled
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an unknown prefactor of the order of unity, 8y
h ~ Nag™® 1)

In the present cas®| ~ 79; thus, takinga = 0.37 nm2°b:23ywe
haveomushroom= 5.4 x 1073, and as by definitiow = (a/9? =
(NIa&2, this translates intd@ mushroom= 0.7 x 10711 mol/cn?.

In the present workl ranges from 0.5« 10711to 2 x 10711
mol/cn?, so we expect the conformation of the polymer layer
to respectively range from a mushroom to a loose brush
conformation.

Estimation of the Polymer Layer Height from the Force
Approach Curve. The tip movement vs tipsubstrate separa-
tion AFM deflection approach curves, such as the one reported
in Figure 2b, can be converted into classical fofeeus distance
curves once the spring constaftone Of the AFM-SECM
combined probe is known, sindé = KyropeZtip. The spring
constant of each combined probe used in this study was
determined geometrically as described in the Experimental

0 5 10 15 20 25 30 Section, and force curves such as the one reported in Figure 6a
Figure 5. Current-distance approach curves at various Fc-PEG surface Were constructed.
coveraged". The approach curves (thick lines) recorded for, from top to The structure of end-grafted polymeric layers in good solvents
bottom, I" (x 10! mol/cn¥) = 2, 1.25, 0.9, are 0.5 are fitted using eq 7, nas previously been studied by AFM-based techniques, and force
which does not take chain compression into acco@t é&nd using eq 8, . . .
which does take compression into accounl.(The fitting parameters curves s.lmllar _to the ones obtained _'n the present work are
correspond tal, i*, de, % sequence values of 15 nm, 19 pA, 7.5 nm, 3; 14 reported in the literatur&. The compression of the polymer layer
nm, 10 pA, 6.7 nm, 3; 10 nm, 13 pA, 5 nm, 3; and 5.6 nm, 6 pA, 3.5nm, in a good solvent can be quantitatively analyzed in terms of
gu(;%%rtt?ngoglgg)nﬁ;ﬂ: +0.4 VISCEEsup = 0.1 VISCE 1 M NaClQy the following formula that relates the force applied to the layer,

' F, to the tip-to-substrate distanag, by?2-24a.¢.25

the one reported in Figure 2b, but could only be quantitatively 3

exploited for the highest surface concentration explored, as F ~ {100hR; k, T/s’y exp(—2rd/h) (2)
detailed below. The current approach curves were observed to ) .

be strongly dependent on the Fc-PEG surface coverage. NotVith Rip the tip radius k, the Boltzman constant, ari the
only did the current intensity increase with the surface concen- témperature. o _
tration of Fc heads (Figure 5), but the current was observed to  However, the above expression is expected to be valid only
drop to zero much farther away from the surface at high rather for the brush case and is also deflqed Wlthln. an undefined factor
than at low Fc-PEG surface concentration (compare the tip of the order of unity. Indeed, the linear variation ofA){vs d

current approach curves in Figure 5 = 0.5 x 10-1tand 2 predicted by eq 2 was observed only for the highest surface
x 10711 mol/cn). coverage we could explor€, = 2 x 10~ mol/cn? (see inset
of Figure 6a). Least-squares fitting of thisH)(vs d variation
Discussion then leads tdy = 12.4 nm ands = 3.5 nm (takingRp, = 225
Structural Characterization of the PEG Layer. (a) Mea- nm as measured by scanning electron microscopy imaging of

surement of the Chain Surface CoverageAs explained above  the tip, see Experimental Section). These numbers can be
and detailed in the Supporting Information, the integration of compared with the ones deduced from eq 1 (taking an implicit
the voltammetric signals recorded at the Fc-PEG derivatized Prefactor of unity) and from the value 6t h~ 7.3 nm ands
substrate yields the total amount of chains present on the™ 2.8 nm. It appears that thevalue determined from the force
substrate and ultimately the chain surface coverage, provided Curve analysis is larger than expected. This falls in line with
that the effective surface area of the substrate is known. Theliterature reports that have consistently shown that the use of
theoretical variation of the conformation of end-grafted linear €d 2 leads to coherent albeit overestimated height for end-grafted
flexible chains as a function of their surface coverage has Polymer layerga<in contrast, the values found feseem quite
initially been approached by scaling argumetsWhen the reasonable and consistent one with another, especially if one
chains are grafted onto the surface sufficiently far apart that takes into account that the50% error margin on the value of
they do not interact, the average heightof the polymer layer the spring constant of our homemade AFM probes contributes
is given by the Flory radiusg;, of the chains in solutiorh = to a systematic error a£20% on the value of as determined

R = aN35, N being the degree of polymerization of the chain from eq 2. Conversely, the experimental value, being
andathe monomer size. At h|gher coverage, Wlseﬂne average determined from the Slope of the IOgarithmiC variatiorFafith
distance between the grafting point of the chains, approaches(zg) Kenworthy, A. K.: Hristova, K. Needham. D.: McIntosh, TElophys. J
Ry, the chains start to interact and stretch toward the solution, " 1995 68, 1921-1936. o ' o

i i it (24) (a) O’'Shea, S. J.; Welland, M. E.; RaymentL@&ngmuir1993 9, 1826-
forming a polymer brush. This occurs at a critical valuesof 1835, (b) Ortiz. G.: Hadziioannou. Giacromoleculesiooq 32, 780

= Ry, corresponding to a critical dimensionless coverage, 787. (c) Garnier, L.; Gauthier-Manuel, B.; van der Vegte, E. W.; Snijders,
H — 2 — —6/5 J.; Hadziioannou, GJ. Chem. Phys200Q 113 2497-2503.

Omushroo VN DY Omushroom = (aR)* = N5 When the ) (0 40 Gennes, P. & R Acad. Sci. (Paris}985 300 839-843. (b) de

coverager exceeds this limit, the brush height is given, to within Gennes, P. GAdv. Colloid Interface Scil987 27, 189-209.
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) b Figure 7. Schematics of the tip-to-substrate back-and-forth motion, and
associated electron transfers, of the PEG-borne ferrocene (Fc) heads giving
30 rise to the elastic bounded diffusion positive feedback current. For clarity,

the tip is not drawn to scale. The chains are pictured in the mushroom
conformation.

cyclic voltammograms recorded at the tip while its extremity
was positioned in the polymer layer (see Figure 4) are typical
of an electrochemical reaction taking place at a microelecttode,
and their characteristic half-wave potentials valugy) are
close to the standard potential of the Fc/Fead 150 mV/

—
]

e

10 SCE). This allows us to attribute unambiguously the Faradaic
] process responsible for the tip current to the Fc head's
5': electrochemistry. Finally, the current signal is observed only
0 ] when the grafted PEG chain is end-labeled with an electroactive
R R AR R

moiety such as Fc and when the tip is positioned at an altitude

0 5 10 15 20 25 30 35 40 of less than~30 nm above the substrate, i.e., a distance that
Figure 6. Simultaneously acquired force and current versus distance corresponds nicely to the fully extended lendgthof the PEGago
approach curves for a Fc-PEG layer. (a) Raw force curve; the corresponding(L = aN = 29 nm). We therefore assign the current approach
linearized InF) vs d plot is shown in the inset. The dotted line represents ded h to th f a back-and-forth
the raw force curve recorded when the gold substrate bears onlyau:ysteamim-{':urves recorae ere 10 the occurrence 0 a back-and-lor
layer (no PEG chains present). (b) Experimental (thick continuous line) movement of the Fc heads between the tip and substrate, as
and theoreticall, O) current approach curves. The experimental current schematized in Figure 7.

approach curve is fitted using the model of elastic bounded diffusion SECM The ferrocene heads shuttle the electrons from the substrate
positive feedback either neglecting (eqJj,or explicitly taking into account

(eq 8,00) the compression of the chains by the tip. The fitting parameters 0 the tip, thus giving rise to the tip current in a SECM positive
ared* = 15 nm;i* = 19 pA;d; = 7.5 nm;y = 3.T = 2 x 10" mol/cn?; feedback process, usually observed for solution spéaidsen
Kprobe~ 0.8 NN/NM;Eip = + 0.4 VISCE;Esup= —0.1 V/SCE 1 M NaCIOy the tip and substrate potentials are respectively positive and
supporting electrolyte. negative enough with respect to the ferrocene head standard
potential, the intensity of the feedback current is solely
conditioned by the rate of the ferrocene head'’s cycling motion,
which is kinetically controlled by the flexibility of the PEG
. . chains. Quantitative analysis of the positive feedback response
At Iqwer surface concentration of PEG chains, the above can thus give access to the dynamics of the PEG chains within
analysis of the force curve was not possible, aB)n&d plots the layer.
were observed to be no longer linear. _ (b) The Elastic Bounded Diffusion Model. The AFM-
Quantitative Charactenzano_n of the SECM. Eleptrocheml- SECM experiments reported here specifically address the motion
cal A_pproach Curves: Elastic Bogndgd Diffusion SECM of the Fc head perpendicular to the substrate, so we will restrict
Positive Feedbapk. (@) Characterization of the .Faradalc the formulation of the analysis of the dynamics of the system
Nature of the Tip Current. The nature of the tip current to this sole dimension. We make use of the elastic bounded

re%orded \t/)vher_1 thE tle’)Evc\;ashapproachke)d _‘('jv'th'_?_ ?(’jo nT ”of a diffusion model we previously introducé@2°which describes
substrate bearing Fc- chains can be identified as fo OWS. e dynamics of the Fc head in terms of the friction of the chain

The S-shaped pot_e ntial d epende_nce of the tip_ current approa_crbn the solvent (via a diffusion coefficieBt) and of the restoring
curves preseqted in the inset of Elgure 3istypical of a Fara(.jalcforce of the chain (via a chain spring constag). We start by
grocesdée and is als? e(:jx:remetly dlfflt_arent frggn 3;28 expontt;ntlal calculating the stationary curremt,c, expected for a thin layer
ependence expected for a tunneling pro reover, the cell-like (TLC) configuratior?® where the chains are sandwiched
between the anchoring plane and a planar tip located at an

d, is not expected to be affected by the uncertainty on the value
of the cantilever spring constant nor by the unknown prefactor
value of eq 2.

(26) Bard, A. J.; Faulkner, L. RElectrochemical Methods. Fundamentals and

Applications Wiley: New York, 1980. altitudedr.c above it (see Figure 8a).

(27) (a) Pan, J.; Jing, T. W.; Lindsay, S. NL. Phys. Chem1994 98, 4205-
4208. (b) Vaught, A.; Jing, T. W.; Lindsay, S. @hem. Phys. Letl995 (28) Amatore, C. InPhysical Electrochemistry. Principles, Methods and
236, 306-310. (c) Halbritter, J.; Repphun, G.; Vinzelberg, S.; Staikov, Applications Rubinstein, 1., Ed.; Marcel Dekker: New York, 1995;
G.; Lorenz, W. JElectrochim. Actal995 40, 1385-1394. p131.208.
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Substrate

d* dyc

Figure 8. Calculation of the elastic bounded diffusion positive feedback.
(a) Planar tip vs planar substrate TLC configuration. Concentration profiles
of Fc heads as derived from the elastic bounded diffusion model, at
equilibrium (dashed line, eq 4) and during feedback (continuous line, eq
6). x is a space variable varying from 0t c. (b) Spherical tip vs planar
substrate configuration. Integration over the lower half of the spherical tip
of the feedback current due to each elementary concentric ring of nadius
acting as a planar TLC of heighf,c, yields the elastic bounded positive
feedback response for such a configuration.

According to the elastic bounded diffusion model, the
modified second Fick’s law, describing the time and space
dependence of the volume concentrati@p, of the ferrocene
head (noted P) within the tipsubstrate gap, is

ach+ Kpr 9(XCp)
»é RT ox

wheret is the time andk is the space variable measured from
the surface and toward the solution.
The general expression of the flu¥(x,t), of P heads going

aCp
3

tion of the chain dynamics by the elastic bounded diffusion
model. This model can be improved to accommodate for the
offset of the maximum of the ferrocene head concentration
profile away from the anchoring surface, which is predicted by
theory and simulation¥-9.6ab a5 detailed in the Supporting
Information. It is shown that, considering the relatively low
coverage values explored here, this has little impact on the
elastic bounded feedback current, as calculated below.

When potentials applied to the tip and the substrate are
respectively positive and negative enough compared to the
standard potential of the Fc/Faedox couple, a current will
flow through the systemJ(= constant).

At the tip (x = dr.c), the Fc (P) heads are oxidized to their
Fct counterpart (noted Q), that is,

P—Q+e

and thUSCp(X = dTLC) =0.
Whateverx, Q and P heads’ concentrations are related by a
conservation equation:

Col0) + Co) = C29)

At the substratex = 0), Q heads are reduced back to their
P form:

Q+e —P

and thusCq(x = 0) = 0; hence Cp(x = 0) = C;.
Using these boundary conditions, integration of the dif-

from the substrate to the tip is related to the concentration of P ferential eq 3 then yields the following expression for the

heads by

_ aCP kspr ]
Jxt)=-D ™ + RT 3)
Here we are only interested in the expression of the time-
independent (i.e., stationaryiCy/dot = —3J/ax = 0) values of
J and Cp(x), which can be obtained by integration of the
differential eq 3 as follows.
When no current flows (i.e., no anodic potential applied to
the tip),J = 0 and resolution of the first-order linear differential

eq 3 yields
kspr
ZR'I'><2

with Cf = Cy(x = 0) as the integration constant.

Co(¥) =Cp exp{ - 4)

stationary flux of P heads:
DC;
Ks

J=
Fefind

so that finally

_ DIk, /VaRT
 erf(y) erfi(y)
with the erfi function being defined as

erfi() = [ €"dy; y = dr cykep/2RT

y is a dimensionless parameter that compares the tip-to-substrate

7 the concentration profile of P heads at the substrate gistancegr, ¢, to d*, a chain spring constant-related character-

surface, can be found by integration@i(x) for everyx value
ranging fromx = 0 up tox = dr.¢, which yields the surface
concentration of Fc heads; /¢ Cp(x) dx = T.

From this it ensues that

Cp = I'y/2k,, /AR Terf(dr, c/kep/2RT)

istic layer thickness, given by

o = /2RTkg,,

As can be seen from eq d* characterizes the width of the
equilibrium Gaussian chain head distribution away from the
surface. The resulting Faradaic feedback current is then simply

Therefore, the ferrocene head concentration profile at equilib- given py

rium is predicted to be given by a Gaussian curve centered on
the substrate surface (see dashed curve in Figure 8a). This

Gaussian profile results from the extremely simplified descrip-

(29) Hubbard, A. T.; Anson, F. C. |Blectroanalytical ChemistryBard, A. J.,
Ed.; Marcel Dekker: New York, 1982; Vol. 4, pp 13031.

FSDIkg,/VART

i« =FSJ= -
e erf(y) erfi(y)

(%)

with Sthe tip surface.
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53
E - _ FDIkg,/VaRT
3 erf(y) erfi(y)
4
] with
3.5
37 9S= 2z dr = 27Ry[1 — (drc — d)/Ryp] 8dy ¢
2'5_; as
2
15 r = yRip(thric — D2 — (drc — ARyl
1 _ After integration over the tip surface, taking into account that
0.5 the tip radius is much larger than the feedback distances (i.e.,
0 e (drc — d)/Ryp < 1), we derive the following expression for
0 62 04 06 08 1 12 14 the elastic bounded feedback current at a spherical tip:
’Y or 'Y PR Ymax 8)_/
0 i=i . (7)
Figure 9. Universal elastic bounded diffusion SECM positive feedback v el‘f(y) el’fl(y)

approach curves. The dimensionless tip currgns plotted as a function

of the dimensionless tipsubstrate distance (or yo, see text). The chains

are end-tethered to a planar substrate, and the motion of their free redox
heads is described in the framework of the elastic bounded diffusion model. i* = ZﬂFDRti T 2|<S /JTRT
The dashed line is the calculated feedback curve for a planar tip, and the P P
continuous line is for a spherical tip (the tip radius is assumed to be very
large when compared to the chain length). The theoretical dotted lines
consider a spherical tip situation with a distance dependence of the diffusion
coefficient for the loose ends and are computed for different valugs of yo=4d ksp,/ZRT= d/d*
with d. = 0.5d*.

with

a characteristic current, and

a dimensionless tipsubstrate distance comparidgthe tip—
substrate separation as defined so far,dto ymax is the
dimensionless maximum elongation of the chains; it depends
on L, the length of the fully stretched chains, as

Proceeding as described above, integration of eq 3 from the
substrate surface to any positiemithin the tip—substrate gap
leads to the following expression f@p(x), the ferrocene head
concentration profile during feedback, which is plotted in Figure

8a and given by Vmax = Ly/Ksp/2RT = L/0*
Ce(¥)/Cp = We observed that the values calculated for the integral

kspr ] kspr ] kspr appearing in eq 7 did not depend on the exact valugnf,
exp— R 1 — erfi|x SRTI lerfi\ dr ¢ oRT (6) provided thatymax = 1.5, a condition always fulfilled here. This
is obviously due to the very fast decay of the ferrocene head

The dimensionless elastic bounded positive feedback currentconcentration with distance, predicted by eq 4: only the
approach curve predicted for a planar tip approaching a planarferrocene heads that can reach the tip surface within a distance

substrate can be represented by a plot givinglefined as y < 1.5 significantly contribute to the current (see Figure 9).
_ _ As a result, in what follows we takgmax = +oo.
W = in VARTIFSDI kg, = 1ferf(y) erfi(y) Numerical evaluation of the integral appearing in eq 7 allows

the universal elastic bounded feedback “spherical tip-toward-
as a function ofy and is shown in Figure 9 (dashed curve). As  pjanar substrate” approach curve to be obtained by plotting
can be seen a sharp, distance dependence of the current is- jji+ a5 a function ofy, (see continuous curve in Figure 9).
predicted as whep — 0, y — +, whereas whery > 1, As expected, the approach curve thus predicted is not quite as
decreases rapidly to zero. steep as the one derived in the case of a planar tip. Nevertheless,

As explained in the Experimental Section, the tips used here 3 marked current increase is also expected wher 1.

are extremely smooth submicrometer-sized spherical micro-  petermination of the Characteristic Distance,d*, and of
electrodes. To accommodate for such a tip geometry, We the piffusion Coefficient, D, of the Grafted Chains from the
integrated the above expression over the lower half surface of g|astic Bounded Diffusion Positive Feedback Responsés
a spherical tip. The substrate beneath the tip is divided in can pe seen in Figure 6b, fdr> ~10 nm, a very satisfying
elementary concentric rings of radiusand of surfacedsS, adjustment can be obtained between the experimental current
centered around the tip axis. Each ring is assumed to form anapproach curve and the theoretical elastic bounded feedback
elementary thin-layer cell, with the stripe of the tip located rrent approach curve predicted by eq 7, provided that
directly above it at a distanak.c (see Figure 8b), and therefore  aphropriate values are chosen forand d*. In other words,
contributes to the current by an amountgiven by eq 5° the theoretical curves given in Figure 9 are adjusted onto the
experimental approach curves simply by convertingythand

(30) A similar calculation method has been successfully used to assess the effect . ' . ! .
of tip shape on SECM feedback response of solution species, see: (a) Davis, % axes into theid andi counterparts ais= i* W andd = yod*.

J.; Fan, F.-R. F.; Bard, A. J. Electroanal. Chem1987, 238 9—31. (b) o _ T ok~ %
Mirkin, M. V.; Fan, F.-R. F.; Bard, A. 1J. Electroanal. Chenil992 328 AIthoggh this is a_Ctua”y a two-parameter fitting, th_e set'of
47-62. allowing a good fit of the data was found to be unique once we
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limited ourselves to the adjustments for which the theoretical disappears, the chains being then uncompressed. However, at
curve did not cross the experimental cubleln the case short tip—substrate distance, such thit< d., the diffusion
presented in Figure 6, this leadsdd = 15+ 1 nm andi* = coefficient sharply decreases withand the above expression
21 + 1 pA. The value ofD, the diffusion coefficient of the  then simplifies toD(d) = D x (d/dg)*.
surface-grafted chains, can then be determined by calculating The theoretical expression for the elastic feedback approach
the producti*d* = N FDR;pI', using for Rip the SEM- curve, taking into account the above distance-dependent diffu-
measured value of 225 nm. We thus obtain here a value of sion coefficient, is then obtained from eq 7, modified as
= (14 0.2) x 1077 cn¥/s. follows:

Considering the end-to-end movement of the chain imposed
by the tip-to-substrate travel of the ferrocene head, it seems quite N e (L — exp[—(y/y ) 1) dy
reasonable to compare this value to the one predicted by the Y =ili* = j;, " (8)

. e . 0 erf(y) erfi(y)

Rouse modet? which assumes that the friction due to the motion
of each monomer is additiveDrouse= DmonomefN. Taking for
Dmonomerthe diffusion coefficient of the ferrocene molecule in
aqueous solution (which is similar in size to a mononi@t§3
we haveDrouse= 7 x 107679 = 0.9 x 1077 cn¥/s, a value
satisfyingly close to the diffusion coefficient we report here.

However, for tip-substrate distances$ smaller than 510
nm, the experimental curves were observed to consistently lie
below the approach curves predicted by eq 7. This can be
attributed to the fact that the model developed so far does not
take into account the effect of compression on chain dynamics.

Indeed, comparing parts a and b of Figure 6, we see that only (b) Fitting the Experimental Current Approach Curves

when a force corresponding to the compression of the polymer S . .

P 9 P - Poly Taking into Account the Layer Compression. The experi-
layer starts to be sensed does eq 7 cease to fit the data. Anmental tio current approach curves can be fitted by the
Improved model, incorporating the effect of compression on theoreticaFI) ex ressionppiven by eq 8 as follows. The vaIBJ/es of
the chain dynamics, is presented below. P 9 Yy €q )

* 1* 1 1 111
Elastic Bounded Diffusion SECM Positive Feedback of gmacvc;]' rarehflirrs]t dt;zrt]errmlnie?l ?yr:'ttlﬂgigl]e cuir:l/e?hfd;; 1? tical
Chains under Compression. (a) Introduction of a Tip— » Where chain compression IS hegligivie, using the theoretica

Substrate Distance-Dependent Diffusion CoefficientUpon approach curve given by eq 7 as described ahove. As shown in

compression of the end-grafted layer, the chain concentration El'ﬁ\lj;es zéltg:al;tr;ilr?c?rtngtslfailcsttaaggeéitdg:tliiri]fftl:]seici\pggoe?f(i:gent
within the narrowing tip-to-substrate gap understandably in- P

creases, resulting in a rise of the local viscogtfMoreover, depart from thed-independent diffusion coefficient approach

Monte Carlo simulations have shown that, when grafted chains curve does n.ot depend gn sod. can be determlnedlwnhout
. - any assumption about the value yofin the case of Figure 6,

are compressed, their degree of entanglement incrééBesh we thus find a value of.. — 7.5 nm

effects combine to lead to a gradual loss of the chains’ mobility Onced. is k i N I_ ' h t ives the best adiust ;

with increasing compression. To the best of our knowledge, no nced. is known, the value of that gives the best adjustmen

workable expression exists to quantify this compression-inducedw_Ith the expenmental_approach curve |s_then determined for
slowing phenomenon. Within the framework of the elastic distancesd < d;. Restricting ourselves to integer values)of

bounded model chain dynamics being reflected by a diffusion we find that a value of — 3 is required in order to reprqduqe
coefficient, a slowing chain dynamics is to be represented by athe curvature of the experimental curve. As can be seen in Figure

decreasing diffusion coefficient. In an attempt to assess quan-6’ the introduction of a distance-dependent diffusion coefficient

titatively the effect of this confinement-induced chain mobility significantly improves the fit of the experimental current

loss on the elastic bounded positive feedback response, we thué\pproach Curve, and a very good agreement_ betwet_an theoretical
introduce a tip-to-substrate distance-dependent diffusion coef- and experimental current approach curves is possible even for
ficient, given by the following empirical expression: short tip—substrate distances at which a significant compression

of the chains, as reflected by the tip deflection, clearly occurs.
D(d) = D{1 — exp[—(d/d.)"]} This agreement simply shows that a decrease of the chains’
mobility, as reflected by an apparent distance-dependent dif-

whered; is a characteristic distance apds an exponent that  fusion coefficient, can quantitatively account for the leveling

wherey. = dJ/d*. Theoretical approach curves, calculated using
the above expression, for several valueg @ind fory. = 0.5
are plotted in Figure 9 (dotted lines).

One can see that, for a tsubstrate separation such that
Yo > 7. the calculated approach curve matches the one
corresponding to d-independent diffusion coefficient whatever
they value. However, foyg < yc, the modeled current increases
much more slowly with decreasing, than in the case of a
constant diffusion coefficient. The current is even predicted to
level off for values ofy > 2.

decides the rate of this decay. off of the experimental elastic bounded diffusion feedback
The above expression is chosen so that, beyond a charactereurves.
istic tip—substrate distanag, the slowing effect of compression However, the simple models presented here do not explain

. : the occurrence of a peak in the current approach curve that was
(31) In other words, we took into account at this stage that, because of the layer . . - . .
compression, the experimental curve always lay below the theoretical one, SyStematically observed in tlie= 3—4 nm region, for which

especially at short tipsubstrate distance. i i
(32) (a) Doi, M.; Edwards, S. FThe Theory of Polymer Dynamic®xford a phenomer_lom other than ?ham SIO.WIng prObany has to b(?
University Press: Oxford, 1986; pp 996. (b) Grossberg, A. Y.; Khokhlov,  invoked. This phenomenon is reversible, as the same peak is

A. R. Statistical Physics of Macromolecujésmerican Institute of Physics, i i
New York. 1994: bp 224236, (¢) Grossberg. A. Y- Khokhlov. A R. also observed when the tip is retracted away from the surface

Statistical Physics of MacromolecujeSmerican Institute of Physics: New  (See Figure 2c). It may tentatively be explained by some

York, 1994; pp 245-266. o . o
(33) E(c)l(/ir"nsson,’T?;pEIvingson, C.; Arteca, G. Macromol. Theory Simu200Q compre35|on-|ndgcgd Conformat!onal_ transition of the polymer
9, 398-406. chains present within the narrowing tjgubstrate gap. Experi-
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20 " " - 1. The appropriate parameter to comparh i®h*, the average
18 d* (nm) h* (nm) 10 altitude of the ferrocene heads of the grafted chains, which can
162 i be calculated using the elastic bounded diffusion model as
147 - ¢ -8 h* = 1T [ XCux) dx = ¥/
12 B
10_3 —6 Onced* values are converted inte* values using the above
] - expression, a reasonable agreement, represented as a continuous
87 [ 4 line in Figure 10a, is obtained between the experimental data
6] |.§.| a i and theh values calculated from eq 1 (using an implicit prefactor
4 [, of 1). This result shows that, even though our model implies
E r t that the ferrocene heads are distributed throughout the grafted
L () 0.5 1 1.5 2 [ layer, their average position is close to the external edge of the
T N | layer.
i ]_A)g(D(cmZ/s)) The variation of the experimentally determined diffusion
6.5 coefficient of the chains as a function of the chain coverage is

] presented in Figure 10b. It is seen that, within experimental
7] |_;_¢ uncertainty, no clear trend can be distinguished other than a
- roughly constant diffusion coefficient @ = (6 & 4) x 1078

7 5_: )-f ‘ cn¥/s. This falls in line with the description of the end-to-end

chain dynamics within the framework of the Rouse model,
where the diffusion coefficient is not a function of coverage
. b and is given byD = Dgouse~ 1/(NE°), with ° the segment
] friction coefficient®»6aEven though it has been suggested that
-8.57 T &° might depend on,%d it is expected to vary only slowly
(mol/em® x 10") with the coverage as long as < 0.05%° In either case,

N L B B B B considering that the dimensionless coverage of the denser layer

0 0.5 1 15 2 2.5 we studied was only of = 0.016, the constant value bfwe

Figure 10. Chain surface coverage dependence of the characteristic report here is supported by theory and is, as predicted, close to

parameters of the PEGo layer. (a) Measured characteristic distamt:e the expected value dDrouse= DmonomefN = 9 X 10°8 cm?/s
(left Y-axis) and average altitude of the ferrocene hd#&dgight Y-axis). (see above)

(b) Evaluated diffusion coefficient of the loose ends of the grafted chains ) . )
D. In (a) the continuous curve represents the theoretical variatioiNao/3 At a tip-to-substrate distance close enough for the chains to

= Na&® (NTI')** as a function ofl" of the brush height, calculated far= experience compression by the tip, the introduction of a distance-

0.37 nm,N = 79, and a numerical prefactor of 1. The horizontal error bars dependent diffusion coefficient, as described above, allows us
represent the uncertainty on eafhvalue, determined as described in ' '

Supporting Information. The vertical bars in (a) represent the dispersion of 0 @ccount for. the ensuing loss of chain flexibility, and eq 8 is
the d* value required to fit the 510 experimental tip current approach  then used to fit the approach curves recorded at several surface

curves exploited for each experiment. The vertical bars in (b) represent the coverages. Keeping a constant valueyof 3, d. is the only
scatter ofD values over all the experiments. adjustable parameter, and eq 8 allows us to correctly fit the
experimental curves for distances as smaldas 5 nm (see
Figure 5). Values ofl; increasing from 3.5 to 7.5 nm were thus
obtained for surface concentrations going from 2.8071% up

to 2 x 1071 mol/cn?.

dD . fth fted Fo-PEG L The d . This simply means that the slowing of the chains’ motion is
and Dynamics of the Grafted Fc-PEG Layer.The dynamics detected at a greater tip-to-substrate distance when the chain

gn? stry ct(lju;cal pas:rp/letseésc(l\); end-tgtherfd FC;jPEtG dIa;;ers Werlecoverage is high rather than when it is low. Such a trend could
etermined from ) experiments conducted at Several pa e peen expected as, for a given valud,dhe tip—substrate

chain coverages. I_n Every case, a rea_sonable to very good fit ap gets understandably more crowded at high rather than at
between the experimental electrochemical approach curve anq%

. ) " w surface coverage.
the theoretical elastic bounded positive feedback approach curve

. : . - It is interesting to notice that, whatever the surface coverage,
given by eq 7 is obtained faf values sufficiently large for the electrochemical approach curves remain peak-shaped, and
chain not to be notably compressed by the tip (see Figure 5). !

. ) ) additionally the position of the peak is roughly constant around
Series ofd* and D are thus obtained as described above for a value of?:il k_p 34+ 1nm P gnty
. . pea - .
eachd(_:haln cfoverage and pl_ghtt_edFas a fijcr;ctlon of the corre- Finally, it is may also be enlightening to consider electron
sponding sur ac_e cqncentratl n |gure. ) . hopping between ferrocene heads as an alternative to the
As observed in Figure 10a, the experimentally determined

. ) ) ) physical chain head motion to shuttle the electrons from the
d* values increase slowly with the chain surface concentration.

} i . i " substrate to the tip. For a surface concentrafica 2 x 10711
This reflects the thickening of the end-tethered layer with chain ., J1/c? the local ferrocene head concentration withith = 3
coverage as predicted by eq 1. However, as explained above,, gap would be~70 mM. This still corresponds to a very
d* characterizes the width of the Gaussian distribution of the low fractional coverage of5 x 1073, as defined in ref 34, for
ferrocene heads above the substrate surface and thus cannot be ' '

directly compared to the average layer thicknieggven by eq (34) Blauch, D. N.; Salant, J.-M.J. Am. Chem. S0d.992 114, 3323-3332.

ments studying the compression of the Fc-PEG layers used here
using very sensitive commercial AFM probes, are currently
being carried out to investigate this hypothesis.

Influence of the Chain Surface Coverage on the Structure
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which physical diffusion is expected to largely dominate over 0.37]
electron hopping (see Supporting Information for details). .
Therefore, at higher tipsubstrate separation, hopping is, a 1r0
fortiori, not expected to contribute to charge transport. This  0.257]
illustrates that, as shown previoudhy32%.¢harge propagation ]
across distances that Fc-PEG chains can reach by simple
elongation can be entirely attributed to the elastic bounded 0.2
motion of the ferrocene heads. Electron hopping between ]
neighboring Fc heads, which would imply long-range charge
transport along the substrate surface, can also certainly be
neglected as, considering the fast tip and substrate reactions as ]
well as the short tipsubstrate distance explored here, the 0.1
diffusion field is necessarily orientated perpendicular to the i
substrate surface. Moreover, such a cylindrical surface diffusion- 1

chainsjchains

0.15

like process is predicted to give rise to transient curfénkst 0.05
were not detected here.

Cyclic Voltammetry within a ~5-nm Macromolecular P‘/R,,vp
Layer: Kinetic Parameter of the Electrode Reaction.Analy- 0T R T T T T T T R T T
sis of the background-subtracted positive feedback cyclic 05 -04 -03 02 -01 0 01 02 03 04 05
voltammograms recorded while the tip was positioned within figure 11. Elastic bounded diffusion positive feedback at a large spherical
the layer, a few nanometers above the substrate surface, can bep. Theoretical radial distribution of the chains contributing to the feedback
performed as follows. The electrochemical reaction taking place current. TheY-axis represents the relative contribution to the total current
at the tip, that is, the oxidation of the ferrocene heads, can beOf the 20 chains represented by each bar. Calculated for0.5x 107+

P, ’ ! mol/cn?, Rijp = 225 nm, andd = d* = 5.6 nm.
represented as

mechanism that has been reported to even allow the detection
O+e of single moleculeg’” The number of ferrocene heads, that is,
of PEG chains, involved in the elastic bounded feedback process
with a the Butler-Volmer transfer coefficient (taken here@as ~ observed here can be estimated by evaluating the current
= 0.5) andks the heterogeneous rate constant for the electron generated by the cycling of a single ferrocene head as follows.
transfer2® For a tip-to-substrate distandgthe tip-to-substrate diffusional
The tip current, is related to the tip potentiak, by the transit time ist = dD. One electron is exchanged at every
following general theoretical expression, valid for any steady- cycle, so the current due to the motion of a single chain is given
state measuremefit: by i = e/t = eD/d? (e being the charge of an electron). Taking
an average value @ = 6 x 1078 cn?/s, we find, for a typical
i _ 1 9) distanced of 5 nm,i ~ 0.04 pA/chain. We thus conclude that
i _F _F some~200 chains are required to generate-#i® pA feedback
. exp( R E-E )) + exp( 0LR E-E ))/A currents we recorded. A more detailed calculation of the number
of chains involved in the positive feedback process along with
with ip the plateau current of the sigmoid-shaped voltammogram their radial distribution can be carried out, using the numerical
and A a dimensionless parameter comparingthe transport  evaluation of the integral appearing in eq 7, as follows.

E° kg

P

rate of the heads, to the rate of electron transfers k/m. In The relative contribution to the overall current due to the
the present case, the ferrocene head motion being of a diffusionakhains located within the ring of widthr, located at a radial
nature, it seems natural to take= D/d, so thatA = kad/D.% distancer from the tip axis (see Figure 8b), is given by

The cyclic voltammograms recorded at tip-to-substrate dis-
tances of 5 and 15 nm can then be very satisfyingly fitted using o(r) = f‘/z dy f +oo dy (10)
the above expression (see dotted curve in Figure 4b). Taking 7 erf(y) erfi(y) | /o erf(y) erfi(y)

an average value @ = 6 x 1078 cn¥/s ford = 15 nm and a

chain compression corrected valueldf= 4 x 1078 cmé/s for with y1 = yo + Rip(1 — cos@))/d*, y» = y1 + Ay, Ay =~

d = 5 nm (see above) then yields a valuekgt= (5 + 1) x 0.5Ar[2r + Ar])/Rgpd* and r/Ryp = sin(@), 0 being defined as

1072 cm/s. This value is in good agreement with the value of shown in Figure 8.

(4 £ 1) x 102 cm/s measured by transient cyclic voltammetry ~ The number of chains present within each ring can be

for Fc-PEG coils in solutioA? approximated bync = zAr[2r + Ar]T’ = 2aR;p,d* AyT. The
Number and Distribution of the Chains Involved in the radial chain distribution thus calculated fbr= 0.5 x 10711

Elastic Bounded Feedback.A characteristic feature of the — mol/cn?, Rj, = 225 nm, andd = d* = 5.6 nm is presented in

positive feedback is that the fast cycling of the redox species Figure 11 as a bar graph, each bar amounting for the contribution

between the tip and substrate constitutes in itself an amplification of nc ~ 20 chains.

As could be expected, the chains transporting the current are

(35) Mirkin, M. V.; Bard, A. J.Anal. Chem1992 64, 2293-2302. ; i i

(36) In this approach, only the transport rate of the chains located under the mOStly localized below the very tip end of the spherlcal
very tip of the spherical microelectrode, which is separated by a distance
d from the tip, is considered. This is valid as this transport rate is the fastest (37) (a) Fan, F.-R. F.; Bard, A. $ciencel995 267, 871-874. (b) Fan, F.-R.
of all chains contributing to the current and thus decides the voltammogram F.; Bard, A. J.Acc. Chem. Resl996 29, 572-578. (c) Fan, F.-R. F.;
quasi-reversible character through the value\of Juhyoun Kwak, J.; Bard, A.J. Am. Chem. Sod996 118 9669-9675.
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microelectrode. Cumulating the contribution of the chains of theoretically expected: the layer thickness increaseEds
each ring, we find that 90% of the current is due-tb60 chains while the diffusion coefficient remains constant and close to
localized within a distance of the tip axis o= 0.2Ryp,, which the one predicted by the Rouse model. At short-8pbstrate

is in the present case 50 nm. This demonstrates the focusingseparation, a significant compression of the chains is detected
effect of the elastic bounded feedback: the lateral resolution is by the force-sensitive combined probe, and the current then tends
only a fraction of the tip size and is governed by the chain to |evel off. Such a behavior is due to the overcrowding of the
elasticity. Similarly, but along the tip axis, one can calculate tip-to-substrate gap by the chains and was modeled in a
using eq 10 that the above 160 chains are sensing only thephenomenological way by introducing a compression-dependent
extremity of the tip, when positioned somes nm above the giffusion coefficient. Theoretical investigations (simulations) and
substrate, over a height 66 nm. AFM experiments are still required to understand fully not only
Conclusion this phenomenon but also the systematic occurrence of a peak
in the SECM approach curve for tigubstrate distances smaller

We showed here that AFM-SECM allows us to quantitatively than a fraction of the chain Flory radius

probe both the dynamics and the structure of end-tethered,
redox-labeled linear polymer chains. When a microelectrode tip Acknowledgment. The authors are thankful to Michel Druet
is approached from the flat anchoring substrate to within a ¢, jmprovement of the AFM-controlled low-current bipoten-
distance 0f~10-30 nm, the ferrocene heads are oxidized at tiostat. Prof. Christian Bourdillon, from the Universite
the tip. The concentration gradient thus created drives the Technologie de Compime (Compigne, France), is thanked
oxidized heads back to the substrate surface, where they arg . his help with the vapor deposition ;)f gold or,1to mica
reduced. The ferrocene heads continuously shuttle electrons from '
the substrate to the tip; as a result, their cycling motion gives  sypporting Information Available: SEM characterization of
rise to measurable currents even when a very small number ofy ApM-SECM probe:; details on the substrate voltammetry and
chains is involved. To the best of our knowledge, no such g itace Fc-PEG coverage determination; effect of offsetting the
positive feedback process of terminally anchored polymer chalnsChain head concentration profile on the calculated elastic
has previously been reported. Using a model of elastic boundedbounded diffusion SECM feedback curve: evaluation of the
diffusion that we had introduced previously and adapted here, electron hopping contribution to the 'e'r[slubstrate charge

the tip curre_nt response can be quantltatlyely _analyzeo_l, _and bOthtransport. This material is available free of charge via the Internet
the layer thickness and the chain-head diffusion coefficient can .
at http://pubs.acs.org.

be accessed. The thus-measured static and dynamic parameters
are shown to vary with the chain surface coverabje,as JA0493502
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