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SELF-CONSTRUCTING KINETIC RATE EQUATION FROM EXPERIMENTAL
RATE DATA POINTS OF HETEROGENEOUS ADSORPTION OF THIOPHENOL ON
GOLD SUBSTRATES USING SURFACE-ENHANCED RAMAN SPECTROSCOPY

1. INTRODUCTION

Kinetic equations in the literature are used in an attempt to fit experimental rate
profiles (intensity or concentration vs time) with a number of rate models. If a reasonable fit to a
rate model is observed, then the mechanism(s) involved in that rate model will be used, by
default, to explain the experimental data. For example, Ho and McKay found kinetic rate models
in the literature that best fit the absorption of copper ions by peat. They tried a number of
traditional rate models and concluded that because of the high correlation coefficients obtained
using the Elovich and pseudo-second-order models, the absorption of copper ions by peat
followed a first-order kinetic model (/). But they did not determine which sorption mechanism
actually occurred or what mechanism was responsible for the ability of peat to sorb copper ions.

If no traditional rate models in the literature provide a satisfactory fit with
experimental data, then efforts are directed toward creating mechanisms that are followed by rate
equations to interpret experimental data. This approach (creating mechanisms and rate equations)
led many to devise kinetic rate models that consist of multiple fitting parameters suitable for a
wide variety of rate profiles (overfitting).

Time-, temperature-, and pH-dependent signal intensity measurements of
thiophenol (benzenethiol) adsorption on commercial nanostructured gold substrates are probed
using surface-enhanced Raman spectroscopy (SERS). SERS is a highly sensitive characterization
technique discovered in the 1970s by Fleischmann et al. (2). Many of the molecules reported in
SERS experiments are generally restricted to classes of molecules that tend to strongly bind at
the nanostructured substrate surface (e.g., thiols, amines, and aromatic macrocycles) (3).
Seelenbinder et al. (4) showed that SERS works only for polar molecules that have electron-
withdrawing character. However, less polar, aliphatic-substituted heterocyclic and polycyclic
aromatics bind more strongly on gold as compared with thiophenol. In the Seelenbinder study,
some analytes, although they did not strongly bind to gold, were placed onto the self-assembled
monolayers of thiophenol on gold substrate, and SERS spectra were obtained. SERS
enhancement was accomplished using analytes that were not bound to the metal surface (gold).

A gray area exists between physisorption and chemisorption with respect to
activation energy. The general rule is that physisorption is the process where the structure of a
molecule does not change or alter when it adheres to the surface; whereas chemisorption is a
process in which the structure of a molecule does alter when it adheres to the surface.
Thiophenol binds to a gold surface due to the strong affinity of the —SH group to gold. Thiols are
generally chemisorbed on noble metals through the loss of the sulthydryl hydrogen, and a bond
forms between the thiol sulfur and the metal surface (5—7). Adsorption characterization of
thiophenol (kinetics, energetics, and reaction mechanisms) is not fully understood, although
several groups have studied the adsorption of thiophenol on metallic surfaces. Love et al. (5)
stated that the fate of hydrogen in the S—H groups had not been determined unambiguously. In
vacuum studies, hydrogen loss is in the form of dihydrogen or the reductive elimination of H»



from Au’’, and is a weakly activated process. Nara et al. (8) stated that thiophenol dissociated
into thiolate molecules and H atoms, and both were adsorbed on the gold surface. The adsorbed
H atoms are desorbed in the gas or liquid phase as hydrogen molecules. Dumee et al. (9) showed
that the hydrogen adsorption energy from gold nanoparticles plated on carbon nanotube
substrates was approximately 810 kJ/mol.

The activation energy for the S—H bond was measured by Dubois et al. (/0) for
the chemisorption of ethanethiol and methanethiol from the gas phase onto a gold substrate and
found to be in the range of 21-29 kJ/mol. It was hypothesized that this activation energy is
required for organothiol dissociative attachment (R—SH + Au to R—S—Au + 2H>). Further
evidence of a dissociative attachment mechanism is shown by the disappearance of the S—-H
in-plane-bending vibrational mode, located at 918 cm™! (11). Nuzzo et al. (12) estimated the
barrier to chemisorption of methanethiol from the gas phase as 25 kJ/mol. Wetterer (/3) stated
that the physisorption energy contributed by the thiol group is on the order of 33 kJ/mol, whereas
the sulfur atom alone contributes ~24 kJ/mol.

1.1 Standard or Traditional Approach

Researchers tend to focus on developing a mechanism before acquiring rate
profiles. Efforts consist of devising mechanisms, developing an experimental setup, and then
devising and testing kinetic rate model(s). The kinetic rate model may closely track the
experimental data points. The traditional steps involved are (1) collecting experimental rate
profiles, (2) developing a mechanism, (3) developing the rate model from step 2, (4) testing the
rate model from step 3, and (5) repeating steps 2—4, if step 4 is unsuccessful. Other traditional
steps involved are (1) collecting experimental rate profiles, (2) testing the traditional rate
model(s) found in the literature, (3) selecting traditional rate model that produce high degrees of
correlations with the experimental data, and (4) developing a mechanism from step 3 that can
explain the chosen rate models.

Before trying to gain a fundamental understanding of the reaction mechanisms
and kinetics of binding a molecule on non-functionalized gold SERS substrates, the proper rate
profiles and models should be accurately measured and constructed, respectively. Multiple rate
profile measurements were made to accomplish this.

Thiophenol is one of the most studied SERS-active molecules because the strong
affinity of thiols to gold or noble metal surfaces produces strong SERS spectra (/4—17). Such
information can help explain some of the findings and calculated parameters in this study. A
variety of substituted thiols have been examined for the pH dependence of their adsorption
properties and SERS responses (/8-20). These literature studies (/8—217) focused on the bonding
state between the surface and analyte. Efforts herein attempt to explain the mechanisms involved
in this bonding. The adsorption mechanism is expected to depend on the physical state of the
material, as well as the environment that surrounds the thiophenol molecule and the surface.



1.2 New Self-Constructing Model Approach

For this study, a single rate model was created in which only the experimental rate
data points were used to build a kinetic rate model without prior mechanisms, user-input bias, or
default-fitting parameter values and assumptions. In addition, the mechanisms of thiophenol
binding on gold surfaces, as a function of pH and temperature, are proposed from a self-
constructed rate model.

The self-constructed model approach also has constants as part of the derivation.
These constants have an actual meaning that are characteristic of the analyte and experimental
variables.

The new, suggested approach consists of the following: (1) collecting
experimental rate profiles, (2) creating the kinetic rate model from step 1, and (3) suggesting a
mechanism(s) that produces the rate model from step 2.

2. MATERIALS AND METHODS

Detailed sample preparations, gold SERS substrates, Raman microscopy,
temperature control, and sample-handling for this type of study have been presented by
Tripathi et al. (22).

2.1 Sample Preparations

Thiophenol (benzenethiol) was purchased from Sigma-Aldrich (catalog no.
20249-10G; St. Louis, MO), and stock solutions were prepared in ethanol at various
concentrations and then diluted to final working concentrations with deionized water
(18.2 MQ-cm). Hydrochloric acid (Sigma-Aldrich catalog no. 320331-2.5L) and sodium
hydroxide (Sigma-Aldrich catalog no. 221465-25G) were used to obtain low and high pH values,
respectively. A 35 uL volume of stock thiophenol solution in ethanol (with different
concentrations) was added to 7 mL of aqueous medium (with a selected pH value), to yield an
ethanol content of 0.5%. The final solution was vigorously shaken and equilibrated for at least
30 min at the same temperature as the gold substrate.

2.2 Gold SERS Substrate

Commercially available gold SERS substrates (Klarite, KLA-312; Renishaw
Diagnostics Limited; Glasgow, U.K.) were used and are shown in Figure 1, which was obtained
using a scanning-electron microscope (SEM; Pro-X desktop model; Phenom World; Eindhoven,
The Netherlands). The plasmon reflectivity spectrum (model QR450-7-XSR; Ocean Optics;
Dunedin, FL) of a typical Klarite substrate is shown in Figure 1. Stationary planar SERS
substrates offer an advantage over colloidal substrates for kinetics studies, as noted by
Tripathi et al. (22).
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Figure 1. SEM image (left) and plasmon reflectivity spectrum (right) of a Klarite substrate.
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23 Raman Microscopy

The Raman measurements were performed with a NRS-3200 dispersive Raman
microscope system (Jasco Analytical Instruments; Easton, MD) operating at 785 nm excitation
with approximately 4 mW of power incident on the sample. A 10x microscope objective was
used to focus the laser on the substrate and to collect the Raman scattered light. The Raman
scattered light was dispersed with a 600 grooves/mm diffraction grating, and a spectrometer
entrance slit width of 100 pm was used to obtain a spectral resolution of approximately 8 cm™'.
The Raman scattered light was detected with a thermoelectrically cooled charge-coupled device
or CCD camera (Andor Technology, Oxford Instruments; Belfast, Ireland). The strong Rayleigh
scattered light was suppressed with a notch filter (Semrock, IDEX Health and Science;
Rochester, NY).

24 Temperature Control and Sample Handling

A temperature-controlled analyte sample chamber (ASC) system was designed, as
shown in Figure 2, to maintain isothermal conditions for the 7 mL of thiophenol solution and
gold Klarite substrate. The ASC was composed of a Klarite substrate mounted in a 50 mm
diameter polystyrene Petri dish (model 351006; BD Biosciences; Franklin Lakes, NJ), a
magnetic stir bar (catalog no. 1451363; Fisher Scientific; Pittsburgh, PA), and a 3 mm diameter
hole in the lid of the Petri dish, covered by a thin quartz slide to prevent any evaporation. The
ASC sample holder was temperature-controlled by placing it in thermal contact with a liquid-
cooled copper block that had a water/ethylene glycol mixture circulating through it. The
temperature of this mixture was regulated by a closed-loop refrigeration/heating system (model
MX 07R-20A11B; PolyScience; Niles, IL). New gold Klarite substrates and polystyrene Petri
dishes were used for each experiment.
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Figure 2. Schematic diagram of the temperature-controlled SERS setup.

2.5 Experimental Rate Profiles

Experimental thiophenol rate profiles (SERS signal vs time) at pH 2, 4, 6, and 10
and at six different temperatures, for a total of 25 rate profiles, were acquired using commercial
nanostructured gold substrates for SERS investigations. Thiophenol was chosen because of the
strong affinity of the —SH group to gold metal.

3. RESULTS AND DISCUSSION

The focus of this study was to create a kinetic rate model by using only the
experimental rate data points at different temperature and pH values without any prior selection
of traditional rate models that are found in the literature or without the development of
mechanisms, user bias, or assumptions. This approach was called self-constructing rate modeling
(SCRM).

Some of the experimental rate profile measurements for the SCRM were collected
at low temperatures and low pH to ensure that some rate profiles were close to the rate-limiting
step (e.g., diffusion). At low temperatures, the diffusion rate step becomes slower, and this leads
to diffusion-limited rates (23). A detailed discussion of the experimental setup and approach
(including the optimal concentration of thiophenol to be used) to produce experimental rate
profiles can be found in Tripathi et al. (22). The reported acid dissociation constant (pKa) for
thiophenol at room temperature is in the range of 6.5—8.0 (24-27).

Examples of SERS rate profiles for thiophenol interaction with gold Klarite
substrate at various pH values and temperatures are shown in Figure 3. In each case, 7 mL of
5 x 107 M thiophenol solution in aqueous media was added to the sample chamber, and the
Raman spectral response was recorded as a function of time.
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Figure 3. SERS rate profiles for thiophenol with gold Klarite substrate at selected pH and

temperatures.

Figure 3 shows SERS rate profiles for pH 2, 6, and 10 at constant temperatures of
1.7, 1.5, and 3.4 °C, respectively. The top panels in Figure 3 display scaled temporal signal
responses of a few selected Raman-active vibrations for the thiophenol molecule at 422, 695,
1003, 1027, and 1076 cm!. The bottom panels in Figure 3 show the Raman spectral responses in
three-dimensional (3D) displays (Raman shift, time, and intensity). The 3D display indicates that
the overall rate of thiophenol adsorption decreases as the pH values decrease or the temperature
of activation (7, = Ea/R; where E, is the activation energy and R is the universal gas constant)
decreases. It was observed that in acidic solution (pH 2), there is a significant delay in time
before the Raman spectral features begin to increase. The scaling was done by dividing the peak
area at a given time by the maximum peak area (saturation value) for each Raman-active
vibration of the thiophenol molecule (422, 695, 1003, 1027, and 1076 cm™).

It is clear from Figure 3 that the thiophenol rate profile for the 422 cm™! band
(black curve) reaches the saturation point faster than that of the four other vibrational band
profiles. A similar phenomenon was observed by Biggs et al. and was attributed to a change in
the angle of the C—S stretch (/4). The phenyl ring mode at 1076 cm ™! shows the strongest band
intensity (Au—S bond) when compared with the remaining Raman features and is primarily used
in collecting experimental rate profiles.

Figure 4 shows normalized experimental rate profiles for thiophenol, acquired at
different pH and temperature values. Normalization or relative intensity (Ri) was calculated
using

Ri = Rimax ([ - Imin)/ (Imin - Imax) (1)



where 7 is the SERS intensity (variable at 1076 cm™"), Imin is the minimum SERS intensity
(normally zero), Imax is the maximum SERS intensity, and Rimax 1s a fitting parameter from
0.90—1.0. An Rimax value of less than 1.0 was chosen, if the collected data did not reach
saturation or equilibrium.
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Figure 4. Normalized experimental rate profiles for thiophenol at different pH
and temperature values.

The rate profiles for thiophenol at pH 10 (Figure 4, bottom right) show more
temperature dependency than that of the other pH values. Profiles for thiophenol at pH 2
(Figure 4, top left) show the least temperature dependence, and the profile at 13.7 °C did not
follow the general trend of the other profiles. The rate profiles for thiophenol at pH 6 (Figure 4,
bottom left) show strong temperature dependences at 12.8 and 1.5 °C. The rate profiles for
thiophenol at pH 4 (Figure 4, top right), in particular those at 42.6 and 3.7 °C, show a
temperature dependence. These aberrant observations cannot be explained by the rate models
that are available in literature. These aberrant observations are discussed and further explained
herein.

Figure 5 shows a new method for normalizing the experimental rate profiles for
thiophenol in both the x and y axes, as presented by Maswadeh et al. (28). This presentation of
experimental profiles is more useful than the traditional format of time versus intensity or time
versus Ri (eq 1). The new format in Figure 5 is temperature, time, and intensity independent
(dimensionless or relative). Figure 5 shows clearly that at each pH value, all experimental
profiles at different temperatures share similar overall mechanisms with respect to the common
slope of the curves. The overall mechanism changes with changing pH. Rate profiles are
sigmoidal at low pH values and then change to an exponential shape (first-order) from
pH 6 to 10.
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Figure 5. Normalization of the experimental profiles for thiophenol at pH 2, 4, 6, and 10 and
temperatures in both axes (Maswadeh et al. [28]). This format is convenient to present the
experimental profiles compared with the traditional format of time versus intensity

3.1 Self-Constructing Kinetic Rate Model

or time versus Ri.

A new approach (to be documented in a later report) was constructed by studying
various traditional kinetic rate models with one and two rate constants, as found in the literature.
The new approach has the ability to construct a kinetic rate equation using only experimental rate
data points with no user bias, no assumptions, no default parameter values, and no mechanism
developments or modifications of any available literature rate models (equations). The new
approach used all data points of the 25 experimental profiles for thiophenol at varying
temperature and pH values. The following rate model equation was self-constructed:

In(1 —R)= -4 exp[-m TJ/T] ()"

(2a)

where A4 is the Arrhenius constant, 7, is activation temperature in Kelvin, 7 is temperature, ¢ is

time, and m is a ratio

m=(1-T/To)/ (1 - TIT)

(2b)




where 7o is the temperature of immobility of analyte, and 7. is the temperature of the system at
equilibrium and pH = 0. T4, To, and T¢ are constants (Table 1) and were calculated through self-
constructed eqs 2a and b. For each pH value, there is a single value or characteristic temperature
constant for T,, To, and Te.

Table 1. Calculated T3, To, and 7. Values (Kelvin) at each pH
from the Experimental Rate Profiles for Thiophenol

pH T.= EJ/R To T.
2 2985 104.8 183
4 3052 126.3 203
6 3002 173.2 228
10 3870 184 293
Note: The values of 7y and T increase as pH increases.
3.2 Explanations of the Three Temperature Constants (7a, 70, and 7¢)

3.2.1 Ta: Temperature of Activation

T 1s calculated (7. = E/R) in degrees Kelvin. Figure 6 shows a plot of pH versus
calculated 7» = Eo/R from Table 1. A linear relationship was not found. £, is the minimum
quantity of energy that the thiophenol species must possess in order to undergo adsorption onto
gold Klarite substrate. Adsorption is complex and is a process of adhesion of thiophenol
molecules onto a solid gold surface. This process creates a film of thiophenol adsorbate. An ideal
surface will produce a single 7, and in practice, a surface will produce an average T, value. For
thiophenol to adhere onto the gold surface, the chemisorption process noted by Li et al. (/7) is
involved. It was hypothesized that this activation energy is required for organothiol dissociative
attachment (RSH + Au to RS--Au + 2H»; [--] indicates an adsorption bond). Further evidence of
a dissociative attachment mechanism is in the disappearance of the S—H in-plane-bending
vibrational mode located at 918 cm™'.
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Figure 6. Plot of pH vs T, that shows nonlinearity for thiophenol data from Table 1.

The activation energy, Ea, was measured by Dubois et al. for the chemisorption of
ethanethiol and methanethiol gas on gold substrate and was found to be in the range of
E.=21-29 kJ/mol (Ta= 2530-3494) (10). A study by Wetterer (/3) indicated that the E,
contributed by a thiol group was on the order of 33 kJ/mol (7. = 3976), whereas the sulfur atom
alone contributed ~24 kJ/mol (7. = 2892). According to Wetterer’s study, the difference in E,
was 9 kJ/mol (72 = 1084) (13). The newly constructed kinetic rate model discussed herein
showed that thiophenol adsorption had a nearly constant activation energy at pH 6 and below
(Figure 6). The T increased by 900 K (7.5 kJ/mol) at pH 10 and was close to Wetterer’s finding.
The T, in Table 1 was approximately 3000 K for thiophenol rate profiles at pH 6 and below. This
was similar to that of Dubois et al. (/2) (Eo/R = 2530-3494 K) and of Wetterer et al. (/3)

(Eo/R =2892 K).

As the environment of the SERS becomes more acidic in nature (pH < 7), the
primary process is chemisorption (dissociation) with a nearly constant activation energy. As the
environment of the SERS becomes more basic (pH > 7), the primary process is still
chemisorption but at a higher 7. by 900 K, as was also indicated by Wetterer (/3). The
chemisorption mechanisms changed due to the pH environment, and the 7, increased from 3000
to 3900 K. Switching from an acidic to an alkaline environment was responsible for the
chemisorption 7, increase by 900 K. That increase was most likely due to the two reaction paths
from acidic to basic pH.
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The two reaction paths can shed light on the difference between the two
calculated temperatures of activation constants (900 K). Thiophenol at room temperature has a
pKavalue in the range of 6.5—8.0 (24-27, 29). This can be described as follows:

1. At pH 7, thiophenol contained 50% non-ionized thiophenol molecules
(TP_s-n) in equilibrium with 50% ionized thiophenolate (TP_s").

2. At pH < 6.5, (TP_s_n) contained 100% thiophenol molecules (TP_s_n), no
ionization.

3. At pH > 8, (TP_s_n) was 1onized to 100% thiophenolate (TP-s").

The two reaction paths are

Acidic: (TP_s-n) + Au 2 (TP—s")--Au + Au--H 4)
for pH < 6.5
Alkaline: (TP-s") + Au = (TP-s)--Au (5)
for pH > 8.0

The notation (--) indicates an adsorption bond. The difference in activation
temperature (900 K) was most likely due to the Au--H adsorption energy. Lanin et al. (30)
calculated adsorption energies using density function theory, with a non-empirical local PBE
(Perdew, Burke, and Ernzerhow) function between the gold and hydrogen atoms [R(Au--H)] of
C1—Cs alkanes with different structures at locations of a Auyo cluster. Those energies were in the
range of 3—14 kJ/mol (an average of E. = 8.5 kJ/mol or 7, =1024 K). This showed that the
adsorption energy of the Au--H bond aided in the reduction of the 74 in an acidic environment by
1024 K, which was very close to the experimental value of 900 K.

Holze (31) concluded from his study of thiophenol interactions with gold surface,
TP_s--Au, that the aromatic ring of thiophenol is directed away from the gold surface in aqueous
solutions of 1 M HCIO4 (Acros Organics; Geel, Belgium) and 0.1 M KC1O4 (Merck and
Company; Kenilworth, NJ) at pH = 4.90, unbuffered. The dominant driving force of adsorption
is the Au—S bond energy.

3.2.2 To: Temperature of Immobility of Analyte

Ty represents the highest temperature at which the ionic and molecular mobility
(diffusion process) are frozen (7feeze) Or immobile, and thiophenol or thiophenolate cannot move
toward the gold SERS surface to adsorb, even at infinite time. As the mobility of ions and
molecules in a solution at room temperature (7om) increases (e.g., by pH difference), the
temperature difference (7room — Tfrecze) required to immobilize the ions and molecules
(Timmobilization) Increases so that Tteeze = Timmobilization. The calculated T is equivalent to
Timmobitization. The mobility of thiophenol in aqueous solution is therefore directly proportional to
the temperature difference (7298 — 70).

11



Figure 7 shows a plot of pH versus 7298 — 70, which demonstrates that there is an
approximately linear relationship between 798 — 7o and pH. As the pH increased from 1 to 7,
there was a nearly linear decrease in average mobility for thiophenol in aqueous solution, as
shown in Figure 7. But the mobility of thiophenol in aqueous solution stayed approximately
constant for a pH near 7 or higher. This mobility versus pH behavior has been cited by many
scientists (32—-33).
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Figure 7. Plot of pH vs temperature difference (7298 — 70).

Aider et al. (32) and Sanchez-Moreno et al. (33) have produced similar plots of
pH versus mobility. Aider et al. (32) presented findings of behavior similar to that shown in
Figure 7 for the electrophoretic mobility of mixtures of chitosan oligomers at a concentration of
0.03 to 0.003% in water at pH 2—12. Sanchez-Moreno et al. (33) also described the behavior of
pH versus mobility for the electrophoretic mobility of lipid nanocapsules with a variety of
phospholipid shells (e.g., phosphatidylserine, lecithin, Pluronic F68 surfactant [Thermo Fisher
Scientific, Inc.; Waltham, MA], or chitosan) in aqueous solution at pH 4-9 as being similar to
the plot shown in Figure 7.

3.23 Te: Temperature of the System at Equilibrium

The value of T is smaller than the value of its respective Tt value (Table 1), and
the ratio 7o:7. is approximately 10:15.

pH is defined as the negative base 10 logarithm of the hydrogen ion concentration
(pH = —logio[H']). The natural logarithm form is In[H"] = -2.3logio[H'].

Figure 8 shows a plot of 1/7¢ versus pH for thiophenol on gold substrate. There is
a linear relationship between 1/7¢. and pH. 7. intersects the x axis at 168 K when the pH = 0. The
negative slope indicates that the thiophenol adsorption process was endothermic, and the linear
profile suggested an equilibrium system. This can be understood and explained by examining a
pure water system.

12
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Figure 8. Plot of 1/7. vs pH from Table 1. There is a linear relationship between 1/7. and pH.

The T. value that intersects the x axis is 168 K where pH = 0.

A water (aqueous) system is always at equilibrium as

2H>0 = H30"(aq) + OH (aq)

equilibrium again. The reaction is exothermic, which means that increasing the water
temperature (7wateer) decreases the pH (Table 2), as listed by Light (34). This occurs because the
reaction shifts to the left or to the lower concentration of hydrogen ions. Likewise, decreasing the
water temperature increases the pH. Table 2 lists pure water pH values at different temperatures.

Table 2. Pure Water pH Values at Different Temperatures

(6)

Adding reactant or altering the temperature shifts the water system until it reaches

Property Condition

Twater (°C) 0 10 20 25 30 40 50 100

Twater (K) 273 283 293 298 303 313 323 373
pH 7.47 7.27 7.08 7 6.92 6.77 6.64 6.14

Figure 9 shows a plot of pH versus 1/Twater for pure water from Table 2. There is a

linear relationship between 1/Twater and the pH of water. The slope in Figure 9 indicates the
reaction type, either exo- (positive slope) or endo-(negative slope) thermic reaction. Standard
notation is that as the pH decreases, the [H'] ion concentration increases. Table 2 shows that as
the water temperature increases, the mobility of ions and molecules increases, the pH decreases,

and the [H'] increases. The pH values ranged from 0 to 14. There are two intersections in
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Figure 9, the first intersection is at pH = 0 (x axis), and the second intersection is at pH = 14
(x axis in Figure 10), corresponding to —546 and 117 K, respectively. Table 2 shows that the
minimum pH value is 6.14 for water at boiling point or 373 K and cannot reach pH 0, whereas
the pH of water will reach the value of 14 when the temperature is lowered to 117 K.

Exo-Rx

o

y=1.3521x+ 2.4769
RZ=0.9955

5 . .

3
1 OOO/T water{ K}

Figure 9. Plot of pure water pH vs 1/Tyaeer from Table 2. A linear relationship between 1/Twater
and pH is shown. Exo-Rx is exothermic reaction.

6

Figure 10 shows an indirect plot for pure water [H'] using pH versus 1/Twater.
There is a linear relationship between 1/Twaeer and pH 14. The straight line intersected the x axis
at approximately 117 K, and the [H'] was close to zero. This suggests that the mobility of ions
and molecules was reduced to zero or a frozen state (immobilization) at 117K.
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Figure 10. Plot of 14-pH vs 1/Twater for pure water. There is a linear relationship
between 1/Twater and 14-pH.

Reducing the pH (or increasing 14-pH) and/or increasing the temperature in
aqueous solution increases the mobility of ions and molecules. To keep the mobility constant in
an aqueous solution consisting of ions and molecules, the temperature needs to be decreased as
the pH value decreases. This phenomenon explains why 7t and 75 tend to decrease as the pH
decreases (Table 1). To keep the ions and molecules in a frozen state (close to zero mobility), the
immobilization temperature 7y value was found to be 105, 126, 173, and 184 K for pH values of
2,4, 6, and 10, respectively (Table 1).

33 Experimental Rate Profiles and the Self-Constructed Kinetic Rate Equation:
Application and Prediction

Figures 11-14 show the plots obtained by applying the new kinetic rate model
(eq 2) over all 25 experimental rate profiles at different temperature and pH values.
Figure 11 shows the experimental (jagged) rate profiles (time vs Ri) at pH 2. The smooth lines
were obtained using eq 2, with 7o = 104.8 K, 7. = 183 K, 7. = 3000 K, and 4 = 99. The
calculated 7, changed slightly, from 2800 to 3200 K, as the SERS temperature increased from
1.7 to 54.1 °C. This was within the range observed by Dubois et al. (10).
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Figure 11. Experimental (jagged) rate profiles (time vs Ri) at pH 2. Smooth lines were obtained
using eq 2, with 7, = 2985 K, 7o = 104.8 K, 7. = 183 K, and 4 = 99.

Figure 12 shows experimental (jagged) rate profiles (time vs Ri) at pH 4. The
smooth lines were obtained by using eq 2, with 7o = 126.3 K, 7. =203 K, 7. = 3052 K, and
A =99. The calculated T, value also changed from 2900 to 3200 K, as the SERS temperature
increased from —0.7 to 54.5 °C, but this was within the range observed by Dubois et al. (10).

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time(sec) (nT=wvary)

Figure 12. Experimental (jagged) rate profiles (time vs Ri) at pH 4. Smooth lines were obtained
using eq 2 with 7, = 3052 K, 7o = 126.3 K, 7. =203 K, and 4 = 99.
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Figure 13 shows the experimental (jagged) rate profiles (time vs Ri) at pH 6. The
smooth lines were obtained using eq 2 with 7o = 173.2 K, T. = 228 K, 7.= 3002 K, and 4 = 99.
The calculated 73 also changed from 2900 to 3200 K, as the SERS temperature increased from
1.5 to 55.3 °C, but this was within the range observed by Dubois (/0).
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Figure 13. Experimental (jagged) rate profiles (time vs Ri) at pH 6. Smooth lines were obtained
using eq 2 with 7, = 3002 K, 7o =173.2 K, T. =228 K, and 4 = 99.

Figure 14 shows experimental (jagged) rate profiles (time vs Ri) at pH 10. The
smooth lines were obtained using eq 2 with 7o = 184 K, 7. =293 K, 7. = 3870 K, and 4 = 99.
The calculated T3 also changed from 3500 to 4200 K, as the SERS temperature decreased from
53.7 to 1.7 °C, and it was 900 K higher than the range observed by Dubois et al. (/0). This was
expected because of the energy difference between chemisorption of thiophenol (acidic solution)
and thiophenolate (base solution) to gold Klarite substrate.
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Figure 14. Experimental (jagged) rate profiles (time vs Ri) at pH 10. Smooth lines were obtained
using eq 2 with 7, = 3870 K, 7o = 184 K, 7. =293 K, and 4 = 99.

Observations from Figures 11 to 14 can be summarized as follows:

1.

A

The experimental (jagged) rate profiles show that an m-power value of ¢ is
temperature- and pH-dependent. Because m is a function of temperature
and pH, the observed activation energy (Eqbs) becomes equal to mE,.

A reasonably linear relationship between m and temperature was found.
A linear relationship exists between 7. and pH.
A reasonably linear relationship exists between 7 and pH.

The T, value at pH < 7 was within the range obtained by other researchers
(10). The T value at pH > 7 was higher by 900 K because of the
elimination of one mechanism step.

Two activation energies were found, 7, = 3000 K at pH <7 and

T.=3900 K at pH > 7, which suggest two mechanisms. These two distinct
adsorption regimes are dependent on the pH, which is experimentally
centered about pH 6. At higher pH values, the activation energy

(T2 =3900 K) is 30% higher than that found at low pH values

(Ta= 3000 K), which indicates a change in chemisorption as the rate-
limiting step.

A single kinetic rate model was constructed from all 25 rate profiles
without assumptions for any physicochemical rate mechanisms or without
the influence of any rate model or default parameter.

18




4. CONCLUSIONS

A single kinetic rate model was constructed from experimental data without any
assumptions or without the influence of any existing rate model. Studies reported herein have
shown the robustness of the self-constructed kinetic rate model. The self-constructed kinetic rate
equation includes temperature and pH as dependent variables. The calculated parameters (7o, 7,
and T3) elucidate the nature of the adsorption mechanisms of thiophenol on a Klarite gold
substrate. The shifting mechanisms, due to the pH influence (protonated or deprotonated
thiophenol), are explained in the calculated 7. values.

The mechanism of thiophenol binding onto a stationary gold substrate in aqueous
media is shown to exhibit temperature- and pH-dependence. Although many studies have
recognized the importance of pH in a SERS response, to our knowledge, this is the first study
where rate profiles were generated at different temperature and pH values.

At low pH (e.g., pH 2.0), the thiophenol molecules are in a non-ionized form. At
high pH (e.g., pH 10), the thiophenol molecules are in an ionized form (thiophenolate). The two
forms have an impact on the adsorption activation energy.

The derived rate model, reported herein, showed that the thiophenol adsorption
onto gold Klarite substrate was mainly chemisorption in nature at high pH values. At low pH
values, thiophenol adsorption onto gold Klarite substrate was also chemisorption with an element
of physisorption by the sulfthydryl hydrogen.

Experimental thiophenol adsorption rate profiles showed a variety of curve shapes
from simple exponential (fast initial adsorption rate) to an S-shaped curve with an initially slow
adsorption rate (delay). These variations can be modeled with a single rate equation.

Thiophenol adsorption has nearly a constant, relatively low 75 (3000 K) at pH 6
and below, but the 7, increased by 900 K (72 = 3900 K at pH 10). The 73 at 3000 K is consistent
with the Au-S adsorption bond. The increase in 7, by 900 K (3900-3000 K) was consistent with
respect to the difference of the thiophenol and thiophenolate adsorption mechanisms due to pH
or protonation.
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ACRONYMS AND ABBREVIATIONS

3D three-dimensional
A Arrhenius constant
ASC analyte sample chamber
Ea activation energy
Eobs observed activation energy
Exo-Rx exothermic reaction
1 SERS intensity
Imax experimental maximum SERS intensity
Tnin experimental minimum SERS intensity
m ratio equal to (1 — 7/To)/(1 — T/T¢)
PBE Perdew, Burke, and Ernzerhow function
pKa acid dissociation constant
R universal gas constant
Ri relative intensity
Rimax a fitting parameter from 0.90 to 1.0
(if the collected data did not reach saturation or equilibrium)
SCRM self-constructing rate modeling
SEM scanning electron microscopy
SERS surface-enhanced Raman spectroscopy
T temperature
t time
To temperature of immobility of analyte
Ta temperature of activation
TC-ASC temperature-controlled—analyte sample chamber system
Te temperature of the system at equilibrium and pH =0
Ttreeze temperature where ions and molecules are frozen or immobilized
Timmobilization temperature where ions and molecules are immobilized
TP s~ ionized thiophenolate
TP_s-n non-ionized thiophenol molecules
Troom room temperature
Twater water temperature
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