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Thiols are one of the most important classes of chemicals used broadly in organic 

synthesis, biological chemistry, and nanosciences. Thiol pKa values are key indicators of 

thiol reactivity and functionality. This study is an internally-referenced Raman-based pH 

titration method that enables reliable quantification of thiol pKa values for both mono- 

and di-thiols in water. The degree of thiol ionization is monitored directly using the peak 

intensity of the S-H stretching feature relative to an internal reference peak as a function 

of solution pH. The thiol pKa values and Raman activity relative to its internal reference 

were then determined by curve-fitting the experimental data with equations derived on 

the basis of the Henderson-Hasselbalch equation. Using this Raman titration method, first 

and second thiol pKa values for 1,2-benzenedithol in water were determined for the first 

time. This method is convenient to implement and its underlying theory is easy to follow. 
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CHAPTER I 

INTRODUCTION 

(This project has been published in Anal. Chem. 2016,  

DOI :10.1021/acs.analchem.5b04241) 

1.1 Acid dissociation constant (Ka) 

The Ka is a quantitative indication of the strength of an acid in solution. It is the 

equilibrium constant for a weak acid (HA) in equilibrium with its conjugate base (A-) in 

aqueous solution (1.1).1 

 )()( 2 lOHaqHA    ⇌  )()( 3 aqOHaqA    (1.1) 

Therefore the Ka is;  

 
][

][][ 3

HA
OHA

Ka

 
  (1.2) 

The Ka can also be expressed as the logarithm of its reciprocal, called the pKa. 

 aa KpK log  (1.3) 

Thus, the weaker the acid, the larger the pKa value is. 

1.1.1 pH titration 

The experimental determination of pKa values is usually performed using 

titrations. A theoretical titration curve for a monoprotic acid is shown below in Figure 

1.1.  

https://en.wikipedia.org/wiki/Acid_strength
https://en.wikipedia.org/wiki/Acid
https://en.wikipedia.org/wiki/Solution
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Figure 1.1 The titration curve of a weak monoprotic acid. 

 

The titration curve is a plot of pH against the titrant volume. The relatively flat 

portion of the titration curve extending about 1 pH unit on either side of its half 

equivalence point is called the buffer region. In this zone, the titrant has much less effect 

on pH than outside the buffer range. At the half-equivalence point in the titration, exactly 

half of the HA initially present will have been neutralized, thus making the HA and A– 

concentrations equal. Therefore, the Ka of a weak acid is equal to the hydronium ion 

concentration at the half-equivalence point, which can be used to determine pKa.1-2 

1.2 Introduction to thiols 

The thiol (RS-H) functional group is ubiquitous, existing in many organic and 

bio-molecules. Compared to oxygen and hydrogen, the electronegativity difference 

between sulfur and hydrogen is smaller, thus making the polarity of the S-H bond smaller 

than that of the hydroxyl group. Thiols have a higher acidity relative to the corresponding 

https://en.wikipedia.org/wiki/Electronegativity
https://en.wikipedia.org/wiki/Chemical_polarity
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alcohol3 ( thiophenol has a pKa of 6.54 versus 10 for phenol5 and ethanethiol has a pKa of 

10.66 versus 16 for ethanol7 ). Therefore, thiols can be treated with alkali metal 

hydroxides to obtain thiolates as shown in equation 1.4.  

 NaOH  
 HRS                      

NaRS  
 OH 2  (1.4)  
 

Organothiols and thiolated synthetic- and bio-polymers have been used 

extensively in metallic nanoparticle applications including surface enhanced Raman 

spectroscopy, molecular electronics, and biosensing.8-13  Biological thiols like glutathione 

and cysteine have multiple functions in vital biological processes in humans, animals and 

plants.14-17  

One key indicator of thiol reactivity is its pKa value. Generally, there are several 

methods available for pKa determination.18 Existing methods for thiol pKa determination 

include potentiometry, UV-vis, NMR, and ITC.19-25 

1.3 Raman spectroscopy 

In 1928, the Indian physicist C.V. Raman discovered the Raman phenomenon for 

the first time. For this discovery, he was awarded the 1931 Nobel Prize in Physics. 

Raman spectroscopy is a form of vibrational spectroscopy which arises due to changes in 

the polarizability of molecules.26-27  

1.3.1 Theory of Raman spectroscopy 

In Raman spectroscopy, molecules are excited using monochromatic light, a laser 

source, to a virtual state, which is not quantized. When the excited molecules return to the 

ground electronic state through light scattering, the frequency of the scattered photon is 

https://en.wikipedia.org/wiki/PKa
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shifted in relative to the excitation frequency. Those frequency shifts are characteristic of 

the probed molecules. This inelastic light scattering is called the Raman effect.26-27 

1.3.2 Wave model of Raman and Rayleigh scattering 

The electric field (E) of a beam of radiation having a frequency ν0 can be 

described by the following equation; 

 )2cos( 00 tEE    
(1.5)

 

 Where, E0 is the amplitude of the wave and t is time. Once the electric field of the 

radiation interacts with the electron cloud of the analyte, an induced dipole moment (P) 

forms, 

 EP 

 (1.6) 

Here, α is the polarizability of the bond, which varies with bond length as follows;  

 ))(( eq0 r
rr









 (1.7) 

Where, α0 is the polarizability of the bond at the equilibrium internuclear separation 

(req) and r is the internuclear separation at any instant. Internuclear separation is related to the 

frequency of molecular vibrations (ν v) as follows; 

 )2cos()( eq trrr vm 

 (1.8) 

Where, rm is the maximum internuclear separation. Therefore, 

 )2cos()(0 tr
r vm 








 (1.9)
 

Thus, the induced dipole moment can be written as,27 
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(1.10)
 

Depending on the frequency difference between the scattered and incident light, 

there are three types of emitted radiation: Rayleigh, Stokes, and anti-Stokes scattering 

(Figure 1.2) which corresponds to the first, second and third terms in the equation 1.10. 

Rayleigh scattering is elastic scattering, because the scattered radiation has the same 

frequency as the excitation laser. The scattered radiation with lower frequency than the 

incident radiation (ν0 - νv) is known as Stokes scattering, and radiation with higher frequency 

than the incident radiation (ν0 + νv) is called anti-Stokes scattering. Due to the fact that the 

majority of molecules will be found in the ground state at room temperature, usually 

Raman measurements are performed based on Stokes scattering.26-27 

 

Figure 1.2 Energy level diagram of the states involved in Raman signals. 
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1.3.3 Internal reference in Raman spectroscopy 

The Raman signal intensities are affected not only by the amount of sample, but 

also by instrument and sampling parameters including sample dilutions, excitation laser 

power, Raman photon collection efficiency and the laser spectral integration times. The 

effect of such variations can be eliminated by use of an internal reference.28  

The internal reference in Raman spectroscopy is a Raman peak from the analyte 

molecule itself, or a Raman peak from an exogenous chemical that has a relatively 

intense and well-defined Raman feature. The key criteria for choosing the internal 

reference is that it can be readily identified and quantified.29 The Raman cross section of 

the internal reference used for thiol pKa and Raman activity determination should be 

insensitive to the solution pH. These criteria ensure that the peak intensity ratio between 

the S-H stretch and the internal reference peak differs when S-H is ionized. 

1.4 Theoretical consideration 

1.4.1 Determination of pKa of monothiol 

This internally-referenced Raman titration method for determination of monothiol 

pKa can be mathematically justified using the standard Henderson-Hasselbalch equation 

(1.11) in combination with equations 1.12 and 1.13. The latter two equations define the 

peak intensity ratios of the S-H stretching feature versus its internal reference peak for 

non-ionized thiols and partially ionized thiols at specified pH, respectively. 

 pH

pH
a HRS

RS
pKpH

][
][

log






 (1.11) 

 
ref0

HS0

ref0

HS0
0
ref

0
SH0

σ[REF]
σH][RS

Kσ[REF]
KσH][RS

I
IR  






 (1.12) 
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ref

HSpH

pHref

pHHSpH
pH

ref

pH
SHpH

REF
HRS

KREF
KHRS

I
IR









00 ][
][

][
][  






 (1.13)
 

 pH

pH

a R
RRpKpH 


0

log
 (1.14)

 

0
SHI  and 0

refI  are the S-H stretching and internal reference peak intensities under 

the conditions that all thiol groups remain non-ionized. pH
SHI  and pH

refI  are the S-H 

stretching and internal reference peak intensities of the partially ionized thiol at a 

specified pH. K and KpH are instrument and sampling parameters that affect the signal 

intensity as a function of the analyte concentration. These parameters include sample 

dilutions induced by the titrants, excitation laser power, Raman photon collection 

efficiency, and the laser spectral integration times. pHHRS ][   and pHRS ][   are the 

concentrations of the non-ionized and thiolated thiols, respectively, at specified pH 

conditions. 0][ HRS   and 0][REF are the concentrations of the thiol and internal 

reference, respectively, under conditions that all thiol groups remain non-ionized. 

Importantly, 0][ HRS   and 0][REF can be identical if a different Raman feature from 

the same thiol molecule is used as the internal reference. SH  and ref are the Raman 

cross-sections of the thiol stretching mode and its internal reference feature peak, 

respectively.  

Eq. 1.14 implies that the thiol pKa is equal to the solution pH at which the 

intensity ratio of S-H stretching versus its internal reference is exactly half of that when 

all thiols are non-ionized. In this case, 2/RR 0pH  . However, pinpointing the “half 

point” is challenging. This is because 0R can only be approximated by the peak intensity 
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ratio of S-H versus the internal reference in solutions for which the pH is significantly 

lower than the thiol pKa value. However, obtaining high quality Raman spectra with non-

ionized thiols can be challenging because non-ionized thiols usually have lower solubility 

than ionized ones. Furthermore, locating the exact “half point” is statistically impossible 

in realistic experimental measurements. This is due to the difficulty of controlling the 

degree of thiol ionization induced by each titration. Eq. 1.14 can be rearranged into Eq. 

1.15 (derivation is shown in Results and Discussions) in which the pKa and 0R  values 

can be directly obtained by fitting the experimental data of pHR  as a function of solution 

pH using the standard Boltzmann function. No experimental 0R  is needed and all the 

titration data are utilized for determining the thiol pKa values. 

This curve-fitting can be performed using commercial software such as Origin 

Pro by choosing the Boltzmann function (Eq. 1.16) as the fitting function and presetting 

the values of d and A2 in Eq. 1.10 as 1/2.303 and 0, respectively. This data fitting 

procedure can be termed as constraint Boltzmann function fitting because d and A2 are 

preset to those values to ensure Eq. 1.16 is identical to Eq. 1.15. A simulated Raman-

based pH titration curve derived according to Eq.1.15 was shown in Figure 1.3. 

Apparently, one can readily pinpoint the monothiol pKa values graphically by monitoring 

thiol Raman intensity over a wide pH range. However, in practice, this visual 

examination method can be problematic because of the measurement errors. In contrast, 

the least-squares curve fitting method is much more robust because it gives the most 

likely statistical thiol pKa value that best explains all the titration data. 

 )(303.2

0

1 apKpH
pH

e
RR





 (1.15) 
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 2)/dx(x
21 A

e1
AAy

0









 (1.16)
 

 

Figure 1.3 Simulated Raman-based pH titration curve plotted using Eq. 1.15.  

 

1.4.2 Determination of thiol Raman activity 

While the pKa value reflects the acidity of the thiol group, one can derive the thiol 

Raman cross-section from 0R . Indeed, rearranging Eq. 1.12 leads to Eq. 1.17 and further 

to Eq. 1.18 and Eq. 1.19 in which [thiol] represents the total concentration of non-ionized 

and ionized thiols. The reason Eq. 1.17 is equivalent to Eq. 1.18 or Eq. 1.19 is that 

titration and thiol ionization does not change the concentration ratio of the internal 

reference and the total thiols, regardless of whether the thiols are totally non-ionized, 

partially or completely ionized. As a result, one can simply use the thiol and internal 

reference sample concentration in the initial titration solution for the thiol Raman activity 

calculation. Eq. 1.18 or Eq. 1.19 indicates that after obtaining 0R  from the curve-fitting, 
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one can readily determine the thiol relative Raman cross-section defined as the Raman 

cross-section ratio of the thiol and the internal reference peak.  

 
0

00

H][RS
[REF]

R
σ
σ

ref

HS




 (1.17) 

 
pH

pH

ref

HS

[thiol]
[REF]

R
σ
σ 0

 (1.18) 

 
ini

ini

ref

HS

[thiol]
[REF]

R
σ
σ 0

 (1.19)
 

1.4.3 Determination of pKa of dithiol 

The above theoretical consideration is for monothiol (one S-H group) pKa. For 

molecules that contain multiple thiols, the pKa value for individual thiols can also be 

resolved by using this internally-referenced Raman titration method. For simplicity, only 

the functional forms for curve-fitting determination of the first and second pKa for 

molecules that contain two thiols are shown. Detailed derivation of Eq. 1.20 is shown in 

Results and Discussions. 

 
)101(101

10
)()(

)(00

21

1

aa

a

pKpHpKpH

pKpH
pH RRR












 (1.20)
 

Here  is the ratio of the S-H Raman cross-section of the monothiolated versus 

non-ionized dithiols. This value is 0.5 as deprotonation of the first thiol has no effect on 

the Raman cross-section of the remaining thiol in the dithiol. 0R  and pHR  are the peak 

intensity ratios of the S-H stretching feature versus its internal reference peak for non-

ionized dithiol and partially ionized dithiol at specified pH, respectively. pKa1 and pKa2 

are the first and second acid dissociation constants of the dithiol, respectively. The only 
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experimental parameter needed for curve-fitting determination of the first and second 

thiol pKa values, together with  and 0R , are the RpH values as a function of solution pH. 

A computer program for curve-fitting determination of these parameters was developed 

using R program (Appendix A), a computer software package commonly used in 

statistical data analysis. 

Importantly, pKa1 and pKa2 values can be approximated graphically or by fitting 

the experimental data in different pH regions using the standard Boltzmann function but 

with different constraints (Figure 1.4). When solution pH is significantly smaller than 

pKa2 but covers the region in which the first thiol ionizes, Eq. 1.20 can be simplified into 

Eq. 1.21, which is equivalent to Eq. 1.22. The latter is equivalent to the standard 

Boltzmann function (Eq. 1.16) in which A1 is R0 for the curve-fitting and the ratio 

between A2/A1 is . 

 )pK(pH

)pK(pH
pH

a

aRαRR
1

1

101
1000










 (1.21) 

 
0

3032

00

11
αR

e
αRRR )pK(pH.

pH
a









 (1.22)
 

If the solution pH is equal to pKa1, and is significantly smaller than pKa2, Eq.1.21 

is simplified into Eq. 1.23. 

 2

00
1

RαRR apK 


 (1.23)
 

When the solution pH is significantly larger than pKa1 and covers the region in 

which the second thiol ionizes, Eq. 1.20 can be further simplified into Eq. 1.24; this is 

again a constrained Boltzmann function. 
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 )(303.2

0

21 apKpH
pH

e
RR







 (1.24)
 

Under conditions in which the solution pH is equal to pKa2 but significantly larger 

than pKa1, Eq. 1.24 can be further simplified into Eq. 1.25. 

 
2

αR0
pKa2 R

 (1.25)
 

Figure 1.4 shows the series of simulated Raman based pH titration curves in 

which pKa1, R0, and  were kept to be 6.0, 1.0, and 0.5, respectively, but the value of 

pKa2 changes from 7, 8, 9, 10, and 11, respectively. Evidently, one can estimate the pKa1 

and pKa2 values graphically if both thiols can be ionized and their pKa differs by 3 pKa 

units or more. 

 

Figure 1.4 Simulated Raman-based pH titration curve plotted using Eq. 1.20. 

ΔpKa is the difference between pKa2 and pKa1. ΔpKa was changed from 1 to5. (pKa1= 6, 
R0 = 1 and α = 0.5). 



 

13 

Once R0 and  are known, the S-H Raman cross-section in the non-ionized ( intact
H-Sσ

) and monothiolated ( mono
H-Sσ ) dithiols can be calculated using Eq. 1.26, and Eq. 1.27. 

 
ini

refini0intact
H-S ithiol][

σ[REF]
Rσ

d


 (1.26) 

 intact
H-S

mono
H-S σσ   (1.27) 
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CHAPTER II 

MATERIAL AND METHODS 

2.1 Chemicals and equipment 

Dithiothreitol and sodium 3-mercapto-1-propanesulfonate were purchased from 

Fluka and 1,4-benzenedithiol from Alfa Aesar. All other chemicals were purchased from 

Sigma-Aldrich. Nanopure water (18.2 MΩ-cm) was used throughout the experiments. 

Normal Raman spectra were obtained with a Horiba LabRam HR 800 confocal Raman 

microscope system and a 633 nm Raman excitation laser with 13 mW laser power. The 

acquisition time for Cys, GSH, 3-MPS, and 2-ME is 20 s, and 50 s for CyA and the 

dithiols.  The spectra shown in the figures are an average of 10 individual spectra. The 

RamChip slides used for Raman spectral acquisition were obtained from Z&S Tech. 

LLC. The solution pH was measured using a calibrated AB 15, Accumet pH electrode. 

Origin Pro was used as the software for curve fitting and R program was developed in 

this work for dithiol pKa determination using equation 1.20 (Appendix A). 

2.2 Raman titrations of soluble thiols 

Known amounts or saturation quantities of water-soluble thiols were dissolved in 

2 mL aliquots of 150 mM Na2SO4 solution. Excess thiol in each solution was removed 

through membrane filtration using a pore size of 0.2 µm in diameter.  Each thiol solution 

was titrated with a 500 mM NaOH solution using a 10 µL pipette. The solution mixture 
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was vortexed after each NaOH addition, followed with pH measurement and Raman 

acquisition. 

2.3 Raman titrations of thiols with poor water solubility 

Both 1,2-BDT and 1,4-BDT are poorly soluble in water in their non-ionized 

forms. However, their solubility in basic solution increases significantly. 1,4-BDT was 

first added into 2 mL of 1 M NaOH followed with filtration removal of undissolved thiol. 

The saturated thiol-containing solution was then titrated using 1 M HCl solution. As 1,2- 

benzendithiol is a liquid, 20 µL was dissolved in 2 mL of 1 M NaOH and then titrated 

using 1 M HCl solution. Solutions were vortexed after each HCl addition, followed with 

pH measurement and Raman acquisition. 
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CHAPTER III 

RESULTS AND DISCUSSIONS 

3.1 Drawbacks of existing methods for thiol pKa determination 

The reliable evaluation of thiol pKa is challenging due to several reasons. Thiol 

pKa determination methods are essentially all indirect techniques and are often 

susceptible to interference. For example, pinpointing thiol pKa in multifunctional thiol-

containing molecules through potentiometric pH titration is almost impossible in many 

cases. This is because of the interference from other ionizable functional groups such as 

amines and carboxyl groups.30 The UV-vis method monitors the UV-vis spectral change 

as a function of solution pH. It requires the thiol-containing molecule to contain a 

chromophore that is sensitive only to the thiol’s ionization.24,31  This imposes a 

significant constraint on the general application of this method. Indeed, it has been 

recently demonstrated that the pKa values of 1,4-benzenedithiol (1,4-BDT) determined 

with the UV-vis method are highly erroneous.32 Only one 1,4-BDT thiol can be 

deprotonated even in highly concentrated (2 M) NaOH solution. This is in contrast to the 

first and second pKa values of 6 and 7.7 reported on the basis of UV-vis titration of 1,4-

BDT.33 The more recent ITC method deduces the thiol pKa value on the basis of the 

kinetics of thioether formation reactions as a function of the solution pH. A relatively 

large number of control and sample measurements must be carefully conducted in order 
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to get the reaction rate constants at each of the pH values. Consequently, this technique 

involves laborious sample preparations, measurements, and intensive data analysis.21 

About two decades ago, Thomas et al. proposed a Raman-based method for 

determining thiol pKa values by monitoring the S-H intensity in a series of thiol-

containing solutions that have the same concentration but different pHs.34 The thiol pKa 

value corresponds to the solution pH at which the S-H stretching intensity is exactly half 

of that for the non-ionized thiol. This Raman-based method enables direct visualization 

of the degree of thiol ionization. This is because the peak position of the S-H feature is 

around ~2600 cm-1, well-separated from other Raman peaks in Raman spectra obtained 

with essentially any samples. However, the experimental procedure of this original 

Raman method is cumbersome. It employs nitrogen in air as the external reference for 

correcting S-H peak intensity variations induced by measurement conditions. Although 

this external reference enables correction of S-H peak intensity variations induced by the 

fluctuation in laser excitation power and detection sensitivities, it is unable to compensate 

for signal variation induced by changes in photon excitation and collection efficiencies 

and in sample concentrations. Therefore, care must be taken to ensure the Raman 

sampling geometries to be exactly the same for different samples. 

Instead of using nitrogen in air as the external reference, this study employed 

internal references for determining the peak intensity ratio of the S-H peak relative to its 

internal reference peak. Since the internal reference can compensate for S-H signal 

variation induced by sample dilution, this method enables the use of Raman-based pH 

titration to determine the thiol pKa. 
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3.2 Detailed derivation of equation for monothiol pKa determination 
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3.3 Detailed derivation of equation for dithiol pKa determination 
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By adding 3.6 and 3.7, 
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At specified pH, the concentration of intact dithiol 022 ][ HRS  is the sum of the 

concentration of non-ionized dithiol at that pH pHHRS ][ 22   and the concentrations of 

monothiolated dithiol pHHRS ][ 2
  and completely deprotonated dithiol pHRS ][ 2

2
 . 

 pHpHpH RSHRSHRSHRS ][][][][ 2
2222022

   (3.9) 

By rearranging 3.9, 
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Where, 
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By rearranging 3.6, 
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By substituting pHHRS ][ 2
 (3.15) in 3.16, 
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By rearranging 3.17, 
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By substituting 022 ][ HRS (3.14) and pHHRS ][ 2
 (3.15) in 3.11, 
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By simplifying, 
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Substituting pHHRS ][ 22  (3.18) in 3.20, 
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By multiplying both numerator and denominator of log term by
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By simplifying, 
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By simplifying, 
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But, 
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By multiplying both numerator and denominator of log term by 110.1 apKpH
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By rearranging 3.28, 
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By simplifying 3.31, 
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3.4 Thiol pKa of monothiols 

The model monothiols (Figure 3.1) used in this work include cysteine (Cys), 

glutathione (GSH), 2-mercaptoethanol (2-ME), cysteamine (CyA) and sodium 3-

mercapto-1-propanesufonate (3-MPS). 
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Figure 3.1 Structures of the model monothiols 

 

Figures 3.2 to 3.6 show the data of model monothiols Cys, GSH, 2-ME, CyA, and 

3-MPS in which Na2SO4 was added as the exogenous internal reference. Evidently, it is 

challenging to estimate the thiol pKa value for these organothiols on the basis of their pH 

titration curves (pH value as a function of the volume of the titrant, Figure B of Figure 

3.2 to 3.6). In contrast, one can readily determine the pKa value by Boltzmann function 

curve-fitting the Raman titration data for the intensity ratio of the S-H stretching peak 

versus its internal reference as a function of solution pH (Figure C of Figure 3.2 to 3.6). 
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Figure 3.2 Raman-based pH titration for pKa determination of the thiol group in Cys 

(A) Representative Raman spectra of Cys as a function of solution pH. ((a) SO42-, (b) S-H 
peak). The spectra are normalized by the sulfate peak intensity. (B) Solution pH (red) and 
relative S-H peak intensity

 
(black) as a function of titrant (500 mM NaOH) volume. (C) 

The relative S-H peak intensity as a function of solution pH. The solid curve and the data 
shown in (C) are the Boltzmann function curve-fitting output of the experimental data 
using Origin Pro. The Cys and Na2SO4 concentrations in the initial solutions are 0.83 M 
and 0.15 M, respectively. 
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Figure 3.3 Raman-based pH titration for pKa determination of the thiol group in GSH 

(A) Representative Raman spectra of GSH as a function of solution pH. ((a) SO42-, (b) S-
H peak). The spectra are normalized by the sulfate peak intensity. (B) Solution pH (red) 
and relative S-H peak intensity (black) as a function of titrant (500 mM NaOH) volume. 
(C) The relative S-H peak intensity as a function of solution pH. The solid curve and the 
data shown in (C) are the Boltzmann function curve-fitting output of the experimental 
data using Origin Pro. The GSH and Na2SO4 concentrations in the initial solutions are 
0.22 M and 0.15 M, respectively. 
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Figure 3.4 Raman-based pH titration for pKa determination of the thiol group in 2-
ME. 

(A) Representative Raman spectra of 2-ME as a function of solution pH. ((a) SO42-, (b) S-
H peak). The spectra are normalized by the sulfate peak intensity. (B) Solution pH (red) 
and relative S-H peak intensity (black) as a function of titrant (500 mM NaOH) volume. 
(C) The relative S-H peak intensity as a function of solution pH. The solid curve and the 
data shown in (C) are the Boltzmann function curve-fitting output of the experimental 
data using Origin Pro. The 2-ME and Na2SO4 concentrations in the initial solutions are 
0.42 M and 0.15 M, respectively. 
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Figure 3.5 Raman-based pH titration for pKa determination of the thiol group in CyA. 

(A) Representative Raman spectra of CyA as a function of solution pH. ((a) SO42-, (b) S-
H peak). The spectra are normalized by the sulfate peak intensity. (B) Solution pH (red) 
and relative S-H peak intensity (black) as a function of titrant (1 M HCl) volume. (C) The 
relative S-H peak intensity as a function of solution pH. The solid curve and the data 
shown in (C) are the Boltzmann function curve-fitting output of the experimental data 
using Origin Pro. The CyA and Na2SO4 concentrations in the initial solutions are 2.5 M 
and 0.15 M, respectively. 

As CyA forms a basic solution (pH ~11) once dissolved in water, it was titrated 

with 1 M HCl instead of NaOH to determine its pKa. 
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The thiol pKa values obtained with 3-MPS using three different internal reference 

peaks are highly similar (9.9 ±0.04). These internal references include a 980 cm-1 SO42- 

peak from the exogenous Na2SO4, the C-H stretching feature (2930 cm-1) and sulfonate 

(RSO3- , 1040 cm-1) from 3-MPS itself. The fact that almost identical thiol pKa values are 

obtained with the different reference peaks indicates the robustness of this internal-

reference Raman titration technique. 
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Figure 3.6 Raman-based pH titration for pKa determination of the thiol group in 3-
MPS. 

(A) Representative Raman spectra of 3-MPS as a function of solution pH. The spectra are 
normalized by the sulfate peak intensity. The dotted line indicates the peak positions 
associated with the specified functional group. ((a) SO42-, (b) RSO3- , (c) S-H, and (d) C-
H peak). (B) Solution pH (red) and relative S-H peak intensity (black) as a function of 
titrant (500 mM NaOH) volume. (C) Intensity ratio of S-H stretching feature versus its 
internal reference peaks as a function of solution pH. The shapes in black, red and blue 
correspond to peak intensity ratio of S-H stretch versus its internal reference peak of the 
C-H, sulfate and sulfonate, respectively. The solid curve and the data shown in (C) are 
the Boltzmann function curve-fitting output of the experimental data using Origin Pro. 
The 3-MPS and Na2SO4 concentrations in the initial solutions are 0.68 M and 0.15 M, 
respectively. 
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It is also important to note that the pKa values obtained with the peak intensity 

ratio are identical to that obtained with curve-fitting the integrated peak intensity ratios. 

Since the thiol pKa values were determined by least-square fitting with this Raman 

titration data, the effect of random errors in the individual peak intensity ratios on the 

thiol pKa values is insignificant. 

 

Figure 3.7 Integrated intensity ratio of S-H stretching feature versus its internal 
reference peaks for 3-MPS as a function of solution pH. 

The shapes in black, red and blue correspond to the integrated intensity ratio of the S-H 
stretch versus the internal reference peak of C-H, sulfate and sulfonate, respectively. The 
solid curve and the data shown are the Boltzmann function curve-fitting output of the 
experimental data using Origin Pro. The 3-MPS and Na2SO4 concentrations in the initial 
solutions are 0.68 M and 0.15 M, respectively. 

Table 3.1 summarizes the monothiol pKa values explored in this work. Here the 

pKa values determined with this method are very similar to the literature reported values. 

It indicates the applicability of this method for thiol pKa determination. 
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Table 3.1 Monothiol pKa values  

Thiols pKa 
This work Literature value 

Cys 8.6±0.04 8.3± 0.235 
GSH 9.2±0.3 9.2 ± 0.1536 
2-ME 9.8±0.2 9.737 
CyA 8.4±0.05 8.3538 

3-MPS 9.9±0.04 NA 
 

3.5 Thiol pKa of dithiols 

The model dithiols (Figure 3.8) used in this work include DTT, 1,4-BDT, and 1,2-

BDT. 

 

Figure 3.8 Structures of the model dithiols. 

 

The Raman titration determination of the thiol pKa values of water-soluble dithiol 

was demonstrated with DTT as the model dithiol. The first and second DTT thiol pKa 

values, R0, and  are 8.9, 10.3, 1.83, and 0.49, respectively. Their values were obtained 

by least squares curve-fitting the Raman titration data in Figure 3.9 (C) with Eq. 1.20 

using the R program developed in this work. The pKa values are in excellent agreement 
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with the literature reported DTT thiol pKa values (9.2, and 10.1 for pKa1 and pKa2, 

respectively).39 

 

Figure 3.9 Raman-based pH titration for pKa determination of the thiol groups in 
DTT. 

(A) Representative Raman spectra of DTT as a function of solution pH. ((a) SO4
2-, (b) S-H peak) The 

spectra are normalized by the sulfate peak intensity. (B) Solution pH (red) and relative S-H peak intensity 
(black) as a function of titrant (500 mM NaOH) volume. (C) The relative S-H peak intensity as a function 
of solution pH. The solid curve is by least-squares curve-fitting the experimental data with Eq. 1.20 using 
the R program. The pKa values, R0, and  are the curve-fitting outputs. The DTT and Na2SO4 
concentrations in the initial titration solution are 0.65 M and 0.15 M, respectively. 
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The operational procedure of this internally-referenced Raman method is very 

straightforward for water-soluble thiols. However, many organothiols have low water 

solubility in their non-ionized form. Direct Raman titration of non-ionized thiols in water 

with NaOH can be difficult because the initial amount of thiol dissolved in solution is 

limited. In this case, it can be advantageous to use a reverse titration strategy in which the 

thiol is first dissolved in NaOH solution followed with HCl titration. This is because 

thiolates have higher solubility in water than non-ionized thiols. 

The pKa values of 1,4- and 1,2-BDT were explored with this reverse titration 

strategy (Figure 3.10 and 3.11) in which both BDT isomers were first dissolved in 1 M 

NaOH followed with HCl titration. Figure 3.10 (A) and 3.11 (A) show the representative 

Raman spectra for 1, 4- and 1, 2-BDT, respectively, both as a function of solution pH. 

The fact that there is a relatively intense and constant S-H feature in the 1,4-BDT solution 

when its pH changed from 10 to 13.6 indicates only one 1,4-BDT thiol is deprotonated 

even when the solution pH is as high as ~14. This result argues against the belief that the 

two 1,4-BDT thiols have similar pKa values (pKa1=6, pKa2=7.7),33 but it is consistent with 

a recent work conducted with a series of para-aryl dithiols (PADT) (HS-(C6H5)n-SH, n=1, 

2, and 3). This work showed that only one PADT thiol can be ionized even when PADT 

is reacted with molten NaOH at elevated temperature.32 The fact that 1,4-BDT remains 

almost exclusively as monothiolate in the pH~13.6 solution indicates that the pKa for the 

second 1,4-BDT thiol must be significantly higher than 14 in water. 

Both non-ionized and monothiolated 1,4-BDT appear in the pH ~8.2 solution, 

indicating the first pKa is close to pH value. However, Raman determination of the first 

pKa value for 1,4-BDT thiol is not possible because of the following reasons. Obtaining 
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Raman spectra for 1,4-BDT at a solution pH lower than 8 is difficult since 1,4-BDT 

solubility at neutral and acidic pH is too low. The titration solutions at these pHs become 

very cloudy, making reliable Raman acquisition impossible. 

The S-H stretching peak in the non-ionized and the monothiolated 1,4-BDT are at 

2560 and 2480, respectively, differ by 80 cm-1 in which the vibrational frequency of S-H 

stretching in the monothiolated 1,4-BDT is significantly lower than that in its non-ionized 

counterpart.  This large difference indicates that deprotonation of one thiol in the non-

ionized 1,4-BDT has significant impact on the Raman feature of the remaining S-H bond. 

This red-shift of the S-H feature in the monothiolated 1,4-BDT is consistent with a 

previously proposed hypothesis that the remaining S-H in monothiolated 1,4-BDT is an 

effective hydrogen bond accepter, and the latter is responsible for the excellent dispersion 

stability of AuNPs functionalized with 1,4-BDT.32 This conclusion is also consistent with 

the observation that hydrogen bonding induces a red-shift of the O-H stretch in water.40-41 

 The two thiols in 1,2-BDT are both deprotonated in the 1 M NaOH solution 

(Figure 3.11(C)). The first and second thiol pKa values for 1,2-BDT are 6.5 and 10.9, 

respectively. This is in sharp contrast to 1,4-BDT for which only the first thiol can be 

ionized in water with a pKa <8.2. Indeed, the first thiol pKa value of 1,4-BDT must be 

higher than that for 1,2-BDT. Otherwise, no significant non-ionized 1,4-BDT Raman 

feature should appear in the Raman spectrum obtained with the pH ~8.2 solution.  This 

degree of difference between the 1,2- and 1,4-BDT in their thiol pKa values highlights the 

drastic isomerization effect on this aromatic molecule. The pKa values for 1,2-BDT in 

water have, to our knowledge not been reported before. Only one 1,2-BDT thiol pKa 

value (6.8) was reported and that is for 1,2-BDT dissolved in dimethyl sulfoxide.42 It is 
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unclear whether this literature thiol pKa refers to the average thiol pKa for the two BDT 

thiols or for the first thiol. 

 

Figure 3.10 Raman-based pH titration for pKa determination of the thiol groups in 1,4-
BDT. 

(A) Representative Raman spectra of 1,4-BDT as a function of solution pH. ((a) S-H, (b) 
C-H peak) The spectra are normalized by the C-H peak intensity. (B) Solution pH (red) 
and IS-H/IC-H (black) as a function of titrant (1 M HCl) volume. (C) The relative S-H peak 
intensity as a function of solution pH. 
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Figure 3.11 Raman-based pH titration for pKa determination of the thiol groups in 1,2-
BDT. 

(A) Representative Raman spectra of 1,2-BDT as a function of solution pH. ((a) S-H, (b) 
C-H peak) The spectra are normalized by the C-H peak intensity. (B) Solution pH (red) 
and IS-H/IC-H (black) as a function of titrant (1 M HCl) volume. (C) The relative S-H peak 
intensity as a function of solution pH. The solid curve is by least-squares curve-fitting the 
experimental data with Eq. 1.20 using the R program. The pKa values, R0, and  are the 
curve-fitting outputs. 

The least-square curve-fitting method is very effective in pinpointing the correct 

pKa values. Large error occurs even when only one of the two thiol pKa values deviates 
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from the least-square value by as small as 0.5 pKa (Figure 3.12). This further facilitates 

the fact that derived equation 1.20 can be readily used for the determination of dithiol 

pKa values very accurately, using least-square curve-fitting. 

 

Figure 3.12 The relative S-H peak intensity as a function of solution pH of (A) DTT 
and (B) 1,2-BDT for three cases with different pKa1 and pKa2 values. 

The solid curves are by least-squares curve-fitting the experimental data with Eq. 1.20. 
The pKa values, R0, and  are shown. 
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Table 3.2 Dithiol pKa values. 

Thiols Thiol pKa 
This work Literature value 

DTT 8.9 (pKa1) 
10.3 (pKa2) 

9.2 (pKa1)39  
10.1(pKa2)39  

1,4-BDT < 8.2 (pKa1) 
>14 (pKa2) 

6 (pKa1)33 
7.7 (pKa2)33 

1,2-BDT 6.5 (pKa1) 
10.9 (pKa2) 

6.8 in DMSO42 

 

The pKa values of the water-soluble dithiol, DTT, determined with this method is 

very similar to the literature reported values. However, there is a large difference in the 

thiol pKa values determined in this work versus those reported for both of the two BDT 

isomers. This highlights the challenges in reliable thiol pKa determination. Fruitfully, the 

Raman based method allows direct visualization of the degree of thiol ionization on the 

basis of the characteristic S-H feature. Therefore, it provides a simple means for one to 

evaluate the reliability of the literature thiol pKa values. 

3.6 Thiol Raman activity 

Table 3.3 Thiol Raman activity 

 

 

 

 

 

 

 

Thiols Relative thiol Raman activity 
 ( 2

4SOSH  ) 

Cys 0.22 
GSH 0.23 
2-ME 0.23 
CyA 0.16 

3-MPS 0.21 
DTT 0.42 (for non-ionized DTT), 0.21 for 

monothiolated DTT 
1,4-BDT NA 
1,2-BDT NA 
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Table 3.3 summarizes the relative Raman activity for the mono- and di-thiols 

explored in this work. The relative Raman activities are represented by the Raman cross-

section ratio of the thiol peak versus the SO42- peak at 980 cm-1. The thiol Raman activity 

in 1,2-and 1,4-BDT are not available because of the difficulty in determining the two 

BDT concentrations in their respective titration solution  

Except for the thiol in CyA, all the thiols in the water-soluble thiols have similar 

Raman activities in which their relative Raman cross-section ratio of thiol versus SO42- is 

~0.22. This result is not surprising because the thiol groups are all directly linked to a 

saturated carbon. The reason that the CyA thiol has the lowest pKa value and relative 

Raman activity among the tested water-soluble thiols is likely due to the presence of a 

positively charged primary amine group in CyA. The intramolecular electrostatic 

interaction facilitates the S-H ionization that explains the lower CyA thiol pKa in 

comparison to the other thiols. This electrostatic interaction should also reduce the 

electron density surrounding the S-H group, leading to a reduced polarizability of this 

functional group and its lower Raman activity. 

3.7 Conclusions 

In summary, this work presents both the theoretical background and the 

experimental procedure including data analysis for Raman titration determination of the 

thiol pKa values of both mono- and di-thiols in aqueous solutions. The application of this 

technique for water-soluble thiols is straightforward by direct titration of the thiols 

dissolved in water using NaOH. pKa determination of poorly water soluble organothiols 

can be conducted by first dissolving the organothiols in NaOH followed with HCl 

titration. This internally-referenced Raman titration method is simple to implement and 
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its underlying theory is easy to follow. It should have broad applications for thiol pKa 

determination and verification of literature thiol pKa values. 
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A.1 R code for least square curve-fitting with Eq. 1.20 

 
####fr is the least square function that need to be optimized#### 
fr=function(par,ph,Rph){ 
R0=par[1] 
alpha=par[2] 
pka1=par[3] 
pka2=par[4] 
sum(((R0+alpha*R0*10^(ph-pka1))/(1+10^(ph-pka1)*(1+10^(ph-pka2)))-Rph)^2) 
} 
#######################################################################
# 
############# 
# pka.fit is the function to fit the parameters 
# 
# par is a vector of the initial guess for the parameters R0,alpha, pka1 and pka2 
# 
# ph is the experimental value for ph 
# 
# Rph is the experimental value for Rph 
# 
# Returning values are fitted parameters, fitted Rph and MSE 
# 
#######################################################################
# 
############# 

 
pka.fit=function(par,ph,Rph){ 
res=optim(par, fr, ph=ph, 
Rph=Rph)  
R0.f=res$par[1] 
alpha.f=res$par[2]  
pka1.f=res$pa[3] 
pka2.f=res$par[4] 
Rph.f=(R0.f+alpha.f*R0.f*10^(ph-pka1.f))/(1+10^(ph-pka1.f)*(1+10^(ph- pka2.f)))   
MSE=sum((Rph.f-Rph)^2) 
return(list(R0.f=R0.f,alpha.f=alpha.f,pka1.f=pka1.f,pka2.f=pka2.f,Rph.f=Rph.f, 
MSE=MSE))} 
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