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Self-Assembled Monolayers of a Multifunctional Organic Radical**
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The ultimate goal of molecular bottom-up approaches is to
employ functional building blocks to construct nanometer-
scale devices that address specific applications.!! Further-
more, immobilization of functional molecules on suitable
surfaces is also often required for implementation of a
practical device. One powerful and versatile strategy for the
modification of surfaces at the molecular level is by the
preparation of self-assembled monolayers (SAMs).?
Although most attention has focused on SAMs of thiols on
gold,®! the use of glass, quartz, or silicon (namely, SiO,)
substrates offers clear advantages for preparing SAMs since
these systems exhibit superior stability, are compatible with
established silicon technologies, and allow the use of optical
techniques as read-out mechanisms.” Molecules with a
variety of functionalities have previously been anchored on
SiO, surfaces for the fabrication of chemical sensors,”! the
immobilization of biomolecules,” the coordination of
metals,”) the preparation of surfaces with nonlinear optical
properties,”™ and the manipulation of the surface wettability."
The preparation of SAMs of organic radicals is very appealing
since these systems would provide magnetic functionality to
the surfaces. However, there appear to be extremely few
examples of SAMs based on organic radicals in the liter-
ature!"” and, to our knowledge, organic radicals have not been
previously anchored on to SiO, substrates.

Here, we describe the functionalization of silicon oxide
based surfaces with polychorotriphenylmethyl (PTM) radi-
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cals."!! These stable radicals are colored and also exhibit
fluorescence in the red region of the spectra. More interest-
ingly, PTM radicals are electroactive and can be easily and
reversibly reduced (or oxidized) to their anionic (or cationic)
species.">" The oxidized and reduced states show different
absorption spectra than the radical and are also nonmagnetic
and nonfluorescent. Therefore, the preparation of SAMs
functionalized with PTM radicals (PTM SAMs) on solid
substrates results in multifunctional surfaces with electro-
chemical, optical, and magnetic activities. Here we also
demonstrate that these SAMs can be used as chemical
redox switches with optical (absorption and fluorescence)
and magnetic responses.

The strategy employed to fabricate the PTM SAMs on a
SiO, surface is depicted in Figure 1. The substrate was
functionalized with a monolayer of silane molecules with a
terminal chemical group that acts as a recognition site.
Subsequently, two different PTM radical derivatives are
immobilized on the substrate either by covalent or non-
covalent interactions.

[

/. Alkoxysilane containing a recognition site.

PTM radical with a chemical group able to interact with the
functionalized SiO; surface.

Figure 1. Schematic drawing of the strategy employed to prepare PTM
SAMs.

In our first approach, we prepared a SAM of N-[3-
(trimethoxysilyl)propyl]etylenediamine (S1) on SiO, surfaces
following the procedure previously described.™ The sub-
strates functionalized with the amino-terminated monolayer
were immersed in a solution of the tetradecachloro-4-
(chlorocarbonyl)triphenylmethyl ~radical (PTM-COCI)!"
(see Experimental Section) to give the PTM radical SAM
S2 as a result of the formation of a covalent amide bond
(Scheme 1a). Water contact angles for S1 are in accordance
with the values reported in the literature! (advancing
contact angle (6,,)=(52.04+0.3)° and receding contact
angle (0,..)=(45.54+0.2)°). The increase in the contact
angle values of 82 (0,4, =(88.8+0.3)° and 0,..=(45+4)°)
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Scheme 1. Chemical transformations of SAMs (see text for details).

demonstrates the higher hydrophobicity of the surface as a
result of the anchoring of the hydrophobic PTM units,
although the large hysteresis value (6,4,—60..) points to
molecular disorder of the terminated PTM units. Ellipsom-
etry reveals an increase in the layer thickness from (0.8 +
0.1) nm to (1.3 +0.1) nm after formation of S2. The length of
a PTM moiety with the amide linkage is estimated to be
around 1.1 nm. The discrepancy between the observed layer
thickness and the size of the PTM radical could be accounted
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for by the facts that: 1) PTM molecules are tilted with respect
to the surface, and/or 2) the surface coverage of PTM is not
100 %. Indeed, from the CI/N ratio of (1.59 & 0.04):1 found by
X-ray photoelectron spectroscopy (XPS) of S2, we can
estimate that there is approximately one PTM molecule
anchored for every 4.4 amino-terminated molecules and,
therefore the surface coverage is around 70%.!'"! We also
performed the optical characterization of S2 to corroborate
the chemical nature of the monolayer. The UV/Vis spectra of
S2 recorded in air exhibited an absorption band at 382 nm,
which is assigned to the radical character of the triphenyl-
methyl unit (Figure 2a)."® The fluorescence spectra of S2
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Figure 2. Absorbance (a) and fluorescence (1,,=370 nm; b) spectra of
S2 on quartz in air.

(Aexe =370 nm) revealed a maximum emission band at 690 nm
(Figure 2b), typical of a PTM radical.l'! Finally, the electron
paramagnetic resonance (EPR) spectrum was recorded to
demonstrate the radical character of S2. The EPR spectrum
shows a signal at g=2.0024, with a linewidth of 5.2 Gauss,
which is very close to that observed for other PTM radicals,™®
thus confirming that S2 contains immobilized organic radical
units (Figure 3).

In addition, the organic radical monolayer S2 was also
generated in situ as shown in Scheme 1b. Substrates func-
tionalized with S1 were immersed in a solution of the aH-
tetradecachloro-4-(chlorocarbonyl)triphenylmethane  (aH-
PTM-COCI)®—the nonmagnetic counterpart of PTM-
COCl—leading to the formation of S3. This SAM was also
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Figure 3. EPR spectrum of S2 on glass at 300 K.

characterized by contact angle, XPS, ellipsometry, and UV/
Vis spectroscopy, and similar results were obtained as for S2.
Reaction of monolayer S3 with a base and subsequent
oxidation resulted in the formation of first the SAM of the
PTM anion derivative S4, and then the PTM radical SAM S2.
The optical spectra (absorbance and fluorescence) of this
SAM corroborated the success of the reactions and, thus, the
formation of the organic radical on the surface (see the
Supporting Information). Similar experiments demonstrate
the reversibility of the redox process. Figure 4 shows the UV/
Vis spectrum corresponding to the reduc-
tion—oxidation process of electroactive
PTM SAMs. Upon reduction to the PTM
anion, the characteristic PTM radical
absorption band at 384 nm disappears,
whilst a band centered at 525nm is
observed. This system behaves thus as a
bistable chemical switch since it is possible
to interconvert the SAM between two
states which exhibit different properties:
an OFF state associated with the PTM
anion SAM (nonfluorescent and diamag-
netic) and an ON state corresponding to
the PTM radical SAM (fluorescent and
paramagnetic).

The second strategy employed involved
the preparation of PTM radical SAMs
solely by interlayer electrostatic interac-
tions.”! For this purpose we protonated the
amino group of S1 by rinsing the sample
with  4-morpholineethanesulfonic  acid
monohydrate buffer (pH 5.6)% to give S5
and, subsequently, the substrate was
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Figure 4. Absorbance spectra of the PTM anion SAM (S4, OFF state,
black line) before and after oxidation to the PTM radical SAM (S2, ON
state, red line).

peak at 388 nm and an emission band with a maximum
centered at 672 nm, respectively (see the Supporting Infor-
mation).

More interesting with respect to potential device applica-
tions is the possibility to locally address the PTM molecules
on the surface to fabricate multifunctional patterned surfaces.
The technique used to achieve the patterned surfaces was
microcontact printing,”! which involves the inking of an

T&x

c)

—

immersed in a solution of 4-carboxytetra- ‘gts%nsitv Profile
decachlorotriphenylmethyl radical (PTM- 200
150

COOH) to give SAM S§6. This two-step
reaction is summarized in Scheme 1c. The
contact angle and XPS characterization of
S6 was in agreement with the previous
results and confirmed the formation of the
monolayer. Additionally, the UV/Vis and
fluorescence (A, =370 nm) spectra of S6
showed the characteristic PTM absorption
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Figure 5. a) Schematic representation of the microcontact printing of a functionalized PTM
radical on an adhesive SAM. b) Confocal microscopy image of patterned S2 on glass

(Aexe =488 nm). The diameter of the fluorescent dots is 5 um. ¢) Fluorescence microscopy
image of S6 on glass (4., =340-370 nm); the diameter of the fluorescent dots is 10 pm.
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elastomeric stamp with suitable molecules. When the stamp is
placed into contact with a substrate the ink molecules are
transferred from the stamp to the substrate in the regions of
contact (Figure 5a). We used a stamp of poly(dimethylsil-
oxane) (PDMS) with dots of diameter 5 or 10 um which was
inked with a solution of PTM-COCI in DMSO, and brought
into contact with S1. The resulting patterned S2 SAM could
be visualized by laser scanning confocal microscopy as a
consequence of the fluorescent nature of the PTM molecules
(Figure 5b). Following the same methodology, we printed
PTM-COOH on the protonated SAM S5 to obtain patterned
S6, which is formed by electrostatic interactions. The pattern
obtained was visualized by fluorescence microscopy (Fig-
ure 5c¢). It is evident from Figure Sb,c that the hexagonal
pattern symmetry of the stamp is faithfully replicated as a
fluorescent array of PTM radicals on the substrate.

In summary, SAMs of an organic PTM radical have been
prepared on SiO, surfaces by making use of either covalent or
noncovalent interactions. As a consequence of the fully
reversible redox process, these multifunctional radical SAMs
behave as chemical switches that combine electronic absorp-
tion, fluorescence emission, and magnetic outputs. Further-
more, the fabrication of surface patterns of these radical
molecules has been achieved. The chemical flexibility and
versatility of these molecules demonstrates the potential of
preparing self-assembled multifunctional molecular devices
on surfaces.

Experimental Section

Synthesis: Tetradecachloro-4-(chlorocarbonyl)triphenylmethyl radi-
cal, aH-tetradecachloro-4-(chlorocarbonyl)triphenylmethane and 4-
carboxytetradecachlorotriphenylmethyl radical were synthesized as
previously reported.'>2:24

Monolayer preparation: Formation of the PTM monolayer S2
and S3 was achieved by immersing the amino-terminated monolayer
S1 in a solution (0.1 mm) of the corresponding PTM derivative in
CH,(l, (freshly distilled) and triethylamine (100 pL) for 15 h under
N, and in the absence of light. The substrate was then removed from
the solution and rinsed with CH,Cl,, ethanol, and CH,Cl,, to remove
any physisorbed material, and dried under a nitrogen stream. The
formation of the PTM anion monolayer S4 was achieved by
immersing S3 in a 2 mMm solution of tetrabutylamonium hydroxide
(1.0M solution in MeOH) in freshly distilled THF for approximately
15 h under N,. The substrate was removed from the solution and
sequentially rinsed with THF, EtOH, and CH,C], and dried in an N,
stream. Next, S4 was submerged in an oxidant solution of 0.1 mm
AgNO; in an anhydrous mixture of CH,Cl,/MeCN (5:1) for 3 h. The
reaction was carried out under N, and in absence of light. The
substrate was then rinsed with CH,Cl,, EtOH, and CH,Cl, and dried
in an N, stream to obtain S2. Monolayer S6 was prepared by rinsing
S1 with 4-morpholineethanesulfonic acid monohydrate buffer solu-
tion (pH 5.6) and washed with water before being immersed in a
solution of 0.1 mmM PTM-COOH in dry CH,Cl, for 1 h. The substrate
was washed with CH,Cl, and dried in an air stream.

Preparation of patterned surfaces by microcontact printing:
Poly(dimethylsiloxane) (PDMS) stamps were fabricated by pouring
a 10:1 (v/v) mixture of Sylgard 184 elastomer and curing agent over a
patterned silicon master. The mixture was cured in the oven for 24 h
at 60° and then carefully peeled away from the master. To obtain the
patterned surface S2, the PDMS stamp was inked (2 times, 1 minute
each) with a 0.1 mm solution of PTM-COCI in DMSO. The stamp was
dried with an air stream and brought into contact with S1. After
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4 minutes the stamp was carefully removed. The patterned glass
surface S6 was achieved by inking the stamp in a 0.1 mm acetonitrile
solution of PTM-COOH for 2 minutes and was then brought into
contact with the functionalized glass slide for 1 minute. The samples
of S2 and S6 were rinsed in THF and acetonitrile, respectively.

Characterization of the SAMs: The water contact angle, XPS,
AFM, and ellipsometry characterization was performed on SAMs
prepared on silicon oxide. The absorbance and fluorescence spectra
were recorded from SAMs on quartz. The EPR spectrum and the
optical visualization of the patterned samples were carried out on
SAMs prepared on glass slides.
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