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Abstract: The reductive desorption of a self-assembled monolayer (SAM) of a fluorescent thiol molecule
(BodipyC10SH) from Au was characterized using electrochemistry and epi-fluorescence microscopy.
Molecular luminescence is quenched near a metal surface, so fluorescence was only observed for molecules
reductively desorbed and then separated from the electrode surface. Fluorescence imaging showed that
reductive desorption was selective, with desorption occurring from different regions of the Au electrode
depending on the extent of the negative potential excursion. When desorbed, the molecules were sufficiently
mobile, diffusing away from the electrode surface, thereby preventing oxidative readsorption. At sufficiently
negative desorption potentials, all of the thiol was desorbed from the electrode surface, resulting in
fluorescence at the air/solution interface. The selective removal of the thiol monolayer from distinct regions
was correlated to features on the electrode surface and was explained through potential-dependent interfacial
energies. This in situ electrofluorescence microscopy technique may be useful in sensor development.

1. Introduction Physically adsorbed organic molecules are also a viable, but
frequently overlooked candidate for the modification of surfaces
for device applications. In either case, the engineering of such
“devices based on surface modification is hampered by our
limited understanding of nanoscale physical and chemical
processes such as adsorption and desorption of a surfactant.
Therefore, a better understanding of the universal properties of
adsorbed surfactants ranging from chemisorbed to physisorbed
will give us access to a wider range of exploitable properties.
Various probes have been employed to characterize the
quality of adsorbed surfactants including electrochemical tech-
niques, which through the control of interfacial energetics can
* Department of Chemistry, University of British Columbia. result in conformational changes and/or (_Jlesorption qf the organic
* Department of Metals & Materials, University of British Columbia. ~ from the metal. The process of adsorption/desorption has been

The functionalization of metal surfaces by adsorbed organic
molecules is a rapidly expanding area of science because of its
potential application in sensors and in nanotechnofo§yrhe
most common organic-modified metal cited involves the forma-
tion of a robust self-assembled monolayer (SAM) of thiol
molecules on noble metals, most notably AWith the ease of
forming such an interface, it has proven to be a popular subject
for the creation of an ideal environment for the study of
chemically tunable surfacé$;1? and thus the reproducibility
of the monolayer has become the subject of much discussitin.
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an oxidative process; however, this is strongly dependent onfrom solution35960The search continues for more flexible types
the length of the alkyl chain comprising the thiol. Completely of chemical patterning, and the selective removal of surfactant
irreversible desorption has been observed for short alkyl chain from certain areas of the surface offers one possibility. This
thiols (h = 2—8), while a reversible process was noted for thiols method of removing the bound thiol has been used to create a
of longer alkyl chainsr{ > 16)30.3233.53Fyrthermore, experi-  multiple component thiol layer by reductively desorbing a
ments using single-crystal electrodes have shown that thisportion of the original SAM, and then allowing another thiol
reductive desorption process is dependent on crystallographicmolecule to assemble into these void spa@g§39.46:47.57.61
orientation and on the length of the alkyl ch&w#3° This however, achieving this with a desired pattern is difficult.
dependence on surface crystallography has also been observeReductive desorption of a thiol SAM from metals of low index
for the physically adsorbed surfactaptdviorin has completed surfaces has been observed to occur at reasonably separated
a series of studies illuminating this process based upon cathodic potentiald®62Thus, an ideally shaped nanocrystal in

electrochemical and in situ FTIR studi&s’l3441Reductive
desorption has also been imaged with in situ S¥Kf:52.5558

a truncated octahedron geometry containing both the (111) and
the (100) surfaces may be exploited in creating a patterned

In all of these studies, the fate of the desorbed molecules is notsurface by the selective removal of thiol from one face. The
clearly understood and has only been indirectly experimentally ability to selectively desorb certain regions of the thiol will be
observed. examined in this report using a multifaceted substrate.
Sometimes a multifunctional or patterned surface with more  To fully characterize this process, we will combine electro-
than one type of chemical functionality is required and has led chemical techniques with a recently developed in situ probe.
to the investigation of thiol exchange reactions where more As mentioned earlier, electrochemical methods allow us to
weakly bound thiols are replaced by a stronger interacting thiol control the properties of a modified electrode. Coupling
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electrochemistry with in situ techniques can enable observation
of the direct response to potential perturbations. While fluo-
rescence is widely used in the microscale characterization of
biological systems, it has been underutilized at this scale for
the study of physical and chemical phenomena. Recent spatially
resolved observations of electrochemically induced changes in
an adsorbed monolay&#*using epi-fluorescence microscopy
demonstrate its versatility in the characterization of interfaces.
This fluorescence technique is useful because molecular lumi-
nescence near metal surfaces is strongly related to the distance
separating the fluorophore from the metal. At close proximity
(<50 nm), fluorescence is efficiently quenched by nonradiative
energy transfer into surface plasmons and electron hole pairs
in the metaFf>% Therefore, fluorescence will only be observed
if the desorbed molecule is far from the metal surface. Thus,
the reductive desorption of a fluorescent thiol monitored by this
technique will result in an understanding of the desorption
process and fate of desorbed thiolates. By employing a
multifaceted metal substrate, the selective reductive desorption
will be illuminated at different potentials due to the different
energetics of each face. We describe such a process by
monitoring the potential-induced desorption of a fluorescent-
labeled thiol from various facets of a polycrystalline Au bead.
Selective desorption from specific regions of the electrode
surface, controlled by potential, will be demonstrated, and the
fate of these desorbed molecules will be monitored. Finally,
we will link these results on the thiol SAM with the previously
published work on the electrochemical and spectroelectrochemi-
cal characterization of physically adsorbed monolayers to reveal
some similarities between the two. The ability to selectively
desorb the thiol from certain facets of the metal surface is
(59) Felgenhauer, T.; Rong, H.-T.; Buck, Nl.Electroanal. Chen2003 550~

551, 309-319.
(60) Chung, C.; Lee, MJ. Electroanal. Chem1999 468 91—-97.
(61) Shimazu, K.; Kawaguchi, T.; Isomura, J. Am. Chem. SoQ002 124,
(62) 6\/\5/§Icgglj<-; M. M.; Alves, C. A.; Lamp, B. D.; Porter, M. D. Electroanal.

Chem.1995 396, 103-114.
(63) Shepherd, J.; Yang, Y.; Bizzotto, D. Electroanal. Chem2002 524—

525, 54—61.
(64) Shepherd, J. L.; Bizzotto, 3. Phys. Chem. BR003 107, 8524-8531.
(65) Pineda, A. C.; Ronis, Ol. Chem. Phys1985 83, 5330-5337.
(66) Chance, R. R.; Prock, A.; Silbey, R. Advances in Chemical Physics

Prigogine, I., Ed.;
1-65.
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Figure 1. Schematic representation of the epi-fluorescence setup used for imaging during electrochemical measurements. (a) SEM of the bead electrode;
(b) brightfield image of the bead electrode taken just before fluorescence measurements; the facet located on the bottom right is outlined.

Scheme 1. The Synthesis of BiodipyC10SH

1. stir at 40 C for 30 minutes
2. triethylamine (80°C)

oxalyl . A oo
Br\/\/\/\/\/\n,OH chloride BrWrCI 3. borontrifluoride etherate(80°C) Br
(0] dichloromethane N O toluene N-B~F
2 5\_/7/ F
potassium
thioacetate | 2°°'O0°

solution of

thiol in potassium
chloroform HS carbonate
formation of ethanol
on N
Au bead electrode 2

attributed to the electric variable having control over the tension and positioned just above the microscope objective port (see Figure 1)

of each face (electrocapillarity). in an arrangement suitable for in situ investigation.
) ) 2.3. Electron Backscattered Diffraction (EBSD) EBSI¥” was used
2. Experimental Section to determine the crystallographic surface normal for various regions

2.1. Synthesis of BodipyC10SHThe fluorophore thiol precursor of the Au eleptrode. Indexing of the backscattered Kikuchi pattern was
utilized as the probe in this study, 4,4-difluoro-1,3,5,7-tetramethyl-8- Performed via an automated software algorithm (HKL Channel 5
[(10-mercapto)]-4-bora-3a,4a-diagdndacene (BodipyC10SH), was software). Measurement of the crystallographic surface normal neces-
synthesized using the procedure outlined in Scheme 1. Full experimentalSitates that the facet be precisely tilted within the microscope such that
and characterization details are provided in the Supporting Information. €ach facet faces the detector and is &ttgGhe horizontal plane. While

2.2. Electrochemistry. Electrochemical investigations were per- this technique has previously been used for the study of faceted
formed on an electropolished Au bead working electrode (SEM image surfaces? the difficulty in precisely aligning each of the facets decreases
shown in Figure 1a), a Au coil counter electrode, and a saturated the accuracy of the technique. The magnitude of this error was judged
calomel (SCE) reference electrode connected to the working solution Py measuring the known surface normal for a series of Si single crystals
through a salt bridge. The 0.1 M NaOH supporting electrolyte (Fluka, mounted such that they were oriented at rand_o_m gngles to the horizontal.
suprapur used as received) was prepared in Millipore wat&8 (MQ It was found that the error in manually positioning the facets to 70
cm) and purged with Ar (Praxair, cleaned with a charcoal filter, Within the microscope introduced an error of no more tHal(* in
Supelco). A constant blanket of Ar was maintained above the electrolyte the measured crystallographic surface normal. While this error is large
throughout the experiment. Solution cleanliness was confirmed by cyclic rélative to the normal systematic error involved in EBSD measurements
voltammetry (CV) and differential capacitance measurements of the (~172°), it was felt to be sufficient for the current study.

Au bead in NaOH electrolyte prior to the surface modification. The ~ 2-4. Spectroelectrochemistry.

SAM was formed by introducing the clean, dry bead into a solution of  2-4.1. Epi-fluorescence ImagingFluorescence imaging was per-
dissolved thiol in chloroform (3 mg/mL) for roughly 10 min. The bead ~formed on an Olympus IX70 inverted microscope equipped with>a 10
was then rinsed with water, followed by sonication in a methanol ] - -

solution to remove the physically adsorbed thiol. After evaporation of (¢7) BRr%';%lﬁ:’ X%Slfgr%lga,wgggroo.ducnon to Texture AnalysisGordon and
methanol, the SAM-coated electrode was introduced to the electrolyte (68) Davies, P. A.; Randle, \d. Microsc.2001, 204, 29—-38.
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objective (NA= 0.3, wd= 10 mm) and a SPOT RT digital camera.
The inverted arrangement enabled looking up onto the surface of the
working electrode as shown in Figure 1. SEM and brightfield images

of the electrode are shown. All images of fluorescence reported were 40 1
collected using a Xe arc lamp and a U-MWIBA filter cube (Olympus: gg 1
BP 460, DM 505, BA 515IF), resulting in images of roughlyx11.5 10 1
mm with a resolution of 1.9gm/pixel (2 x 2 binning, 8 bit). Each o0
image was acquired with an exposure time of 50 ms and a gain of 1.

One potential step-imaging cycle consisted of a series of potential 40 1
steps. Starting at 0 mV/SCE, the potential was incrementally stepped
(AE = —50 mV) to a predetermined negative potential, and then the
potential was stepped back to 0 mV/SCEH= 50 mV). After every
step, interfacial capacitance and fluorescence images were recorded.
The potential steps were separated by 2 s, resulting in a scan rate of
roughly 25 mV/s. These potential-imaging cycles were applied to the
modified Au bead electrode with each successive cycle employing a
more negative turn-around potential@.950,—1.250,—1.300,—1.350,
and—1.400 V/SCE). In addition, once reaching the negative potential

Capacitance / uF cm®
o

of each cycle, the potential was held #®s toallow for acquisition of 20 9b) e
three images and capacitance. Before each potential step-imaging i51 e
cycling procedure, one CV cycle using the same negative potential limit 12 ] N e .
was recorded (20 mV/s). 0 A +
2.4.2. Image AnalysisAll images were analyzed using dip_imé&ge
for MATLAB and Image Pro Plus 4.5. The average gray scale, which 20 {Q) e
was assumed to be proportional to the fluorescence intensity, was 54 T '
calculated using a MATLAB procedure after subtracting the 0 mV/ 10 1 T
SCE fluorescence image (to correct for the small background due to g ]

scattered light). 14 12 10 -08 -0.6 -0.4 -02 00

3. Results and Discussion E/V vs SCE

3.1. Electrochemical and Epi-fluorescence Investigations.  rigure 2. Capacitance measured during fluorescence imaging for the same
The BodipyC10SH-modified gold bead electrode was introduced modified electrode surface with a sequentially changing negative potential

to the electrochemical cell & = 0 V/SCE. The stability of ~limit starting from (2)—0.950, (b)—1.250, (c)~1.300, (d)~1.350, and

the SAM first bed i limited tential . (e) —1.400 V/SCE. The dotted line represents the capacitance scan measured
e was Tirst probed In a imited potental range UsINg  {o; the hare Au electrode in contact with 0.1 M NaOH. Positive going

cyclic voltammetry (CV) prior to fluorescence imaging and (closed symbols) and negative going scans (open symbols) for the modified
capacitance measurement. To ensure that the fluorescent heada_lect!'ode are also shown. Capacitance is calculated assuming a series RC
group remained stable, the measurements were conducted iff'"euit 25 Hz, 5 mV rms.

less basic pH conditions than those typically used for reductive . d h ial di
desorption studies of alkanethiols. Therefore, the reductive capac_ltanc_e was measure _ast e potentia was steppe_ in a
desorption peak reported in these studies would have beeniegative direction in 50 mV intervals from the initial potential
obscured by hydrogen evolution at this lower pH. Capacitive to the' first neggtlve potential limit 0f0.950 VISCE. At Fh's
measurements will be presented because we are primarilynegat've potential, three fluorescence images were acquired. The

interested in these changes that are more sensitive and reliabl@°tential was then stepped positively in 50 mV increments back

than the currents measured in CV. Figures 2 and 3 show results© the initial potential. A small increase in the capacitance at

for concurrent measurements of capacitance and quorescencz-{xhe pO?Itlve limit v(;/gs ott?served dgfte; onef p:gtenstllecy_I(EIﬁ,
during each potential-imaging cycle. A selection of fluorescence sugges m(gf sofrlne ISruption or disor etr Oh € ”'_ €
images are shown in Figure 4, which correspond to the letter _corrr]esfgl)on Ing uorescr?nce me_asuremen_slf qw_?hsma '”Cfef‘se
legend in Figure 3. It is important to reinforce that the same '(;'t N duorei,lcence atthe negative r;o@ent;]a Imltd '? p(r)]ter_ma”-
SAM-coated surface was probed using a series of capacitance Spenb ednt uforescence wa.le, q usle |gaté%enstu y CI)I P y;ma y
and fluorescence experiments with a progressively more negativea Sorbed sur actants on go eecFr _—as well as by
potential limit, Gaigalas in the study of the dynamics of immobilized fluoro-
o . phoreg?73and fluorescein-labeled single-strand oligonucleotides
A freshly modified electrode surface immersedEat= 0 immobilized onto gold* The changes in fluorescence are due
VISCE had a capacitance which was much lower (&2m ?) to a slight increasg in t'he distancegbetween the fluorophore and
than the uncoated electrode surface, demonstrating the formatioqhe elegctrode surface. The increase in interfacial caIO acitance
of a well-ordered layer SAM despite the bulky headgroup and suggests a partial deéor tion of some thiol, with the gesorbed
short assembly time (10 min). Longer assembly tinte2Qq h) 99 part P . '
2 . : molecules moving away from the interface.
were not used because the minimum capacitance did not
significantly change and presumably a less organized layer 7o) gizzotto, D.; Lipkowski, JJ. Electroanal. Cheml996 409, 33-43.
would be more responsive to potential, and less influenced by (71) Sagara, T.; Zamlynny, V.; Bizzotto, D.; McAlees, A.; McCrindle, R;
. . Lipkowski, J.lsr. J. Chem.1997, 37, 197-211.
other effects (e.g., strong hydrophobic intermolecular interac- (77

Gaigalas, A. K.; Li, L.; Ruzgas, Turr. Top. Colloid Interface Scil999

i 3, 83—-101.

tions). Fluorescence from the electrode was recorded, and the(73) Ui L Meuse, C.: Silin, V.: Gaigalas, A. K.; Zhang, Yangmuir2000
16, 4672-4677.

(69) van Vliet, L. J. DIPLib, the Delft Image Processing Library; http://  (74) Wang, L.; Silin, V.; Gaigalas, A. K.; Xia, J.; Gebeyehu, &.Colloid
www.ph.tn.tudelft.nl/DIPLib/DIPLib.html. Interface Sci2002 248 404-412.
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g desorption at this potential. Some surfactant was desorbed from
S zg ] the metal surface, and, for fluorescence to be observed, this
3 0] & surfactant_ must_ be separated from the metal by some as yet
= undetermined distance.

These results for the desorption of a SAM exactly parallel

5 60 1m, g the results previously published for the desorption of physically
A 38 ] \; N, 9 adsorbed lipid-like surfactant8.These weakly adsorbed sur-
Z 20

ul factants are displaced from the electrode surface by less negative
potentials and are driven by changes in potential-dependent
interfacial tension (electrocapillarity). The desorption from Au
(111) occurred over a very small potential region, and the
readsorption of these insoluble surfactants was found to be
complete. A mechanism was proposed to explain these potential-
dependent changes based upon electrochemical and spectro-
electrochemical studies. These fluorescence results have shown
that the reductive desorption of the SAM is very similar and
the existence of desorbed molecules near the electrode surface
can be explained using the same mechanism developed for the

3

o

gzo 1 physically adsorbed surfactants. The oxidative readsorption
210 a) observed for long-chain alkylthiols can be conveniently ex-
3 0 " - plained through the existence of these desorbed molecules near

14 -12 410 08 06 -04 02 00 the electrode surface.

E/Vvs SCE The fluorescence image of the desorbed fluorescing surfactant
Figure 3. Potential-dependent average fluorescence intensity measured fromgt —1.250 VV/SCE, shown in Figure 4a, displays significant heter-

the same electrode surface with sequentially changing negative potential : " :
limit starting at (2)—0.950, (b)—1.250, (c)~1.300, (d)~1.350, and (e) ogeneity. A striking correlation can be made between the bottom

—1.400 V/SCE. Positive (open symbols) and negative potential scans (closed/ight of these fluorescence images and a facet observed in a
symbols) are also shown. brightfield image of the electrode surface taken before potential

cycling (outlined region in Figure 1b). Desorption of the mole-

c) o cules seems to be occurring from particular regions of the Au
bead electrode. The images taken while holding at the negative
i potential limit illustrates the mobility of the desorbed surfactant.
G H H H I 0 Features in the image become less sharp due to a slow diffusion
1 2 3

away from the region near the electrode, seen most easily by
comparing images B B, and Bs. In our previous investiga-

191
b) tions8364a decrease in fluorescence intensity for the positive
8 potential scan direction was attributed to readsorption of the
surfactant. However, diffusion was not evident in those experi-
[ (NS (N 0
D E, E, E; F

0_
60 1 F

Al/a.u.

ments, and the minimum capacitance did not increase after the
negative potential excursion. The decrease in fluorescence inten-
sity observed in this case was mainly attributed to loss of the

45
a) surfactant from the interface, because the increase in the mini-
mum capacitance indicates incomplete readsorption (via oxida-
, tive process) of the surfactant. Also, readsorbed molecules or
0
A B, B, B; C

those adsorbed molecules able to migrate to the desorbed regions
. 4 E ) . " ectrode f ] would be expected to desorb on the next cycle, and, as we shall
igure 4. Fluorescence images from the same electrode for various : :
potentials (letters correspond to potentials and intensities shown in Figure de_monStrat_e’ regions where fluorescence was observed du”r_'g
3) obtained during potential scans to differing negative potentials: (a) this cycle did not fluoresce on subsequent cycles. The hysteresis

—1.250, (b)—1.300, (c)—1.350V/SCE. in the return potential scan can also be explained by the
The negative limit for the subsequent potential scan was madecombination of incomplete readsorption and loss of surfactant.
more negative £1.250 V/SCE), resulting in a significant The third potential-imaging cycle was performed with a

increase in capacitance demonstrating the instability of the negative potential limit of—1.300 V/SCE. At this negative
monolayer toward large negative potentials. The minimum potential, the capacitance approached the value of the unmodi-
capacitance of the SAM-coated interface has increasegifo 3  fied electrode surface. After potential cycling, the SAM was
cm~2 (measured at the positive potential limit). At the negative significantly perturbed, resulting in a minimum capacitance of
potential limit, the capacitance increased strongly, indicating 6 «F cn2 and a capacitance scan that begins to resemble the
the penetration of the SAM by the electrolyte through potential uncoated Au electrode. The fluorescence intensity closely
created defects in the layer caused by the initial stages offollows the cathodic scan of the previous run, but remains
reductive desorption. The change in capacitance at this potentialconsistently below until reaching the negative potential limit
was accompanied by a marked increase in the average fluoreswhere the maximum in fluorescence intensity became larger.
cence intensity, also consistent with significant reductive The fluorescence images are similarly heterogeneous as the
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previous potential scan, but fluorescence was observed from Outline Overlay
distinctly different regions of the electrode. The reductively ¢) Egoq =-1.35V/SCE Features onto B
desorbed molecules were also observed to diffuse away from
the surface of the electrode shown by the three images at the
negative potential limit (g E,, and E). The anodic scan shows

a strong decrease in fluorescence in addition to the decrease in

(e
I~
(L

b) Eges =-1.30V/SCE

capacitance; as before, the incomplete readsorption of the o~y y =

desorbed molecules partially explains the loss of fluorescence ‘ &

intensity, but diffusion away from the electrode plays the main

role. (N bj N
The fourth potential-imaging cycle used a negative potential 2) Eges = -1.25V/ISCE

of —1.350 V/SCE. The capacitance resembles an unmodified ‘

electrode interface, indicating a very strong disruption in the
adsorbed monolayer. The minimum capacitance in this case was a N
—2 i i i . " . . .

13 uF cnr The correspondlng fluorescence .IntenSIty WaS  Figure 5. Fluorescence images (first column) obtained at various negative
weaker, and the fluorescence image was again not uniform, potential limits: (a)—1.250, (b)—1.300, (c)—1.350 V/SCE. Fluorescent
clearly showing fluorescence in a region that was dark in the regions were OUt“”?d (m('ldd'e CIO'Um)”)' ﬁ”d thenhapplied tcl’ the ifmage

. . . : recorded at-1.300 V/SCE (last column) to illustrate the regional specificity
previous cycle._ lefusmr_] of the fluorescing molecules was also (7, desorption process.
observed at this potential (HH,, and H).

The potential scan out te-1.400 V/SCE (fifth potential- Figure 5. Outlines of each image (shown in the second column
imaging scan) revealed an electrode surface with a capacitanceof each row) were created using a simple segmentation
practically identical to that of the uncoated electrode, and, as procedure and were overlaid onto thel.300 V/SCE image,
expected, no fluorescence was observed. All of the moleculesdisplayed in the third column.
composing the initially complete SAM have been reductively  Fluorescence from different regions of the surface is clearly
desorbed from the metal surface. Interestingly, at the end of related to the value of the negative potential limit. The small
the experiment, fluorescence was observed at the electrolytefacet observed on the bottom right was desorbed at the least
surface, strongly suggesting the segregation of the desorbechegative potential€1.250 V/SCE). The image taken at the
molecules (now presumably thiolates) to the|gakition (GS) negative potential limit of the subsequent scal 300 V/SCE)
interface. An examination of the time lapse fluorescence images shows no fluorescence from this region, indicating the irrevers-
in Figure 4 shows that, when reductively desorbed, the ible loss of the surfactant due to desorption from the facet. The
molecules stay near the electrode surface and only slowly diffuse control that potential offers is even clearer when comparing the
away on the time scale of the fluorescence measurements. It ismages taken at-1.350 and—1.300 V/SCE. The fluorescent
expected that the surfactant would oxidatively readsorb if it regions observed for-1.350 V/SCE were not observed to be
remained in the vicinity of the metal surface as in the reductive fluorescent at the other less negative desorption potentials.
desorption experiments done on thiols with long alkyl chains. Conversely, all regions would show fluorescence if the desorp-
Oxidative readsorption onto bare gold regions would result in tion potential limit is pushed te-1.350 V/SCE on the first cycle.
fluorescence during the subsequent desorption potential scan. The sensitivity toward the value of the potential driving these
This phenomenon was not observed in these studies, but it couldchanges is clear and can be understood in terms of the energetics
be achieved by using a thiol with a longer alkyl chain, resulting of the electrode/electrolyte interface. Bead electrodes are
in less solubility in the electrolyte. As the current study typically composed of regions of differing surface crystal-
demonstrates, there exists a strong similarity between thelography?® which can be visualized by etching in aqua regia.
potential-driven desorption from the electrode surface of co- The SEM and optical image (Figure 6a and b, respectively) of
valently attached thiols and of physisorbed lipid-like molecules. the etched Au bead show the heterogeneity of our electrode
Further experiments are planned using a more insoluble surface with some features outlined in Figure 6¢. Because the
fluorescent thiol to confirm that the readsorption process is, like bead electrode was not a single crystal, the presence of grain
the desorption process, general for both chemisorbed andboundaries and defects can be used in comparing the fluores-
physisorbed surfactants. One important observation in the currentcence images with the electrode surface morphology. The SEM
study made clear by our in situ fluorescence imaging is the large-and optical image clearly show the facet (labeled 1), also
scale heterogeneity in these fluorescence images that was nobbserved in the brightfield image shown in Figure 1b. In this
present in the previous single-crystal studies. The region of the region, fluorescence was observed for the least negative
electrode where fluorescence was observed, and therefore wherdesorption potential. Because studies of reductive desorption
desorption occurred, was strongly influenced by potential and, of thiol SAMs on Au single crystals have shown the dependence
as we shall show below, electrode surface crystallography or of reductive desorption potential on surface crystallography, we
morphology. anticipate that the regions first desorbed were from surfaces with
a (111) orientation. This was confirmed for the facet on the

3.2. Selective Reductive DesorptiorTo define in detail the )
relationship between surface crystallography and desorptionPottom right (I) by EBSD.
potential, image analysis was performed on the first images Des_orptlon from other regions of the electrode surface are
acquired at each negative potential limit for the second, third, Most likely also dependent on surface crystallography, but EBSD
and fourth cycles (neg_atlve limits arel._250, _]_"300’ and . (75) Perdriel, C. L.; Arvia, A. J.; Ipohorski, M. Electroanal. Chem. Interfacial
—1.350 V/SCE, respectively), as shown in the first column in Electrochem1986 215 317-329.
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The fluorescence observed on the right-hand side is constrained
between the facet and the grain boundary outlining region II.
Finally, overlaying of the mask created from thé&.350 V/SCE
image is shown in Figure 6f. The curved region outlined
correlates well with the lines that decorate the electrode surface
(labeled VI). The small circular region next to the triangular
feature is encompassed in the outlined area, and the grain
boundary that curves off to the left from the triangular region
(1N and (V) is also captured in the outlined region.

Overall, the correlation of the fluorescence features to the
electrode surface features is quite close, and, although an exact
correspondence of fluorescence to surface features was not
possible, a number of regions of fluorescence were “assigned”
to surface features. The potential-dependent fluorescence fea-
tures seem to match well with the electrode surface structure

etching) and fluorescence features at increasingly negative potentials. (a) . . .
SEM image of etched electrode; (b) brightfield image with labeled features; The reductive desorption of a SAM was monitored for the

and (c) brightfield image with features outlined. Outlined brightfield image  first time with electrofluorescence microscopy, and the fate of
with masks created from (d)1.250, (e)—1.300, and (f)—1.350 V/SCE the desorbed molecules was determined. This union of electro-

fluorescence images. chemical techniques and spatially resolved fluorescence has

was unable to unambiguously determine the surface normalsproven to be a powerful and nondestructive method of monitor-
for curved portions of the surface or for regions that did not ing the potential-induced changes in adsorbed organic layers.
exhibit clear facets. Smooth reflective features at the top of the We have shown the reductive desorption of a SAM of a slightly
image resembling an elongated triangle (labeled I1) with a small soluble fluorescent thiol from selective regions of a polycrys-
circular region on its left are obvious. Starting from the talline Au bead. The observation of intense fluorescence at
triangular region, a grain boundary (labeled I11) curves off to negative potentials displays the desorption of the surfactant from
the left and then downward toward another half-moon feature the metal surface. The slight disruption of this desorbed layer
(labeled 1V). This boundary continues on the bottom of the was observed through both capacitive measurements and
image toward the facet on the right (labeled V). These key diffusion of the thiol. A fluorescence increase at desorption has
features allow overlaying of the fluorescence images with the been observed in the case of physically adsorbed surfactants
optical image. This was accomplished by starting with the facet and is strikingly similar to the desorption process for these
() and overlaying the first desorption image using the oblong covalently bound molecules. This implies that the mechanism
shape of the facet in orienting the optical image. We are Of desorption is general and may hold for other systems as well.
confident in our analysis because SEM images of the complete The readsorption process of thiols may have the same generality
bead surface did not reveal any other large oblong facet. Thisif a less soluble thiol is used; however, the slight solubility of
optical image of the electrode was created by overlaying the the surfactant in this experiment had the unique advantage of
in-focus regions from a number of pictures with differing focal allowing selective exposure of different regions of the electrode
planes to facilitate comparison with the SEM image. This was through control of the potential. This selective desorption was
not done for the fluorescence images. Fluorescence will be further defined using the techniques of EBSD with the conclu-
measured from regions not in the focal plane, so a direct Sive assignment of desorption from the (111) facet-&t250
comparison is qualitative but still very useful. V/SCE. Furthermore, image-masking techniques led to the

Figure 6d shows the mask created from the fluorescenceassignment of desorption from areas of the electrode surface
image recorded at-1.250 V/SCE overlaid on the outlined where EBSD was unable to unambiguously assign a crystal face.
optical image of the electrode. The optical image was rotated This selective desorption may have profound application in the
to optimally fit the shape of the facet. The fluorescent feature creation of a thiol-modified surface with a desired pattern and
protruding from the center top matches well with the extended multifunction, and in the electrofluorescence technique in the
triangular feature on the optical image (ll). Unfortunately, the detection strategy used for SAM array sensors.

feature in the center of the image does not seem to correlate  Acknowledgment. This work was supported by the NSERC

well with any surface irregularities. OVerlaying the mask created (Canada)_ J.L.S. was Supported by a NSERC PGS B graduate
from the—1.300 V/SCE is shown in Figure 6e. The facetis no student fellowship.

longer fluorescent, but the regions immediately around the facet

are fluorescent, allowing a clear fit with the optical image. The 1,3.5,7-tetramethyl-8-[(10-mercapto)]-4-bora-3a, 4a-dinira-

grain boundary on the bottom of the image (V) correlates with . . I .
the observed fluorescence. The region outlined at the top left dgcene (BodipyC1OSH). This material is available free of charge

also correlates well with the area outlined by the grain via the Internet at http://pubs.acs.org.
boundaries that extend from the triangular region to the left. JA0494095
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