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Abstract

A new oligo(ethylene glycol)-thioacetyl substituted theophylline (THEO) has been synthesized
and used to form self-assembled monolayers (SAMSs) on different gold substrates. The THEO-
SAMs formed are compact and passivate the gold surface in an important extension. The thioacetyl
group can be deprotected to release the mercapto-derivative that gives place to Au-S bond either
in the absence or in the presence of base. Evidences that the THEO molecules bind to gold as
thiolates are given by the behavior of the reductive desorption process of the SAM as a function
of solution pH. However, some of the molecules can suffer breakage in the C-S position releasing
thioacetic acid and the fragment oligo(ethylene glycol)-theophylline that cant bind to gold. The
thioacetic acid generated at the gold surface can be catalytically decomposed to acetyl and atomic
sulfur. The later can be bound to gold as it has been demonstrated by electrochemical as well as
by XPS techniques. The resulting THEO-SAM has been structurally characterized by IRRAS.
Comparison of the IRRAS with the spectrum of the bulk molecules allows us to conclude about
some degree of organization of the THEO chains upon SAM formation. The results of this study
can be translated to a gold nanomaterial conjugate to be assayed in studies of theophylline

derivatives drug delivery in living systems.

1. Introduction

Theophylline is a xanthine that acts as adenosine receptor antagonist and phosphodiesterase
inhibitor and is used as bronchodilator in the treatment of asthma and chronic obstructive
pulmonary disease [1]. Moreover, as other purine derivatives, it is also recommended as drug
against Mycobacterium tuberculosis [2] as well as like anti-arthritic [3]. Low-dose theophylline
exerts anti-inflammatory effects [4] although certain side-effects have been occasionally found as
acute encephalopathy [5]. Thus, the concentration of theophylline must be strictly controlled under
an acceptable therapeutic range. Many groups are involved in the construction of sensor systems
to prevent the toxic side effects of over-dosed theophylline [6-9]. The narrow concentration range
useful for this drug has encouraged the preparation of different drug-clay hybrid system
(theophylline-smectite) to prove if it can be released under simulated gastric conditions. However,



an incomplete reversibility of the interaction process due to chemisorption of the drug within the
clay system has been found that do not allow the correct delivery process [10].

One of the most popular strategies to improve the therapeutic effect of drugs is the covalent
attachment of ethylene glycol oligomers to the therapeutic agents [11]. The technique of covalently
attaching polyethylene glycol (EG) to a molecule is known as “PEGylation” and is now a well-
established method in the field of targeted drug delivery systems [12]. To make EG attachments
releasable, the conjugate must be chemically or enzymatically transformed into their active form
after administration [11]. In these sense, multidrug PEG-conjugates [13] with dexamethasone and
theophylline covalently linked to the same PEG unit has proved to show a slow degradation rate
in simulated gastro-intestinal fluids and to permeate the intestinal membrane easier than the pure
drugs [14, 15].

We have recently prepared oligo(ethylene glycol)-alkene substituted theophyllines and
characterize them upon adsorption in the surface of porous and dense support membranes [16-18].
In the present work, we have used an EG spacer connected, in an extreme, to a theophylline moiety
through the N7 position and a terminal thioacetyl group (THEO) (Scheme 1) to probe this molecule
as a candidate to form self-assembled monolayers on gold substrates. The synthetic strategy to get
the THEO molecule has been the use of an acetyl protecting group for the terminal thiol to avoid
either disulfide bond formation or other unwanted side-reactions. Under these circumstances, the
generation of free thiols to form well-packed SAMs would require the in situ deprotection of
thioacetyl by acid or basic treatments [19-24]. The characterization of the THEO-SAM built in
either a polyoriented or single crystals Au electrodes has been carried out by electrochemical
techniques such as cyclic voltammetry, electrochemical impedance spectroscopy and differential

capacity curves as well as infrared absorption-reflectance and X-ray photoelectron spectroscopies.

2. Experimental section

2.1. Chemicals.

Theophylline (Sigma-Aldrich, T1633) and tetraethylene glycol ditosylate (Sigma Aldrich,
341703) were used as starting materials. Semiconductor grade purity sodium hydroxide were
purchased from Sigma-Aldrich. The rest of the reactants were from Merck analytical grade. All

solutions were prepared with deionized water produced by Millipore system.



2.2. Synthesis of THEO.

Synthesis of THEO has been carried out in two steps, first, N7 activation and addition of the
EG-tosyl derivative, and second protection of the oxygen terminal atom with the thiocetyl moiety
(Scheme 1).
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Scheme 1. Structure of the THEO and EG7 molecules
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Under an argon atmosphere, NaH 60 % (0.49 g, 12.21 mmol) was added over a solution of
theophylline (2 g, 11.10 mmol) in DMF (70 mL). After H, production ceased, a solution of
tetraethylene glycol ditosylate (27.82 g, 55.5 mmol) in DMF (200 mL) was added. The mixture of
reaction was stirred at 20 °C during 12 h. After this period, crude was extracted with CH2Cl> (3 x
50 mL) and washed with water (3 x 30 mL) and brine (2 x 50 mL). Organic phase was dried over
anhydrous MgSQOyg, filtered and concentrated to dryness under vacuum. The residue was purified
by column chromatography (CH2CI2/MeOH 98:2) to obtain 7-(2-(2-(2-(2-tosylethoxy)ethoxy)
ethoxy)ethyl)theophylline (4.12 g, 73 %) as a colorless oil. NMR 1H (CDCls) & (ppm): 7.78 (d, J
= 8.0 Hz, 2H, Ar), 7.75 (s, 1H, H-8), 7.31 (d, J = 8.0 Hz, 2H, Ar), 4.02 (m, 16H, OCHy), 3.53 (s,
3H, NCHs3), 3.38 (s, 3H, NCH3), 2.42 (s, 3H, CHs). NMR 13C (CDCl3) & (ppm): 155.7 ppm (C=0),
151.5 (C=0), 149.1 (C), 145.1, 142.9 (C8), 142.0 (C), 130.1, 128.3 (CH), 106.8 (C5), 71.0, 70.8,
70.7, 69.71, 69.69, 69.0 (CH>), 47.1 (CH2N), 30.1 (NCHj3), 28.2 (NCH3), 21.9 (CH3). IR (KBr) v
(cm™): 2869, 1701, 1656 cm™. UV (MeOH) Amax (log €): 274 nm (1.48), 208 (3.95).

Under an argon atmosphere, 7-(2-(2-(2-(2-tosylethoxy)ethoxy)ethoxy)ethyl)theophylline (606
mg, 1.19 mmol) in anhydrous DMF (30 mL) was treated at 20 °C with potassium thioacetate (3.57



mmol, 407.5 mg). Then, the mixture of reaction was stirred for 12 h at 60 °C. After this period,
HCI 5 % (20 mL) was added and the mixture extracted CH2Cl> (3 x 10 mL). Extracts were washed
with water (3 x 10 mL), dried over anhydrous MgSOs, filtered and concentrated to dryness under
vacuum. THEO was isolated as a yellowish syrup (0.34 g, 68 %) by column chromatography
(CH2Cl2/MeOH 98:2). NMR 1H (CDCl3) 8 (ppm): 7.70 (s, 1H, H-8), 3.58 (m, 16H, OCH>), 3.57
(s, 3H, NCHea), 3.38 (s, 3H, NCHBa), 2.31 (s, 3H, CHs). NMR 13C (CDCls) & (ppm): 195.3 (SC=0),
155.2 ppm (C=0), 151.6 (C=0), 148.7 (C4), 142.4 (C8), 106.4 (C5), 70.46, 70.41, 70.38, 70.18,
69.7, 69.31, 46.7 (CH2N), 30.4 (CH3), 29.7 (NCH3), 28.7 (CH,S), 27.8 (NCH3). IR v (cm™): 2921,
2851, 1691, 1353, 1127, 957 cm™. UV (CH2Cl2) Amax (log €): 274 nm (4.49), 230 (4.70). Exact
mass for C17H26N402S 414.1573; found 414.1578.

2.3. Methods.

Electrochemical experiments were performed using an Autolab (Ecochemie model Pgstat20)
instrument attached to a PC with proper software (GPES and FRA) for the total control of the
experiments and data acquisition. A conventional three electrodes cell comprising a platinum coil
as the counter electrode, a saturated calomel electrode as the reference electrode and a gold (either
polyoriented or single crystals (111), (100) and (110)) as the working electrode were used. The
polyoriented gold electrode was a homemade sphere with a diameter of approximately 2 mm with
a gold wire, grown by melting a high-purity Au wire (99.9998%). Gold single crystals were
approximately 3-mm in diameter and 2 mm thick cylinders with a flat polished side oriented in the
(111), (100) or (110) directions (Metal Crystals and Oxides Ltd). Before each electrochemical
measurement, the electrode was annealed in a natural gas flame to a light-red melt for about 20 s
and, after a short period of cooling in air, quenched in ultrapure water. The electrode was then
transferred to the electrochemical cell with a droplet of water adhering to it to prevent
contamination. The configuration of the sample consists of the contact of the single crystal gold
faces with the solution by the hanging meniscus method. The surface condition was confirmed by
a cyclic voltammogram in 0.01M HCIO4, and the real surface area was determined from the
reduction peak of oxygen adsorption on the Au electrode. This surface treatment was the most
appropriate for producing a surface that was clean, ordered, and very reproducible.

X-ray photoelectronic spectroscopy (XPS) analyses were performed with a SPECS Phoibos 150
MCD spectrometer (SCAI, University of Cordoba) using nonmonochromatized (12 kV, 300 W)
Mg KR radiation (1253.6 eV). The THEO-SAM electrode was mounted on a steel sample holder



and introduced directly into the XPS analytical chamber. The working pressure was <5 x 10-9 Pa.
The spectra were collected using a take-off angle of 45° with respect to the sample surface plane.
The spectrometer was calibrated assuming the binding energy (BE) of the Au 4f72 line at 84.0 eV.
The standard deviation for the BE values was 0.2 eV. Survey scans were run in the 0-1100 eV
range (pass energy = 60 eV), while detailed scans were recorded for the S 2p, C 1s, C 1sand O 1s
regions. The analysis involved linear background subtraction, and whenever necessary, spectral
deconvolution was carried out by nonlinear least-squares curve fitting, adopting a Gaussian sum
function.

HRMS were recorded with a Micromass (Autospec-Q) spectrometer. 1H and 13C NMR spectra
were recorded with a 400 MHz ARX 400 Bruker spectrometer by using the residual solvent peak
in CDCI3 (8 7.24 ppm, 400 MHz, for 1H and 6 = 77.0 ppm, 100 MHz, for 13C). TLC analyses
were performed on Merck silica gel 60 F 254 plates, and column chromatography was performed
on silicagel 60 (0.040-0.063 mm).

IRRAS Characterization. A 250 nm thick Au layer adhered to a 2.5 nm thin chromium layer
deposited on a Borosilicate glass 11x11 mm flat surface were used as Au(111) coated substrates
(Gold Arrandee™) for the Infrared Reflection-Absorption Spectroscopy (IRRAS) measurements.
IRRA spectra were recorded on a JASCO 6300 FTIR single (He-Ne) laser beam spectrometer in
the 400-4000 cm-1 wavenumbers range at a resolution of 4 cm-1, and the data were acquired by
the integrated software (Spectra Manager). A variable angle specular reflectance accessory (Pike
Technologies-VeeMAXTM) assembled in the FTIR spectrometer compartment enabled samples
to be analyzed at different beam incident angles. The dried Au substrates were placed face
downwards on a mask platform with an aperture (10 mm in diameter) to define the position and
sampling dimensions where the beam spot was collimated. A p-polarized laser beam at a grazing
angle of 80° was used to interact with the sample surface for enhancement of the IR signals
collected by the MCT-detector. Prior to the measurements, the interferometer and the sample
compartments were purged with a dry and free CO- air flux of 8 I/min supplied by a compressed
air adsorption dryer (K-MT LAB, Parker/Zandet GmbH&Co.KG).

2.4. THEO-SAM formation.

The SAMs were formed by contacting the gold substrates, either by the immersion (polyoriented

substrates) or the meniscus method (single crystals), with an ethanolic 2.5 mM THEO solution for

the desired modification time.



3. Results and discussion
3.1. General characterization of the THEO-SAM.

The formation of SAMs from acetyl-thioesters requires the generation of the thiolates to get the
S-Au bond. This thiol group deprotection reaction can be favored in the presence of a base [24].
In this work, we have assayed the formation of the SAM by using three methods: a) from an ethanol
solution without using base, b) from a THF solution containing EtaNOH and, c) from a THF
solution containing EtsN. To obtain the SAMs, the Au electrodes were immersed in the above
solutions that also contained THEO 2.5 mM for 24 h. After that, the modified electrodes were
transferred to the electrochemical cell and equilibrated at 0.05 V with a 0.1 M phosphate buffer
solution at pH 7 and then, cyclic voltammograms were recorded by scanning the potential to
negative values. The obtained signals (Figure 1) should correspond to the reductive desorption
process of the SAMs. As it can be observed, the three curves obtained for the SAMs built under
different experimental conditions are almost identical with a peak potential at -0.82 V + 0.01 V
and a charge density of 78 + 4 uC/cm?. This charge density is very close to that obtained for the
alkanethiol SAMs and is typical of densely packed monolayers formed by molecules in a stand-up
configuration with a surface area of around 20 A2 This analysis is made by assuming that the
reductive desorption process corresponds to the breaking of the Au-S bond as described by eqgn.
2):

R-S-Au + le + IH+ — R-SH + Au (1)

Under these circumstances, it can be said that the acetyl-thioesters are converted to the thiolates in
the presence as well as in the absence of base and are able to chemisorb on the gold surface in a
similar way. However, the theoretical fingerprint of the THEO molecule is bigger than that of the
alkanethiol molecules. Thus, this measured charge density must contain some contributions that
needs to be further analyzed (see below).
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Figure 1. Cyclic voltammograms of the reductive desorption process of the THEO-SAMs formed

from different solutions recorded in phosphate buffer solution at pH 7. Scan rate: 0.02 V/s.

To further check if the adsorbed species are the thiolates, a study of the reductive desorption
process of the SAM formed in the absence of base, as a function of pH, has been carried out. The
SAMs are formed from an ethanolic solution (at a modification time of 24 h), and after that, they
are transferred to the electrochemical cell containing a buffer phosphate solution at different given
pH. The voltammetric curves of the reductive desorption processes are showed in Figure 2. These
signals are typical of this type of processes and show an increase in potential as the pH of solutions
decreases. At pH < 4, the signal is hidden under the hydrogen evolution. The peak potentials
plotted in Figure 2, follow a linear trend in the pH range from 4 to 10 with a slope of 56 mV / pH.
This variation with pH suggests that an H* ion is involved in the reductive desorption process (egn.
(1)) and points to the fact that the species that desorbs is the thiolate that is rapidly protonated to
yield the thiol, the stable species in solution under these conditions. At pH > 10 the thiolate
becomes the stable species in solution and, thus, the peak potential is kept constant. This behavior
can be taken as an additional evidence of the spontaneous breaking of the acetyl-thioester bond

upon SAM formation.
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Figure 2. Cyclic voltammograms (left) and peak potentials (right) for the reductive desorption
process of the THEO-SAMs as a function of solution pH. The THEO-SAMs are formed from
ethanolic solution for a modification time of 24 h.

The sensitivity of the THEO-SAM to the substrate structure has been addressed by using single
crystal gold surfaces. The process of reductive desorption has been demonstrated to be very
dependent on the crystal facet of the Au substrate, the trend observed being consistent with the

potential of zero charge at Au single crystal surfaces [25, 26].
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Figure 3. (A) Cyclic voltammograms for the reductive desorption process of the THEO-SAM
formed from a ethanolic solution in Au single crystal electrodes of low index. (B) Voltammetric

profiles of the same Au single crystal electrodes used recorded in 10 mM perchloric acid solution.

Figure 3 shows the cyclic voltammograms for the reductive desorption process for the THEO-
SAMs formed in Au(111), Au(100) and Au(110) single crystal electrodes. The electrochemical
profile of the Au single crystals in HCIO4 10 mM are also plotted to account for the different
surface structures. Contrary to our expectations, there is very little influence of the surface structure
on the shape of the curves. The peak potentials are also very similar, that is, -0.810, -0.816 and -
0.826 V for the SAMs desorbed from Au(111), Au(100) and Au(110), respectively. Moreover, the
half-width of the curves is higher than 100 mV as it also occurs in the polyfaceted surface (see
Figure 1). The broad desorption peaks indicate that the SAMs are disordered as it would be
expected from the structure of the THEO molecules (Scheme 1). In fact, the THEO molecule
possesses a tri-ethylene glycol arm that, in the absence of the theophylline attached in the terminal
region, presents a helicoidal conformation. However, with this terminal group attached by its N7
position, the organization of the EG arm can be different as this bulky terminal group should add

and additional disorder to the SAM. To ascertain if this behavior originates on the disorganization

10



of the molecular arm or because of the presence of the terminal group, a SAM formed from EG7
(Scheme 1) has been examined. The EG7-SAM has been prepared from an ethanolic solution and
the reductive desorption has been carried out in alkaline media. The cyclic voltammogram has
been recorded and plotted in Figure 4 together with this obtained for the THEO-SAM under the
same experimental conditions. As it can be seen, the observed profile for the EG7-SAM shows a
fine structure that contrasts with the broad peak observed for the Theo-SAM. Thus, a strong
influence of the bulky terminal group is concluded for the different behavior of these two

desorption profiles.
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Figure 4. Cyclic voltammograms for the reductive desorption process of (red) THEO- and (blue)
EG7-SAMs in KOH 0.1 M media.

In addition, there is another result that deserves attention. The charge densities involved in the
reductive desorption processes of these two molecules are very different (Q(THEO) = 78 uC/cm?
and Q(EG7) = 48 uC/cm?). These charge densities allow us to determine the molecular area of
these molecules as 20.5 and 33.4 A? for THEO and EG7, respectively. Even if the fingerprint of
both molecules were assumed to be the same, the different molecular area obtained from the
reductive desorption method has nonsense. In fact, the reverse result would be obtained based on
the presence of the theophylline group in the terminal THEO molecule. Thus, an effect not

considered up to now is necessary to be analyzed. As it has been explained above, the generation
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of the thiolate to form the Au-S bond, requires the releasing of the acetyl group. However, another
possibility is that the subsequent S-C bond be broken and thioacetic acid can be released. If this
were the case, the thioacetic acid molecule can also react with the gold surface and, as it has been
well documented, the cleavage of the S-C bonds can be catalyzed by Au [27]. Vela et al. [28] have
studied the adsorption of thioacetic acid on Au(111) from organic solutions to find the effect of
the functional group on the stability of the S-C and S-Au bonds. They found that the molecule is
first physisorbed to the Au(111) surface as an intermediate that evolves to form a free non-thiolated
molecule and the chemisorbed monomeric S atom. Thus, it can be proposed that the extra charge
density obtained in the reductive desorption process of the THEO-SAM should be due to the
presence of some adsorbed S atoms in the form of an ad-layer together with the THEO-SAM. If
the extra charge density obtained for the THEO-SAM desorption in respect to the theoretically
expected for a full monolayer of molecules with a fingerprint of around 29 A? is taken into account,
83 % of the charge density should correspond to THEO molecules desorption and the extra 17 %
to S atoms. It can be assumed that some of the THEO molecules are adsorbed through the S-Au
bond and, an important portion (up to 17 %) are as S atoms that can be desorbed through the
following reaction [29, 30]:

S-Au+2e —> S +Au 2

To check if this hypothesis is true and elucidate the nature of the adsorbates, a study of XPS of
the THEO-SAM has been carried out. Figure 5 shows the spectra of the S 2p core-level peak of
the THEO-SAM taken under different experimental conditions. Attempts to fit the experimental
data to one doublet corresponding to S-Au bond at 161.8/163.0 eV was unfruitful. The best fitting
of the peak shows that at least three doublets centered at 161.0, 162.0 and 163.8 eV are needed.
These peaks are assigned to that corresponding to atomic monomeric sulfur bound to gold, gold-
sulfur and free thiol or sulfide [31-33], respectively. No oxidized sulfur species have been found
at higher binding energies [34].

The atomic sulfur can be produced either by C-S bond cleavage once the mercaptoderivative is
adsorbed to the gold surface after the acetyl group has been released [35, 36], or by the breakage
of the S-C bond that deliver thioacetic acid that is prone to suffer a cleavage on the gold surface,
leaving the S atom attached to it [28]. The reduction of the S species can be observed as broad
peaks located at -0.95 to -1.15 V [29]. In the present case, the existence of adsorbed sulfur is hard

to see as the reduction coincides with that of the THEO molecules. Then, we have checked if the
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treatments commented above to obtain a clean cleavage of the acetyl protecting group can be
evaluated by XPS. We have prepared a layer using the method (b) of preparation (THF solution
containing Et4NOH) and the obtained spectrum is shown in Figure 5B for the S 2p signal. Although
the fitting of this peak requires the inclusion of the three already mentioned contributions, it is
interesting to highlight that the ratio of S-Au bond is now much more important in the spectrum.
In fact, the peak due to adsorbed sulfur goes from 20 % in the THEO-SAM formed from ethanol
solution to 6 % in THF-EtsNOH. Moreover, the amount of free thiol or sulfide is also decreased
from 30 to 21 % under these conditions. Then, it can be concluded that the XPS technique is more
precise to check the SAM quality than the electrochemical reductive desorption methodology

when using acetyl-protected molecules.
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Figure 5. XPS spectra for the S 2p region of a THEO-SAM formed on an Au substrate in an
ethanolic (A) and THF+EtzNOH (B) solutions. Raw data (0); fitted spectra, black line; Doublets
for Sulfur (red), S-Au bond (green) and free thiol or sulfide species (blue).
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Figure 6. C 1s (A), N 1s (B) and O 1s (C) XPS spectra of the THEO-SAM formed in THF+EtzNOH
(0). The spectra are decomposed into individual contributions (colored lines) and the black solid
lines are the overall fit.

The analysis of the peaks due to C 1s, O 1s and N 1s (Figure 6) can also help to establish the
nature of the SAM. The C 1s peak shows an asymmetric shape centered at 285 eV with a shoulder
in the high BE region. Three components have been used to fit the data. Zharnikov et al. [37] have
studied the XPS of a series of acetyl-protected dithiols derivatives and the effects of the different
deprotection methodologies. They found a peak at 287.6 eV that they assigned to the acetyl
protection groups which were not removed and that should be located at the SAM ambient
interface. The presence of a peak at 288.1 eV in the C 1s spectrum should means that some pristine
THEO molecules are present in the preparations. This fact agrees with the S 2p peak at 163.8 eV
that can be assigned to the sulfide groups. Two major peaks at 284.7 and 286.1 eV can be assigned
to alkyl (C-C) and etheric (C-O) carbon atoms, respectively [38]. The last component should
correspond to the EG part of the monolayer [39, 40] whereas the first one can be attributed to
carbon contamination [41]. The N 1s signal has been deconvoluted into two components at 399.2
and 400.8 eV that should correspond to pyridinic (-N=) and pyrrolic nitrogen, respectively [42].
The ratio of the two peaks are 1:3, coinciding with the nitrogen types included in the THEO
molecule. Finally, the signal of the O 1s peak can be deconvoluted into two peaks at 530.8 and
532.4 eV. These peaks can be attributed to carbonyl (C=0) and etheric (C-O) groups, respectively
[39].

3.2. Blocking properties of the THEO-SAM

14



The presence of holes and defects in the monolayer has been checked by studying the behavior
of the redox probe ferricyanide in the presence of the SAM. Figure 7 shows the cyclic
voltammograms of ferricyanide in a bare and a modified poly-oriented gold electrode. The
presence of the monolayer inhibits the electrochemical signal in a great extension and this
inhibition is more important upon increasing modification time. The shape of the voltammetric
curves indicates a decrease of the reversibility in the presence of the monolayer and, probably,
absence of holes or defects as no signal is obtained at the potential around the formal potential of

the redox probe.

Z'/ ocm’

Figure 7. Cyclic voltammograms (left) and electrochemical impedance spectra (right) of
ferricyanide in bare (black) and THEO-SAM modified gold electrode for 1 (blue), 3 (green) and
(red) 15 h.

This evolution is more evident in the impedance spectra taken under the same experimental
conditions. These spectra can be fitted by using a Randles circuit that consists of a double layer
capacity (Cq) in parallel to a charge transfer resistance (Rc) and Warburg impedance (Zw)
(Scheme 2). This parallel combination of Rct and Cai gives a Nyquist plot consisting of a semicircle
at high frequencies and a linear region at lower frequencies indicating mass transport behavior. In
this way, the Nyquist plots corresponding to the monolayer-modified electrode would show an
increase of the semicircle in parallel with the inhibition of the electron-transfer process. Moreover,

the absence of the linear region at low frequencies agrees with the lack of defects mentioned above
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and a complete blocking behavior by the monolayer. As it can be seen in Figure 7, the spectra
obtained in the presence of the Theo-SAM only show semicircles covering the complete frequency

range.

Scheme 2

The apparent rate constants of ferricyanide probe at different modification times are determined
by using egn. (3) [43], with the parameters having its usual meaning and the values obtained are
gathered in Table 1.

R'T
n2-F2-A-kgppc (3)

Rer =

Comparing to the rate constant of ferricyanide measured with a naked electrode (~0.02
cm/s),[44] there are several magnitude order of decrease in the presence of the monolayer.
However, the occurrence of tunneling mechanism can be neglected as a high current is observed
in the cyclic voltammograms. Moreover, the present layer contains molecules that have two
portions of different chemical nature. On one hand, the theophylline moieties should be very
conductive as it was observed for SAMs of mercaptopurine [45]. On the other hand, the EG chain
has different properties. A recent study has reported a study of the charge tunneling across different
SAMs of oligo(ethylene glycol)s and has stablished that the presence of multiple oxygen atoms in
the backbone substantially decreases B, the tunneling coefficient, in relation to SAMs of matched
length of n-alkanethiolates [46]. Thus, the observed decrease in the rate constant for electron
transfer can be attributed to the presence of the EG3 arm and also to the good organization of the

molecules in the SAM.
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Table 1. Apparent ET rate constant of Ferricyanide in the presence of the THEO-SAM prepared

a different modification time, as determined from the impedance data.

tmod
THEO-SAM ‘ 1h 3h 15 h

Kapp / cM's72 ‘ 2.03-10° 1.32-10° 1.22 - 10°

j/ uA-cm
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2
C,/uF-cm
(o)}

n
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Figure 8. Changes in the double layer capacity (blue) for the THEO-SAM with potential, recorded
in phosphate buffer solution at pH 7. The reductive desorption peak (red) of the THEO-SAM

formed under the same experimental conditions is shown for comparison.

The monolayer double-layer capacitance curve has been measured to further evaluate the Theo-
SAM compactness and thickness. The capacitance curve has been recorded starting at 0.25 V and
scanning to negative values in the potential region where the reductive desorption process takes

place. Figure 8 shows the double-layer capacitance (Ca) curve obtained fora THEO-SAM formed
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at a modification time of 15h from a ethanolic solution. The cyclic voltammogram for the reductive
desorption process of the Theo-SAM obtained under the same experimental conditions as the Cq
curve is also shown in Figure 8 to localize the different events. A region with a lower and almost
constant capacitance value (Ca = 3.9 pF/cm?) is observed that coincides with the double layer
region in the cyclic voltammogram. This behavior is an indication of the existence of a compact
layer that functions as a dielectric. However, this SAM is composed of two segments with very
different properties. These kind of SAMs have been analyzed by using a model consisting of two
capacitors in series with a total specific capacitance CSAM defined by [47]:

_ -1 —1y-1
Csam = (CThEo + Cgg) (4)
where
C __ E0'€THEO __ E0'€EG
tHEO = ———— (g =——
dTHEO deG

In these egn., Ctreo and Ceg are the specific capacitances of the corresponding THEO and EG
segments, & is the vacuum permittivity and € and d, are dielectric constant and thickness of the
corresponding segment, respectively.

We use etheo and drheo as 11 and 8 A [45, 48], respectively, taking advantage of the similarity
between the theophylline and mercaptopurine moieties. With these values, we obtain a capacitance
value of 12 pF/cm? for THEO. For the EG segment, the sec and dec values of 4.8 and 9 A are used
[47]. Under these conditions, a value for Csam of 3.5 uF/cm? is calculated by using egn. (4) that is
close to the experimental value. Thus, it can be concluded that a compact Theo-SAM can be
formed on the gold surface.

3.3. FT-IRRAS results.

The IR spectra of the THEO molecule in the low frequency region either in the KBr solid sample
or attached to the gold surface are shown in Figure 9. The spectra contain many signals
corresponding to the theophylline and the EG arm as well as the thio-acetyl groups.

The shoulder observed at 1725 cm™, that is absent in the THEO-SAM spectrum can be assigned
to the C=0 stretching mode of the thio-acetyl group in the starting compound. This assignation
has been previously made by experimental and theoretical means [19, 49, 50]. The absence of this
signal in the spectrum of the SAM is consistent with the breaking of the acetyl group previous to
the adsorption of the THEO molecule.

The IR bands of the theophylline molecule have been assigned very recently [51]. The doublet
observed at 1700/1685 cm™ can be assigned to the C=0 asymmetric stretching vibrations either
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free or hydrogen bonded with N-H groups, respectively. In the SAM, only the peak corresponding
to the free C=0 group is observed that can be explained by the inaccessibility of the C=0 and N-
H groups upon SAM formation. The peak at 1657 cm™ due to C=C ring stretching is conserved in
the spectrum of the SAM. Other signals, such as 1547, 1425, 1272, 1193, 1061 cm™, assigned to
ring vibrations modes are also observed in the spectrum of the THEO-SAM. Finally, the -CHs
mode at 974 cm™ disappears upon molecule immobilization. This fact can be explained by the
orientation of these groups with respect to the gold surface.

The peaks observed for the molecular region corresponding to the EG arm can be assigned by
using the literature data for poly-ethylene-glycol (PEG) [47, 52, 53]. In the spectrum of the THEO
some bands at 1480 and 1460 cm™ appear that have been assigned to EG CH2 scissor mode in the
crystalline and amorphous PEG, respectively. These bands are also observed in the FT-IRRAS
although they are weaker than in the KBr solid sample. The band at 1350 cm™ (EG CH2 gauche)
is also obtained in the monolayer but, in this case, a band at 1325 cm™ also appears that is assigned
to the C-C trans conformation of isolated groups [53]. This is an indication of the higher
organization of the EG arm upon monolayer formation. At 1296 and 1249 cm™, the twist modes
are observed as a shoulder of a more complex band and a sharp band, respectively, that are
conserved in the monolayer. Finally, the region of 1050 to 1150 cm™ contains the vibrations of C-
O and C-C stretch modes. In the KBr solid sample spectrum, a broad band showing peaks at 1140,
1113 and 1096 cm is obtained that gets sharper in the monolayer spectrum, that shows a main
peak at 1134 cm™ [47, 53-55].
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Figure 9. Infrared spectra of THEO in KBr solid (blue) and self-assembled in a Au(111)
substrate (red). Labels correspond to: green: theophylline molecule; moiety groups; orange: EG

arm; magenta: correspond to: EG arm groups; magenta: carbonyl of the thioacetyl group.

Thus, IRRAS spectrum of the THEO-SAM indicates that the THEO molecules are grafted to the
gold surface but, it is not possible to get a deeper insight into the organization of the EG groups in

the SAM as the peaks are broader and seem to contain contribution of different structures.

4. Conclusions
We have successfully prepared a self-assembled monolayer of a novel molecule, that bears a
bulky terminal group (theophylline) that has been chosen because it possesses biological and
pharmacological properties [14, 15, 18, 56, 57]. This active molecule is attached to an EG arm that

can be bound to gold surfaces by means of the S-Au bond. The use of conjugation through EG
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(PEGylation) is one of the most interesting methods to obtaining adducts that can be delivered in
a more appropriate way either decreasing the uptake by the reticulo-endotelial system, prolonging
blood residence, decreasing degradation by metabolic enzymes and reducing protein
immunogenicity [58-60].

THEO-SAMs formed under different experimental conditions result in ordered architectures that
passivate the metal surface mainly due to the molecular layer compactness. Electrochemical
techniques such as cyclic voltammetry of the reductive desorption process indicate that THEO
bind to the gold surface as thiolate species. The breakage of the C-S bond that liberates the
mercapto-derivative takes place in the presence of base in the modification solutions as well as in
the absence of that reactant. However, the final characteristics of the SAM are somewhat
dependent on the composition of the modification solution. The combination of the different
electrochemical methodologies together with XPS and IRRAS spectroscopies helped us to obtain
the structural properties of the THEO-SAM.

It is interesting to note that the THEO-SAMs are not sensitive to the structural properties of the
gold substrates either polyoriented or single crystals with different orientations. This means that
layers with similar characteristics can be formed on gold nanomaterials of different size and
shapes. These THEO conjugate nanomaterials can be used in assays of drug delivery in the site of

action taken advantage of the low dose necessary for theophylline for the different treatments.
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