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Self-assembled monolayers (SAMs) of N-(2-hydroxyethyl)-3-mercaptopropanamide (NMPA) were synthesized
directly on the surface of electron-beam evaporated Au films, starting from 3-mercaptopropionic acid (3MPA) via
ethyl-3-(3-dimethylamino-propyl)carbodiimide/N-hydroxysulfosuccinimide sodium salt (EDC/NHSS) coupling
with ethanolamine hydrochloride. The influence on the reaction yield of the acidity of EDC/NHSS solutions (pH

= 5.6 or 4.8) was assessed by exploiting the high surface sensitivity of infrared attenuated total reflection
spectroscopy. The light-matter interaction was modeled in the framework of a matrix formalism considering the
complete multi-layer sample structure. A comparison between the relative intensity of the main absorption
bands, associated with amide I and carbonyl stretching of carboxylic acid or amide II vibrations, with a calibration
curve obtained from the measurement of mixed 3MPA/NMPA SAMs, show that the more acid solution is 16%
more efficient. This is mostly due to the higher protonation of the 3MPA.

1. Introduction

The recent development of ultra-sensitive biosensors based on bio-
functionalized gold (Au) interfaces such as nanoparticle-mediated sur-
face plasmon resonance (SPR) [1,2] or electrolyte-gated organic field
effect transistors (EGOFETs) [3,4,5] has promoted a renewed interest on
the molecular and supramolecular design of self-assembled monolayers
(SAMs) [6,7,8,9]. These devices rely on thiol chemistry for the growth of
biofunctionalized SAMs on the transduction Au surface. Such systems
comprise ad hoc designed functionalities for anchoring the SAM of bio-
recognition elements. The functional groups include those that limit the
non-specific interactions between the surface and the matrix [10,11,12],
or reduce the Debye’s screening, as in the case of EGOFET biosensors,
[13,14]. This is very important for bioelectronic sensors design and fine-
tuning of their performance figures of merit.

The compositional analysis of a SAM synthesized directly onto a
surface is still a challenging task that needs to be addressed given the
interest of these systems for many applications including biosensing
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[15,16,17]. The accurate analysis of the SAM composition and its impact
on the supramolecular order are critical in the case of mixed SAMs
synthesized directly at the metal surface. The related chemical reactions
are influenced by many parameters, including pH, temperature, reactant
concentration, solvent, and time, that can alter the foreseen reaction
pathway leading to uncontrolled interphases [7,16,18]. Also, the steric
constraints imposed from the high molecular packing, as in the case of
SAMs, can inhibit the substrate reactivity leaving unreacted functional
groups [19,20]. This is the case for SAMs containing terminal carboxylic
functionalities, which are widely used in biosensors to anchor amine-
containing bioreceptors via coupling to ethyl-3-(3-dimethylamino-
propyl)carbodiimide/N-hydroxysulfosuccinimide sodium salt (EDC/
NHSS) [21]. Through this powerful reaction, it is possible to convert the
carboxylic groups into secondary amides directly in an aqueous me-
dium, binding the bioreceptors to the SAM [22,23].

Since using the above synthetic strategy it is possible to covalently
bind a huge amount of biomarkers that can reach a density of 101-10'2
cm 2 [6,24], the assessment of the effective reaction yield (Y) related
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Fig. 1. Schematic representation of the functional-
ization reactions of gold surfaces. A SAM of 3MPA is
grown on the gold surface. Carboxylic functional-
ities are activated by the EDC/NHSS mixture in
different conditions addressed as protocol A and
protocol B. Activated SAMs react with a solution of
ethanolamine hydrochloride at different exposition
times: for protocol A the time is 1 h while for pro-
tocol B the time is 45 min. The foreseen product,
assuming a reaction yield of Y = 100%, is in both
cases a SAM of NMPA.

PROTOCOLB
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(pH=4.8 +0.1)
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with the conversion of carboxylic functionalities in amide groups is
usually underestimated [16,17]. Nonetheless, the presence of unreacted
carboxylic groups can strongly influence the interphase reactivity due to
their pH sensitivity, generating electrostatic interactions that can pro-
mote or inhibit biorecognition events, determining changes in the sur-
face wettability and, in the case of EGOFETS, affecting the formation of
the electrical charge double layer [25,26].

This work aims at assessing the efficiency of the EDC/NHSS coupling
comparing two different protocols for the synthesis of a N-(2-hydrox-
yethyl)-3-mercaptopropanamide (NMPA) SAM starting from a 3-mer-
captopropionic acid (3MPA) SAM on electron-beam evaporated Au
films (See Fig. 1) [24,27]. A main motivation for the present work arises
from the evidence that EGOFET-based biosensors including a NMPA
grafting layer leads to ultra-sensitive responses [24,28,29]. Accordingly,
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Fig. 2. a) Schematic structure of NMPA SAM on gold. The H-bonds (dash black
lines) create a supramolecular configuration that determine the orientation of
the NMPA chains and the dipole moments associated to the amide I and amide
II vibrations. b) Scheme of infrared grazing angle attenuated total reflection
(GATR). c) ATR absorbance spectrum of NMPA (red curve) and GATR spectrum
of a NMPA SAM on a 50 nm-thick e-beam evaporated Au film deposited on a
glass substrate (blue curve).

the study of analytical techniques able to assess the reaction yield of the
synthesis of complex SAMs synthesized directly at the electrode surface
is mandatory for the realization of reliable sensing platforms”. Some
preliminary studies on the composition of 3MPA SAMs before and after
the EDC/NCSS activation were already performed using X-ray photo-
electron spectroscopy [30] To this end, a spectroscopic investigation
based on infrared (IR) attenuated total reflection (ATR) spectroscopy,
was undertaken. While in-situ IR surface enhanced spectroscopic tech-
niques have been recently demonstrated [17] the employed ATR
approach is relatively simple and does not require any treatment of the
Au substrate. Besides the relevance for the design of biosensing detect-
ing interfaces, it is worth noting that this paper focuses on amide-
containing SAMs having short aliphatic moiety and terminal hydroxyl
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groups that are expected to be endowed with good wettability properties
and high degree of order.

A well-oriented and ordered network of NMPA SAM ideally forms the
structure shown in Fig. 2a. SAMs containing secondary amides in the
and y positions with respect to the sulphur atom, are stabilized by the
formation of H-bonds among the protons of secondary amides and the
carbonyl groups of neighbouring molecules [31,32,33,34,35,36].
Although the interactions between amide groups should dominate on
the aliphatic ones, leading to the formation of an ordered H-bond
network [34] in all the amide-containing SAMs studied up to now, the
hydrophobic interactions are not negligible. Hence it was interesting to
evaluate the supramolecular order of a NMPA SAM where the hydro-
phobic interactions are suppressed and a polar terminal group is present.
We expected that due to the presence of an amide group in its y position,
the IR spectrum of a NMPA SAM should show the typical features of an
ordered SAM. A NMPA SAM dominated by H-bond interactions is
depicted in Fig. 2a.

In this configuration, the dipole moments of the amide groups have a
well-defined orientation: the dipole associated with the carbonyl
stretching of the amide I is almost parallel to the gold surface, whereas
that associated with the N-H bending of the amide II lies almost
perpendicular to the metal [32,36]. Interestingly, according to the so-
called metal-surface selection rule, only the electric field component
parallel to the plane of incidence of electromagnetic radiation (p-
component) may interact with the sample surface [37,38]. Accordingly,
in the IR spectra of an ordered NMPA SAM, the amide II signal is
enhanced while the amide I one is suppressed with respect to a disor-
dered system. IR spectroscopy of ultra-thin films grown on metallic
substrates is particularly sensitive to these supramolecular configura-
tions [37,38]. In fact, both the energy and the intensity ratio of amide I
(1640 cm-1) and amide II (1550 cm-1) bands provide information on the
orientation of alkyl chains in the SAM and the formation of H-bonds
[32,36,39]. By comparing the ratio between the amide I and amide II
ATR IR absorption bands with a calibration curve obtained studying
mixed SAMs having controlled 3MPA and NMPA fractions, we have
estimated the effective yield of the two functionalization protocols. The
sample used for describing a pure NMPA SAM (Y = 100%) was prepared
using the NMPA molecule synthesized using a procedure reported in
literature [27].

2. Experimental
2.1. Sample preparation

3-Mercaptopronic Acid (98%), N-hydroxysulfosuccinimide sodium
salt (NHSS), 1-ethyl-3-(3-dimethylamino-propyl)carbodiimide (EDC),
and ethanolamine hydrochloride (EA) were purchased from Sigma-
Aldrich and used without further purification. A 0.1 M 2-(N-morpho-
lino)ethane-sulfonic acid (MES) buffer (Sigma-Aldrich) solution was
adjusted with sodium hydroxide solution (NaOH 1 M) at pH 4.8 - 4.9. A
phosphate buffered saline (PBS, Sigma-Aldrich) (phosphate buffer of
0.01 M, KCI of 0.0027 M, NaCl of 0.137 M) tablet was dissolved in 200
mL of HPLC water and used upon filtration on a Corning 0.22 pm pol-
yethersulfone membrane. NMPA was synthesized starting from com-
mercial 3MPA, and details on its synthesis are provided in a previous
work [27].

Au surfaces were prepared on glass slides, by e-beam evaporation of
a 5 nm-thick Ti adhesion layer followed by 50 nm-thick Au films. Prior to
SAM deposition, the Au coated substrates were cleaned in boiling basic
piranha solution (5:1:1 HPLC Water/NH4OH 30%/H202 30%) for 10
min, rinsed with HPLC water, dried under N5 flux and finally exposed to
an ozone plasma for 10 min. SAMs were formed by soaking the Au
coated substrates overnight in a 10 mM ethanol solution of 3MPA or
NMPA at room temperature under N, atmosphere. 3MPA SAMs were
treated by two different procedures, called Protocol A and Protocol B, and
derived by precedent works of the research group (see Fig. 1) [4,27,30].
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Both protocols comprise two steps, the exposition to an EDC/NHSS so-
lution (0.2 M/0.05 M) to activate the carboxylic terminal groups and the
immersion in a 1 M EA solution in PBS (pH = 7.4) to form secondary
amides. In protocol A the EDC/NHSS solution was prepared in HPLC
water (pH = 5.6), the activation step was carried out for 2 h, and the EA
exposition for 1 h. In protocol B the EDC/NHSS solution was prepared in
MES buffer solution (pH = 4.8), the activation steps were carried out for
15 min and the EA exposition for 45 min. The samples with a controlled
amount of NMPA used for the determination of the calibration curve
were prepared immersing the substrate on the thiol solution with a
controlled molar ratio of SMPA and NMPA especially the followed molar
ratio were used: SMPA:NMPA = 1:5, SMPA:NMPA = 2:3, 3SMPA:NMPA
= 1:1, and 3MPA:NMPA = 3:2.

2.2. Infrared attenuated total reflection spectroscopy

IR spectra were measured by using a Perkin Elmer Spectrum Two FT-
IR spectrometer equipped with an ATR module including a diamond
crystal at a fixed 45° incidence angle. The air gap between the sample
and the diamond crystal was minimized and assumed negligible by
progressively increasing the applied pressure using a dedicated me-
chanical tool while checking for signal saturation. Each spectrum was
mediated over 64 scans in the range 400-4000 cm ™, at a spectral res-
olution of 2 cm ™. Spectral smoothing is carried out using a 21-points
sliding average data window approach. The experimental configura-
tion schematically shown in Fig. 2b is very similar to experimental
schemes named grazing angle ATR (GATR) [40,41], or metal-underlayer
ATR [42]. Particularly, the presence of the SAM/metal interface in close
proximity with the ATR crystal/SAM interface strongly enhances the
conventional ATR signal up to ~ 2 orders of magnitude [43,44] and
allows to measure the infrared absorbance spectrum even of an ultra-
thin (<1 nm-thick) film. [45] In fact, it has been shown that the ATR
spectra of alkylthiol based SAMs grown on Au or Pd metals, recorded
using a Ge ATR crystal and an incident angle of 65° are identical to the
absorbance spectra obtained by polarization modulation-infrared
reflection-adsorption spectroscopy (PM-IRRAS) under truly grazing
incidence (83°) [41]. On the other hand, it is worth noting that in the
case of SAMs deposited on metallic films, a high reflectivity and large
ATR signals are expected also using ATR crystals different form Ge at
lower incidence angle. In fact, using the model described in the next
paragraph to calculate the ATR spectrum of a SAM deposited on a Au
film, put in intimate contact with an diamond ATR crystal under an
incidence angle of 45°, we estimated an enhancement factor of 2 with
respect to the case of a SAM deposited directly on diamond. Accordingly,
in this report the ATR spectra measured on SAMs grown on Au are
addressed as GATR.

2.3. Modelling GATR spectra

The light-matter interaction with a multi-layer structure, as sche-
matically shown in Fig. 2b, was calculated employing a matrix
formalism [46]. For each j-th layer, a two-dimensional optical (electric
field) amplitude vector is defined, with components AJ* (2) and A; (2),
corresponding to light propagation in the positive and negative di-
rections along the z-axis normal to the interfaces. The phase ®; picked
up during propagation between points z = Oand z = d; in a medium of
refractive index nj(k) and thickness d; depends on the complex dielectric
function of the medium. Considering light propagating with incidence
angle ¢ from a medium of complex refractive index ng(k), then @; =

27kd; | /n? — n3sin®6.
The amplitudes at points z = Oand z = d; of the j-th layer, are linked
through the general form of the propagation matrix .7}, as:
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Af(d) <e@/ 0 ) A7 (0)

A7 (d;) AT
The amplitudes at points z = d;_; of the (j-1)-th layer and z = 0 of the
j-th layer, are linked through the interface matrix .7;_, j, containing the

polarization dependent Fresnel coefficients r,, for reflectivity and t,j, for
transmittivity at the a-b interface as:

(50)-m (L, )

The matrix.# describing the whole multi-layered system, i.e. linking
the incident amplitude A;, with the reflected A, and transmitted A, ones,
is then computed by matrix multiplication over all N layers:

A N P A\ _ ™
(5) = (Trn) e (3) = ()

The reflectance amplitude is then extracted as p = —.#5 /.4 2.

In applying this model to the sample under examination, the optical
constants are taken from the literature [47] for all media but the SAM.
The SAM refractive index was modeled considering the contribution of a
set of b = 3 harmonic oscillators to the polarizability a and the Clausius-
Mossotti equation. The number of harmonic oscillators was chosen upon
inspection of the experimental spectra, which confirmed the presence of
two peaks in the amide I and amide II positions as well as a third band
due to possible contamination. Each j-th harmonic oscillator results in a
resonance associated with Lorentzian parameters Fj, k; and T'j. Fj is the
oscillator strength, which quantifies the response to the applied field; k;
is the resonance wavenumber, related to the center of the peak; Ij is the
full width at half maximum (FWHM) of the peak. Properly defining also
the density of molecules N and the electronic polarizability ag - i.e. the
medium polarizability far from resonances, — the expressions for the
polarizability and the refractive index read:

Ajtl (d./'fl)
Ajil (d./'fl)

b

a(k) = ay +co Z

J=1

5

) 4zNa(k)
K — k> ik

2
The factor N-co = 1.2:10° cm™2 comprises constant contributions
deriving from first principle evaluation of « in the Lorentz model [46]. F;
are left as fitting parameters by means of chi square minimization. The
value of ay is set so that of SAM refractive index far from any resonance
is 1.45, a value widely agreed upon for similar SAMs [48].

3. Results and discussion
3.1. GATR spectra of NMPA and 3MPA SAMs

The upmost curve in Fig. 2¢ shows the ATR spectrum in the infrared
range of the amide vibrations, of a thick bulk-like NMPA film deposited
directly on the ATR diamond crystal by dropping pure NMPA, which is a
viscous liquid. The two bands at 1640 + 1 cm ™' and 1545 + 1 cm ™! are
due to amide I and amide II vibrations, respectively. Note that in the
above energy range, the infrared evanescent wave probes the bulk
sample within a length of ~ 1 pm, and the relative intensity of the two
bands corresponds to a random orientation of the NMPA chains in the
liquid phase.

The bottommost curve in Fig. 2¢ shows the GATR spectrum of a
NMPA SAM grown on Au. Both the amide IT (1565 + 1 ecm ™)) and amide
I (1650 + 1 cm™ 1) bands are blue-shifted with respect to the bulk
sample, due to the formation of an H-bond network among SAM mole-
cules. As expected from the metal-surface selection rule, the intensity
ratio between amide I and amide II bands (0.56) is almost inverted with
respect to the bulk value (1.48) where the molecules are randomly
oriented. The band at 1740 & 1 cm™! is ascribed to traces of fatty acids
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Fig. 3. GATR spectra of a 3MPA SAM on Au from an ethanol solution (red
curve) and after the exposition to a MES buffered solution at pH = 4.8
(blue curve).

on the substrate since it is observed also on bare gold after the cleaning
procedure (data not shown) and in all the other samples. However, the
blue shift of the amide I and amide II bands confirms that the formation
of an extended H-Bond structure in the SAM structure [32] confirming a
limited effect of this contaminant in NMPA SAM growth. The relative
high intensity of this band is ascribed to a longer chain length of the
hypothesized contaminant, compatible with the contamination of a very
high absorbance molecule on a limited sample area [49].

These results are in excellent agreement with previous reports [34],
support the notion of the formation of a highly ordered configuration of
the y-amide SAM even without presenting an extended aliphatic moiety,
and confirms the main role of the amide group in ordering the molecules
on the gold surface. The bottommost spectrum of Fig. 2c¢ is given by a
SAM prepared using directly the NMPA thiol previously synthesized.
Ideally, this spectrum represents the limit case in which a NMPA SAM is
synthesized starting from a 3MPA SAM with a reaction yield (Y) of 100%
(all the 3MPA molecules are converted in NMPA ones. The other limit
case (Y = 0%) is given by a 3MPA SAM, that is our starting point system

a)

1.254104]

T T T T
1800 1700 1600 1500
Wavenumber / cm™
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(see Fig. 3).

The upmost curve in Fig. 3 shows the GATR spectrum of a 3MPA SAM
on Au. Interestingly, the analysis of the IR spectrum depicts a sample
with a high degree of deprotonation of carboxylic groups.”

The spectrum exhibits the signals of the symmetric (1572 + 1 cm'})
and asymmetric (1441 + 1 cm™!) deprotonated carboxylic acid
stretching, whereas the protonated carboxylic acid C = O stretching
(around 1650 c¢cm™!) results not visible. This finding points out the
importance of the pH control in the EDC/NHSS coupling. In fact, a
carboxylate SAM cannot react with the carbodiimide, resulting in a poor
activation yield [17]. In order to protonate the 3MPA SAM, the sample
was immersed in a MES buffered solution at pH = 4.8 for fifteen minutes
(the same solution and the same time used in the activation step of the
protocol B). The GATR spectrum of the acidified SAM is reported in the
bottommost curve of Fig. 3: the new main peak at 1651 cm ™! is ascribed
to the carbonyl stretching of carboxylic acid. From now on if not spec-
ified differently, we mention 3MPA SAM after MES.

3.2. GATR spectra of 3MPA:NMPA mixed SAMs — Calibration curve

The starting point to obtain a calibration curve for the determination
of the reaction yield of the EDC/NHSS coupling is the measurement of
the GATR spectra of NMPA and 3MPA SAMs, corresponding to Y =
100% and Y = 0%, respectively. Fig. 4a and 4b show representative
GATR spectra of 3MPA after MES and NMPA SAMs, respectively. The
solid lines in Fig. 4 are the best fit GATR spectra calculated following the
procedure outlined in the paragraph 2.4. The statistical error is quan-
tified in 3 10™ absorbance units for both spectra and normalized chi
square minimization resulted in 5.98 (3MPA SAM) and 1.06 (NMPA

1690
S(k)dk
SAM), suggesting a good agreement. The ratio Ry = <182 ©

[ s(k)dk
the spectral areas of the spectrum S in the wavenumber ranges Ak =
1610-1690 cm™! (where the amide I and carbonyl stretching of car-
boxylic acid bands are dominant) and Ak = 1500-1580 cm ! (where the
amide II band is dominant) is a spectroscopic parameter linearly pro-
portional to Y. We have found the values Ry_gy, = 3.12 + 0.38 and
Ry-100% = 0.80 & 0.11. Consequently, the actual NMPA content Y in the
investigated mixed SAMs can be estimated from the measured Ry value
using the simple linear relationship Y[%] = 100 gRex ke [46].

To test the linear dependence, mixed SAMs of 3MPA:NMPA have
been prepared and the corresponding Ry ratios have been extracted from

between

b)

b 1.25104]

r T T 1
1800 1700 1600 1500
Wavenumber/cm™

Fig. 4. (a) GATR spectrum of a 3MPA SAM after MES on Au(red curve). Same data of the bottommost panel of Fig. 3 in a limited spectral range. (b) GATR spectrum
of NMPA SAM (blue curve) on Au. Same data of the bottommost panel in Fig. 2¢ in a limited spectral range. The black curves are best fit calculated as described in the

paragraph 2.4.
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Fig. 6. Representative GATR spectra of SMPA:NMPA mixed SAMs calculated as
described in the paragraph 2.4 using the parameters used to fit the theory to the
spectra of Fig. 4.

the analysis of the measured GATR spectra. The resulting nominal per-
centage values of NMPA are: 83% (3MPA:NMPA = 1:5), 60% (3MPA:
NMPA = 2:3), 50% (3MPA:NMPA = 1:1), and 40% (3MPA:NMPA =
3:2). All samples were treated with the MES buffered solution to pro-
tonate all the carboxylic groups. Fig. 5 shows that a linear correlation
exists between the percentage values of NMPA in the mixed SAMs as
measured by GATR, and the nominal ones. The solid line in Fig. 5 shows
the trend of Y, as extracted from the calculated GATR spectra (see
Fig. 6). The theoretical and experimental data sets are compared by
means of normalized chi square evaluation, which results in a value of
1.2 with three degrees of freedom. Comparison with statistical tables
shows that the assumed hypothesis should be accepted.

3.3. Reaction yields extracted from the analysis of GATR spectra

Fig. 7 shows representative GATR spectra corresponding to NMPA
SAMs synthesized in situ following the protocol A and protocol B. Six
samples for each protocol were prepared and measured. For the SAMs
prepared with the protocol A we found Ry = 1.81 + 0.16 while for the

Applied Surface Science 559 (2021) 149883
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Fig. 7. Representative GATR spectra of NMPA SAMs synthesized in situ with
the Protocol A (red curve) and Protocol B (blue curve).

protocol B we found Ry = 1.60 £ 0.14, corresponding to yields Yo =
56.4 + 7% and Yg = 65.5 + 8%.

These values are substantially lower than the yield reported for the
EDC/NHS coupling of carboxylic acid dispersed in solution, which is
typically around 80% [50]. The decrease for in-surface reaction is
probably due to the inter-chain steric hindrance [20] and the reaction
between free and activated carboxylic acid [16,19]. Moreover, a yield
lower than 20% is reported for more packed surface, such as Poly-
Metacrylic Acid (PMAA) immobilized on SiO; surfaces [19], probably
due to the promotion of anhydrides formation in highly packed systems.
Our work suggests an intermediate scenario between the free carboxylic
acid in solution [50] and the PMAA on surface [19]. Our scenario can be
compared to the semi-quantitative analysis on carboxylic acid SAMs,
where the value Y = 60% was found working in excess of EDC, as in our
protocols [16].

The slightly different yields between the two protocols may be
related to the different pH values and the time of the activation step. The
higher Y value in the case of protocol B can be explained considering
that a more acidic and buffered pH should lead to a higher protonation
of the 3MPA SAM that, after its deposition is almost completely in the
carboxylate form [17]; a shorter time of activation should limit the
3MPA SAM deactivation due to the hydrolysis reaction the succinimidic
ester formed between 3MPA and NHSS [19]. In fact, the GATR spectra of
the two SAMs are quite different as can be seen in Fig. 7. In both cases it
is possible to identify the target signals, but the intensity ratio for the
two SAMs is different; in particular the SAM synthesized with the pro-
tocol A presents a higher amide I/amide II ratio.

4. Conclusions

Self-assembled monolayers grown on the surface of transducing el-
ements play a central role for the development of biosensors such as
electrolyte-gated organic field effect transistors. The assessment of the
composition of SAMs synthesized directly onto a surface is still chal-
lenging. In this report we have shown that the analysis of infrared
attenuated total reflection spectra, modelling the light-matter interac-
tion in the framework of a matrix formalism considering the actual
multi-layer structure is a non-invasive effective approach allowing to
determine the reaction yield as a function of the pH of the solution.
Significantly, the effectiveness of this approach was demonstrated for
the first time in amide-containing SAMs having short aliphatic moiety
and terminal hydroxyl groups.
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