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(ABSTRACT) 

Methods of cooptimizing resolution and detection in Capillary Zone 

Electrophoresis (CZE) and Micellar Electrokinetic Chromatography (MEKC) 

are examined by deriving mathematical expressions which illustrate the 

relative importance of various experimental parameters. 

For CZE, expressions are derived to show the interrelationship between 

efficiency, capillary dimensions and sample size. The interrelationship 

shows that resolution and detectability cannot be optimized simultaneously. 

Efficiency and, therefore, resolution are maximized when small sample 

sizes and capillaries with small internal diameters are employed. Detection 

Is more favorable when large sample sizes and capillaries with large 

internal diameters are used. 

To achieve a favorable compromise between resolution and detection, the 

Influence of pH, electrolyte concentration and forced air convection are 

examined. A decrease in pH or an increase in electrolyte concentration 

reduces electroosmotic flow. This increases the relative velocity 

difference between two zones and, thereby, minimizes the efficiency 

required for unit resolution. Forced air convection minimizes the loss in



efficiency observed as capillaries with larger internal diameters are 

employed. 

In MEKC, the importance of efficiency is minimized by employing a 

micellar phase which provides adequate selectivity for the separation. The 

separation of ASTM test mix LC-79-2 obtained in sodium dodecy! sulfate, 

sodium decy! sulfate, and sodium dodecyl! sulfate modified with Brij 35 

indicates that selectivity is governed by the nature of the surfactant’s polar 

head group. Beyond selectivity optimization, resolution may be improved by 

increasing efficiency or decreasing electroosmotic flow. Of these 

approaches, increasing capillary length, to improve efficiency, is more time 

effective. 

Using the guidelines described herein, several practical applications were 

developed. The methods are examined with respect to migration time and 

quantitative reproducibility.
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CHAPTER | 

INTRODUCTION 

1.1 High Performance Capillary Electrophoresis 

While more than half of the scientific papers currently published in 

biochemistry depend on some use of electrophoresis ‘'), the methods have, 

to date, been largely ignored by chemists. This is perhaps attributable to 

the broad acceptance of chromatographic techniques in chemical and 

pharmaceutical applications, and to the perception that electrophoresis is 

Slow, labor intensive and of limited quantitative capability (2). For 

electrophoresis to gain widespread acceptance with chemists, advances 

must be made in instrumentation, and suitable applications, which cannot be 

readily performed by chromatography, must be developed. 

The potential to achieve these goals is provided by the recent 

development of High Performance Capillary Electrophoresis (HPCE) (-4), 

HPCE typically uses short (S0-100 cm) capillaries, with internal diameters 

of 50-100 pm, as separation compartments. The small diameter capillaries 

eliminate the convection problems encountered in conventional 

electrophoresis, and thereby allow for separations to be conducted in free 

solution, rather than on solid supports. Heat is more effectively dissipated 

from a small diameter capillary than from a solid support. As a 

consequence, large electric field strengths (30 kKV/m) can be employed to 

provide fast analysis (less than 10 minutes) and very high separation 

efficiencies (1,000,000 theoretical plates). The use of capillaries



additionally allows for the use of real time detectors, analogous to those 

used in HPLC. As aresult, HPCE can potentially be automated to the same 

level as modern chromatography. 

In contrast to chromatography, in which separation is based on the 

distribution of solute between two dissimilar phases, electrophoretic 

Separations are based on variabilities in the charge to size ratios of the 

sample components. The orthogonality of the techniques potentially 

provides a means of separating those samples not amenable to 

chromatography. 

1.2 Research Objectives 

As with chromatographic methods several modes of electrophoresis exist. 

The more important modes are moving boundary, zone (including molecular 

Sieving), isoelectric focusing, and isotachophoresis 2). This work focuses 

on free zone electrophoresis, the electrophoretic counterpart to elution 

chromatography, and on extending its general applicability to the analysis of 

neutral compounds via dynamic partitioning with charged micelles. The 

primary objectives are to study the influence of the experimental operating 

conditions on resolution, sensitivity and analysis time and, thereby, develop 

means for optimizing separations.



1.3 Capillary Zone Electrophoresis 

Free zone electrophoresis in the capillary format has been termed 

Capillary Zone Electrophoresis (CZE) ©), although the technique is most 

frequently based on both electrophoresis and electroosmosis (or 

electroendosmosis). 

CZE is best described by examining the apparatus used to effect the 

separations. As shown in Fig. 1, approximately 1 cm of polyimide coating is 

removed towards one end of a fused silica capillary, to produce an in-situ 

detector cell. The capillary is then placed in a detector, such that the cell 

is aligned in the detector's optical path and the capillary is filled with a 

buffer solution. To effect a separation, a small amount of sample is 

introduced into one end of the capillary, the capillary ends are immersed in 

reservoirs containing the operating buffer, and an electric field is applied 

between the two ends of the capillary. 

In the electric field each ionic sample component experiences a force (F) 

of magnitude: 

F = 2eE (1) 

where z is the charge of the species, e is the charge of an electron, and E is 

the electric field strength. The force accelerates each sample ion in the 

appropriate direction of the potential gradient. However, as an ion 

accelerates, it is retarded by viscous drag, and reaches only a limiting drift 

velocity (electrophoretic velocity), V9)“6).



  

Capillary 

Detector 

  

  
  

Buffer Reservoir 

Figure 1. 

  
    

Buffer Reservoir 

schematic of the apparatus employed for Capillary Zone 
Electrophoresis.



The force provided by viscous drag is given by the Stokes relation as: 

F = Grn yVe} (2) 

where n is the viscosity of the solvent medium and r, is the hydrodynamic 

radius of the solvated ion. |t follows from eqns. | and 2 that when the 

electrophoretic velocity is established: 

6mnr,Vei=ZeE (3) 

which may be rearranged to: 

Ve) = ZeE/6mnr), (4) 

Cations, introduced into the positive end of the capillary, should accordingly 

be separated into discrete zones on the basis of their z/r, ratios, and may 

be detected by the on-capillary detector placed towards the negative end of 

the electric field. 

Under the outlined conditions, anionic sample components should migrate 

electrophoretically towards the positive end of the capillary, anda | 

Separation would not be predicted. Anions have, however, also been 

observed to move towards the cathode, as the result of a strong 

electroosmotic flow occurring inside the capillary (4), | 

Electroosmotic flow arises due to the surface charge of the fused silica 

capillary. As shown in Fig. 2, the fused silica surface is negatively charged
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Figure 2. Illustration of the electrical double layer in a fused silica 
Capillary. Region a) is the Stern plane, region b) is the diffuse 
layer and region c) is the bulk electrolyte.



at pH values above 2.0, due to the presence of ionized silanol groups 7), To 

maintain electroneutrality, the surface charge is countered by a net excess 

of cations on the solution side of the capillary/buffer interface. These 

cations are arranged in an electrical double layer, consisting of a Stern 

plane, characterized by reversibly adsorbed counterions, and a diffuse layer, 

characterized by anet excess of counterions extending into solution as 

governed by a Boltzmann distribution (©). When a potential is applied, the 

mobile cations in the double layer migrate, and due to momentum transfer, 

transport the bulk electrolyte towards the negative end of the electric field. 

In the presence of electroosmosis, the net velocity of a Solute, Vye,, 

becomes: 

Vnet = Vel * Veo (3) 

where V,, is the electroosmotic flow velocity. 

It is seen from eqn. 5 that as long as V,, is either 1). in the same direction 

as the electrophoretic velocity or 2). of opposite direction and larger 

magnitude, than the electrophoretic velocity, the net direction of solute 

transport is towards the negative end of an electric field. It is, therefore, 

possible to analyze cations and anions in the same run. Neutral compounds 

are transported by electroosmosis, but are not separated since their Z/r, 

ratio is zero. 

To illustrate the foregoing discussion and to demonstrate the potential of 

CZE as a separation technique, the separation of phenol, 4-hydroxy-3- 

methoxy-mandelic acid and 3,4-dihydroxymandelic acid is shown in Fig. 3.



Hod povoncone 

¢ O- 
| 
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Figure 3. CZE separation of phenol, 4-hydroxy-3-methoxymandelic acid 

and 3,4-dihydroxymandelic acid. Conditions: Capillary: 100 pm 
(i. d.) x 55 cm (effective length). Buffer: 0.01 M Na gHPO,, pH 
7.00. Electric field strength: 267 V cm-!. Sample introduction: 
siphoning at 3.8 cm for 7s. Detection Wavelength: 230 nm.



At the buffer pH of 7.00, phenol (pKa = 10.0 at 25 °C) is essentially 

_ untonized and is transported exclusively by electroosmotic flow. The 

mandelic acids are partially ionized and migrate as anions. Their net 

migration velocity is, therefore, the vector sum of their electrophoretic 

velocity and the electroosmotic flow (V,) + Veg). Since the magnitude of the 

electroosmotic flow is greater than the electrophoretic velocity (Veg > Ve), 

the negative ions are transported towards the negative end of the capillary. 

The electrophoretic velocity of each mandelic acid is different and 

consequently the species are separated. In the electropherogram shown, the 

difference in the migration times of the two ions is approximately 4 

seconds. Baseline resolution is, nevertheless, achieved due to a separation 

efficiency of 150,000 theoretical plates. 

The high efficiency obtained in CZE is attributable to the nondispersive 

mass transfer provided by both electrophoresis and electroosmosis. An 

equation describing the electroosmotic flow velocity in a round capillary 

has been derived by Rice and Whitehead °9) as: 

Veo (F) = ~eCE/4nn s (1- Iolkya)/lo(kgr)) (6) 

where ¢ is the dielectric constant of the buffer, ¢ is the zeta potential at 

the capillary/buffer interface, xy is the reciprocal of the double layer 

thickness, a is the distance from the capillary axis, r is the capillary 

radius, and Ip is a zero order Bessel function of the first kind. The double 

layer thickness is typically small with respect to capillary internal radius.
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As aresult, eqn. 6 may be rewritten as (9): 

Veo = ~ECE/ 4a (7) 

Eqn. 7 indicates that there is no radial velocity dependence for 

electroosmotic flow. i.e., as shown in Fig. 4a, the flow profile provided by 

electroosmosis is flat, in contrast to the bullet shaped profile of laminar 

flow (Fig. 40). As a consequence, no zone dispersion is incurred as a result 

of the sample's radial position in the capillary (10). 

1.4. Micellar Electrokinetic Chromatography 

To extend the high efficiency provided by electrokinetic transport to the 

analysis of neutral compounds, Terabe et al. {1!-12) have introduced Micellar 

Electrokinetic Chromatography (MEKC). In MEKC, separation is achieved by 

adding a charged surfactant, at a concentration above the critical micelle 

concentration (CMC), to the separation buffer. Separation of neutral 

compounds is effected on the basis of variability in distribution 

coefficients of solutes between the aqueous and micellar phases, and on 

differences in the migration velocities of each phase. 

As shown in Fig. 5, for MEKC employing an anionic surfactant, the aqueous 

phase assumes a linear velocity dictated by electroosmotic flow and the 

micellar pseudophase assumes a velocity which is the vector sum of the 

electroosmotic flow and the micelle's electrophoretic mobility. The 

electrophoretic mobility of the micellar phase causes it to move at a slower
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Figure 4. Profiles resulting from A) electroosmotic and B) laminar flow.
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Figure 5. Schematic representation of MEKC. When an antonic micellar 
phase is added to the separation buffer, solutes with a larger 
affinity for the micellar phase (S3) are selectively retarded 

due to the relative magnitudes of electrophoresis and 
electroosmosis.
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linear velocity than the aqueous phase. Solutes with larger affinities for 

the micellar phase are, accordingly, selectively retarded. 

MEKC may also be used for the analysis of ions (5-16), When charged 

species are analyzed in micellar solution, the elution behavior is influenced 

by both electrophoresis and by the distribution coefficient between the two 

phases. The dual retention mechanism complicates theoretical predictions 

of elution behavior, but has been used to improve separation beyond that 

obtained in CZE (17),



CHAPTER || 

HISTORICAL 

2.1 Zone Electrophoresis 

While the term electrophoresis was first used by Michaelis in 1909 to 

describe the migration of colloids in an electric field 8), the first form of 

electrophoresis that found application on a large scale was the moving 

boundary method introduced by Tiselius in 1937 (19), 

In moving boundary electrophoresis, a long band of sample is placed in a 

U-tube between two buffer solutions. When an electrical field is applied, 

the most mobile cations and anions in the sample migrate rapidly towards 

the cathodic and anodic ends of the field, forming pure bands. Later, the 

next most mobile ions reach each electrode. However, since traces of the 

most mobile ions still exist in the bulk of the separation tube, due to the 

large initial sample band, the less mobile components are usually not 

completely resolved. The method is therefore generally limited to the 

measurement of electrophoretic mobilities, and is not widely used today (2), 

Moving boundary electrophoresis does, however, provide the basis for free 

zone electrophoresis. The only difference between the two techniques is 

that in free zone electrophoresis, the sample is introduced as a narrow 

zone, instead of as a large band. Under this constraint, it is logical that the 

more mobile ions should not interfere with the separation of the additional 

Sample components, and that separations analogous to Fig. 3 should be 

possible. The application of an electric field to an aqueous buffer, however, 

14
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results in Joule heating of the medium and since the heat is dissipated only 

at the boundaries of the separation chamber, a temperature, and therefore a 

density gradient is established (20), This leads to the formation of 

convection currents which disrupt the separation by mixing the zones (2), 

For zone electrophoresis to become a viable method of analysis, means of 

counteracting the convective currents had to developed. This goal was 

achieved in 1950 when Wieland and Fischer and others ‘), performed zone 

electrophoresis on filter paper. Subsequently, starch, cellulose acetate, 

polyacrylamide and agarose “!) were introduced as supporting media, and 

remain popular today. However, several detrimental effects are associated 

with the use of such supports. While polyacrylamide, in particular, may 

provide a desirable orthogonal separation mechanism due to molecular 

Sieving, adsorptive interaction may occur between sample components and 

the support. Additionally, nonuniformity in the pores of the support can 

result in eddy migration of the sample zones, and, consequently, zone 

broadening (2). It is therefore generally desirable to find a means of 

performing zone electrophoresis in free solution. 

Addressing this goal, Hjerten (20) used a rotating tube as the separation 

compartment to time-average the radial position of the liquid elements. His 

apparatus was complex, however, and did not gain widespread acceptance. 

AS an additional possibility, zone electrophoresis has been performed in 

gravity-free environments on Skylab and the space shuttle (21), In the 

gravity free environment, convection is eliminated since the radial 

distribution of liquid elements is not influenced by density.
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Arecent, more practical approach to the problem of convection has been 

to use separation compartments with narrow internal diameters. For 

isotachophoresis, Everaerts et al. (22) showed that when 0.4 mm internal 

diameter tubing is employed as the separation chamber, currents of up to 

130 pAmps can be used without convective disturbance. As is the case when 

Stabilizers are employed, the reduction in convection is the result of an 

increase in surface area to flow path cross sectional diameter. In 

agreement with Poiseuille’s law, convection is suppressed due to frictional 

drag at the wall of the separation compartment. 

2.2. Capillary Zone Electrophoresis 

Free Zone Electrophoresis in the capillary format was first introduced in 

1979 (3), Using 200 wm Teflon capillaries and UV and conductimetric 

detection, Everaerts et al. were able to effect the separation of a sixteen 

component mixture in less than 10 minutes. Using 75 pm glass capillaries, 

Jorgenson and Lukacs (4) (1981) extended the initial work and named the 

technique Capillary Zone Electrophoresis (CZE) ©). Since its introduction, 

CZE has grown exponentially. Advances in theory, instrumentation, and 

published applications are summarized below to convey the current status 

of CZE. MEKC is, for the purposes of this discussion, treated as a separate 

field although many of the developments in CZE are applicable to both 

methods.



�1�7� 

�2�.�2�.�1�.� �D�e�v�e�l�o�p�m�e�n�t�s� �i�n� �t�h�e� �t�h�e�o�r�y� �o�f� �C�Z�E� 

�T�h�e� �f�l�a�t� �f�l�o�w� �p�r�o�f�i�l�e� �c�r�e�a�t�e�d� �b�y� �e�l�e�c�t�r�o�o�s�m�o�s�i�s� �i�d�e�a�l�l�y� �l�i�m�i�t�s� �b�a�n�d� 

�b�r�o�a�d�e�n�i�n�g� �i�n� �C�Z�E� �t�o� �a�x�i�a�l� �d�i�f�f�u�s�i�o�n� �(�4�)�,� �T�h�e� �s�p�a�t�i�a�l� �v�a�r�i�a�n�c�e�,� �0�,�2�,� �o�f� �a� �b�a�n�d� 

�a�f�t�e�r� �a�t�i�m�e�,� �t�,� �m�a�y� �t�h�e�r�e�f�o�r�e�,� �b�e� �w�r�i�t�t�e�n� �i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �t�h�e� �E�i�n�s�t�e�i�n� 

�e�q�u�a�t�i�o�n� �a�s�:� 

�6�,�2� �=� �2�D�,�t� �(�8�)� 

�w�h�e�r�e� �D�,� �i�s� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �t�h�e� �s�o�l�u�t�e� �i�n� �t�h�e� �a�q�u�e�o�u�s� �b�u�f�f�e�r�.� 

�S�p�a�t�i�a�l� �v�a�r�i�a�n�c�e� �m�a�y�,� �i�n� �t�u�r�n�,� �b�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�e�r�m�s� �o�f� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s�,� �N�,� 

�t�o� �g�i�v�e� �a� �m�e�a�s�u�r�e� �o�f� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� �B�y� �G�i�d�d�i�n�g�s �� �(�2�5�)� �d�e�f�i�n�i�t�i�o�n�:� 

�w�h�e�r�e� �L� �i�s� �t�h�e� �d�i�s�t�a�n�c�e� �o�f� �m�i�g�r�a�t�i�o�n�.� �C�o�m�b�i�n�a�t�i�o�n� �o�f� �e�q�n�s�.� �8� �a�n�d� �9� �y�i�e�l�d�s�:� 

�N�=�L�2�/�2�D�,�t� �(�1�0�)� 

�E�q�n�.� �1�0� �m�a�y� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �a�n�d� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�i�e�s� 

�t�h�r�o�u�g�h� �t�h�e� �n�e�t� �m�i�g�r�a�t�i�o�n� �v�e�l�o�c�i�t�y�,� �V�n�e�r�.� 

�V�n�e�t� �=� �V�e�o� �*� �V�e�l� �=� �L�/�t� �(�1�1�)



�1�8� 

�A�c�c�o�r�d�i�n�g�l�y� �N� �b�e�c�o�m�e�s�:� 

�N� �=� �(�V�e�y� �+� �V�e�)� �I�L�/�2�D�,� �(�1�2�)� 

�E�x�p�r�e�s�s�i�n�g� �V�e�o� �a�n�d� �V�.�)�,� �t�h�r�o�u�g�h� �e�q�n�s�.� �7� �a�n�d� �4� �a�s�:� 

�V�e�o� �=� �~�E�C�E�/�4�n�n� �=� �p�e�o�E� �(�1�3�)� 

�a�n�d� 

�V�e�r� �=� �Z�E�E�/�O�n�n�r�y�,� �=� �p�e�E� �(�1�4�)� 

�W�H�h�E�F�E� �f�l�e�)� �A�N�d� �p�l�e�,� �a�r�e� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �m�o�b�i�l�i�t�y� �a�n�d� 

�e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �a�n�d� �c�o�m�b�i�n�i�n�g� �e�q�n�s�.� �1�2�-�1�4�,� �a�l�l�o�w�s� �N� �t�o� 

�b�e� �e�x�p�r�e�s�s�e�d� �a�s� �(�4�)�:� 

�N� �=� �(�H�e�o� �+� �t�e� �E�L�/�2�D�,� �(�1�5�)� 

�E�q�n�.� �1�5� �s�u�g�g�e�s�t�s� �t�h�a�t� �m�a�x�i�m�u�m� �e�f�f�i�c�i�e�n�c�y� �i�n� �C�Z�E� �i�s� �a�c�h�i�e�v�e�d� �a�t� �h�i�g�h� 

�e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�s�.� �H�o�w�e�v�e�r�,� �a�s� �d�i�s�c�u�s�s�e�d�,� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a�n� 

�e�l�e�c�t�r�i�c� �f�i�e�l�d� �t�o� �a�n� �a�q�u�e�o�u�s� �b�u�f�f�e�r� �l�e�a�d�s� �t�o� �J�o�u�l�e� �h�e�a�t�i�n�g� �(�2�0�)�,� �a�n�d� �a�s� �a� 

�c�o�n�s�e�q�u�e�n�c�e� �a� �r�a�d�i�a�l� �t�e�m�p�e�r�a�t�u�r�e� �g�r�a�d�i�e�n�t� �i�s� �e�s�t�a�b�l�i�s�h�e�d� �i�n�s�i�d�e� �t�h�e� 

�C�a�p�i�l�l�a�r�y�.� �S�i�n�c�e� �a� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e� �i�s� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �a� �d�e�c�r�e�a�s�e� �i�n� 

�b�u�f�f�e�r� �v�i�s�c�o�s�i�t�y� �©�)�,� �a� �d�i�r�e�c�t� �r�e�s�u�l�t� �i�s� �t�h�a�t� �i�o�n�s� �i�n� �t�h�e� �c�e�n�t�r�e� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y� 

�m�i�g�r�a�t�e� �m�o�r�e� �r�a�p�i�d�l�y� �t�h�a�n� �i�o�n�s� �n�e�a�r� �t�h�e� �w�a�l�l� �(�e�q�n�s�.� �1�3� �a�n�d� �1�4�)�.� �T�h�i�s� 

�v�a�r�i�a�b�i�l�i�t�y� �i�n� �m�i�g�r�a�t�i�o�n� �r�a�t�e�s� �c�a�u�s�e�s� �a�d�d�i�t�i�o�n�a�l� �b�a�n�d� �b�r�o�a�d�e�n�i�n�g�.



�1�9� 

�T�o� �a�d�d� �t�h�e� �d�i�s�p�e�r�s�i�v�e� �i�n�f�l�u�e�n�c�e� �o�f� �J�o�u�l�e� �h�e�a�t�i�n�g� �t�o� �t�h�e� �b�a�n�d� �b�r�o�a�d�e�n�i�n�g� 

�a�r�i�s�i�n�g� �f�r�o�m� �d�i�f�f�u�s�i�o�n�,� �N� �m�a�y� �b�e� �r�e�w�r�i�t�t�e�n� �a�s�:� 

�N�=�L�/�H� 
�a�m�e� �F� 

�o�O� 
�w

�w
� 

�w�h�e�r�e� �H�,� �t�h�e� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�,� �i�s� �t�h�e� �s�u�m�m�a�t�i�o�n� �o�f� 

�i�n�d�e�p�e�n�d�e�n�t� �s�o�u�r�c�e�s� �o�f� �d�i�s�p�e�r�s�i�o�n�.� �i�.�e�.� 

�H�a� �=� �H� �(� �|� �7�)� 

�w�h�e�r�e� �H�a� �i�s� �t�h�e� �t�o�t�a�l� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�,� �a�n�d� �H�,� �i�s� �t�h�e� 

�i�n�d�e�p�e�n�d�e�n�t� �c�o�n�t�r�i�b�u�t�i�o�n�s�.� �E�x�p�r�e�s�s�e�d� �i�n� �t�e�r�m�s� �o�f� �H�,� �e�q�n�.� �1�5� �b�e�c�o�m�e�s�:� 

�H�p� �=� �2�D�,�/�(�P�e�o�*� �M�e�y� �J�E� �(�1�8�)� 

�w�h�e�r�e� �t�h�e� �s�u�b�s�c�r�i�p�t� �D� �d�e�n�o�t�e�s� �b�a�n�d� �b�r�o�a�d�e�n�i�n�g� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �d�i�f�f�u�s�i�o�n�.� 

�T�h�e� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e� �c�o�n�t�r�i�b�u�t�i�o�n� �s�t�e�m�m�i�n�g� �f�r�o�m� 

�J�o�u�l�e� �h�e�a�t�i�n�g�,� �H�y�,� �h�a�s� �b�e�e�n� �a�d�d�r�e�s�s�e�d� �b�y� �s�e�v�e�r�a�l� �a�u�t�h�o�r�s� �(�2�4�-�2�6�)�,� �I�n� �s�i�m�p�l�e�s�t� 

�f�o�r�m� �i�t� �m�a�y� �b�e� �w�r�i�t�t�e�n� �m�a�y� �a�s�:� 

�H�T� �=� �1�0�-�S�g�2�E�5�A�2�C�2�d�,�6�(�p�,�)� �+� �t�t�e�,� �)�/�D�_�k�2� �(�1�9�)� 

�w�h�e�r�e� �@� �i�s� �t�h�e� �f�r�a�c�t�i�o�n�a�l� �c�h�a�n�g�e� �i�n� �t�h�e� �n�e�t� �m�i�g�r�a�t�i�o�n� �v�e�l�o�c�i�t�y� �p�e�r� �K�e�l�v�i�n�;� �A� 

�t�h�e� �m�o�l�a�r� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �t�h�e� �m�e�d�i�u�m�;� �C� �t�h�e� �e�l�e�c�t�r�o�l�y�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�;� �d�,� 

�t�h�e� �c�a�p�i�l�l�a�r�y� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r�;� �a�n�d� �x� �t�h�e� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �t�h�e



�2�0� 

�e�l�e�c�t�r�o�l�y�t�e� �s�o�l�u�t�i�o�n�.� �T�h�e� �a�d�d�i�t�i�o�n�a�l� �p�a�r�a�m�e�t�e�r�s� �h�a�v�e� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� 

�d�e�f�i�n�e�d�,� �a�n�d� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �t�h�e� �a�p�p�e�n�d�i�x�.� 

�I�t� �i�s� �s�e�e�n� �f�r�o�m� �e�q�n�.� �1�9�,� �t�h�a�t� �t�o� �o�b�t�a�i�n� �t�h�e� �h�i�g�h� �e�f�f�i�c�i�e�n�c�y� �p�r�e�d�i�c�t�e�d� �a�t� 

�h�i�g�h� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�s� �(�e�q�n�.� �1�5�)�,� �t�h�e� �c�a�p�i�l�l�a�r�y� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r� �m�u�s�t� 

�b�e� �k�e�p�t� �s�m�a�l�l�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�i�s� �r�e�d�u�c�e�s� �t�h�e� �p�a�t�h�l�e�n�g�t�h� �o�f� �t�h�e� �o�n�-� 

�C�a�p�i�l�l�a�r�y� �c�e�l�l�,� �a�n�d� �i�n� �t�u�r�n� �l�i�m�i�t�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�t�e�c�t�a�b�i�l�i�t�y� �i�n� �o�p�t�i�c�a�l� 

�d�e�t�e�c�t�o�r�s�.� 

�T�h�e� �l�a�t�t�e�r� �l�i�m�i�t�a�t�i�o�n� �i�s� �m�a�g�n�i�f�i�e�d� �b�y� �t�h�e� �s�m�a�l�l� �s�a�m�p�l�e� �v�o�l�u�m�e� �w�h�i�c�h� �m�a�y� 

�b�e� �u�s�e�d� �i�n� �C�Z�E�.� �A�c�c�o�r�d�i�n�g� �t�o� �S�t�e�r�n�b�e�r�g� �(�2�7�)�,� �t�h�e� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� 

�t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e� �c�o�n�t�r�i�b�u�t�i�o�n� �f�r�o�m� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �s�a�m�p�l�e�,� �H�s�,� �i�s�:� 

�H�g� �=� �x�2�/�1�2�L� �(�2�0�)� 

�w�h�e�r�e� �x� �i�s� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �s�a�m�p�l�e� �p�l�u�g� �i�n�t�r�o�d�u�c�e�d�.� �E�x�p�r�e�s�s�i�n�g� �t�h�e� �v�o�l�u�m�e� 

�o�f� �s�a�m�p�l�e�,� �S�,� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �a� �c�y�l�i�n�d�r�i�c�a�l� �c�a�p�i�l�l�a�r�y� �a�s�:� 

�S� �=� �n�(�d�,�.�/�2�)�2�x� �(�2�1�)� 

�a�l�l�o�w�s� �f�o�r� �e�q�n�.� �2�0� �t�o� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�H�g� �=� �4�5�2�/�3�n�2�d�,�4�L� �(�2�2�)� 

�E�q�n�.� �2�2�,� �i�m�p�l�i�e�s� �t�h�a�t� �f�o�r� �H�e� �t�o� �p�r�o�v�i�d�e� �a� �m�i�n�i�m�a�l� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �t�o�t�a�l� 

�h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�,� �t�h�e� �s�a�m�p�l�e� �v�o�l�u�m�e� �m�u�s�t� �b�e



�2�1� 

�m�i�n�i�m�i�z�e�d�;� �e�s�p�e�c�i�a�l�l�y� �w�h�e�n� �c�a�p�i�l�l�a�r�i�e�s� �w�i�t�h� �s�m�a�l�l� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r�s�,� �a�s� 

�p�r�e�s�c�r�i�b�e�d� �b�y� �e�q�n�.� �1�9�,� �a�r�e� �e�m�p�l�o�y�e�d�.� 

�I�n� �l�i�g�h�t� �o�f� �t�h�e� �s�m�a�l�l� �s�a�m�p�l�e� �s�i�z�e� �l�i�m�i�t�a�t�i�o�n�,� �i�t� �s�e�e�m�s� �l�o�g�i�c�a�l� �t�o� �u�s�e� 

�o�p�t�i�c�a�l� �d�e�t�e�c�t�o�r�s� �w�i�t�h� �l�a�r�g�e� �s�l�i�t� �w�i�d�t�h�s� �t�o� �m�a�x�i�m�i�z�e� �l�i�g�h�t� �t�h�r�o�u�g�h�p�u�t�.� 

�H�o�w�e�v�e�r�,�  ��a�p�p�a�r�e�n�t �� �b�a�n�d� �b�r�o�a�d�e�n�i�n�g� �m�a�y� �b�e� �o�b�s�e�r�v�e�d� �i�f� �t�h�e� �s�p�a�t�i�a�l� 

�r�e�s�o�l�u�t�i�o�n� �o�f� �t�h�e� �d�e�t�e�c�t�i�o�n� �s�y�s�t�e�m� �i�s� �i�n�a�d�e�q�u�a�t�e� �(�2�8�)�.� �T�o� �a�v�o�i�d� �a�d�v�e�r�s�e� 

�d�e�t�e�c�t�o�r� �e�f�f�e�c�t�s�,� �t�h�e� �s�l�i�t� �w�i�d�t�h�,� �W�,� �o�f� �t�h�e� �d�e�t�e�c�t�o�r� �s�h�o�u�l�d� �b�e� �m�u�c�h� �s�m�a�l�l�e�r� 

�t�h�a�n� �t�h�e� �w�i�d�t�h� �o�f� �t�h�e� �p�e�a�k� �(�4�a�)� �b�e�i�n�g� �d�e�t�e�c�t�e�d�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�o� �m�a�i�n�t�a�i�n� �t�h�e� 

�p�l�a�t�e� �h�e�i�g�h�t� �c�o�n�t�r�i�b�u�t�i�o�n� �s�t�e�m�m�i�n�g� �f�r�o�m� �t�h�e� �d�e�t�e�c�t�o�r� �b�e�l�o�w� �5�%� �o�f� �t�h�e� �t�o�t�a�l� 

�h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�,� �t�h�e� �e�q�u�a�t�i�o�n�:� 

�W� �<�0�.�0�5� �x� �4�6� �(�2�3�)� 

�m�u�s�t� �b�e� �S�a�t�i�s�f�i�e�d�.� 

�I�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �t�h�e� �a�b�o�v�e�,� �i�t� �a�p�p�e�a�r�s� �t�h�a�t� �C�Z�E� �i�s� �n�o�t� �a�m�e�n�a�b�l�e� �t�o� �t�h�e� 

�h�i�g�h� �e�f�f�i�c�i�e�n�c�y�,� �t�r�a�c�e� �a�n�a�l�y�s�i�s�,� �o�f� �t�y�p�i�c�a�l� �a�n�a�l�y�t�e�s�.� �I�n�s�t�e�a�d�,� �i�t� �m�a�y� 

�f�r�e�q�u�e�n�t�l�y� �b�e� �n�e�c�e�s�s�a�r�y� �t�o� �i�n�t�r�o�d�u�c�e� �f�a�i�r�l�y� �c�o�n�c�e�n�t�r�a�t�e�d� �s�a�m�p�l�e�s�.� �l�o�n�i�c� 

�s�o�l�u�t�e�s�,� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �c�a�p�i�l�l�a�r�y� �a�s� �s�a�m�p�l�e�s�,� �h�o�w�e�v�e�r�,� �a�l�t�e�r� �t�h�e� 

�c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �m�e�d�i�a� �i�n� �t�h�e�i�r� �v�i�c�i�n�i�t�y�.� �S�i�n�c�e� �m�i�g�r�a�t�i�o�n� 

�v�e�l�o�c�i�t�y� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�,� �t�h�i�s� �c�a�n� �l�e�a�d� �t�o� �u�n�e�v�e�n� 

�m�i�g�r�a�t�i�o�n� �o�f� �s�u�c�h� �s�p�e�c�i�e�s� �(�2�9�)�,� �S�p�e�c�i�f�i�c�a�l�l�y�,� �w�h�e�n� �t�h�e� �s�o�l�u�t�e� �i�n�t�r�o�d�u�c�e�d� 

�d�e�c�r�e�a�s�e�s� �t�h�e� �l�o�c�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �t�h�e� �m�e�d�i�u�m�,� �t�a�i�l�i�n�g� �o�f� �t�h�e� �z�o�n�e�s� �r�e�s�u�l�t�s�;� 

�w�h�e�n� �t�h�e� �s�o�l�u�t�e� �i�n�c�r�e�a�s�e�s� �t�h�e� �l�o�c�a�l� �c�o�n�d�u�c�t�i�v�i�t�y�,� �p�e�a�k�s� �w�i�t�h� �a�p�p�r�e�c�i�a�b�l�e� 

�l�e�a�d�i�n�g� �e�d�g�e�s� �a�r�e� �o�b�s�e�r�v�e�d�.� �I�n� �b�o�t�h� �i�n�s�t�a�n�c�e�s� �e�f�f�i�c�i�e�n�c�y� �i�s� �d�e�c�r�e�a�s�e�d� �©�.� �5�0�)



�2�2� 

�T�o� �m�i�n�i�m�i�z�e� �t�h�e�s�e� �s�o�l�u�t�e� �e�f�f�e�c�t�s�,� �a�n� �o�p�e�r�a�t�i�n�g� �b�u�f�f�e�r� �w�i�t�h� �w�i�t�h� �a� �l�a�r�g�e� 

�e�l�e�c�t�r�o�l�y�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�0� �t�i�m�e�s� �t�h�a�t� �o�f� �t�h�e� �s�a�m�p�l�e�)� �m�a�y� 

�b�e� �e�m�p�l�o�y�e�d� �(�5�0�)�,� �b�u�t� �a�t� �t�h�e� �e�x�p�e�n�s�e� �o�f� �a�n� �i�n�c�r�e�a�s�e� �i�n� �H�y� �(�e�q�n�.� �1�9�)�.� �I�t� 

�f�o�l�l�o�w�s� �t�h�a�t� �d�i�f�f�u�s�i�o�n� �l�i�m�i�t�e�d� �e�f�f�i�c�i�e�n�c�y� �m�a�y� �n�o�t� �b�e� �f�e�a�s�i�b�l�e�,� �e�v�e�n� �f�o�r� 

�r�e�l�a�t�i�v�e�l�y� �c�o�n�c�e�n�t�r�a�t�e�d� �s�a�m�p�l�e�s� �w�h�e�r�e� �t�h�e� �c�o�n�s�t�r�a�i�n�t�s� �o�f� �e�q�n�s�.� �2�2�-�2�3� �a�r�e� 

�n�o�t� �p�r�o�h�i�b�i�t�i�v�e�.� 

�A� �f�i�n�a�l� �s�o�u�r�c�e� �o�f� �b�a�n�d� �b�r�o�a�d�e�n�i�n�g� �i�n� �C�Z�E� �s�t�e�m�s� �f�r�o�m� �a�d�s�o�r�p�t�i�o�n� �o�f� �s�o�l�u�t�e� 

�o�n�t�o� �t�h�e� �w�a�l�l� �o�f� �t�h�e� �f�u�s�e�d� �s�i�l�i�c�a� �c�a�p�i�l�l�a�r�y�,� �w�h�i�c�h� �i�n�t�r�o�d�u�c�e�s� �m�a�s�s� �t�r�a�n�s�f�e�r� 

�t�e�r�m�s� �i�n�t�o� �t�h�e� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e� �e�q�u�a�t�i�o�n�.� �T�h�e� 

�c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �m�a�s�s� �t�r�a�n�f�e�r� �t�e�r�m�s�,� �H�y�,� �h�a�s� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d� �b�y� �W�a�l�b�r�o�e�h�l� 

�(�2�8�)� �a�n�d� �G�i�d�d�i�n�g�s� �(�5�!�-�3�2�)� �a�s�;� 

�H�y� �=� �H�e� �+� �H�e� �(�2�4�)� 

�w�h�e�r�e� �H�,�,� �i�s� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �f�r�o�m� �m�a�s�s� �t�r�a�n�s�f�e�r� �i�n� �t�h�e� �a�q�u�e�o�u�s� �p�h�a�s�e�,� �a�n�d� 

�H�e� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �f�r�o�m� �m�a�s�s� �t�r�a�n�s�f�e�r� �a�t� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�a�l�l�.� �H�,� �a�n�d� �H�e� �m�a�y� 

�b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�H�i� �=� �K�'�2�(�p�t�e�o� �+� �P�e� �J�E�2�d�-�2�/� �1�6�(�1�#�k�'�)�2�D�,� �(�2�5�)� 
�a�n�d� 

�H�o� �=� �2�k�'�t�y�(�t�t�e�o� �*�H�e�y�J�E�2�/�(�1�+�k�'�)�2� �(�2�6�)� 

�w�h�e�r�e� �t�q� �i�s� �t�h�e� �m�e�a�n� �a�d�s�o�r�p�t�i�o�n� �t�i�m�e� �o�f� �a�n� �a�n�a�l�y�t�e� �o�n� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�a�l�l�.� 

�T�h�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r�,� �k�'�,� �m�a�y� �b�e� �d�e�f�i�n�e�d� �a�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �t�i�m�e� �t�h�e� �s�o�l�u�t�e



�2�3� 

�s�p�e�n�d�s� �a�d�s�o�r�b�e�d� �t�o� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�a�l�l�,� �t�,�.�,� �t�o� �t�h�e� �t�i�m�e� �s�p�e�n�t� �i�n� �t�h�e� �a�q�u�e�o�u�s� 

�b�u�f�f�e�r�,� �t�,�.� 

�W�a�l�b�r�o�e�h�l� �(�2�8�)� �h�a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �e�v�e�n� �f�o�r� �a�k �� �a�s� �l�o�w� �a�s� �0�.�0�5� �(�w�h�i�c�h� 

�r�e�p�r�e�s�e�n�t�s� �v�e�r�y� �l�i�t�t�l�e� �a�d�s�o�r�p�t�i�o�n�)�,� �t�h�e� �p�l�a�t�e� �h�e�i�g�h�t� �i�s� �a�b�o�u�t� �2�0� �t�i�m�e�s� 

�g�r�e�a�t�e�r� �t�h�a�n� �i�f� �t�h�e�r�e� �w�e�r�e� �n�o� �a�d�s�o�r�p�t�i�o�n�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�o� �o�b�t�a�i�n� �t�h�e� �h�i�g�h� 

�s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s� �p�r�e�d�i�c�t�e�d� �b�y� �e�q�n�.� �1�5�,� �a�d�s�o�r�p�t�i�o�n� �m�u�s�t� �b�e� �e�l�i�m�i�n�a�t�e�d�.� 

�A�d�s�o�r�p�t�i�o�n� �i�s� �s�o�l�u�t�e� �d�e�p�e�n�d�e�n�t� �a�n�d� �f�o�r� �m�o�s�t� �a�n�a�l�y�t�e�s� �i�s� �n�o�t� �a� �p�r�o�b�l�e�m�.� 

�H�o�w�e�v�e�r�,� �s�o�m�e� �a�n�a�l�y�t�e�s�,� �p�a�r�t�i�c�u�l�a�r�l�y� �p�r�o�t�e�i�n�s� �©�)�,�,� �a�d�s�o�r�b� �s�t�r�o�n�g�l�y� �o�n�t�o� �t�h�e� 

�s�u�r�f�a�c�e� �o�f� �f�u�s�e�d� �s�i�l�i�c�a�,� �n�e�c�e�s�s�i�t�a�t�i�n�g� �s�u�r�f�a�c�e� �m�o�d�i�f�i�c�a�t�i�o�n�.� �S�u�c�h� 

�m�o�d�i�f�i�c�a�t�i�o�n� �h�a�s� �b�e�e�n� �a�c�h�i�e�v�e�d� �b�y� �c�o�a�t�i�n�g� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�i�t�h� �P�o�l�y�a�c�r�y�l�a�m�i�d�e� 

�(�3�3�)� �p�o�l�y�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�5�4�)�.� �D�e�x�t�r�a�n�,� �a�n�d� �p�o�l�y�(�v�i�n�y�!� �a�l�c�o�h�o�l�)� �5�)�,� �o�r� �b�y� 

�d�e�a�c�t�i�v�a�t�i�n�g� �t�h�e� �s�u�r�f�a�c�e� �w�i�t�h� �a� �f�u�n�c�t�i�o�n�a�l� �s�i�l�a�n�e� �(�5�-�3�6�)�,� �A�l�t�e�r�n�a�t�i�v�e�l�y�,� �t�h�e� 

�s�u�r�f�a�c�e� �h�a�s� �b�e�e�n� �c�h�a�n�g�e�d� �d�y�n�a�m�i�c�a�l�l�y� �b�y� �a�l�t�e�r�i�n�g� �t�h�e� �p�H� �o�f� �t�h�e� �b�u�f�f�e�r� �&�7�)� �(�t�o� 

�r�e�d�u�c�e� �t�h�e� �s�u�r�f�a�c�e� �c�h�a�r�g�e�)�,� �i�n�c�r�e�a�s�i�n�g� �b�u�f�f�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �8�)� �o�r� �b�y� 

�i�n�t�r�o�d�u�c�i�n�g� �a� �m�o�d�i�f�i�e�r� �i�n�t�o� �t�h�e� �b�u�f�f�e�r� �9�)�.� �i�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d�,� �h�o�w�e�v�e�r�,� �t�h�a�t� 

�s�u�r�f�a�c�e� �m�o�d�i�f�i�c�a�t�i�o�n� �c�h�a�n�g�e�s� �t�h�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�,� �a�n�d� �t�h�a�t� �n�o�n�e� �o�f� �t�h�e� 

�t�e�c�h�n�i�q�u�e�s� �d�e�s�c�r�i�b�e�d� �t�o� �d�a�t�e� �h�a�s� �c�o�m�p�l�e�t�e�l�y� �e�l�i�m�i�n�a�t�e�d� �a�d�s�o�r�p�t�i�o�n� �o�f� 

�p�r�o�t�e�i�n�s�.� 

�D�e�s�p�i�t�e� �t�h�e� �d�i�s�p�e�r�s�i�v�e� �e�f�f�e�c�t�s� �o�u�t�l�i�n�e�d�,� �e�f�f�i�c�i�e�n�c�i�e�s� �a�p�p�r�o�a�c�h�i�n�g� 

�1�,�0�0�0�,�0�0�0� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s� �5�7�)� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �f�o�r� �m�o�d�e�l� �p�r�o�t�e�i�n�s�.� 

�T�h�i�s� �r�e�p�r�e�s�e�n�t�s� �a�n� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �e�f�f�i�c�i�e�n�c�y� �o�f� �1�-�2� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� 

�c�o�m�p�a�r�e�d� �t�o� �G�C� �a�n�d� �H�P�L�C�,� �a�n�d� �h�a�s� �p�r�o�v�i�d�e�d� �a� �m�a�j�o�r� �i�m�p�e�t�u�s� �f�o�r� �t�h�e



�2�4� 

�d�e�v�e�l�o�p�m�e�n�t� �o�f� �C�Z�E�.� �I�t� �s�h�o�u�l�d� �b�e� �e�m�p�h�a�s�i�z�e�d�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e� �p�u�r�p�o�s�e� �o�f� �a� 

�|� �c�h�e�m�i�c�a�l� �s�e�p�a�r�a�t�i�o�n� �i�s� �n�o�t� �m�e�r�e�l�y� �t�o� �e�f�f�e�c�t� �t�h�e� �e�f�f�i�c�i�e�n�t� �t�r�a�n�s�p�o�r�t� �o�f� 

�s�a�m�p�l�e� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �p�u�r�p�o�s�e� �i�s� �t�o� �r�e�s�o�l�v�e� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �i�n�t�o� �d�i�s�c�r�e�t�e� 

�c
�t�

 

�b�a�n�d�s�.� �A�c�c�o�r�d�i�n�g�l�y�,� �i�t� �i�s� �t�h�e� �o�v�e�r�a�l�l� �r�e�s�o�l�u�t�i�o�n�,� �a�n�d� �n�o�t� �s�t�r�i�c�t�l�y� �t�h�e� 

�e�f�f�i�c�i�e�n�c�y� �w�h�i�c�h� �s�h�o�u�l�d� �b�e� �o�p�t�i�m�i�z�e�d�.� 

�T�h�e� �r�e�s�o�l�u�t�i�o�n� �(�R�,�)� �o�b�t�a�i�n�e�d� �f�o�r� �a� �c�h�e�m�i�c�a�l� �s�e�p�a�r�a�t�i�o�n� �w�h�i�c�h� �i�s� �b�a�s�e�d� �o�n� 

�t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �o�f� �s�o�l�u�t�e� �v�e�l�o�c�i�t�i�e�s� �i�s�,� �b�y� �G�i�d�d�i�n�g�s �� �d�e�f�i�n�i�t�i�o�n� �(�2�5�)�,� �g�i�v�e�n� �a�s�:� 

�R�,�-� �+�  �� �(�2�8�)� 
�4� �V� �a�v�g� 
� � 

�w�h�e�r�e� �A�V�/�V�a�y�g� �i�s� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�w�o� �z�o�n�e�s�.� �I�n� 

� � 

�a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �e�q�n�s�.� �1�1�-�1�3�,� �r�e�s�o�l�u�t�i�o�n� �i�n� �C�Z�E� �m�a�y� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� �(�4�)�:� 

�1�/�2� �-� 
�R�,� �=� �N� �M�e�l� �~� �H�e�l�2� �|� �(�2�9�)� 

�4� �M�h� �e�l�.�a�v�g� �*� �M�e�o� 

�w�h�e�r�e� �t�h�e� �s�u�b�s�c�r�i�p�t�s� �1�,� �2� �a�n�d� �a�v�g� �d�e�n�o�t�e� �t�h�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �m�o�b�i�l�i�t�i�e�s� �o�f� 

�t�w�o� �s�p�e�c�i�e�s�,� �a�n�d� �t�h�e�i�r� �a�v�e�r�a�g�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �m�o�b�i�l�i�t�y�.� 

�O�p�t�i�m�i�z�a�t�i�o�n� �o�f� �C�Z�E� �i�s�,� �u�n�d�e�r� �t�h�e� �o�u�t�l�i�n�e�d� �e�f�f�i�c�i�e�n�c�y� �a�n�d� �s�e�n�s�i�t�i�v�i�t�y� 

�c�r�i�t�e�r�i�a�,� �c�o�n�t�i�n�g�e�n�t� �o�n� �o�p�t�i�m�i�z�i�n�g� �e�q�n�.� �2�9�.� �M�e�a�n�s� �o�f� �a�c�h�i�e�v�i�n�g� �t�h�i�s� �a�r�e� 

�d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �I�V�.



�2�5� 

�2�.�2�.�2�.� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �f�o�r� �C�Z�E� 

�T�o� �a�c�c�o�m�p�a�n�y� �t�h�e� �a�d�v�a�n�c�e�s� �i�n� �t�h�e� �t�h�e�o�r�y� �o�f� �C�Z�E�,� �r�a�p�i�d� �d�e�v�e�l�o�p�m�e�n�t�s� �h�a�v�e� 

�b�e�e�n� �m�a�d�e� �i�n� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n�.� �D�e�s�p�i�t�e� �t�h�e� �s�t�r�i�n�g�e�n�t� �c�r�i�t�e�r�i�a� �p�l�a�c�e�d� �o�n� 

�d�e�t�e�c�t�i�o�n� �i�n� �C�Z�E�,� �U�V� �(�4�0�-�4�2�)�,� �f�l�u�o�r�e�s�c�e�n�c�e� �(�i�n�c�l�u�d�i�n�g� �l�a�s�e�r� �i�n�d�u�c�e�d� 

�f�l�u�o�r�e�s�c�e�n�c�e�)� �4�3�-�4�7�)�,� �c�o�n�d�u�c�t�i�v�i�t�y� �(�4�8�-�4�9�)�,� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �(�S�0�-�5�2�)�,� 

�r�a�d�i�o�i�s�o�t�o�p�i�c� �5�)� �a�n�d� �M�S� �(�5�4�-�5�6�)� �d�e�t�e�c�t�o�r�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �s�u�c�e�s�s�f�u�l�l�y�.� 

�U�s�i�n�g� �U�V� �d�e�t�e�c�t�i�o�n� �a�n�d� �t�y�p�i�c�a�l� �a�n�a�l�y�t�e�s�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t�s� 

�a�r�e� �t�y�p�i�c�a�l�l�y� �t�o� �t�h�e� �o�r�d�e�r� �o�f� �1� �x� �1�0�°� �-� �3� �x� �1�0�-�7� �M� �(�4�-�4�1�)�,� �F�o�r� �m�a�n�y� �a�n�a�l�y�s�e�s� 

�t�h�i�s� �i�s� �c�o�n�s�i�d�e�r�e�d� �p�r�o�h�i�b�i�t�i�v�e�l�y� �h�i�g�h�,� �a�n�d� �c�o�n�s�e�q�u�e�n�t�l�y� �n�u�m�e�r�o�u�s� �a�u�t�h�o�r�s� 

�h�a�v�e� �d�i�s�c�u�s�s�e�d� �m�e�a�n�s� �f�o�r� �i�m�p�r�o�v�e�m�e�n�t�.� �J�a�n�s�s�o�n� �e�t� �a�l�.� �©�7�)�,� �f�o�r� �e�x�a�m�p�l�e�,� 

�h�a�v�e� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �a� �l�o�n�g�e�r� �p�a�t�h�l�e�n�g�t�h�,� �b�u�t� �e�q�u�a�l� �h�e�a�t� �d�i�s�s�i�p�a�t�i�o�n� �m�a�y� �b�e� 

�p�o�s�s�i�b�l�e� �i�n� �r�e�c�t�a�n�g�u�l�a�r� �c�a�p�i�l�l�a�r�i�e�s�.� �W�i�l�s�o�n� �e�t� �a�l�.� �8�)� �h�a�v�e� �a�d�d�r�e�s�s�e�d� �t�h�e� 

�f�e�a�s�i�b�i�l�i�t�y� �o�f� �d�y�n�a�m�i�c�a�l�l�y� �c�o�u�p�l�i�n�g� �m�i�c�r�o� �H�P�L�C� �t�o� �C�Z�E�.� �I�n� �t�h�i�s� �a�r�r�a�n�g�e�m�e�n�t�,� 

�t�h�e� �H�P�L�C� �c�o�l�u�m�n� �s�e�r�v�e�s� �a�s� �a� �s�a�m�p�l�e� �c�o�n�c�e�n�t�r�a�t�o�r� �a�n�d� �e�f�f�e�c�t�i�v�e�l�y� �i�n�t�r�o�d�u�c�e�s� 

�a� �m�o�r�e� �c�o�n�c�e�n�t�r�a�t�e�d� �s�a�m�p�l�e� �o�n�t�o� �t�h�e� �C�Z�E� �c�a�p�i�l�l�a�r�y�.� �A�s� �n�o�t�e�d� �b�y� �B�u�s�h�e�y� �a�n�d� 

�J�o�r�g�e�n�s�o�n� �(�5�9�)�,� �d�y�n�a�m�i�c�a�l�l�y� �c�o�u�p�l�e�d� �H�P�L�C�-�C�Z�E� �a�l�s�o� �p�r�o�v�i�d�e�s� �a�n� �o�r�t�h�o�g�o�n�a�l� 

�d�e�g�r�e�e� �o�f� �s�e�l�e�c�t�i�v�i�t�y�,� �a�n�d� �m�a�y� �t�h�e�r�e�f�o�r�e� �a�d�d�i�t�i�o�n�a�l�l�y� �b�e� �u�s�e�d� �t�o� �i�m�p�r�o�v�e� 

�s�e�p�a�r�a�t�i�o�n�.� 

�A� �m�o�r�e� �s�t�r�a�i�g�h�t�f�o�r�w�a�r�d� �a�p�p�r�o�a�c�h� �t�o� �i�m�p�r�o�v�i�n�g� �s�e�n�s�i�t�i�v�i�t�y�,� �h�o�w�e�v�e�r�,� �h�a�s� 

�b�e�e�n� �t�o� �u�s�e� �m�o�r�e� �s�e�n�s�i�t�i�v�e� �d�e�t�e�c�t�i�o�n� �m�e�t�h�o�d�s�.� �U�s�i�n�g� �l�a�s�e�r� �i�n�d�u�c�e�d� 

�f�l�u�o�r�e�s�c�e�n�c�e�,� �D�o�v�i�c�h�i� �e�t� �a�l�.� �(�4�5�)� �h�a�v�e� �r�e�p�o�r�t�e�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t�s� 

�o�f� �S�x� �1�0�-�!�2� �M� �f�o�r� �t�h�e� �f�l�u�o�r�e�s�c�e�i�n� �i�s�o�t�h�i�o�c�y�a�n�a�t�e� �d�e�r�i�v�a�t�i�v�e� �o�f� �a�n�i�l�i�n�e� �(�3� 

�t�i�m�e�s� �s�i�g�n�a�l� �t�o� �n�o�i�s�e�)�.� �B�y� �v�i�r�t�u�e� �o�f� �t�h�e� �|� �n�L� �s�a�m�p�l�e� �v�o�l�u�m�e�,� �t�h�i�s� 

�c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �m�a�s�s� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t� �o�f� �l�e�s�s� �t�h�a�n� �6�0�0�0� �m�o�l�e�c�u�l�e�s�.



�2�6� 

�I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �l�a�s�e�r� �i�n�d�u�c�e�d� �f�l�u�o�r�e�s�c�e�n�c�e� �i�s� �m�o�r�e� 

�S�e�l�e�c�t�i�v�e� �t�h�a�n� �U�V� �d�e�t�e�c�t�i�o�n� �a�n�d� �t�h�e�r�e�f�o�r�e� �d�o�e�s� �n�o�t� �h�a�v�e� �t�h�e� �s�a�m�e� �g�e�n�e�r�a�l� 

�a�p�p�l�i�c�a�b�i�l�i�t�y�.� �F�u�r�t�h�e�r�m�o�r�e�,� �w�h�e�n� �s�o�l�u�t�e�s� �a�r�e� �d�e�r�i�v�a�t�i�z�e�d� �t�h�e�y� �a�s�s�u�m�e� 

�d�i�f�f�e�r�e�n�t� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �b�e�n�a�v�i�o�r� �t�h�a�n� �t�h�e�i�r� �u�n�d�e�r�i�v�a�t�i�z�e�d� �c�o�u�n�t�e�r�p�a�r�t�s�,� 

�a�n�d� �a�r�e�,� �i�n� �s�o�m�e� �i�n�s�t�a�n�c�e�s�,� �n�o�t� �s�e�p�a�r�a�t�e�d�.� �A�d�d�r�e�s�s�i�n�g� �t�h�i�s� �p�r�o�b�l�e�m�,� �R�o�s�e� 

�a�n�d� �J�o�r�g�e�n�s�o�n� �(�6�0�)� �a�n�d� �Z�a�r�e� �e�t� �a�l�.� �6�1�)� �h�a�v�e� �d�e�v�e�l�o�p�e�d� �p�o�s�t� �c�a�p�i�l�l�a�r�y� �r�e�a�c�t�o�r�s� 

�f�o�r� �C�Z�E�,� �w�h�i�c�h� �a�l�l�o�w� �f�o�r� �s�p�e�c�i�e�s� �t�o� �m�i�g�r�a�t�e� �i�n� �t�h�e�i�r� �n�a�t�i�v�e� �s�t�a�t�e� �a�n�d� 

�s�u�b�s�e�q�u�e�n�t�l�y� �b�e� �d�e�r�i�v�a�t�i�z�e�d� �f�o�r� �f�l�u�o�r�e�s�c�e�n�c�e� �d�e�t�e�c�t�i�o�n�.� �N�e�v�e�r�t�h�e�l�e�s�s�,� �d�u�e� 

�t�o� �t�h�e� �l�i�m�i�t�e�d� �n�u�m�b�e�r� �o�f� �s�u�i�t�a�b�l�e� �d�e�r�i�v�i�t�i�z�a�t�i�o�n� �r�e�a�g�e�n�t�s�,� �f�l�u�o�r�e�s�c�e�n�c�e� 

�d�e�t�e�c�t�i�o�n� �r�e�m�a�i�n�s� �f�a�i�r�l�y� �s�e�l�e�c�t�i�v�e�.� 

�A�n�a�l�o�g�o�u�s� �c�o�n�c�l�u�s�i�o�n�s� �m�a�y� �b�e� �m�a�d�e� �a�b�o�u�t� �t�h�e� �s�e�l�e�c�t�i�v�i�t�y� �o�f� 

�e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �a�n�d� �r�a�d�i�o�i�s�o�t�o�p�e� �d�e�t�e�c�t�o�r�s�.� �I�n� �t�h�i�s� �l�i�g�h�t�,� �c�o�n�d�u�c�t�i�v�i�t�y� �a�n�d� 

�M�S� �d�e�t�e�c�t�i�o�n� �s�e�e�m� �d�e�s�i�r�a�b�l�e� �d�u�e� �t�o� �t�h�e�i�r� �u�n�i�v�e�r�s�a�l� �r�e�s�p�o�n�s�e�.� �U�s�i�n�g� 

�c�o�n�d�u�c�t�i�v�i�t�y� �d�e�t�e�c�t�i�o�n� �Z�a�r�e� �e�t� �a�l� �(�4�8�)� �h�a�v�e� �r�e�p�o�r�t�e�d� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t�s� �o�f� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�-�7� �M� �(�2� �t�i�m�e�s� �s�i�g�n�a�l� �t�o� �n�o�i�s�e�)� �f�o�r� �l�i�t�h�i�u�m�;� �l�e�s�s� �c�o�n�d�u�c�t�i�v�e� 

�i�o�n�s� �s�u�c�h� �a�s� �a�r�g�i�n�i�n�e� �w�e�r�e� �a�n�a�l�y�z�e�d� �a�t� �t�h�e� �4� �x� �1�0�-�5� �M� �l�e�v�e�l� �u�s�i�n�g� �i�n�v�e�r�s�e� 

�c�o�n�d�u�c�t�i�v�i�t�y� �d�e�t�e�c�t�i�o�n�.� �A�l�t�h�o�u�g�h� �t�h�e�s�e� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t�s� �a�r�e� �p�o�o�r� �i�n� 

�c�o�m�p�a�r�i�s�o�n� �t�o� �H�P�L�C�,� �o�n�l�i�n�e� �d�e�t�e�c�t�i�o�n� �p�r�o�v�i�d�e�s� �a� �p�o�t�e�n�t�i�a�l� �f�o�r� �a�u�t�o�m�a�t�i�o�n� 

�n�o�t� �p�o�s�s�i�b�l�e� �i�n� �c�o�n�v�e�n�t�i�o�n�a�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s�,� �w�h�e�r�e� �d�e�t�e�c�t�i�o�n� �i�s� �t�y�p�i�c�a�l�l�y� 

�p�e�r�f�o�r�m�e�d� �p�o�s�t� �r�u�n� �b�y� �s�t�a�i�n�i�n�g� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �m�e�d�i�a�.� �A�s� �a� �c�o�n�s�e�q�u�e�n�c�e� 

�i�m�p�r�o�v�e�d� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �s�h�o�u�l�d� �b�e� �p�o�s�s�i�b�l�e�.� 

�T�o� �a�u�t�o�m�a�t�e� �C�Z�E�,� �a�u�t�o�s�a�m�p�l�e�r�s� �(�6�2�-�6�5�)� �f�r�a�c�t�i�o�n� �c�o�l�l�e�c�t�o�r�s� �(�6�6�-�6�7�)� �a�n�d� 

�c�a�p�i�l�l�a�r�y� �t�h�e�r�m�o�s�t�a�t�s� �(�6�4�-�6�5�.� �6�8�)� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d�.� �T�h�e� �u�s�e� �o�f� 

�a�u�t�o�s�a�m�p�l�e�r�s� �h�a�s� �b�e�e�n� �n�o�t�e�d� �t�o� �i�m�p�r�o�v�e� �q�u�a�n�t�i�t�a�t�i�v�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y�;



�2�7� 

�t�h�e�r�m�o�s�t�a�t�t�i�n�g� �t�h�e� �c�a�p�i�l�l�a�r�y� �p�r�o�v�i�d�e�s� �m�o�r�e� �r�e�p�r�o�d�u�c�i�b�l�e� �b�u�f�f�e�r� �v�i�s�c�o�s�i�t�i�e�s� 

�a�n�d�,� �t�h�e�r�e�f�o�r�e�,� �m�o�r�e� �r�e�p�r�o�d�u�c�i�b�l�e� �m�i�g�r�a�t�i�o�n� �t�i�m�e�s�.� 

�2�.�2�.�3�.� �A�p�p�l�i�c�a�t�i�o�n�s� �o�f� �C�Z�E� 

�U�s�i�n�g� �t�h�e� �o�u�t�l�i�n�e�d� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n�,� �C�Z�E� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �a�p�p�l�i�c�a�b�l�e� 

�t�o� �t�h�e� �a�n�a�l�y�s�e�s� �o�f� �c�h�a�r�g�e�d� �s�p�e�c�i�e�s� �r�a�n�g�i�n�g� �i�n� �s�i�z�e� �f�r�o�m� �G�r�o�u�p� �|� �c�a�t�i�o�n�s� �(�4�8�)� 

�t�o� �p�o�l�y�s�t�y�r�e�n�e� �n�a�n�o�s�p�h�e�r�e�s� �w�i�t�h� �d�i�a�m�e�t�e�r�s� �o�f� �u�p� �t�o� �6�8�3� �n�m� �(�6�9�)�,� �S�p�e�c�i�f�i�c� 

�a�p�p�l�i�c�a�t�i�o�n�s� �h�a�v�e� �i�n�c�l�u�d�e�d� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �a�m�i�n�o� �a�c�i�d�s� �a�n�d� 

�p�e�p�t�i�d�e�s� �(�4�.� �4�5�.� �7�0�-�7�1�)�,� �p�r�o�t�e�i�n�s� �(�4�.� �3�6�-�3�8�,� �7�2�-�7�3�)�,� �p�o�l�y�a�m�i�n�e�s� �(�7�4�)� �l�o�w� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �c�a�r�b�o�x�y�l�i�c� �a�c�i�d�s� �(�4�9�)�,� �m�a�r�i�n�e� �t�o�x�i�n�s� �4�7�)�,� �r�e�d� �b�l�o�o�d� �c�e�l�l�s� 

�(�7�5�)� �a�n�d� �p�h�a�r�m�a�c�e�u�t�i�c�a�l�s� �(�4�6�.� �5�6�,� �7�6�)� 

�I�t� �h�a�s� �a�l�s�o� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �C�Z�E� �i�s� �n�o�t� �l�i�m�i�t�e�d� �t�o� �s�t�r�i�c�t�l�y� �a�q�u�e�o�u�s� 

�b�u�f�f�e�r�s�.� �W�a�h�l�b�r�o�e�h�l� �a�n�d� �J�o�r�g�e�n�s�o�n� �(�4�0�)� �a�n�d� �F�u�j�i�w�a�r�a� �a�n�d� �H�o�n�d�a� �(�7�7�)�,� �h�a�v�e� 

�s�h�o�w�n� �t�h�a�t� �m�e�t�h�a�n�o�l� �a�n�d� �a�c�e�t�o�n�i�t�r�i�l�e�,� �i�n� �a�d�d�i�t�i�o�n� �t�o� �i�m�p�r�o�v�i�n�g� �s�o�l�u�t�e� 

�s�o�l�u�b�i�l�i�t�y�,� �i�m�p�r�o�v�e� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �p�o�s�i�t�i�o�n�a�l� �i�s�o�m�e�r�s�.� �Z�a�r�e� �e�t� 

�a�l�,� �(�7�8�-�7�9�)� �a�n�d� �F�a�n�a�l�i� �e�t� �a�l�.� �8�0�)� �h�a�v�e� �u�s�e�d� �C�Z�E� �t�o� �e�f�f�e�c�t� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� 

�e�n�a�n�t�i�o�m�e�r�s�,� �b�y� �a�d�d�i�n�g� �c�h�i�r�a�l� �c�o�m�p�l�e�x�e�s� �t�o� �t�h�e� �o�p�e�r�a�t�i�n�g� �b�u�f�f�e�r�s�.� �I�n� 

�a�n�a�l�o�g�y� �t�o� �M�E�K�C�,� �s�u�c�h� �s�e�p�a�r�a�t�i�o�n� �i�s� �a�c�h�i�e�v�e�d� �b�e�c�a�u�s�e� �o�f� �s�e�c�o�n�d�a�r�y� 

�e�q�u�i�l�i�b�r�i�a� �b�e�t�w�e�e�n� �t�h�e� �e�n�a�n�t�i�o�m�e�r�s� �a�n�d� �t�h�e� �c�o�m�p�l�e�x� �w�h�i�c�h�,� �d�u�e� �t�o� 

�e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �a�n�d� �e�l�e�c�t�r�o�o�s�m�o�s�i�s�,� �m�i�g�r�a�t�e� �a�t� �d�i�f�f�e�r�e�n�t� �r�a�t�e�s�.� �B�o�t�h� �o�f� 

�t�h�e�s�e� �l�a�t�t�e�r� �a�p�p�l�i�c�a�t�i�o�n�s� �a�r�e� �i�m�p�o�r�t�a�n�t�,� �s�i�n�c�e� �t�h�e�y� �d�e�m�o�n�s�t�r�a�t�e� �t�h�a�t� 

�i�m�p�r�o�v�i�n�g� �s�e�l�e�c�t�i�v�i�t�y�,� �i�.�e�.� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �(�e�q�n�.� 

�2�8�)�,� �i�s� �p�o�s�s�i�b�l�e� �i�n� �C�Z�E�.
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�2�.�5�.� �D�e�v�e�l�o�p�m�e�n�t�s� �i�n� �M�E�K�C� 

�F�r�o�m� �t�h�e� �d�i�s�c�u�s�s�i�o�n� �p�r�e�s�e�n�t�e�d� �i�n� �s�e�c�t�i�o�n� �1�.�4�,� �M�E�K�C� �m�a�y� �b�e� �c�o�n�s�i�d�e�r�e�d� 

�a�n�a�l�o�g�o�u�s� �t�o� �c�o�n�v�e�n�t�i�o�n�a�l� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�,� �w�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �t�h�a�t� �t�h�e� 

�c�o�n�v�e�n�t�i�o�n�a�l� �s�t�a�t�i�o�n�a�r�y� �p�h�a�s�e� �i�s� �r�e�p�l�a�c�e�d� �b�y� �a� �m�i�c�e�l�l�a�r� �p�h�a�s�e� �w�h�i�c�h� �i�s� 

�i�t�s�e�l�f� �m�o�b�i�l�e�.� �A�s� �a�r�e�s�u�l�t� �o�f� �t�h�e� �m�o�b�i�l�i�t�y� �o�f� �t�h�e� �s�e�c�o�n�d�a�r�y� �p�h�a�s�e�,� 

�m�o�d�i�f�i�c�a�t�i�o�n�s� �m�u�s�t� �b�e� �m�a�d�e� �t�o� �s�o�m�e� �o�f� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �d�e�f�i�n�i�t�i�o�n�s� �o�f� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �p�a�r�a�m�e�t�e�r�s�.� 

�A�s� �n�o�t�e�d� �b�y� �T�e�r�a�b�e� �e�t� �a�l�.�  ��'�1�)�,� �i�f� �t�h�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r� �o�f� �a� �g�i�v�e�n� �s�o�l�u�t�e�,� �k ��,� 

�i�s� �d�e�f�i�n�e�d� �a�s�:� 

�k�K �� �=� �N�m�e�/�N�a�g� �(�3�0�)� 

�w�h�e�r�e� �M�m�e� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �m�o�l�e�s� �o�f� �s�o�l�u�t�e� �i�n� �t�h�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e� �a�n�d� �N�g�g� �i�s� 

�t�h�e� �n�u�m�b�e�r� �o�f� �m�o�l�e�s� �o�f� �s�o�l�u�t�e� �i�n� �t�h�e� �a�q�u�e�o�u�s� �p�h�a�s�e�;� �k �� �o�f� �a� �n�e�u�t�r�a�l� �s�o�l�u�t�e� 

�m�a�y� �f�o�r� �M�E�K�C� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� �:� 

�;� �t�o�-�t� �K�i� �=�  ��W�R� �*�Q� �(�3�1�)� 
�t�o�l� �~� �C�p� �/�t�m�e�)� 

�w�h�e�r�e� �t�p� �i�s� �t�h�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �o�f� �a�n� �a�n�a�l�y�t�e�,� �t�y� �t�h�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �o�f� �a� 

�s�o�l�u�t�e� �w�h�i�c�h� �d�i�s�t�r�i�b�u�t�e�s� �e�x�c�l�u�s�i�v�e�l�y� �i�n�t�o� �t�h�e� �a�q�u�e�o�u�s� �p�h�a�s�e�,� �a�n�d� �t�p�,� �t�h�e� 

�r�e�t�e�n�t�i�o�n� �t�i�m�e� �o�f� �a� �s�o�l�u�t�e� �w�h�i�c�h� �d�i�s�t�r�i�b�u�t�e�s� �e�x�c�l�u�s�i�v�e�l�y� �i�n�t�o� �t�h�e� �m�i�c�e�l�l�a�r



�2�9� 

�p�h�a�s�e�.� �I�t� �f�o�l�l�o�w�s� �t�h�a�t� �t�h�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �o�f� �t�h�e� �s�o�l�u�t�e� �m�a�y� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�p�e� �E�t� �K�e� 
�R�1�1� �#� �(�t�o�/�t�m�e� �D�k �� �(�5�2�)� 
� � 

�a�n�d� �t�h�a�t� �t�h�e� �m�a�s�t�e�r� �r�e�s�o�l�u�t�i�o�n� �e�q�u�a�t�i�o�n� �f�o�r� �M�E�K�C� �b�e�c�o�m�e�s� �(�1�2�)�.� 

�N�e� �~�{�o�/�t� �a� �C�a� �t�e�r�e�)� �|� �+� �K�o�;� �1�+� �(�t� �o�/�t�m�o�K�1� �|� 

�w�h�e�r�e� �k ��p� �a�n�d�k ��,� �a�r�e� �t�h�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s� �o�f� �s�o�l�u�t�e�s� �2� �a�n�d� �1�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� 

� � 

�a�n�d� �@� �i�s� �t�h�e� �s�e�l�e�c�t�i�v�i�t�y� �(�a� �=� �k�'�o�/�k ��;�)�.� 

�A�s�s�u�m�i�n�g� �a� �v�a�l�u�e� �o�f� �i�n�f�i�n�i�t�y� �f�o�r� �t�,�,�,� �(�i�.�e�.� �a� �s�t�a�t�i�o�n�a�r�y� �s�e�c�o�n�d�a�r�y� �p�h�a�s�e�)�,� 

�e�q�n�s�.� �3�1�-�3�3� �r�e�d�u�c�e� �t�o� �t�h�e� �f�o�r�m�s� �u�s�e�d� �i�n� �c�o�n�v�e�n�t�i�o�n�a�l� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�.� �I�t� �i�s� 

�t�h�e�r�e�f�o�r�e� �l�o�g�i�c�a�l� �t�h�a�t�,� �a�s� �f�o�r� �c�o�n�v�e�n�t�i�o�n�a�l� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�,� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� 

�M�E�K�C� �i�s� �c�o�n�t�i�n�g�e�n�t� �o�n� �o�p�t�i�m�i�z�i�n�g� �e�a�c�h� �o�f� �t�h�e� �t�e�r�m�s� �i�n� �t�h�e� �m�a�s�t�e�r� �r�e�s�o�l�u�t�i�o�n� 

�e�q�u�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �a�s� �i�s� �e�v�i�d�e�n�t� �f�r�o�m� �t�h�e� �l�a�s�t� �t�e�r�m� �i�n� �e�q�n�.� �3�3�,� �t�h�e� �c�a�p�a�c�i�t�y� 

�f�a�c�t�o�r� �d�e�p�e�n�d�e�n�t� �t�e�r�m�s� �a�r�e� �m�o�r�e� �c�o�m�p�l�i�c�a�t�e�d� �i�n� �M�E�K�C�.� 

�A�s�s�u�m�i�n�g� �k ��;� �=� �k�'�s�,� �r�e�s�o�l�u�t�i�o�n� �i�n� �M�E�K�C� �m�a�y� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�t�h�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r� �d�e�p�e�n�d�e�n�t� �t�e�r�m�s� �a�s� �(�1�2�)�.� 

� � 

�|� �k �� �1� �-� �t�o�/�t�m�e� �=� �3�4� �m�k�)� �(� �+�k �� �N�G� �*� �(�t�o�/�t�m�o�k� �)� �(�5�4�)� 

�f�(�k�'�)� �i�s� �p�l�o�t�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �k �� �i�n� �F�i�g�.� �6�.� �C�u�r�v�e� �(�a�)�.� �d�e�p�i�c�t�s� �a� �s�i�t�u�a�t�i�o�n� 

�w�h�e�r�e� �t�o�/�t�m�.� �i�s� �Z�e�r�o� �a�n�d� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �c�o�n�v�e�n�t�i�o�n�a�l� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�.� �W�h�e�n



�3�0� 

�(�a�)� 

�f� �(�k�*�)� 

� � 
� � � � 

�F�i�g�u�r�e� �6�.� �f�(�k�'�)� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �k �� �f�o�r� �t�o�/�t�r�,� �r�a�t�i�o�s� �o�f�:� �(�a�)� �0� �(�b�)� �0�.�2� �a�n�d� 
�(�c�)� �0�.�5�.
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�t�o�/�t�m�e� �1�S� �i�n�c�r�e�a�s�e�d� �(�c�u�r�v�e�s� �b� �a�n�d� �c�)�,� �t�h�e� �m�a�x�i�m�u�m� �o�f� �f�(�k ��)� �i�s� �r�e�d�u�c�e�d� �a�n�d� 

�o�c�c�u�r�s� �a�t� �a� �l�o�w�e�r� �k ��.� �A�c�c�o�r�d�i�n�g�l�y�,� �t�o� �o�p�t�i�m�i�z�e� �r�e�s�o�l�u�t�i�o�n� �i�n� �M�E�K�C� �t�o�/�t�m�e�,� �a�s� 

�w�e�l�l� �a�s� �N�,� �a�,� �a�n�d� �k�'� �m�u�s�t� �b�e� �o�p�t�i�m�i�z�e�d�.� 

�A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �6�,� �m�a�x�i�m�i�z�i�n�g� �r�e�s�o�l�u�t�i�o�n� �i�s� �c�o�n�t�i�n�g�e�n�t� �o�n� �m�i�n�i�m�i�z�i�n�g� 

�o�/�t�m�e�.� �A�S� �i�m�p�l�i�e�d� �i�n� �F�i�g�.� �5�,� �t�h�i�s� �m�a�y� �b�e� �a�c�h�i�e�v�e�d� �b�y� �d�e�c�r�e�a�s�i�n�g� �t�h�e� 

�m�a�g�n�i�t�u�d�e� �o�f� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�.� �A�s� �f�o�r� �C�Z�E�,� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �m�a�y� �b�e� 

�d�e�c�r�e�a�s�e�d� �b�y� �r�e�d�u�c�i�n�g� �p�H�  ��8�!�-�8�2�)� �o�r� �b�y� �u�s�i�n�g� �s�u�r�f�a�c�e� �m�o�d�i�f�i�e�d� 

�c�a�p�i�l�l�a�r�i�e�s� �(�8�5�-�8�5�)�,� �|�t� �i�s� �a�d�d�i�t�i�o�n�a�l�l�y� �n�o�t�a�b�l�e� �f�r�o�m� �F�i�g�.� �6�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e� 

�C�a�p�a�c�i�t�y� �f�a�c�t�o�r� �m�u�s�t� �a�l�s�o� �b�e� �o�p�t�i�m�i�z�e�d� �i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �t�o�/�t�,�,�,� �a�n�d� �t�h�a�t� 

�t�h�e� �o�p�t�i�m�u�m� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r� �d�o�e�s� �n�o�t� �o�c�c�u�r� �a�t� �i�n�f�i�n�i�t�e� �r�e�t�e�n�t�i�o�n� �u�n�l�e�s�s� 

�t�o�/�t�m�e� �=� �0�.� 

�F�o�r�t�u�n�a�t�e�l�y� �k�'� �i�s� �r�e�a�d�i�l�y� �a�d�j�u�s�t�e�d�.� �R�e�l�a�t�i�n�g� �k �� �t�o� �t�h�e� �p�a�r�t�i�t�i�o�n� 

�c�o�e�f�f�i�c�i�e�n�t�,� �K�,� �a�s�:� 

�K�=�k�K�B� �(�3�5�)� 

�w�h�e�r�e� �B� �i�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �v�o�l�u�m�e� �o�f� �a�q�u�e�o�u�s� �p�h�a�s�e� �t�o� �t�h�e� �v�o�l�u�m�e� �o�f� �t�h�e� 

�m�i�c�e�l�l�a�r� �p�h�a�s�e�;� �i�t� �i�s� �s�e�e�n� �t�h�a�t� �k�'� �m�a�y� �b�e� �c�h�a�n�g�e�d� �b�y� �s�i�m�p�l�y� �c�h�a�n�g�i�n�g� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �s�u�r�f�a�c�t�a�n�t� �c�o�m�p�r�i�s�i�n�g� �t�h�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e� �(�1�2�)�,� 

�O�p�t�i�m�i�z�a�t�i�o�n� �o�f� �s�e�l�e�c�t�i�v�i�t�y�,� �i�n� �t�u�r�n�,� �i�s� �c�o�n�t�i�n�g�e�n�t� �o�n� �c�h�o�o�s�i�n�g� �a� �m�i�c�e�l�l�a�r� 

�p�h�a�s�e� �w�h�i�c�h� �p�r�o�v�i�d�e�s� �d�i�f�f�e�r�e�n�t� �p�a�r�t�i�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �f�o�r� �t�h�e� �s�o�l�u�t�e�s� �t�o� �b�e� 

�s�e�p�a�r�a�t�e�d�.� �T�o� �d�a�t�e�,� �m�o�s�t� �a�p�p�l�i�c�a�t�i�o�n�s� �o�f� �M�E�K�C� �h�a�v�e� �e�m�p�l�o�y�e�d� �s�o�d�i�u�m� 

�d�o�d�e�c�y�l�!� �s�u�l�f�a�t�e� �(�S�D�S�)� �a�s� �t�h�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e� �(�8�5�-�9�1�)�,� �T�h�e� �u�s�e� �o�f� �s�o�d�i�u�m� �d�e�c�y�!� 

�s�u�l�f�a�t�e�,� �s�o�d�i�u�m� �t�e�t�r�a�d�e�c�y�l� �s�u�l�f�a�t�e�,� �s�o�d�i�u�m� �d�o�d�e�c�a�n�e�s�u�l�f�o�n�a�t�e�,� �c�e�t�y�l�,� 

�d�o�d�e�c�y�!� �a�n�d� �h�e�x�a�d�e�c�y�!� �t�r�i�m�e�t�h�y�l�a�m�m�o�n�i�u�m� �s�a�l�t�s�,� �s�o�d�i�u�m� �n�-�d�o�d�e�c�a�n�o�y�1�I�-�L�-
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�v�a�l�i�n�a�t�e�,� �a�n�d� �s�o�d�i�u�m� �l�a�u�r�o�y�l�m�e�t�h�y�!� �t�a�u�r�a�t�e� �h�a�v�e�,� �h�o�w�e�v�e�r�,� �a�l�s�o� �b�e�e�n� �b�r�i�e�f�l�y� 

�e�x�p�l�o�r�e�d� �(�1�2�-�1�5�,� �9�2�-�9�4�)� �N�o�t�a�b�l�y�,� �s�e�l�e�c�t�i�v�i�t�y� �a�p�p�e�a�r�s� �t�o� �b�e� �g�o�v�e�r�n�e�d� �p�r�i�m�a�r�i�l�y� 

�b�y� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �s�u�r�f�a�c�t�a�n�t ��s� �p�o�l�a�r� �h�e�a�d� �g�r�o�u�p�.� �A�d�d�i�t�i�o�n� �o�f� �t�e�t�r�a�a�l�k�y�]� 

�a�m�m�o�n�i�u�m� �s�a�l�t�s� �(�9�5�)�.� �m�e�t�h�a�n�o�l� �(�9�6�-�9�7�)�,� �m�e�t�a�l� �i�o�n�s� �(�9�8�)�,� �s�o�d�i�u�m� �o�c�t�y�l�!� �s�u�l�f�a�t�e� 

�a�l�c�o�h�o�l�s� �(�9�9�)�,� �a�n�d� �B�r�i�j� �3�5� �(�1�0�0�)� �t�o� �S�D�S� �m�i�c�e�l�l�e�s� �h�a�s� �s�i�m�i�l�a�r�l�y� �b�e�e�n� �s�h�o�w�n� �t�o� 

�a�l�t�e�r� �s�e�l�e�c�t�i�v�i�t�y�.� 

�F�r�o�m� �t�h�e� �f�o�r�e�g�o�i�n�g�,� �i�t� �i�s� �s�e�e�n� �t�h�a�t� �t�h�r�e�e� �o�f� �t�h�e� �f�o�u�r� �p�a�r�a�m�e�t�e�r�s� �g�o�v�e�r�n�i�n�g� 

�r�e�s�o�l�u�t�i�o�n� �a�r�e� �r�e�a�d�i�l�y� �m�a�n�i�p�u�l�a�t�e�d�.� �H�o�w�e�v�e�r�,� �n�u�m�e�r�o�u�s� �t�e�r�m�s� �c�o�n�t�r�i�b�u�t�e� �t�o� 

�t�h�e� �t�o�t�a�l� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e� �i�n� �M�E�K�C�.� �I�t� �m�a�y� �t�h�e�r�e�f�o�r�e� 

�b�e� �n�e�c�e�s�s�a�r�y� �t�o�,� �a�d�d�i�t�i�o�n�a�l�l�y�,� �c�o�n�s�i�d�e�r� �t�h�e� �e�f�f�e�c�t� �o�n� �e�f�f�i�c�i�e�n�c�y� �o�f� 

�o�p�t�i�m�i�z�i�n�g� �e�a�c�h� �o�f� �t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �s�p�e�c�i�f�i�c� �c�a�u�s�e�s� �o�f� �b�a�n�d� 

�b�r�o�a�d�e�n�i�n�g� �i�n� �M�E�K�C� �h�a�v�e� �b�e�e�n� �a�d�d�r�e�s�s�e�d� �b�y� �s�e�v�e�r�a�l� �a�u�t�h�o�r�s� �(�1�0�1�-�1�0�3�)�,� �a�n�d� �a�r�e� 

�i�n� �m�a�n�y� �r�e�s�p�e�c�t�s� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�u�t�l�i�n�e�d� �f�o�r� �C�Z�E� �(�e�q�n�s�.� �1�8�-�2�6�)�.� �S�l�i�g�h�t� 

�m�o�d�i�f�i�c�a�t�i�o�n�s�,� �a�n�d� �a�d�d�i�t�i�o�n�a�l� �t�e�r�m�s� �a�r�e�,� �h�o�w�e�v�e�r�,� �r�e�q�u�i�r�e�d� �d�u�e� �t�o� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �a� �s�e�c�o�n�d�a�r�y� �p�h�a�s�e�.� 

�A�c�c�o�r�d�i�n�g� �t�o� �T�e�r�a�b�e� �e�t�.� �a�l�,� �1�9�1�)� �t�h�e� �t�o�t�a�l� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� 

�t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�,� �H�y�,� �i�s�,� �f�o�r� �M�E�K�C�,� �t�h�e� �s�u�m� �o�f� �6� �p�r�i�m�a�r�y� �c�o�n�t�r�i�b�u�t�i�o�n�s�:� 

�l�o�n�g�i�t�u�d�i�n�a�l� �d�i�f�f�u�s�s�i�o�n� �(�H�p�)�,� �m�i�c�e�l�l�e� �s�o�r�p�t�i�o�n�-�d�e�s�o�r�p�t�i�o�n� �k�i�n�e�t�i�c�s� �(�H�,�,�)�,� 

�i�n�t�e�r�m�i�c�e�l�l�e� �m�a�s�s� �t�r�a�n�s�f�e�r� �(�H�,�)�,� �m�i�c�e�l�l�e� �p�o�l�y�d�i�s�p�e�r�s�i�t�y� �(�H�p�)�,� �J�o�u�l�e� �h�e�a�t�i�n�g� 

�(�H�y�)� �a�n�d� �s�a�m�p�l�e� �v�o�l�u�m�e� �(�H�s�)�.� �t�.�e�:� 

�H�a� �=� �H�p� �+� �H�m�e� �+� �H�y� �+� �H�p� �+�H�y� �+�H�y� �(�3�6�)� 

�I�n� �c�o�n�t�r�a�s�t� �t�o� �e�q�n�.� �1�8�,� �H�p� �m�u�s�t�,� �f�o�r� �M�E�K�C�,� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �t�e�r�m�s� �o�f� �s�o�l�u�t�e� 

�d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �i�n� �b�o�t�h� �t�h�e� �m�i�c�e�l�l�a�r� �a�n�d� �a�q�u�e�o�u�s� �p�h�a�s�e�s�,� �a�n�d� �m�u�s�t
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�t�a�k�e� �i�n�t�o� �a�c�c�o�u�n�t� �t�h�e� �f�r�a�c�t�i�o�n�a�l� �t�i�m�e� �t�h�e� �s�o�l�u�t�e� �s�p�e�n�d�s� �i�n� �e�a�c�h� �p�h�a�s�e�.� 

�A�c�c�o�r�d�i�n�g�l�y�,� �(�1�0�1�)�:� 

�2�(�D�,� �+� �K�'� �D�i�n�e�)� 
�H�p� �=� �(�3�7�)� 

�1�+� �(�t�o�/�t�m�e�k �� �V�e�o� 
� � 

�w�h�e�r�e� �D�,�,� �I�s� �t�h�e� �d�i�f�f�u�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �t�h�e� �s�o�l�u�t�e� �i�n� �t�h�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e�.� 

�H�m�e� �a�n�d� �H�,�,� �r�e�s�u�l�t� �f�r�o�m� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �d�i�s�t�r�i�b�u�t�i�o�n�s� �c�r�e�a�t�e�d� �a�s� �m�o�l�e�c�u�l�e�s� 

�o�f� �a� �g�i�v�e�n� �s�p�e�c�i�e�s� �t�r�a�v�e�l� �t�h�r�o�u�g�h� �t�h�e� �c�a�p�i�l�l�a�r�y�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �H�,�,� �d�e�s�c�r�i�b�e�s� 

�t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �t�h�e� �n�u�m�b�e�r� �o�f� �i�n�t�e�r�a�c�t�i�o�n�s� �t�h�e� �m�o�l�e�c�u�l�e�s� �h�a�v�e� �w�i�t�h� �t�h�e� 

�m�i�c�e�l�l�a�r� �p�h�a�s�e�,� �a�n�d� �H�,� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �t�h�e� �t�i�m�e� �t�h�e� �m�o�l�e�c�u�l�e�s� �s�p�e�n�d� 

�d�i�f�f�u�s�i�n�g� �f�r�o�m� �m�i�c�e�l�l�e� �t�o� �m�i�c�e�l�l�e�.� �U�s�i�n�g� �G�i�d�d�i�n�g�s �� �S�2�)� �n�o�n�e�q�u�i�l�i�b�r�i�u�m� 

�t�h�e�o�r�y�,� �T�e�r�a�b�e� �e�t� �a�l�.� �(�9�1�)� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �f�o�r� �M�E�K�C�,� �H�,�,� �m�a�y� �b�e� �e�x�p�r�e�s�s�e�d� 

�a�s�:� 

�2� �(�1� �-� �t�o�/�t�m�e�)�*� �k �� �V�e�o� 
�(�1�+� �(�t�o�/�t�m�e� �K�I�C� �+�k�)�?� �k�g� 
� � �(�3�8�)� �H�m�e� �=� 

�w�h�e�r�e� �k�g� �i�s� �s�o�l�u�t�e� �d�e�s�o�r�p�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t� �f�r�o�m� �t�h�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e�.� �H�j�,� �c�a�n� 

�d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �r�a�n�d�o�m� �w�a�l�k� �t�h�e�o�r�y� �(�9�2�.� �1�0�1�)� �a�s�:� 

�k�i� �2� �(�1� �-�t�o�/�t�m�e�)�?� �d�?� �V�e�g� 
�H�,� �=� �(�3�9�)� 

�k�i�+� �|� �1� �+� �(�t�g�/�t�m�e�)�k �� � �4�D�a� 

�w�h�e�r�e� �d� �{�s� �t�h�e� �i�n�t�e�r�m�i�c�e�l�l�e� �d�i�s�t�a�n�c�e�.� �I�t� �i�s� �n�o�t�a�b�l�e� �t�h�a�t� �f�o�r� �0�.�0�5� �M� �S�D�S�,� �d� �i�s� 

� � 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �n�m�  ��1�0�1�)�,� �A�s� �a� �c�o�n�s�e�q�u�e�n�c�e�,� �t�h�e� �v�a�r�i�a�n�c�e� �s�t�e�m�m�i�n�g� �f�r�o�m



�3�4� 

�i�n�t�e�r�m�i�c�e�l�l�e� �m�a�s�s� �t�r�a�n�s�f�e�r�,� �i�s� �c�o�n�s�i�d�e�r�a�b�l�y� �l�e�s�s� �t�h�a�n� �f�o�r� �t�h�e� �c�o�m�p�a�r�a�b�l�e� 

�e�f�f�e�c�t� �i�n� �H�P�L�C�.� 

�|� �H�p�,� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �s�t�e�m�m�i�n�g� �f�r�o�m� �m�i�c�e�l�l�e� �p�o�l�y�d�i�s�p�e�r�s�i�t�y�,� �a�r�i�s�e�s� �a�s� �a�s� 

�a� �c�o�n�s�e�q�u�e�n�c�e� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �t�h�e� �n�u�m�b�e�r� �o�f� �s�u�r�f�a�c�t�a�n�t� �m�o�l�e�c�u�l�e�s� 

�w�h�i�c�h� �f�o�r�m� �a� �g�i�v�e�n� �m�i�c�e�l�l�e� �(�a�g�g�r�e�g�a�t�i�o�n� �n�u�m�b�e�r�)�.� �T�e�r�a�b�e� �e�t� �a�l�.� �(�1�0�!�)� �h�a�v�e� 

�d�e�r�i�v�e�d� �t�h�i�s� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �b�e�:� 

�2� 
�.� �@�C�1� �-� �t�o�/�t�m�e�) �� �K �� �V�e�o� �(�4�0�)� 

�1� �+� �(�t�o�/� �t�i�n�e� �I�K �� �K�y� 
� � �H�p� 

�w�h�e�r�e� �w�i�s� �a� �c�o�n�s�t�a�n�t�,� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �a�v�e�r�a�g�e� �m�i�c�e�l�l�e� �d�i�a�m�e�t�e�r�,� �t�h�e� 

�a�v�e�r�a�g�e� �a�g�g�r�e�g�a�t�i�o�n� �n�u�m�b�e�r�,� �t�h�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �o�f� �t�h�e� �a�v�e�r�a�g�e� 

�a�g�g�r�e�g�a�t�i�o�n� �n�u�m�b�e�r� �a�n�d� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �m�i�c�e�l�l�e ��s� �e�l�e�c�t�r�i�c�a�l� �d�o�u�b�l�e� 

�l�a�y�e�r�.� �F�o�r� �S�D�S�,� �w� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�2�6� �(�1�0�1�)�.� 

�H�r� �a�n�d� �H�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �h�e�r�e� �t�o� �b�e� �a�n�a�l�o�g�o�u�s� �t�o� �t�h�e� �e�x�p�r�e�s�s�i�o�n�s� �d�e�r�i�v�e�d� 

�f�o�r� �C�Z�E�,� �a�l�t�h�o�u�g�h� �i�t� �m�u�s�t� �b�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�h�a�r�g�e�d� �s�u�r�f�a�c�t�a�n�t�s� 

�w�i�l�l� �i�n�c�r�e�a�s�e� �t�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �m�e�d�i�a� �a�n�d� �t�h�e�r�e�f�o�r�e�,� 

�i�n�c�r�e�a�s�e� �t�h�e� �d�e�g�r�e�e� �o�f� �J�o�u�l�e� �h�e�a�t�i�n�g�.� �A�s� �a� �c�o�n�s�e�q�u�e�n�c�e�,� �t�h�e� �s�u�r�f�a�c�t�a�n�t� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n�f�l�u�e�n�c�e�s� �n�o�t� �o�n�l�y� �s�o�l�u�t�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s� �(�e�q�n�.� �3�5�)�,� �b�u�t� �a�l�s�o� 

�s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� �T�h�i�s� �e�f�f�e�c�t�i�v�e�l�y� �p�l�a�c�e�s� �a� �l�i�m�i�t� �o�n� �t�h�e� �s�u�r�f�a�c�t�a�n�t� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�h�i�c�h� �c�a�n� �b�e� �e�m�p�l�o�y�e�d� �t�o� �a�c�h�i�e�v�e� �a� �g�i�v�e�n� �k ��.� 

�T�h�e� �e�l�u�t�i�o�n� �r�a�n�g�e�,� �t�o�/�t�m�e�,� �a�n�d� �k �� �a�r�e� �s�i�m�i�l�a�r�l�y� �s�e�e�n� �t�o� �d�i�r�e�c�t�l�y� �i�n�f�l�u�e�n�c�e� 

�H�a� �t�h�r�o�u�g�h� �e�q�n�s�.� �3�6�-�4�0�.� �T�h�e� �c�h�e�m�i�c�a�l� �n�a�t�u�r�e� �o�f� �t�h�e� �m�i�c�e�l�l�e� �i�n� �t�u�r�n� 

�d�e�t�e�r�m�i�n�e�s� �k�y�,� �a�n�d� �a�s� �a�r�e�s�u�l�t� �s�e�l�e�c�t�i�v�i�t�y� �m�u�s�t� �a�l�s�o� �b�e� �c�o�n�s�i�d�e�r�e�d� �w�i�t�h



�3�3� 

�r�e�s�p�e�c�t� �t�o� �e�f�f�i�c�i�e�n�c�y�.� �T�h�e�s�e� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� �a�r�e� �e�x�a�m�i�n�e�d� �f�u�r�t�h�e�r� �i�n� �C�h�a�p�t�e�r� 

�I�V�,� �t�o� �p�r�o�v�i�d�e� �a�d�d�i�t�i�o�n�a�l� �i�n�s�i�g�h�t� �i�n�t�o� �o�p�t�i�m�i�z�i�n�g� �r�e�s�o�l�u�t�i�o�n� �i�n� �M�E�K�C�.



�C�H�A�P�T�E�R� �I�I�I� 

�I�N�S�T�R�U�M�E�N�T�A�T�I�O�N� �A�N�D� �M�E�T�H�O�D�S� 

�3�.�1�.� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� 

�T�h�e� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �u�s�e�d� �f�o�r� �t�h�i�s� �w�o�r�k� �w�a�s� �c�o�n�s�t�r�u�c�t�e�d� �i�n�-�h�o�u�s�e� �f�r�o�m� 

�c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �c�o�m�p�o�n�e�n�t�s�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �7�,� �a� �f�u�s�e�d� �s�i�l�i�c�a� 

�c�a�p�i�l�l�a�r�y� �(�5�0� �o�r� �1�0�0� �p�m� �i�.� �d�.� �x� �5�0�-�1�0�0� �c�m� �i�n� �l�e�n�g�t�h�)� �w�a�s� �f�i�l�l�e�d� �w�i�t�h� �a� �b�u�f�f�e�r� 

�s�o�l�u�t�i�o�n� �a�n�d� �p�l�a�c�e�d� �s�u�c�h� �t�h�a�t� �e�a�c�h� �e�n�d� �w�a�s� �i�m�m�e�r�s�e�d� �i�n� �a� �b�u�f�f�e�r� �r�e�s�e�r�v�o�i�r� 

�(�t�y�p�i�c�a�l�l�y� �a�4� �m�L� �v�i�a�l�)�.� �T�o� �p�r�o�v�i�d�e� �a�n� �e�l�e�c�t�r�i�c�a�l� �c�i�r�c�u�i�t�,� �o�n�e� �r�e�s�e�r�v�o�i�r� �w�a�s� 

�c�o�n�n�e�c�t�e�d� �t�o� �a� �S�p�e�l�l�m�a�n� �m�o�d�e�l� �R�H�R� �3�0� �h�i�g�h� �v�o�l�t�a�g�e� �p�o�w�e�r� �s�u�p�p�l�y� �(�S�p�e�l�l�m�a�n�,� 

�P�l�a�i�n�v�i�e�w�,� �N�Y�)� �a�n�d� �t�h�e� �o�t�h�e�r� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �g�r�o�u�n�d�.� �E�l�e�c�t�r�i�c�a�l� 

�c�o�n�n�e�c�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �w�i�t�h� �4�c�m� �x� �0�.�5� �m�m� �d�i�a�m�e�t�e�r� �p�l�a�t�i�n�u�m� �e�l�e�c�t�r�o�d�e�s� 

�(�A�l�d�r�i�c�h� �C�h�e�m�i�c�a�l� �C�o�,� �M�i�l�w�a�u�k�e�e�,� �W�I�)� �a�n�d� �3�0� �k�V� �e�l�e�c�t�r�i�c�a�l� �c�a�b�l�e�.� �T�o� �p�r�o�t�e�c�t� 

�t�h�e� �o�p�e�r�a�t�o�r�,� �t�h�e� �l�i�v�e� �e�l�e�c�t�r�o�d�e� �w�a�s� �p�l�a�c�e�d� �i�n� �a�n� �1�8�"� �x� �1�8�"� �x� �1�8�"� �p�l�e�x�i�g�l�a�s�s� 

�b�o�x� �e�q�u�i�p�p�e�d� �w�i�t�h� �a�n� �i�n�t�e�r�l�o�c�k�.� �O�p�e�n�i�n�g� �t�h�e� �b�o�x� �a�u�t�o�m�a�t�i�c�a�l�l�y� �t�u�r�n�e�d� �o�f�f� 

�t�h�e� �p�o�w�e�r� �s�u�p�p�l�y� �i�n� �t�h�e� �e�v�e�n�t� �t�h�a�t� �t�h�e� �o�p�e�r�a�t�o�r� �h�a�d� �n�e�g�l�e�c�t�e�d� �t�o� �d�o� �s�o� 

�m�a�n�u�a�l�l�y�.� �D�e�t�e�c�t�i�o�n� �a�n�d� �d�a�t�a� �h�a�n�d�l�i�n�g� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �b�y� �a�n� �I�S�C�O� �m�o�d�e�l� 

�C�V�4� �C�a�p�i�l�l�a�r�y� �E�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �A�b�s�o�r�b�a�n�c�e� �d�e�t�e�c�t�o�r� �(�1�S�C�O�,� �L�i�n�c�o�l�n�,� �N�E�)� 

�c�o�n�n�e�c�t�e�d� �t�o� �a� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �m�o�d�e�l� �3�3�9�0� �A� �I�n�t�e�g�r�a�t�o�r� �(�H�e�w�l�e�t�t�-�P�a�c�k�a�r�d�,� 

�A�v�o�n�d�a�l�e�,� �P�A�)�.� 
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�G�r�o�u�n�d�i�n�g� �B�o�x� 
� � 

� � � � 

� � � � � � 

� � � � � 

� � � � 

�I�n�t�e�r�l�o�c�k� 

�F�i�g�u�r�e� �7�.� �S�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �u�s�e�d� �i�n� �t�h�i�s� �w�o�r�k�.� 

�P�o�w�e�r� �S�u�p�p�l�y� 

�3�/�7� 

� � 

�D�e�t�e�c�t�o�r� 
� � 

� � 

�P�t� �E�l�e�c�t�r�o�d�e� � � � � 

�P�l�e�x�i�g�l�a�s�s� �B�o�x� 

� � � � � � 

� � 
� � 

� � � � � � 

�I�n�t�e�g�r�a�t�o�r� 

�3�0� �k�V� �E�l�e�c�t�r�i�c�a�l� �C�a�b�l�e� 

�P�t� �E�l�e�c�t�r�o�d�e
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�3�.�2�.� �M�e�t�h�o�d�s� 

�T�h�e� �b�a�s�i�s� �o�f� �o�p�e�r�a�t�i�o�n�,� �f�o�r� �t�h�e� �o�u�t�l�i�n�e�d� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n�,� �w�a�s� �b�r�i�e�f�l�y� 

�d�i�s�c�u�s�s�e�d� �i�n� �s�e�c�t�i�o�n� �1�.�3�.� �A�m�o�r�e� �d�e�t�a�i�l�e�d� �e�x�p�l�a�n�a�t�i�o�n� �o�f� �g�e�n�e�r�a�l� �o�p�e�r�a�t�i�n�g� 

�p�r�o�c�e�d�u�r�e�s� �i�s� �g�i�v�e�n� �b�e�l�o�w�.� �D�e�t�a�i�l�s� �o�f� �t�h�e� �s�p�e�c�i�f�i�c� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� 

�e�m�p�l�o�y�e�d� �f�o�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �p�a�r�t�s� �o�f� �t�h�i�s� �w�o�r�k� �a�r�e�,� �f�o�r� �o�r�g�a�n�i�z�a�t�i�o�n�a�l� 

�p�u�r�p�o�s�e�s�,� �p�r�e�s�e�n�t�e�d� �i�n� �s�e�c�t�i�o�n� �3�.�3�.� 

�3�.�2�.�1�.� �P�r�e�p�a�r�a�t�i�o�n� �o�f� �C�a�p�i�l�l�a�r�i�e�s� 

�T�o� �p�r�e�p�a�r�e� �f�u�s�e�d� �s�i�l�i�c�a� �c�a�p�i�l�l�a�r�i�e�s� �f�o�r� �u�s�e�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �|� �c�m� �o�f� 

�p�o�l�y�i�m�i�d�e� �c�o�a�t�i�n�g� �w�a�s� �b�u�r�n�e�d� �o�f�f� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�i�t�h� �a� �b�u�t�a�n�e� �l�i�g�h�t�e�r� �t�o� 

�p�r�o�v�i�d�e� �a�n� �o�n�-�c�a�p�i�l�l�a�r�y� �U�V� �f�l�o�w� �c�e�l�l�.� �T�h�e� �c�a�p�i�l�l�a�r�y� �w�a�s� �t�h�e�n� �i�n�s�e�r�t�e�d� �i�n�t�o� 

�t�h�e� �d�e�t�e�c�t�o�r�,� �a�n�d� �t�h�e� �d�e�t�e�c�t�o�r ��s� �a�p�e�r�t�u�r�e� �a�d�j�u�s�t�e�d� �t�o� �a�l�i�g�n� �t�h�e� �c�e�l�l� �i�n� �t�h�e� 

�o�p�t�i�c�a�l� �p�a�t�h�.� �F�o�l�l�o�w�i�n�g� �i�n�s�t�a�l�l�a�t�i�o�n�,� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�a�s� �c�o�n�d�i�t�i�o�n�e�d�,� �u�s�i�n�g� �a� 

�m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�c�e�d�u�r�e� �s�u�g�g�e�s�t�e�d� �b�y� �L�a�u�e�r� �a�n�d� �M�c�M�a�n�i�g�i�l�l� �(�9�7�)�,� 

�S�p�e�c�i�f�i�c�a�l�l�y�,� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�a�s� �w�a�s�h�e�d� �s�u�c�c�e�s�s�i�v�e�l�y� �w�i�t�h� �1� �M� �N�a�O�H� 

�(�1�5� �m�i�n�u�t�e�s�)�,� �0�.�1� �M� �N�a�O�H� �(�1�5� �m�i�n�u�t�e�s�)� �a�n�d� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �(�1�5� �m�i�n�u�t�e�s�)�.� �O�n� 

�t�h�e� �b�a�s�i�s� �o�f� �i�o�n� �e�x�c�h�a�n�g�e�,� �s�u�c�h� �c�o�n�d�i�t�i�o�n�i�n�g� �s�h�o�u�l�d� �r�e�m�o�v�e� �a�n�y� �a�d�s�o�r�b�e�d� 

�i�o�n�s� �o�n� �t�h�e� �f�u�s�e�d� �s�i�l�i�c�a� �s�u�r�f�a�c�e� �a�n�d� �p�r�o�v�i�d�e� �i�m�p�r�o�v�e�d� �c�a�p�i�l�l�a�r�y� �t�o� �c�a�p�i�l�l�a�r�y� 

�r�e�p�r�o�d�u�c�i�b�i�l�i�t�y�.� 

�A�f�t�e�r� �c�o�n�d�i�t�i�o�n�i�n�g�,� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�a�s� �f�i�l�l�e�d� �w�i�t�h� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �b�u�f�f�e�r�.� 

�T�o� �m�i�n�i�m�i�z�e� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a�i�r� �b�u�b�b�l�e�s� �d�u�r�i�n�g� �s�e�p�a�r�a�t�i�o�n�s� �a�n�d� �t�o� �i�n�s�u�r�e� 

�e�q�u�i�l�i�b�r�a�t�i�o�n�,� �b�u�f�f�e�r�s� �w�e�r�e� �d�e�g�a�s�s�e�d� �i�n� �a� �s�o�n�i�c�a�t�o�r� �a�n�d� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� 

�c�a�p�i�l�l�a�r�y� �f�o�r� �1�5�S� �m�i�n�u�t�e�s�.� �W�a�s�h�i�n�g� �a�n�d� �f�i�l�l�i�n�g� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�a�s� �a�c�h�i�e�v�e�d� �b�y
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�i�m�m�e�r�s�i�n�g� �o�n�e� �e�n�d� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y� �i�n�t�o� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �s�o�l�u�t�i�o�n�,� �a�n�d� 

�a�p�p�l�y�i�n�g� �a� �g�e�n�t�l�e� �v�a�c�u�u�m� �t�o� �t�h�e� �o�t�h�e�r� �e�n�d�.� 

�I�t� �w�a�s� �g�e�n�e�r�a�l�l�y� �n�o�t� �n�e�c�e�s�s�a�r�y� �t�o� �c�l�e�a�n� �t�h�e� �c�a�p�i�l�l�a�r�y� �d�u�r�i�n�g� �a� �s�e�r�i�e�s� �o�f� 

�r�u�n�s�.� �H�o�w�e�v�e�r�,� �c�l�e�a�n�i�n�g�,� �w�a�s� �p�e�r�f�o�r�m�e�d� �w�h�e�n� �a� �n�e�w� �b�u�f�f�e�r� �w�a�s� �e�m�p�l�o�y�e�d�,� 

�o�r� �w�h�e�n� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�a�s� �s�t�o�r�e�d� �o�v�e�r�n�i�g�h�t�.� �T�h�e� �c�l�e�a�n�i�n�g� �p�r�o�c�e�d�u�r�e� 

�c�o�n�s�i�s�t�e�d� �o�f� �w�a�s�h�i�n�g� �w�i�t�h� �0�.�1� �N� �N�a�O�H� �(�1�5� �m�i�n�u�t�e�s�)� �a�n�d� �w�i�t�h� �d�e�i�o�n�i�z�e�d� 

�w�a�t�e�r� �(�1�5� �m�i�n�u�t�e�s�)�.� �U�s�i�n�g� �t�h�i�s� �p�r�o�c�e�d�u�r�e�,� �c�a�p�i�l�l�a�r�y� �l�i�f�e�t�i�m�e�s� �w�e�r�e� 

�g�e�n�e�r�a�l�l�y� �i�n� �e�x�c�e�s�s� �o�f� �1�0�0� �r�u�n�s�.� 

�3�.�2�.�3�.� �M�e�t�h�o�d�s� �o�f� �O�p�e�r�a�t�i�o�n� 

�O�n�c�e� �f�i�l�l�e�d� �w�i�t�h� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �b�u�f�f�e�r�,� �t�h�e� �c�a�p�i�l�l�a�r�i�e�s� �w�e�r�e� �r�e�a�d�y� �f�o�r� 

�u�s�e�.� �A�s� �d�i�s�c�u�s�s�e�d�,� �o�p�e�r�a�t�i�o�n� �c�o�n�s�i�s�t�s� �o�f� �i�n�t�r�o�d�u�c�i�n�g� �s�a�m�p�l�e� �i�n�t�o� �t�h�e� 

�a�p�p�r�o�p�r�i�a�t�e� �e�n�d� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y�,� �i�m�m�e�r�s�i�n�g� �t�h�e� �c�a�p�i�l�l�a�r�y� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� 

�b�u�f�f�e�r� �r�e�s�e�r�v�o�i�r�s�,� �a�n�d� �a�p�p�l�y�i�n�g� �a�n� �e�l�e�c�t�r�i�c� �f�i�e�l�d�.� 

�s�e�v�e�r�a�l� �m�e�t�h�o�d�s� �o�f� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n� �f�o�r� �C�Z�E� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �a�n�d� 

�a�r�e� �a�v�a�i�l�a�b�l�e� �o�n� �c�o�m�m�e�r�c�i�a�l� �s�y�s�t�e�m�s�.� �T�h�e�s�e� �i�n�c�l�u�d�e� �t�h�e� �u�s�e� �o�f� �s�a�m�p�l�e� 

�v�a�l�v�e�s� �(�1�0�4�)� �s�p�l�i�t�-�f�l�o�w� �i�n�t�r�o�d�u�c�t�i�o�n� �m�e�t�h�o�d�s� �(�6�4�.� �1�0�5�)�,� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� 

�s�a�m�p�l�i�n�g� �(�4�-�5�.� �6�3�.� �1�0�6�)� �a�n�d� �s�i�p�h�o�n�i�n�g�/�h�y�d�r�o�d�y�n�a�m�i�c� �s�a�m�p�l�i�n�g� �(�6�2�-�6�3�.� �6�5�,� �1�0�7�)�,� 

�D�u�e� �t�o� �e�a�s�e� �o�f� �o�p�e�r�a�t�i�o�n� �t�h�e� �l�a�t�t�e�r� �t�w�o� �m�e�t�h�o�d�s� �w�e�r�e� �e�m�p�l�o�y�e�d� �t�h�r�o�u�g�h�o�u�t� 

�t�h�i�s� �w�o�r�k�.� 

�E�l�e�c�t�r�o�k�i�n�e�t�i�c� �s�a�m�p�l�i�n�g� �w�a�s� �a�c�h�i�e�v�e�d� �b�y� �r�e�p�l�a�c�i�n�g� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �b�u�f�f�e�r� 

�r�e�s�e�r�v�o�i�r� �w�i�t�h� �a� �v�i�a�l� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �s�a�m�p�l�e� �a�n�d� �a�p�p�l�y�i�n�g� �a�n� �e�l�e�c�t�r�i�c� �f�i�e�l�d�,� �E�,
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�f�o�r� �a�t�i�m�e�,� �t�,�.� �T�h�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �i�s� �d�e�f�i�n�e�d� �h�e�r�e� �a�s�:� 

�E�=�V�/�L�y� �(�4�1�)� 

�w�h�e�r�e� �V� �i�s� �t�h�e� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e� �a�n�d� �L�y�,� �t�h�e� �t�o�t�a�l� �c�a�p�i�l�l�a�r�y� �l�e�n�g�t�h�.� �L� �a�s� �u�s�e�d� 

�i�n� �p�r�e�v�i�o�u�s� �e�q�u�a�t�i�o�n�s� �i�s� �t�h�e� �e�f�f�e�c�t�i�v�e� �d�i�s�t�a�n�c�e� �o�f� �m�i�g�r�a�t�i�o�n� �a�n�d� �d�o�e�s� �n�o�t� 

�t�a�k�e� �i�n�t�o� �a�c�c�o�u�n�t� �t�h�e� �l�e�n�g�t�h� �o�f� �c�a�p�i�l�l�a�r�y� �e�x�t�e�n�d�i�n�g� �f�r�o�m� �t�h�e� �d�e�t�e�c�t�o�r� �t�o� �t�h�e� 

�b�u�f�f�e�r� �r�e�s�e�r�v�o�i�r�.� 

�T�h�e� �s�a�m�p�l�e� �v�o�l�u�m�e�,� �S�,� �i�n�t�r�o�d�u�c�e�d� �b�y� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� �s�a�m�p�l�i�n�g� �i�s� �g�i�v�e�n� �a�s�:� 

�S� �=� �(�p�e�)� �+� �p�e�p� �E�t� �a�r�2� �(�4�2�)� 

�E�q�n�.� �4�2�,� �d�i�c�t�a�t�e�s� �w�h�i�c�h� �e�n�d� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y� �m�u�s�t� �b�e� �u�s�e�d� �f�o�r� �s�a�m�p�l�i�n�g�.� �T�h�e� 

�t�e�r�m�,� �(�H�e� �+� �f�e�o�)�,� �M�u�s�t� �b�e� �s�u�c�h� �t�h�a�t� �s�a�m�p�l�e� �c�o�m�p�o�n�e�n�t�s� �m�i�g�r�a�t�e� �o�n�t�o� �t�h�e� 

�c�a�p�i�l�l�a�r�y� �t�o�w�a�r�d�s� �t�h�e� �d�e�t�e�c�t�o�r�.� �D�u�e� �t�o� �t�h�e� �r�e�l�a�t�i�v�e� �m�a�g�n�i�t�u�d�e� �O�f� �j�e�,� �a�n�d� �f�e�y�,� 

�a�n�d� �s�i�n�c�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �i�s� �t�o�w�a�r�d�s� �t�h�e� �c�a�t�h�o�d�e�,� �s�a�m�p�l�e� �i�s� �t�y�p�i�c�a�l�l�y� 

�i�n�t�r�o�d�u�c�e�d� �a�t� �t�h�e� �a�n�o�d�i�c� �(�p�o�s�i�t�i�v�e� �v�o�l�t�a�g�e�)� �e�n�d� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y�.� �E�q�n�.� �4�2� 

�f�u�r�t�h�e�r� �s�h�o�w�s� �t�h�a�t� �a� �s�u�i�t�a�b�l�e� �i�n�j�e�c�t�i�o�n� �v�o�l�u�m�e� �m�a�y� �b�e� �i�n�t�r�o�d�u�c�e�d� �b�y� 

�c�h�o�o�s�i�n�g� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �s�a�m�p�l�i�n�g� �t�i�m�e� �a�n�d� �a�p�p�l�i�e�d� �f�i�e�l�d� �s�t�r�e�n�g�t�h�.� �H�o�w�e�v�e�r�,� 

�d�u�e� �t�o� �t�h�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �s�a�m�p�l�e� �v�o�l�u�m�e� �o�n� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �m�o�b�i�l�i�t�y�,� �S� �w�i�l�l� 

�d�i�f�f�e�r� �f�o�r� �e�a�c�h� �s�a�m�p�l�e� �c�o�m�p�o�n�e�n�t�.� 

�T�o� �p�r�e�v�e�n�t� �s�a�m�p�l�e� �v�o�l�u�m�e� �d�i�s�c�r�i�m�i�n�a�t�i�o�n�,� �s�i�p�h�o�n�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �a�s� �t�h�e� 

�p�r�i�m�a�r�y� �m�e�t�h�o�d� �o�f� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n�.� �S�i�p�h�o�n�i�n�g� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �f�l�o�w� 

�i�n�d�u�c�e�d� �w�h�e�n� �t�h�e� �e�n�d�s� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y� �a�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �d�i�f�f�e�r�e�n�t� �p�r�e�s�s�u�r�e�s�.� 

�D�i�f�f�e�r�e�n�t�i�a�l� �p�r�e�s�s�u�r�e� �m�a�y� �b�e� �c�r�e�a�t�e�d� �b�y� �a�p�p�l�y�i�n�g� �a� �v�a�c�u�u�m� �o�r� �h�e�a�d� �p�r�e�s�s�u�r�e
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�t�o� �o�n�e� �e�n�d� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y�,� �o�r� �m�o�r�e� �s�i�m�p�l�y� �b�y� �v�a�r�y�i�n�g� �t�h�e� �r�e�l�a�t�i�v�e� �h�e�i�g�h�t�s� �o�f� 

�t�w�o� �r�e�s�e�r�v�o�i�r�s�.� �T�o� �e�f�f�e�c�t� �s�u�c�h� �s�a�m�p�l�i�n�g�,� �a� �b�l�o�c�k�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �8� �w�a�s� 

�c�o�n�s�t�r�u�c�t�e�d�.� �S�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n� �w�a�s� �a�c�h�i�e�v�e�d� �b�y� �r�e�p�l�a�c�i�n�g� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� 

�b�u�f�f�e�r� �r�e�s�e�r�v�o�i�r� �w�i�t�h� �a� �v�i�a�l� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �s�a�m�p�l�e�,� �a�n�d� �r�a�i�s�i�n�g� �t�h�e� �s�a�m�p�l�e� 

�o�n�t�o� �t�h�e� �b�l�o�c�k� �f�o�r� �a� �s�p�e�c�i�f�i�e�d� �t�i�m�e�.� 

�A�s�s�u�m�i�n�g� �t�h�a�t� �h�y�d�r�o�d�y�n�a�m�i�c� �f�l�o�w� �c�a�n� �b�e� �d�e�s�c�r�i�b�e�d� �b�y� �t�h�e� �P�o�i�s�e�u�i�l�l�e� 

�e�q�u�a�t�i�o�n� �f�o�r� �f�l�o�w� �i�n� �a� �c�i�r�c�u�l�a�r� �t�u�b�e�,� �t�h�e� �f�l�o�w� �v�e�l�o�c�i�t�y�,� �V�e�r�,� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �a� 

�h�e�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�,� �A�h�,� �i�s� �g�i�v�e�n� �a�s� �(�6�3�)�.� 

�V�e�r� �=� �p�g�r�2�A�h�/�8�n�L�y� �(�4�3�)� 

�w�h�e�r�e� �p� �i�s� �t�h�e� �d�e�n�s�i�t�y� �o�f� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n� �a�n�d� �g� �t�h�e� �g�r�a�v�i�t�a�t�i�o�n�a�l� 

�a�c�c�e�l�e�r�a�t�i�o�n�.� �E�q�n�.� �4�3�,� �m�a�y� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �v�o�l�u�m�e�,� �S�,� 

�i�n�t�r�o�d�u�c�e�d� �a�f�t�e�r� �s�i�p�h�o�n�i�n�g� �f�o�r� �a� �t�i�m�e�,� �t�,�,� �a�s�:� 

�S� �=� �p�g�n�r�d�a�n�t�,�/�8�n�L�7� �(�4�4�)� 

�T�h�e� �c�h�o�i�c�e� �o�f� �s�u�i�t�a�b�l�e� �A�h� �a�n�d� �t�,� �v�a�l�u�e�s� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �i�n� �s�e�c�t�i�o�n� �4�.�2�.� �I�t� 

�i�s� �n�o�t�e�d� �h�e�r�e� �t�h�a�t� �s�i�p�h�o�n�i�n�g� �m�u�s�t� �n�o�t� �b�e� �s�u�p�e�r�i�m�p�o�s�e�d� �o�n� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� 

�t�r�a�n�s�p�o�r�t� �d�u�r�i�n�g� �a�n� �a�n�a�l�y�s�i�s�.� �I�t� �w�a�s� �t�h�e�r�e�f�o�r�e� �i�m�p�o�r�t�a�n�t� �t�o� �e�n�s�u�r�e� �t�h�a�t� �b�o�t�h� 

�b�u�f�f�e�r� �r�e�s�e�r�v�o�i�r�s� �w�e�r�e� �f�i�l�l�e�d� �t�o� �t�h�e� �s�a�m�e� �l�e�v�e�l� �d�u�r�i�n�g� �a�l�l� �a�n�a�l�y�s�e�s�.
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�B�U�F�F�E�R� 

�F�i�g�u�r�e� �8�.� �l�l�l�u�s�t�r�a�t�i�o�n� �o�f� �h�y�d�r�o�d�y�n�a�m�i�c� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n� �(�s�i�p�h�o�n�i�n�g�)�.



�4�3� 

�3�.�3�.� �E�x�p�e�r�i�m�e�n�t�a�l� �C�o�n�d�i�t�i�o�n�s� �E�m�p�l�o�y�e�d� 

�3�.�3�.�1�.� �C�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �E�v�a�l�u�a�t�i�o�n� �o�f� �S�y�s�t�e�m� �P�e�r�f�o�r�m�a�n�c�e� 

�I�n�i�t�i�a�l� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �d�i�r�e�c�t�e�d� �t�o�w�a�r�d�s� �e�v�a�l�u�a�t�i�n�g� �s�y�s�t�e�m� 

�p�e�r�f�o�r�m�a�n�c�e� �b�y� �e�x�a�m�i�n�i�n�g� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y�.� �L�o�n�g� �t�e�r�m� �p�e�r�f�o�r�m�a�n�c�e� �w�a�s� 

�e�v�a�l�u�a�t�e�d� �f�r�o�m� �t�h�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �t�i�m�e�s� �o�f� �c�a�f�f�e�i�n�e�,� �r�u�n� �i�n� 

�t�r�i�p�l�i�c�a�t�e�,� �o�n� �f�o�u�r� �s�u�c�c�e�s�s�i�v�e� �d�a�y�s�.� �S�h�o�r�t� �t�e�r�m� �p�e�r�f�o�r�m�a�n�c�e�,� �w�i�t�h� �r�e�s�p�e�c�t� 

�t�o� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �a�n�d� �q�u�a�n�t�i�t�a�t�i�o�n�,� �w�a�s� �e�v�a�l�u�a�t�e�d� �f�r�o�m� �f�i�v�e� �r�e�p�l�i�c�a�t�e� 

�a�n�a�l�y�s�e�s� �o�f� �c�a�f�f�e�i�n�e� �(�0�.�4� �m�g�/�m�L�)� �a�n�d� �t�h�e�o�p�h�y�l�l�i�n�e� �(�0�.�2� �m�g�/�m�L�)�.� �B�o�t�h� �s�e�t�s� �o�f� 

�a�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �a� �1�0�0� �u�m� �i�.� �d�.� �x� �1�0�0� �c�m� �(�t�o�t�a�l� �l�e�n�g�t�h�,� �L�y�)� �f�u�s�e�d� 

�s�i�l�i�c�a� �c�a�p�i�l�l�a�r�y� �(�C�h�r�o�m�p�a�c�k�,� �R�a�r�i�t�a�n�,� �N�U�)� �w�i�t�h� �a� �m�i�g�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �(�L�)� �o�f� �7�5� 

�c�m�.� �T�h�e� �s�a�m�p�l�e� �s�o�l�v�e�n�t� �a�n�d� �o�p�e�r�a�t�i�n�g� �b�u�f�f�e�r� �w�a�s� �0�.�0�1� �M� �N�a�g�H�P�O�,�,� �a�d�j�u�s�t�e�d� 

�t�o� �a� �p�H� �o�f� �7�.�0�0�;� �t�h�e� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e� �w�a�s� �+�3�0� �k�V�.� �S�a�m�p�l�e�s� �w�e�r�e� �i�n�t�r�o�d�u�c�e�d� 

�e�l�e�c�t�r�o�k�i�n�e�t�i�c�a�l�l�y� �a�t� �+�3� �k�V� �f�o�r� �5� �s�e�c�o�n�d�s� �a�n�d� �d�e�t�e�c�t�e�d� �a�t� �a� �w�a�v�e�l�e�n�g�t�h� �o�f� 

�2�2�0� �n�m�.� 

�T�o� �o�b�t�a�i�n� �c�o�m�p�a�r�a�b�l�e� �q�u�a�n�t�i�t�a�t�i�v�e� �d�a�t�a�,� �u�s�i�n�g� �s�i�p�h�o�n�i�n�g� �a�s� �t�h�e� �m�e�t�h�o�d� �o�f� 

�s�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n�,� �r�e�p�l�i�c�a�t�e� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �s�a�m�p�l�e�s� 

�o�f� �4�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�o�x�y�m�a�n�d�e�l�i�c� �a�c�i�d� �a�n�d� �p�h�e�n�o�l�.� �A�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� 

�i�n�a� �1�0�0� �p�m� �x� �7�5� �c�m� �c�a�p�i�l�l�a�r�y� �(�P�o�l�y�m�i�c�r�o�,� �P�h�o�e�n�i�x�,� �A�Z�)� �w�i�t�h� �a� �m�i�g�r�a�t�i�o�n� 

�l�e�n�g�t�h� �o�f� �5�0� �c�m�,� �u�s�i�n�g� �0�.�0�1� �M� �N�a� �H�P�O�,�,� �p�H� �7�.�0�0�.� �S�a�m�p�l�e�s� �w�e�r�e� �i�n�t�r�o�d�u�c�e�d� �b�y� 

�s�i�p�h�o�n�i�n�g� �f�o�r� �1�0� �s�e�c�o�n�d�s� �a�t� �a�n� �e�l�e�v�a�t�i�o�n� �o�f� �3�.�8� �c�m�,� �r�u�n� �a�t� �2�0� �k�V�,� �a�n�d� 

�m�o�n�i�t�o�r�e�d� �a�t� �2�5�4� �n�m�.



�4�4� 

�3�.�3�.�2�.� �C�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �S�u�i�t�a�b�l�e� �S�a�m�p�l�i�n�g� �P�r�o�c�e�d�u�r�e�s� 

�T�o� �d�e�t�e�r�m�i�n�e� �a� �s�u�i�t�a�b�l�e� �i�n�t�r�o�d�u�c�t�i�o�n� �t�i�m�e� �f�o�r� �s�i�p�h�o�n�i�n�g� �a�t� �a�n� �e�l�e�v�a�t�i�o�n� �o�f� 

�3�.�8� �c�m�,� �a� �s�o�l�u�t�i�o�n� �o�f� �4�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�o�x�y�m�a�n�d�e�l�i�c� �a�c�i�d�,� �d�i�s�s�o�l�v�e�d� �i�n� �0�.�0�1� 

�M� �N�a�s�H�P�O�,� �(�p�H� �7�.�0�0�)�,� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �a� �1�0�0� �p�m� �x� �6�8� �c�m� �c�a�p�i�l�l�a�r�y� 

�(�P�o�l�y�m�i�c�r�o�)� �w�i�t�h� �a�n� �e�f�f�e�c�t�i�v�e� �m�i�g�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �o�f� �4�8� �c�m�.� �M�e�a�s�u�r�e�m�e�n�t� �o�f� 

�t�h�e� �t�i�m�e� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �s�a�m�p�l�e� �t�o� �r�e�a�c�h� �t�h�e� �d�e�t�e�c�t�o�r� �(�b�r�e�a�k�t�h�r�o�u�g�h� �t�i�m�e�)� 

�a�l�l�o�w�s� �f�o�r� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �v�o�l�u�m�e� �o�f� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�e�d� �p�e�r� �u�n�i�t� �t�i�m�e�,� 

�a�n�d�,� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� 

�p�l�a�t�e� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �d�i�f�f�e�r�e�n�t� �i�n�t�r�o�d�u�c�t�i�o�n� �t�i�m�e�s�.� 

�T�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �s�a�m�p�l�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �e�f�f�i�c�i�e�n�c�y�,� �s�e�r�i�a�l� 

�d�i�l�u�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �o�f� �a� �2�.�0� �m�g�/�m�L� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �o�f� �3�,�4�-�d�i�h�y�d�r�o�x�y�-� 

�m�a�n�d�e�l�i�c� �a�c�i�d�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �a�n�a�l�y�s�e�d� �u�s�i�n�g�:� �a� �1�0�0� �p�m� �x� �7�5� 

�c�m� �c�a�p�i�l�l�a�r�y� �(�P�o�l�y�m�i�c�r�o�)�,� �w�i�t�h� �a� �m�i�g�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �o�f� �5�0�c�m�;� �a�0�.�0�I�M� 

�N�a� �H�P�O�,� �(�p�H� �7�.�0�0�)� �b�u�f�f�e�r�;� �a�n�d� �a�n� �o�p�e�r�a�t�i�n�g� �v�o�l�t�a�g�e� �o�f� �+�2�0� �k�V�.� �S�a�m�p�l�e� 

�i�n�t�r�o�d�u�c�t�i�o�n� �w�a�s� �b�y� �s�i�p�h�o�n�i�n�g� �a�t� �3�.�8� �c�m� �f�o�r� �7� �s�e�c�o�n�d�s� �a�n�d� �d�e�t�e�c�t�i�o�n� �w�a�s� 

�p�e�r�f�o�r�m�e�d� �a�t� �2�3�0� �n�m�.� 

�E�f�f�i�c�i�e�n�c�y� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e� �e�q�u�a�t�i�o�n� �(�2�7�)�:� 

�N� �=� �2�n�(�t�g�h�/�A�)�2� �(�4�5�)� 

�w�h�e�r�e� �h� �i�s� �t�h�e� �p�e�a�k� �h�e�i�g�h�t� �a�n�d� �A� �t�h�e� �p�e�a�k� �a�r�e�a�.� �M�i�g�r�a�t�i�o�n� �t�i�m�e�s� �a�n�d� �a�r�e�a� �t�o� 

�h�e�i�g�h�t� �r�a�t�i�o�s� �w�e�r�e� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �i�n�t�e�g�r�a�t�o�r�.



�4�5� 

�3�.�3�.�3� �C�o�n�d�i�t�i�o�n�s� �E�m�p�l�o�y�e�d� �f�o�r� �D�e�t�e�r�m�i�n�i�n�g� �t�h�e� �I�n�f�l�u�e�n�c�e� �o�f� �p�H� �o�n� �t�h�e� 

�C�o�e�f�f�i�c�i�e�n�t� �o�f� �E�l�e�c�t�r�o�o�s�m�o�t�i�c� �F�l�o�w� 

�E�q�u�a�t�i�o�n� �2�9� �s�h�o�w�s� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �t�o� �b�e� �a�n� �i�m�p�o�r�t�a�n�t� �p�a�r�a�m�e�t�e�r� �f�o�r� 

�o�p�t�i�m�i�z�i�n�g� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�w�o� �z�o�n�e�s�,� �a�n�d� 

�t�h�e�r�e�f�o�r�e�,� �i�n� �o�p�t�i�m�i�z�i�n�g� �r�e�s�o�l�u�t�i�o�n�.� �I�t� �i�s� �d�e�s�i�r�a�b�l�e� �t�o� �a�d�j�u�s�t� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� 

�f�l�o�w� �s�o� �t�h�a�t� �i�t� �i�s� �o�f� �e�q�u�a�l� �m�a�g�n�i�t�u�d�e�,� �b�u�t� �o�f� �o�p�p�o�s�i�t�e� �d�i�r�e�c�t�i�o�n� �t�o� �t�h�e� 

�e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �m�i�g�r�a�t�i�o�n� �o�f� �c�h�a�r�g�e�d� �s�a�m�p�l�e� �c�o�m�p�o�n�e�n�t�s�.� �T�o� �s�t�u�d�y� �t�h�e� 

�i�n�f�l�u�e�n�c�e� �o�f� �p�H� �o�n� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�,� �t�h�e� �m�i�g�r�a�t�i�o�n� 

�t�i�m�e� �o�f� �p�h�e�n�o�l� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �i�n� �0�.�0�1� �M� �N�a�j�H�P�O�,�,� �a�d�j�u�s�t�e�d� �t�o� �p�H� �7�.�0�0�,� �5�.�9�6�,� 

�3�.�1�1�,� �a�n�d� �3�.�0�0�.� �A�l�l� �a�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �a� �1�0�0� �p�m� �x� �9�7� �c�m� �c�a�p�i�l�l�a�r�y� 

�(�C�h�r�o�m�p�a�c�k�)� �w�i�t�h� �a�n� �e�f�f�e�c�t�i�v�e� �l�e�n�g�t�h� �o�f� �7�5� �c�m�,� �u�s�i�n�g� �a�n� �o�p�e�r�a�t�i�n�g� �v�o�l�t�a�g�e� 

�o�f� �+�3�0� �K�V�.� �S�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n� �w�a�s� �a�c�h�i�e�v�e�d� �e�l�e�c�t�r�o�k�i�n�e�t�i�c�a�l�l�y� �a�t� �+�3� �k�V� �f�o�r� 

�7� �s�e�c�o�n�d�s� �a�n�d� �d�e�t�e�c�t�i�o�n� �w�a�s� �e�f�f�e�c�t�e�d� �a�t� �2�5�4� �n�m�.� 

�P�h�e�n�o�l� �(�p�K�a� �=� �1�0�.�0� �a�t� �2�5� �°�C�)� �i�s� �e�s�s�e�n�t�i�a�l�l�y� �u�n�i�o�n�i�z�e�d� �a�t� �e�a�c�h� �p�H� �e�m�p�l�o�y�e�d� 

�a�n�d� �U�.�,� �m�a�y�,� �t�h�e�r�e�f�o�r�e�,� �b�e� �d�e�t�e�r�m�i�n�e�d� �d�i�r�e�c�t�l�y� �f�r�o�m� �m�i�g�r�a�t�i�o�n� �t�i�m�e� �a�s�:� 

�M�e�g� �=� �L�L�t�/�t�r�i�p�h�e�n�o�l�)� �V� �(�4�6�)� 

�3�.�3�.�4�.� �C�o�n�d�i�t�i�o�n�s� �f�o�r� �D�e�t�e�r�m�i�n�i�n�g� �t�h�e� �I�n�f�l�u�e�n�c�e� �o�f� �B�u�f�f�e�r� �C�o�n�c�e�n�t�r�a�t�i�o�n�,� 

�C�a�p�i�l�l�a�r�y� �I�n�t�e�r�n�a�l� �D�i�a�m�e�t�e�r� �a�n�d� �F�o�r�c�e�d� �C�o�n�v�e�c�t�i�o�n� �o�n� �R�e�s�o�l�u�t�i�o�n� �i�n� 

�C�Z�E� 

�T�o� �e�x�a�m�i�n�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �b�u�f�f�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �c�a�p�i�l�l�a�r�y� �i�n�t�e�r�n�a�l� 

�d�i�a�m�e�t�e�r�,� �a�n�d� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �o�n� �r�e�s�o�l�u�t�i�o�n�,� �a�n�a�l�y�s�e�s� �o�f� �p�h�e�n�o�l� �a�n�d



�4�6� 

�S�o�d�i�u�m� �t�o�l�u�e�n�e�s�u�l�f�o�n�a�t�e� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �i�n� �0�.�0�1�,� �0�.�0�2� �a�n�d� �0�.�0�5� �M� �N�a�p�H�P�O�4�,� 

�p�H� �7�.�0�0�,� �u�s�i�n�g� �|� �m� �x� �1�0�0� �y�m� �i�.� �d�.� �(�C�h�r�o�m�p�a�c�k�,� �R�a�r�i�t�a�n�,� �N�J�)� �a�n�d� �1� �m�x� �5�0� �u�m� 

�i�.� �d�.� �(�P�o�l�y�m�i�c�r�o�,� �P�h�o�e�n�i�x�,� �A�Z�)� �f�u�s�e�d� �s�i�l�i�c�a� �c�a�p�i�l�l�a�r�i�e�s�,� �a�n�d� �v�o�l�t�a�g�e�s� �r�a�n�g�i�n�g� 

�f�r�o�m� �+�1�0� �t�o� �+�2�5� �k�V�.� �T�h�e� �v�a�r�i�a�n�c�e� �s�t�e�m�m�i�n�g� �f�r�o�m� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n� �w�a�s� 

�m�i�n�i�m�i�z�e�d� �b�y� �p�r�e�p�a�r�i�n�g� �t�h�e� �c�a�p�i�l�l�a�r�i�e�s� �w�i�t�h� �e�f�f�e�c�t�i�v�e� �m�i�g�r�a�t�i�o�n� �l�e�n�g�t�h�s� �o�f� 

�8�0� �c�m�,� �a�n�d� �i�n�t�r�o�d�u�c�i�n�g� �t�h�e� �s�a�m�p�l�e�s� �e�l�e�c�t�r�o�k�i�n�e�t�i�c�a�l�l�y� �a�t� �+�3�k�V� �f�o�r� �5� 

�s�e�c�o�n�d�s�.� �A�l�l� �s�e�p�a�r�a�t�i�o�n�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �2�5�4� �n�m�.� 

�T�o� �d�e�t�e�r�m�i�n�e� �r�e�s�o�l�u�t�i�o�n� �u�n�d�e�r� �e�a�c�h� �s�e�t� �o�f� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s�,� �t�h�e� 

�r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �z�o�n�e�s� �a�n�d� �s�e�p�a�r�a�t�i�o�n� 

�e�f�f�i�c�i�e�n�c�y� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �e�a�c�h� �a�n�a�l�y�s�i�s�.� �T�h�e� �i�n�d�i�v�i�d�u�a�l� �t�e�r�m�s� �i�n� �t�h�e� 

�r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �e�x�p�r�e�s�s�i�o�n� �(�{�l�e�1�.�1� �-� �H�e�i�2�)�/�(�U�e�l�a�v�g� �*� �H�e�o�)�,� �w�e�r�e� 

�c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �m�i�g�r�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �t�e�s�t� �s�o�l�u�t�e�s�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �p�e�,� 

�w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �e�q�n�.� �4�6�;� �p�,�.�)� �;� �w�a�s� �t�a�k�e�n� �t�o� �b�e� �t�h�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� 

�m�o�b�i�l�i�t�y� �o�f� �p�h�e�n�o�l�,� �a�n�d� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �z�e�r�o�.� 

�l�t�e�i�.�2� �W�a�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �m�i�g�r�a�t�i�o�n� �t�i�m�e� �o�f� �s�o�d�i�u�m� �t�o�l�u�e�n�e�s�u�l�f�o�n�a�t�e�.� 

�T�h�e� �t�o�t�a�l� �l�i�n�e�a�r� �v�e�l�o�c�i�t�y� �(�v�,�e�)� �o�f� �s�o�d�i�u�m� �t�o�l�u�e�n�e�s�u�l�f�o�n�a�t�e� �i�s� �g�o�v�e�r�n�e�d� �b�y� 

�b�o�t�h� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �a�n�d� �e�l�e�c�t�r�o�o�s�m�o�s�i�s� �a�n�d� �i�t�s� �m�i�g�r�a�t�i�o�n� �t�i�m�e�,� �t�p�,� �m�a�y�,� 

�t�h�e�r�e�f�o�r�e�,� �b�e� �w�r�i�t�t�e�n� �a�s�:� 

�t�p� �=� �L�/�V�n�e�t� �=� �L�/�(�-�{�l�e� �>� �+� �M�e�o� �J�E� �(�4�7�)� 

�R�e�a�r�r�a�n�g�e�m�e�n�t� �a�l�l�o�w�s� �f�o�r� �p�t�.�)� �5� �t�o� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �t�e�r�m�s� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� 

�m�e�a�s�u�r�a�b�l�e� �p�a�r�a�m�e�t�e�r�s� �a�s�:� 

�M�e�l�.�2�=� �H�e�o� �~� �L�/�t�p�E� �(�4�8�)



�4�7� 

�H�e�l�.�a�v�g� �1�S� �t�h�e� �a�v�e�r�a�g�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �m�o�b�i�l�i�t�y� �o�f� �p�h�e�n�o�l� �a�n�d� �s�o�d�i�u�m� 

�t�o�l�u�e�n�e�s�u�l�f�o�n�a�t�e�,� �o�r� �i�n� �t�h�i�s� �c�a�s�e�,� �o�n�e� �h�a�l�f� �o�f� �p�,�)�>�.� �S�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� 

�w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �e�q�n�.� �4�5�.� 

�T�o� �e�v�a�l�u�a�t�e� �t�h�e� �e�f�f�e�c�t� �o�f� �f�o�r�c�e�d� �a�i�r� �c�o�n�v�e�c�t�i�o�n� �o�n� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� 

�e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�,� �a�n�d� �o�n� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�,� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�a�s� 

�i�n�s�e�r�t�e�d� �i�n�t�o� �a�5�0� �c�m� �x� �8�m�m� �i�.� �d�.� �g�l�a�s�s� �t�u�b�e�,� �a�n�d� �a�i�r� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �t�h�r�o�u�g�h� 

�a� �s�i�d�e�a�r�m� �i�n� �t�h�e� �t�u�b�e� �a�t� �3�.�5� �L�/�m�i�n�.� �(�F�i�g�.� �9�)�.� 

�3�.�3�.�5�.� �C�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �E�v�a�l�u�a�t�i�o�n� �o�f� �A�l�k�y�l� �S�u�l�f�a�t�e�s� �a�s� �M�i�c�e�l�l�a�r� �P�h�a�s�e�s� 

�T�o� �e�v�a�l�u�a�t�e� �t�h�e� �s�u�i�t�a�b�i�l�i�t�y� �o�f� �s�e�v�e�r�a�l� �a�l�k�y�l� �s�u�l�f�a�t�e�s� �f�o�r� �M�E�K�C�,� �0�.�0�2�5�,� �0�.�0�5� 

�a�n�d� �0�.�0�7�5� �M� �s�o�l�u�t�i�o�n�s� �o�f� �s�o�d�i�u�m� �o�c�t�y�l�,� �d�e�c�y�l�]�,� �d�o�d�e�c�y�l� �a�n�d� �t�e�t�r�a�d�e�c�y�!�l� �s�u�l�f�a�t�e� 

�(�A�l�d�r�i�c�h� �C�h�e�m�i�c�a�l� �C�o�.�,� �M�i�l�w�a�u�k�e�e�,� �W�I�)� �w�e�r�e� �p�r�e�p�a�r�e�d� �i�n� �0�.�0�1� �M� �N�a� �H�P�O�,�,� �p�H� 

�7�.�0�0�.� �A�S�T�M� �t�e�s�t� �m�i�x� �L�C�-�7�9�-�2� �(�1�0�8�-�1�0�9�)� �d�i�s�s�o�l�v�e�d� �i�n� �e�a�c�h� �o�f� �t�h�e� �s�u�r�f�a�c�t�a�n�t� 

�s�o�l�u�t�i�o�n�s� �u�n�d�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �s�a�m�p�l�e�.� �T�h�i�s� �t�e�s�t� �m�i�x� 

�c�o�n�t�a�i�n�s� �1�.�5� �m�g�/�m�L� �b�e�n�z�y�!� �a�l�c�o�h�o�l�,� �0�.�0�2� �m�g�/�m�L� �b�e�n�z�a�l�d�e�h�y�d�e�,� �0�.�0�2�5� �m�g�/�m�L� 

�a�c�e�t�o�p�h�e�n�o�n�e�,� �1�.�0�4� �m�g�/�m�L� �b�e�n�z�e�n�e�,� �0�.�4� �m�g�/�m�L� �m�e�t�h�y�!� �b�e�n�z�o�a�t�e�,� �a�n�d� �0�.�0�5�4� 

�m�g�/�m�L� �d�i�m�e�t�h�y�!�]� �t�e�r�e�p�h�t�h�a�l�a�t�e�.� �T�o� �c�a�l�c�u�l�a�t�e� �t�h�e�r�m�o�d�y�n�a�m�i�c� �p�a�r�a�m�e�t�e�r�s�,� �1�%� 

�(�v�/�v�)� �m�e�t�h�a�n�o�l� �a�n�d� �a� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �S�u�d�a�n� �I�|�|� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� 

�c�o�n�v�e�n�t�i�o�n�a�l� �t�e�s�t� �m�i�x�,� �t�o� �m�a�r�k�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �t�h�e� �e�l�u�t�i�o�n� �t�i�m�e�s� �o�f� 

�c�o�m�p�l�e�t�e�l�y� �u�n�r�e�t�a�i�n�e�d� �a�n�d� �c�o�m�p�l�e�t�e�l�y� �r�e�t�a�i�n�e�d� �s�o�l�u�t�e�s� �(�i�.�e�.� �t�o� �a�n�d� �t�y�.�)� �2�)�,� 

�A�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d�,� �a�t� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�,� �i�n� �a�n� �8�0� �c�m� �x� �1�0�0� �u�m� 

�i�.� �d�.� �f�u�s�e�d� �s�i�l�i�c�a� �c�a�p�i�l�l�a�r�y� �(�P�o�l�y�m�i�c�r�o�,� �P�h�o�e�n�i�x�,� �A�Z�)� �w�i�t�h� �a�n� �e�f�f�e�c�t�i�v�e� �l�e�n�g�t�h� 

�o�f� �5�0�c�m�.� �S�e�p�a�r�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �a�t� �+�1�5� �k�V� �a�n�d� �m�o�n�i�t�o�r�e�d� �a�t� �2�5�4� �n�m�.



� � 

�a�i�r� 

�7� �|� �c�a�p�i�t�i�a�r�y� �C ��O� 

�|� �L�j� �&� 
�i�n�t�e�r�l�o�c�k� �b�o�x� 

� � 

� � � � � � 

� � � � � � 
�d�e�t�e�c�t�o�r� 

�F�i�g�u�r�e� �9�.� �S�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �a�p�p�a�r�a�t�u�s� �e�m�p�l�o�y�e�d� �f�o�r� �C�Z�E� �w�i�t�h� �f�o�r�c�e�d� �a�i�r� 
�c�o�n�v�e�c�t�i�o�n�.



�4�9� 

�S�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n� �w�a�s� �b�y� �s�i�p�h�o�n�i�n�g� �f�o�r� �1�0� �s�e�c�o�n�d�s� �a�t� �a�n� �e�l�e�v�a�t�i�o�n� �o�f� �3�.�8� 

�c�m�.� 

�3�.�3�.�6�.� �C�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �E�v�a�l�u�a�t�i�o�n� �o�f� �B�r�i�j� �3�5� �©� �a�s� �a� �M�i�c�e�l�l�a�r� �P�h�a�s�e� �M�o�d�i�f�i�e�r� 

�A�S�T�M� �t�e�s�t� �m�i�x� �L�C�-�7�9�-�2� �w�a�s� �a�d�d�i�t�i�o�n�a�l�l�y� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �0�.�0�2�5� �M� �S�D�S�,� 

�m�o�d�i�f�i�e�d� �w�i�t�h� �0�.�0�1�,� �0�.�0�3� �a�n�d� �0�.�0�5� �M� �B�r�i�j� �3�5� �(�r�e�g�i�s�t�e�r�e�d� �t�r�a�d�e�m�a�r�k� �o�f� �I�C�I� 

�A�m�e�r�i�c�a�s�,� �W�i�l�m�i�n�g�t�o�n�,� �D�E�)�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s�,� �u�s�i�n�g� �t�h�e� �m�o�d�i�f�i�e�d� 

�m�i�c�e�l�l�a�r� �p�h�a�s�e�s�,� �w�e�r�e� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �e�x�c�e�p�t� �f�o�r� �t�h�e� �c�a�p�i�l�l�a�r�y� �a�n�d� 

�a�p�p�l�i�e�d� �v�o�l�t�a�g�e�.� �A�n�a�l�y�s�e�s�,� �u�s�i�n�g� �t�h�e� �m�o�d�i�f�i�e�d� �m�i�c�e�l�l�a�r� �p�h�a�s�e�,� �w�e�r�e� 

�c�o�n�d�u�c�t�e�d� �a�t� �+�2�0� �k�V�,� �i�n�a� �7�0� �c�m� �x� �1�0�0� �w�m� �f�u�s�e�d� �s�i�l�i�c�a� �c�a�p�i�l�l�a�r�y� �(�P�o�l�y�m�i�c�r�o�)� 

�w�i�t�h� �a�n� �e�f�f�e�c�t�i�v�e� �l�e�n�g�t�h� �o�f� �4�8� �c�m�.� 

�3�.�3�.�7�.� �C�o�n�d�i�t�i�o�n�s� �f�o�r� �S�t�u�d�y�i�n�g� �t�h�e� �I�n�f�l�u�e�n�c�e� �o�f� �p�H� �o�n� �E�l�u�t�i�o�n� �B�e�h�a�v�i�o�r� �i�n� 

�M�E�K�C� 

�T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �b�u�f�f�e�r� �p�H� �o�n� �t�h�e� �M�E�K�C� �s�e�p�a�r�a�t�i�o�n� �o�f� �m�e�t�h�y�l�,� �e�t�h�y�l�,� �p�r�o�p�y�!� 

�a�n�d� �b�u�t�y�]� �p�a�r�a�b�e�n� �(�A�l�d�r�i�c�h�,� �M�i�l�w�a�u�k�e�e�,� �W�I�)� �w�a�s� �i�n�v�e�s�t�i�g�a�t�e�d� �u�s�i�n�g� �0�.�0�1� �M� 

�N�a� �H�P�0�4�/�0�.�0�5� �M� �S�D�S�,� �p�H� �6�.�7�5� �a�n�d� �p�H� �3�.�3�7�.� �S�a�m�p�l�e�s� �c�o�n�t�a�i�n�i�n�g� �0�.�8� �m�g�/�m�L� �o�f� 

�e�a�c�h� �c�o�m�p�o�n�e�n�t� �w�e�r�e� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �e�n�d� �o�f� �a� �1�0�0� �c�m� �x� �1�0�0� 

�u�m� �i�.� �d�.� �f�u�s�e�d� �s�i�l�i�c�a� �c�a�p�i�l�l�a�r�y� �(�C�h�r�o�m�p�a�c�k�,� �R�a�r�i�t�a�n�,� �N�J�)�,� �a�n�d� �a�n�a�l�y�z�e�d� �u�s�i�n�g� 

�a�n� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e� �o�f� �2�5� �k�V� �a�n�d� �a� �d�e�t�e�c�t�i�o�n� �w�a�v�e�l�e�n�g�t�h� �o�f� �2�5�4�n�m�.� �T�o� 

�p�r�o�v�i�d�e� �a� �d�i�r�e�c�t� �c�o�m�p�a�r�i�s�o�n� �o�f� �s�o�l�u�t�e� �m�i�g�r�a�t�i�o�n� �t�i�m�e�s�,� �r�e�g�a�r�d�l�e�s�s� �o�f� �w�h�i�c�h� 

�e�n�d� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y� �w�a�s� �u�s�e�d� �f�o�r� �s�a�m�p�l�i�n�g�,� �d�e�t�e�c�t�i�o�n� �w�a�s� �e�f�f�e�c�t�e�d� �5�0� �c�m� 

�f�r�o�m� �e�i�t�h�e�r� �e�n�d� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y�.� �S�a�m�p�l�e�s� �w�e�r�e� �i�n�t�r�o�d�u�c�e�d



�3�0� 

�e�l�e�c�t�r�o�k�i�n�e�t�i�c�a�l�l�y�,� �a�t� �v�o�l�t�a�g�e�s� �a�n�d� �v�o�l�t�a�g�e� �d�u�r�a�t�i�o�n�s� �r�e�q�u�i�r�e�d� �t�o� �p�r�o�v�i�d�e� 

�_� �r�e�a�s�o�n�a�b�l�e� �p�e�a�k� �h�e�i�g�h�t�s�.� �P�e�a�k� �i�d�e�n�t�i�t�i�e�s� �w�e�r�e� �c�o�n�f�i�r�m�e�d� �b�y� �s�p�i�k�i�n�g�.� 

�3�.�5�.�8�.� �C�o�n�d�i�t�i�o�n�s� �E�m�p�l�o�y�e�d� �f�o�r� �P�r�a�c�t�i�c�a�l� �A�p�p�l�i�c�a�t�i�o�n�s�.� 

�s�e�v�e�r�a�l� �p�r�a�c�t�i�c�a�l� �a�p�p�l�i�c�a�t�i�o�n�s� �o�f� �C�Z�E� �a�n�d� �M�E�K�C�,� �i�n�c�l�u�d�i�n�g� �a�n�a�l�y�s�e�s� �o�f� 

�p�h�a�r�m�a�c�e�u�t�i�c�a�l�s� �(�B�u�r�r�o�u�g�h�s�-�W�e�l�l�c�o�m�e�,� �R�e�s�e�a�r�c�h� �T�r�i�a�n�g�l�e� �P�a�r�k�,� �N�C�)�,� 

�s�u�r�f�a�c�t�a�n�t� �h�y�d�r�o�t�o�p�e�s� �(�C�o�l�g�a�t�e�-�P�a�l�m�o�l�i�v�e�,� �P�i�s�c�a�w�a�y�,� �N�J�)�,� �a�n�d� �b�i�p�y�r�i�d�i�n�i�u�m� 

�s�a�l�t�s�,� �w�e�r�e� �d�e�v�e�l�o�p�e�d� �d�u�r�i�n�g� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�i�s� �w�o�r�k�.� �T�h�e� �c�h�o�i�c�e� �o�f� �s�u�i�t�a�b�l�e� 

�c�o�n�d�i�t�i�o�n�s� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �s�e�c�t�i�o�n� �4�.�4�,� �t�o� �e�x�a�m�i�n�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�c�o�n�s�i�d�e�r�a�t�i�o�n�s� �n�e�c�e�s�s�a�r�y� �f�o�r� �d�e�v�e�l�o�p�i�n�g� �m�e�t�h�o�d�s�.



�C�H�A�P�T�E�R� �I�V� 

�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�4�.�1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �S�y�s�t�e�m� �P�e�r�f�o�r�m�a�n�c�e� 

�T�o� �e�v�a�l�u�a�t�e� �t�h�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �o�f� �t�h�e� �o�u�t�l�i�n�e�d� �a�p�p�a�r�a�t�u�s� �a�n�d� �t�h�e� �g�e�n�e�r�a�l� 

�o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s�,� �f�i�v�e� �r�e�p�l�i�c�a�t�e� �a�n�a�l�y�s�e�s� �o�f� �a� �m�i�x�t�u�r�e� �o�f� �c�a�f�f�e�i�n�e� �a�n�d� 

�t�h�e�o�p�h�y�l�l�i�n�e� �(�F�i�g�.� �1�0�)� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� �m�i�g�r�a�t�i�o�n� �a�s� �t�h�e� 

�m�e�t�h�o�d� �o�f� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n�.� �A�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �|�,� �m�i�g�r�a�t�i�o�n� �t�i�m�e�.� 

�r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �w�a�s� �l�e�s�s� �t�h�a�n� �0�.�5� �%� �R�e�l�a�t�i�v�e� �S�t�a�n�d�a�r�d� �D�e�v�i�a�t�i�o�n� �(�R�S�D�)�.� 

�Q�u�a�n�t�i�t�a�t�i�v�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y�,� �a�s� �m�e�a�s�u�r�e�d� �f�r�o�m� �t�h�e� �a�r�e�a� �c�o�u�n�t�s� �e�x�c�e�e�d�e�d� �2�0� 

�%� �R�S�D�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� �s�a�m�p�l�i�n�g� �t�e�c�h�n�i�q�u�e� �w�a�s� �n�o�t� �r�e�p�r�o�d�u�c�i�b�l�e�.� 

�H�o�w�e�v�e�r�,� �i�f� �a�r�a�t�i�o� �o�f� �t�h�e� �p�e�a�k� �a�r�e�a�s� �o�f� �e�a�c�h� �a�n�a�l�y�t�e� �i�s� �c�a�l�c�u�l�a�t�e�d�,� �t�o� 

�S�i�m�u�l�a�t�e� �e�m�p�l�o�y�m�e�n�t� �o�f� �a�n� �i�n�t�e�r�n�a�l� �s�t�a�n�d�a�r�d�,� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �w�a�s� 

�d�r�a�s�t�i�c�a�l�l�y� �i�m�p�r�o�v�e�d� �(�2�.�7� �%� �R�S�D�)�.� 

�F�o�r� �c�o�m�p�a�r�i�s�o�n�,� �t�h�e� �q�u�a�n�t�i�t�a�t�i�v�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �o�f� �s�i�p�h�o�n�i�n�g� �a�s� �a� �m�e�a�n�s� 

�o�f� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n� �w�a�s� �e�v�a�l�u�a�t�e�d� �u�s�i�n�g� �3�,�4�-�d�i�h�y�d�r�o�x�y�m�a�n�d�e�l�i�c� �a�c�i�d� �a�s� 

�t�h�e� �a�n�a�l�y�t�e�.� �F�o�r� �t�h�r�e�e� �s�e�t�s� �o�f� �f�i�v�e� �r�e�p�l�i�c�a�t�e� �d�e�t�e�r�m�i�n�a�t�i�o�n�s�,� �w�i�t�h� �e�a�c�h� �s�e�t� �_� 

�u�s�i�n�g� �d�i�f�f�e�r�e�n�t� �a�n�a�l�y�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �t�h�e� �a�r�e�a� �c�o�u�n�t� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�i�e�s� 

�w�e�r�e� �5�.�7�,� �9�.�4� �a�n�d� �8�.�0� �%� �R�S�D�.� �U�s�i�n�g� �p�h�e�n�o�l� �a�s� �a�n� �i�n�t�e�r�n�a�l� �s�t�a�n�d�a�r�d�,� 

�r�e�p�r�o�d�u�c�i�b�i�l�i�t�i�e�s� �w�e�r�e� �i�m�p�r�o�v�e�d� �t�o� �1�.�4�,� �3�.�7� �a�n�d� �2�.�6� �%� �R�S�D�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�D�a�y� �t�o� �d�a�y� �m�i�g�r�a�t�i�o�n� �t�i�m�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y�,� �a�s� �m�e�a�s�u�r�e�d� �f�r�o�m� �t�h�e� 

�m�i�g�r�a�t�i�o�n� �t�i�m�e�s� �o�f� �c�a�f�f�e�i�n�e�,� �w�a�s� �a�l�s�o� �e�v�a�l�u�a�t�e�d� �(�T�a�b�l�e� �|�)�.� �A�n�a�l�y�s�i�s� �o�f� 

�v�a�r�i�a�n�c�e� �(�A�N�O�V�A�)� �a�n�d� �L�e�a�s�t� �S�i�g�n�i�f�i�c�a�n�t� �D�i�f�f�e�r�e�n�c�e� �(�L�S�D�)� �t�e�s�t�s� �a�t� �t�h�e� �9�5�%� 

�c�o�n�f�i�d�e�n�c�e� �l�e�v�e�l� �s�h�o�w�e�d� �a�l�l� �d�a�t�a� �s�e�t�s� �t�o� �b�e� �s�t�a�t�i�s�t�i�c�a�l�l�y� �d�i�f�f�e�r�e�n�t�,� �a�l�t�h�o�u�g�h� 

�3�1



�5�2� 

� � � � 
� � 

�F�i�g�u�r�e� �1�0�.� �S�e�p�a�r�a�t�i�o�n� �o�f� �c�a�f�f�e�i�n�e� �a�n�d� �t�h�e�o�p�h�y�l�l�i�n�e�.� 
�C�o�n�d�i�t�i�o�n�s�:� �1�0�0� �p�m� �x� �1�0�0� �c�m� �c�a�p�i�l�l�a�r�y� �(�L� �=� �7�5� �c�m�)�;� �0�.�0�1� �M� 
�N�a� �H�P�O�g�,� �p�H� �7�.�0�0�,� �b�u�f�f�e�r�;� �+� �3�0� �k�V� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e�.� �3� �K�V�/� �5�s�.� 
�e�l�e�c�t�r�o�k�i�n�e�t�i�c� �i�n�j�e�c�t�i�o�n�;� �d�e�t�e�c�t�i�o�n� �w�a�v�e�l�e�n�g�t�h� �=� �2�2�0� �n�m�.� 
�O�r�d�e�r� �o�f� �e�l�u�t�i�o�n�:� �1�.� �c�a�f�f�e�i�n�e� �2�.� �t�h�e�o�p�h�y�l�l�i�n�e�.



�3�3� 

� � 

�T�a�b�l�e� �|�.� �S�h�o�r�t� �t�e�r�m� �m�i�g�r�a�t�i�o�n� �t�i�m�e� �a�n�d� �q�u�a�n�t�i�t�a�t�i�v�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �i�n� 
�C�Z�E�*�.� 
� � 

�C�a�f�f�e�i�n�e� �T�h�e�o�p�h�y�l�l�i�n�e� �A�r�e�a� �C�a�f�f�e�i�n�e�/� 
�R�u�n� �t�R�(�m�i�n�)� �A�r�e�a�(�x�l�0�5�)� �t�R�(�m�i�n�)� �A�r�e�a�(�x�i�1�0�5�)� �A�r�e�a� �T�h�e�o�p�h�y�l�l�i�n�e� 

�9�.�6�6� �3�8�5� �9�.�7�4� �1�7�0� �2�.�2�/�7� 
�2� �9�.�6�1� �4�4�5� �9�.�6�9� �1�9�8� �2�.�2�4� 
�3� �2�.�6�0� �5�3�3�8� �9�.�6�8� �1�3�5� �2�.�1�8� 
�4� �2�.�6� �1� �2�6�3� �9�.�6�9� �1�1�2� �2�.�3�5� 
�2� �9�.�6�4� �2�6�2� �9�.�7�1� �1�1�4� �2�.�2�9� 

�a�v�g�.� �9�.�6�3� �3�3�9� �9�.�7�0� �1�3�5�0� �2�.�2�/�7� 
�S� �0�.�0�2� �7�9� �0�.�0�2� �3�/� �0�.�0�6� 

�a�s�d� �=� �0�.�4�5� �2�3�.�3� �0�.�4�2� �2�4�.�7� �2�.�7�3� 

� � 

�*� �E�l�e�c�t�r�o�m�i�g�r�a�t�i�o�n�:� �*�3�k�V�/�5� �S�.



�3�4� 

� � 

�T�a�b�l�e� �I�l�.� �D�a�y� �t�o� �d�a�y� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �i�n� �t�h�e� �m�i�g�r�a�t�i�o�n� �t�i�m�e�s� �o�f� �c�a�f�f�e�i�n�e�.� 

� � 

�t�.� �C�a�f�f�e�i�n�e� �(�m�i�n�.�)� 

�D�a�y� �r�u�n� �|� �r�u�n� �2� �r�u�n� �3� �a�v�e�r�a�g�e� 

�A� �9�.�9�8� �9�.�9�5� �9�.�9�2� �9�.�9�5� 
�B� �9�.�6�4� �9�.�6�0� �9�.�6�5� �9�.�6�3� 
�C� �9�.�5�6� �9�.�3�3� �9�.�3�1� �9�.�3�3� 
�D� �4�6�1� �4�.�6�3� �4�.�3�6� �4�.�6�0� 
� 



�D�5� 

�e�x�c�e�l�l�e�n�t� �r�u�n� �t�o� �r�u�n� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �w�a�s� �m�a�i�n�t�a�i�n�e�d�.� �T�h�e� �d�a�y� �t�o� �d�a�y� 

�v�a�r�i�a�b�i�l�i�t�y� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �c�h�a�n�g�e�s� �i�n� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�.� 

�|� �T�h�e� �a�b�o�v�e� �r�e�s�u�l�t�s� �a�r�e� �i�n� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� 

�e�l�s�e�w�h�e�r�e� �f�o�r� �m�a�n�u�a�l� �i�n�j�e�c�t�i�o�n�s�.� �J�o�r�g�e�n�s�o�n� �a�n�d� �R�o�s�e� �6�5�)� �o�b�t�a�i�n�e�d� �1�3�.�4�%� 

�R�S�D� �f�o�r� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� �i�n�t�r�o�d�u�c�t�i�o�n�,� �a�n�d� �1�1�.�8�%� �R�S�D� �f�o�r� �s�i�p�h�o�n�i�n�g�.� �Z�a�r�e� �e�t� �a�l�.� 

�(�4�9�)� �h�a�v�e� �r�e�p�o�r�t�e�d� �p�e�a�k� �a�r�e�a� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�i�e�s� �o�f� �6�.�1�-�8�.�3� �%� �R�S�D� �f�o�r� �s�i�p�h�o�n�i�n�g�;� 

�2�.�3�-�4�.�6� �%� �R�S�D� �w�h�e�n� �a�n� �i�n�t�e�r�n�a�l� �s�t�a�n�d�a�r�d� �w�a�s� �e�m�p�l�o�y�e�d�.� �R�u�n� �t�o� �r�u�n� 

�m�i�g�r�a�t�i�o�n� �t�i�m�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y�,� �a�s� �r�e�p�o�r�t�e�d� �b�y� �Z�a�r�e� �e�t� �a�l�.� �(�4�9�)�,� �w�a�s� �t�o� �t�h�e� 

�o�r�d�e�r� �o�f� �0�.�9�-�1�.�4�%� �R�S�D�.� �T�o� �m�i�n�i�m�i�z�e� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �s�a�m�p�l�i�n�g� �t�i�m�e� 

�s�t�e�m�m�i�n�g� �f�r�o�m� �m�a�n�u�a�l� �i�n�t�r�o�d�u�c�t�i�o�n�,� �J�o�r�g�e�n�s�o�n� �a�n�d� �R�o�s�e� �(�6�3�)� �h�a�v�e� �a�u�t�o�m�a�t�e�d� 

�e�l�e�c�t�r�o�k�i�n�e�t�i�c� �i�n�t�r�o�d�u�c�t�i�o�n� �b�y� �b�r�i�n�g�i�n�g� �t�h�e� �s�a�m�p�l�i�n�g� �t�i�m�e� �u�n�d�e�r� �c�o�m�p�u�t�e�r� 

�c�o�n�t�r�o�l�.� �A�s� �a�r�e�s�u�l�t�,� �p�e�a�k� �a�r�e�a� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�i�e�s� �w�e�r�e� �r�e�d�u�c�e�d� �t�o� �4�.�1�%� �R�S�D�.� 

�T�h�e� �u�s�e� �o�f� �a� �s�t�e�p�p�i�n�g� �m�o�t�o�r� �t�o� �e�f�f�e�c�t� �s�i�p�h�o�n�i�n�g� �h�a�s� �s�i�m�i�l�a�r�l�y� �b�e�e�n� �s�h�o�w�n� �t�o� 

�r�e�d�u�c�e� �p�e�a�k� �a�r�e�a� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�i�e�s� �t�o� �2�.�9� �(�3�)� �a�n�d� �0�.�9�2�-�2�.�3� �(�6�2�)� �%� �R�S�D�.� �U�s�i�n�g� 

�a� �t�e�m�p�e�r�a�t�u�r�e� �c�o�n�t�r�o�l�l�e�d� �s�y�s�t�e�m�,� �T�e�h�r�a�n�i� �e�t� �a�l�.� �6�4�)� �h�a�v�e� �r�e�p�o�r�t�e�d� �d�a�y� �t�o� �d�a�y� 

�m�i�g�r�a�t�i�o�n� �t�i�m�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�i�e�s� �o�f� �1�.�2� �-� �1�.�9�%� �R�S�D�.� �I�n� �c�o�n�t�r�a�s�t�,� �t�h�e� �R�S�D� �o�f� 

�a�l�l� �t�h�e� �m�i�g�r�a�t�i�o�n� �t�i�m�e�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.�2� �i�s� �9�.�6� �%�.� 

�I�t� �i�s� �t�h�u�s� �s�e�e�n� �t�h�a�t� �a� �p�o�t�e�n�t�i�a�l� �f�o�r� �i�m�p�r�o�v�e�d� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �e�x�i�s�t�s� 

�t�h�r�o�u�g�h� �a�u�t�o�m�a�t�i�o�n� �o�f� �t�h�e� �s�a�m�p�l�i�n�g� �p�r�o�c�e�s�s� �a�n�d� �t�h�r�o�u�g�h� �m�o�r�e� �s�t�r�i�n�g�e�n�t� 

�t�e�m�p�e�r�a�t�u�r�e� �c�o�n�t�r�o�l�.� �T�h�e� �a�n�a�l�y�t�i�c�a�l� �c�a�p�a�b�i�l�i�t�i�e�s� �o�f� �t�h�e� �s�y�s�t�e�m� �u�s�e�d� �f�o�r� �t�h�i�s� 

�w�o�r�k� �a�r�e�,� �h�o�w�e�v�e�r�,� �s�u�p�e�r�i�o�r� �t�o� �t�h�o�s�e� �o�f� �c�o�n�v�e�n�t�i�o�n�a�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s�,� �a�n�d� 

�w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �a�d�e�q�u�a�t�e�.



�6� 

�4�.�2� �O�p�t�i�m�i�z�a�t�i�o�n� �o�f� �R�e�s�o�l�u�t�i�o�n� �i�n� �C�Z�E� 

�T�h�e� �p�a�r�a�m�e�t�e�r�s� �g�o�v�e�r�n�i�n�g� �r�e�s�o�l�u�t�i�o�n� �i�n� �C�Z�E� �w�e�r�e� �a�d�d�r�e�s�s�e�d� �i�n� �s�e�c�t�i�o�n� 

�2�.�2�.�1�.� �A�S� �n�o�t�e�d�,� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �r�e�s�o�l�u�t�i�o�n� �i�s� �c�o�n�t�i�n�g�e�n�t� �o�n� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� 

�b�o�t�h� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �a�n�d� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�w�o� 

�z�o�n�e�s�.� �T�h�e�s�e� �t�e�r�m�s� �s�h�o�w� �s�o�m�e� �i�n�t�e�r�d�e�p�e�n�d�e�n�c�e�,� �a�n�d� �a�r�e� �c�o�m�p�l�i�c�a�t�e�d� �b�y� 

�d�e�t�e�c�t�a�b�i�l�i�t�y� �c�o�n�s�i�d�e�r�a�t�i�o�n�s�.� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �a�n� �a�p�p�r�o�a�c�h� �t�o� �C�Z�E� �i�s� 

�t�h�e�r�e�f�o�r�e�,� �n�e�c�e�s�s�a�r�i�l�y� �g�e�n�e�r�a�l�,� �r�a�t�h�e�r� �t�h�a�n� �u�n�i�v�e�r�s�a�l�.� 

�T�h�i�s� �w�o�r�k� �f�o�c�u�s�e�s� �o�n� �d�e�v�e�l�o�p�i�n�g� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� �f�o�r� �a� �g�e�n�e�r�a�l� �a�p�p�r�o�a�c�h�.� 

�T�o� �a�c�h�i�e�v�e� �t�h�i�s� �g�o�a�l�,� �m�e�t�h�o�d�s� �o�f� �m�a�x�i�m�i�z�i�n�g� �e�f�f�i�c�i�e�n�c�y� �a�n�d� �t�h�e� �r�e�l�a�t�i�v�e� 

�v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �a�r�e� �f�i�r�s�t� �e�x�a�m�i�n�e�d� �i�n�d�e�p�e�n�d�e�n�t�l�y�.� �M�e�a�n�s� �o�f� 

�c�o�o�p�t�i�m�i�z�a�t�i�o�n�,� �t�a�k�i�n�g� �i�n�t�o� �a�c�c�o�u�n�t� �d�e�t�e�c�t�i�o�n� �c�r�i�t�e�r�i�a�,� �a�r�e� �t�h�e�n� �e�v�a�l�u�a�t�e�d�.� 

�4�.�2�.�1� �O�p�t�i�m�i�z�a�t�i�o�n� �o�f� �S�a�m�p�l�e� �S�i�z�e� 

�E�f�f�i�c�i�e�n�c�y� �m�a�y� �b�e� �e�x�p�r�e�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� 

�t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e� �a�s� �t�h�e� �s�u�m�m�a�t�i�o�n� �o�f� �i�n�d�e�p�e�n�d�e�n�t� �t�e�r�m�s� �(�s�e�c�t�i�o�n� �2�.�2�.�1�)�.� �A�s� 

�n�o�t�e�d�,� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �t�o�t�a�l� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�,� 

�s�t�e�m�m�i�n�g� �f�r�o�m� �s�a�m�p�l�e� �v�o�l�u�m�e� �a�n�d� �s�a�m�p�l�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �i�s� �c�o�n�t�i�n�g�e�n�t� �o�n� 

�t�h�e� �r�e�q�u�i�r�e�d� �d�e�t�e�c�t�a�b�i�l�i�t�y�.� �I�f� �t�h�i�s� �c�o�n�s�t�r�a�i�n�t� �i�s� �e�l�i�m�i�n�a�t�e�d�,� �h�o�w�e�v�e�r�,� �t�h�e�s�e� 

�c�o�n�t�r�i�b�u�t�i�o�n�s� �m�a�y� �b�e� �o�p�t�i�m�i�z�e�d� �i�n�d�e�p�e�n�d�e�n�t�l�y� �f�r�o�m� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� 

�d�i�f�f�e�r�e�n�c�e�.� �E�x�p�e�r�i�m�e�n�t�a�l� �m�e�a�n�s� �o�f� �c�o�n�t�r�o�l�l�i�n�g� �s�a�m�p�l�e� �v�o�l�u�m�e� �a�n�d� �s�a�m�p�l�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �e�f�f�e�c�t�s�,� �t�h�e�r�e�f�o�r�e�,� �s�e�r�v�e� �a�s� �g�o�o�d� �s�t�a�r�t�i�n�g� �p�o�i�n�t�s� �f�o�r� 

�o�p�t�i�m�i�z�i�n�g� �r�e�s�o�l�u�t�i�o�n�.



�2�/�7� 

�T�h�e� �v�o�l�u�m�e� �o�f� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�a�m�p�l�i�n�g� �t�i�m�e� �(�S�/�t�,�)� 

�m�a�y�,� �f�o�r� �s�i�p�h�o�n�i�n�g�,� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �b�r�e�a�k�t�h�r�o�u�g�h� �c�u�r�v�e�s� �(�s�e�c�t�i�o�n� �3�.�3�.�2�)� 

�a�s�:� 

�S�/�t�,� �=� �n�d�-�2�L�/�4�t�y� �(�4�9�)� 

�w�h�e�r�e� �t�,�,� �t�h�e� �b�r�e�a�k�t�h�r�o�u�g�h� �t�i�m�e�,� �i�s� �t�h�e� �t�i�m�e� �t�a�k�e�n� �f�o�r� �s�a�m�p�l�e� �t�o� �f�l�o�w� 

�h�y�d�r�o�d�y�n�a�m�i�c�a�l�l�y� �f�r�o�m� �t�h�e� �p�o�i�n�t� �o�f� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n� �t�o� �t�h�e� �d�e�t�e�c�t�o�r�.� 

�T�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �t�o�t�a�l� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e� 

�s�t�e�m�m�i�n�g� �f�r�o�m� �s�a�m�p�l�e� �v�o�l�u�m�e�,� �H�s�,� �h�a�s� �b�e�e�n� �w�r�i�t�t�e�n� �a�s�:� 

�H�,� �=� �4�5�2�/�3�n�2�d�,�4�L� �(�2�2�)� 

�C�o�m�b�i�n�a�t�i�o�n� �e�q�n�s�.� �4�9� �a�n�d� �2�2� �a�l�l�o�w�s� �f�o�r� �t�,� �t�o� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�t�,� �=� �3�.�4�6�H�,�!�/�2�t�,�/�L� �1�/�2� �(�5�0�)� 

�A�s�s�u�m�i�n�g� �t�h�a�t� �H�s� �s�h�o�u�l�d� �b�e� �l�e�s�s� �t�h�a�n� �a� �f�r�a�c�t�i�o�n�,� �y�,� �o�f� �t�h�e� �o�f� �t�h�e� �t�o�t�a�l� 

�h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�,� �H�a�,� �e�q�n�.� �5�0� �m�a�y� �b�e� �r�e�w�r�i�t�t�e�n� �a�s�:� 

�t�s� �<� �3�.�4�6�H�,�!�/�2�y�1�/�2�t�,�/�L� �1�7�2� �(�5�1�)� 

�I�f� �H�a�,� �i�s� �e�x�p�r�e�s�s�e�d� �t�h�r�o�u�g�h� �e�q�n�.� �1�6� �a�s�:� 

�H�y� �=� �L�/�N� �(�5�2�)



�3�8� 

�e�q�n�.� �5�1� �m�a�y� �b�e� �r�e�e�x�p�r�e�s�s�e�d� �a�s�:� 

�t�e� �<� �3�.�4�6�y�!�/�2�t�,�/�N�1�/�2� �(�5�3�)� 

�w�h�i�c�h� �a�l�l�o�w�s� �f�o�r� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �a� �s�u�i�t�a�b�l�e� �t�,�.� 

�U�s�i�n�g� �a� �1�0�0� �p�m� �x� �6�8� �c�m� �c�a�p�i�l�l�a�r�y� �w�i�t�h� �a�n� �e�f�f�e�c�t�i�v�e� �m�i�g�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �o�f� 

�4�8� �c�m�,� �0�.�0�1� �M� �N�a�j�H�P�O�,� �(�p�H� �7�.�0�0�)� �a�s� �t�h�e� �o�p�e�r�a�t�i�n�g� �b�u�f�f�e�r�,� �a�n�d� �a� �s�i�p�h�o�n�i�n�g� 

�e�l�e�v�a�t�i�o�n� �o�f� �3�.�8� �c�m�,� �t�,� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �7�4�.�9� �+�/�-� �0�.�3� �m�i�n�u�t�e�s� �(�n� �=� �3�)�.� 

�U�s�i�n�g� �t�h�i�s� �v�a�l�u�e� �o�f� �t�,�,� �l�i�m�i�t�i�n�g� �y� �t�o� �0�.�1�,� �a�n�d� �a�s�s�u�m�i�n�g� �t�h�a�t� �N� �f�o�r� �a�n� �i�n�f�i�n�i�t�e�l�y� 

�s�m�a�l�l� �s�a�m�p�l�e� �v�o�l�u�m�e� �i�s� �5�0�0�,�0�0�0� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s�,� �e�q�n�.� �5�3� �s�u�g�g�e�s�t�s� �t�h�a�t� 

�t�h�e� �s�a�m�p�l�i�n�g� �t�i�m�e� �s�h�o�u�l�d� �n�o�t� �e�x�c�e�e�d� �7� �s�e�c�o�n�d�s�.� �C�a�l�c�u�l�a�t�i�n�g� �S� �a�s�:� 

�S� �=� �t�e�r�d�c�2�L�/�4�t�,� �(�5�4�)� 

�t�h�i�s� �e�f�f�e�c�t�i�v�e�l�y� �l�i�m�i�t�s� �t�h�e� �s�a�m�p�l�e� �v�o�l�u�m�e� �t�o� �6� �n�L�.� 

�F�o�r� �a�m�o�r�e� �g�e�n�e�r�a�l� �s�o�l�u�t�i�o�n� �t�o� �t�h�e� �l�i�m�i�t�i�n�g� �s�a�m�p�l�i�n�g� �t�i�m�e� �a�n�d� �s�a�m�p�l�e� 

�v�o�l�u�m�e�,� �e�q�n�.� �4�4� �m�a�y� �b�e� �w�r�i�t�t�e�n� �a�s�:� 

�S�/�t�,� �=� �p�g�n�d�.�4�A�h�/�1�2�8�n�L�7� �(�3�5�)� 

�a�n�d� �c�o�m�b�i�n�e�d� �w�i�t�h� �e�q�n�.� �4�9�,� �t�o� �y�i�e�l�d� �(�o�n� �r�e�a�r�r�a�n�g�e�m�e�n�t�)�:� 

�t�y� �=� �3�2�L�n�L�7�/�p�g�d�,�2�a�h� �(�5�6�)



�2�9� 

�E�q�n�.� �5�6� �m�a�y� �b�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �v�a�l�u�e�s� �o�f� �t�,�,� �u�n�d�e�r� �d�i�f�f�e�r�e�n�t� �o�p�e�r�a�t�i�n�g� 

�c�o�n�d�i�t�i�o�n�s� �b�y� �r�a�t�i�o�i�n�g� �t�h�e� �v�a�l�u�e� �o�f� �e�a�c�h� �p�a�r�a�m�e�t�e�r� �w�i�t�h� �t�h�o�s�e� �e�m�p�l�o�y�e�d� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�,� �e�x�p�e�r�i�m�e�n�t�a�l�l�y�.� �I�f� �f�o�r� �e�x�a�m�p�l�e� �L� �i�s� �d�o�u�b�l�e�d�,� �a�n�d� �t�h�e� �r�e�m�a�i�n�i�n�g� 

�p�a�r�a�m�e�t�e�r�s� �k�e�p�t� �c�o�n�s�t�a�n�t�,� �t�,� �i�s� �d�o�u�b�l�e�d�,� �a�l�l�o�w�i�n�g� �f�o�r� �t�w�i�c�e� �t�h�e� �s�a�m�p�l�i�n�g� 

�t�i�m�e� �(�e�q�n�.� �5�3�)�.� �R�a�t�i�o�i�n�g� �o�f� �e�a�c�h� �p�a�r�a�m�e�t�e�r�,� �a�n�d� �j�u�d�i�c�i�o�u�s� �c�h�o�i�c�e� �o�f� 

�n�u�m�e�r�i�c�a�l� �v�a�l�u�e�s� �f�o�r� �N� �a�n�d� �y� �w�a�s� �u�s�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�i�s� �w�o�r�k� �t�o� �d�e�t�e�r�m�i�n�e� 

�s�u�i�t�a�b�l�e� �s�a�m�p�l�i�n�g� �t�i�m�e�s� �f�o�r� �s�i�p�h�o�n�i�n�g�.� �A� �p�r�i�o�r�i� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �o�f� �s�u�i�t�a�b�l�e� 

�v�a�l�u�e�s� �f�o�r� �N� �w�e�r�e� �a�p�p�r�o�x�i�m�a�t�e�d� �f�r�o�m� �e�q�n�.� �1�5�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �e�f�f�i�c�i�e�n�c�i�e�s� 

�w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�t� �l�o�w� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�s� �a�n�d� �t�h�e� �d�i�f�f�u�s�i�o�n� �l�i�m�i�t�e�d� 

�e�f�f�i�c�i�e�n�c�y� �e�x�p�e�c�t�e�d� �a�t� �t�h�e� �h�i�g�h�e�r� �e�m�p�l�o�y�e�d� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �o�b�t�a�i�n�e�d� 

�b�y� �l�i�n�e�a�r� �e�x�t�r�a�p�o�l�a�t�i�o�n�.� 

�F�o�r� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� �s�a�m�p�l�i�n�g�,� �t�h�e� �v�o�l�u�m�e� �o�f� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�e�d� �a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �s�a�m�p�l�i�n�g� �t�i�m�e� �(�S�/�t�,�)� �i�s� �g�i�v�e�n� �a�s�:� 

�S�/�t�y� �=� �0�-�2�(�t�e�g� �*� �P�e�V�s�/�4�L�r� �(�5�7�)� 

�w�h�e�r�e� �V�,� �i�s� �t�h�e� �s�a�m�p�l�i�n�g� �v�o�l�t�a�g�e�.� �E�q�n�.� �5�7� �m�a�y� �b�e� �c�o�m�b�i�n�e�d� �w�i�t�h� �e�q�n�.� �2�2�,� �t�o� 

�v�i�e�l�d�:� 

�H�g� �=� �(�p�l�o�p� �+� �p�l�e�j�2�V�5�2�t�.�2�/� �1� �2�L�7�2�L� �(�5�8�)� 

�U�n�d�e�r� �t�h�e� �a�p�p�r�o�x�i�m�a�t�i�o�n� �t�h�a�t� �p�.�,� �a�n�d� �p�,�,� �a�r�e� �u�n�a�f�f�e�c�t�e�d� �b�y� �e�l�e�c�t�r�i�c� �f�i�e�l�d� 

�s�t�r�e�n�g�t�h� �(�t�h�e� �l�i�m�i�t�a�t�i�o�n�s� �o�f� �t�h�i�s� �a�p�p�r�o�x�i�m�a�t�i�o�n� �a�r�e� �s�h�o�w�n� �i�n� �s�e�c�t�i�o�n� �4�.�2�.�4�)�,



�6�0� 

�(�H�e�o� �*� �H�e�r�)� �M�a�y� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �m�i�g�r�a�t�i�o�n� �t�i�m�e� �o�f� �a� �s�o�l�u�t�e� �a�s�:� 

�(�H�e�o� �+� �f�L�e�}�)� �=� �L�L�y�/�t�p�V�o� �(�5�9�)� 

�w�h�e�r�e� �V�o� �i�s� �t�h�e� �v�o�l�t�a�g�e� �u�s�e�d� �t�o� �e�f�f�e�c�t� �t�h�e� �s�e�p�a�r�a�t�i�o�n�.� �E�q�n�s�.� �5�8� �a�n�d� �5�9� �m�a�y� 

�b�e� �c�o�m�b�i�n�e�d� �t�o� �y�i�e�l�d�:� 

�H�,� �=� �L�V�,�2�t�,�2�/� �|� �2�V�o�2�t�p�2� �(�6�0�)� 

�w�h�i�c�h�,� �o�n� �r�e�a�r�r�a�n�g�e�m�e�n�t�,� �a�l�l�o�w�s� �f�o�r� �t�,� �t�o� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�t�s� �=� �3�.�4�6�H�g�!�/�2�V�o�t�p�/�L�1�/�2� �V�e�g� �(�6�1�)� 

�I�n�v�o�k�i�n�g� �a�g�a�i�n� �t�h�a�t� �H�e� �s�h�o�u�l�d� �b�e� �l�e�s�s� �t�h�a�n� �a� �f�r�a�c�t�i�o�n�,� �y�,� �o�f� �H�a�,� �a�n�d� 

�e�x�p�r�e�s�s�i�n�g� �H�a� �i�n� �t�e�r�m�s� �o�f� �N�,� �e�q�n�.� �6�1� �b�e�c�o�m�e�s�:� 

�t�e� �<� �3�.�4�6�y�!�/�2�V�o�t�p�/�N�I�/�2�V�,� �(�6�2�)� 

�T�h�e� �m�i�g�r�a�t�i�o�n� �t�i�m�e�,� �t�p�,� �i�n� �e�q�n�.� �6�2�,� �m�a�y� �b�e� �o�b�t�a�i�n�e�d� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �b�y� 

�a�n�a�l�y�z�i�n�g� �a� �s�a�m�p�l�e� �a�t� �a�n� �o�p�e�r�a�t�i�n�g� �v�o�l�t�a�g�e� �o�f� �V�o�.� �F�o�r� �a� �m�u�l�t�i�c�o�m�p�o�n�e�n�t� 

�s�a�m�p�l�e� �t�h�e� �c�o�m�p�o�n�e�n�t� �w�i�t�h� �t�h�e� �s�m�a�l�l�e�s�t� �m�i�g�r�a�t�i�o�n� �t�i�m�e� �b�e�c�o�m�e�s� �t�h�e� 

�g�o�v�e�r�n�i�n�g� �s�o�l�u�t�e�.� �A�s� �f�o�r� �s�i�p�h�o�n�i�n�g�,� �a� �j�u�d�i�c�i�o�u�s� �c�h�o�i�c�e� �o�f� �n�u�m�e�r�i�c�a�l� �v�a�l�u�e�s� 

�f�o�r� �N� �a�n�d� �y� �w�a�s� �u�s�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�i�s� �w�o�r�k� �t�o� �d�e�t�e�r�m�i�n�e� �s�u�i�t�a�b�l�e� �s�a�m�p�l�i�n�g� 

�t�i�m�e�s� �a�n�d� �s�a�m�p�l�i�n�g� �v�o�l�t�a�g�e�s�.



�6�1� 

�T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �s�o�l�u�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a�l�s�o� �e�x�p�l�o�r�e�d� �i�n� �o�r�d�e�r� �t�o� 

�e�s�t�a�b�l�i�s�h� �a�d�d�i�t�i�o�n�a�l� �g�u�i�d�e�l�i�n�e�s� �f�o�r� �t�h�e� �s�a�m�p�l�i�n�g� �p�r�o�c�e�d�u�r�e�.� �T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� 

�3�,�4�-�d�i�h�y�d�r�o�x�y�m�a�n�d�e�l�i�c� �a�c�i�d� �(�M�W� �=� �1�8�4�.�1�5�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �p�e�a�k� �s�h�a�p�e� �i�s� 

�s�h�o�w�n� �i�n� �F�i�g�.� �1�1�.� �A�t� �t�h�e� �h�i�g�h�e�r� �s�o�l�u�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �t�h�e� �p�e�a�k�s� �s�h�o�w� 

�a�p�p�r�e�c�i�a�b�l�e� �l�e�a�d�i�n�g� �e�d�g�e�s� �w�h�i�c�h� �r�e�s�u�l�t� �i�n� �r�e�d�u�c�e�d� �r�e�s�o�l�u�t�i�o�n�.� �T�o� �d�e�t�e�r�m�i�n�e� 

�t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �r�e�q�u�i�r�e�d� �f�o�r� �m�a�x�i�m�u�m� �e�f�f�i�c�i�e�n�c�y�,� �r�e�s�o�l�u�t�i�o�n� �a�s� �a� �f�u�n�c�t�i�o�n� 

�o�f� �N� �i�s� �p�l�o�t�t�e�d� �a�g�a�i�n�s�t� �t�h�e� �l�o�g�y� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �F�i�g�.� �1�2�.� �A�s� �s�h�o�w�n�,� �a� 

�s�o�l�u�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �l�e�s�s� �t�h�a�n� �0�.�1� �m�M� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �m�a�x�i�m�u�m� 

�e�f�f�i�c�i�e�n�c�y�.� �T�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �s�o�l�u�t�e� �t�o� �b�u�f�f�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �r�a�t�i�o� �o�f� 

�l�e�s�s� �t�h�a�n� �1�:�1�0�0�.� �T�h�e� �l�a�t�t�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �r�a�t�i�o� �i�s� �s�o�l�u�t�e� �d�e�p�e�n�d�e�n�t�,� �b�u�t� �i�s� 

�i�l�l�u�s�t�r�a�t�i�v�e� �o�f� �t�h�e� �l�a�r�g�e� �i�n�f�l�u�e�n�c�e� �s�o�l�u�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �h�a�s� �o�n� �s�e�p�a�r�a�t�i�o�n� 

�e�f�f�i�c�i�e�n�c�y�,� �a�n�d� �i�s� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� �p�r�e�v�i�o�u�s�l�y� �b�y� 

�L�u�k�a�c�s� �a�n�d� �J�o�r�g�e�n�s�o�n� �9�0�)�,� �I�n�v�o�k�i�n�g� �t�h�e� �6� �n�L� �s�a�m�p�l�e� �v�o�l�u�m�e� �l�i�m�i�t� �p�r�e�s�c�r�i�b�e�d� 

�f�o�r� �1�0�0� �m�m� �i�.� �d�.� �c�a�p�i�l�l�a�r�i�e�s� �u�n�d�e�r� �t�y�p�i�c�a�l� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s�,� �t�h�e� �0�.�1� �m�M� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �l�i�m�i�t� �d�i�c�t�a�t�e�s� �t�h�a�t� �t�h�e� �t�o�t�a�l� �a�m�o�u�n�t� �o�f� �s�a�m�p�l�e� �f�o�r� �C�Z�E� �s�h�o�u�l�d� 

�b�e� �l�e�s�s� �t�h�a�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �6� �x� �1�0�-�!�5� �m�o�l�e�s�.� 

�T�h�e� �l�i�m�i�t�s� �i�m�p�o�s�e�d� �b�y� �b�o�t�h� �t�h�e� �s�a�m�p�l�e� �v�o�l�u�m�e� �a�n�d� �t�h�e� �s�a�m�p�l�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�e�r�e� �a�d�h�e�r�e�d� �t�o� �i�n� �s�u�b�s�e�q�u�e�n�t� �t�h�e�o�r�e�t�i�c�a�l� �s�t�u�d�i�e�s�,� �w�h�e�r�e� �i�t� 

�w�a�s� �o�f� �i�n�t�e�r�e�s�t� �t�o� �e�x�a�m�i�n�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �a�d�d�i�t�i�o�n�a�l� �s�o�u�r�c�e�s� �o�f� �b�a�n�d� 

�b�r�o�a�d�e�n�i�n�g� �i�n�d�e�p�e�n�d�e�n�t�l�y�.� �I�n� �p�r�a�c�t�i�c�a�l� �a�p�p�l�i�c�a�t�i�o�n�s�,� �s�a�m�p�l�e� �v�o�l�u�m�e� �a�n�d� 

�s�a�m�p�l�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�e�r�e� �l�i�m�i�t�e�d� �o�n�l�y� �t�o� �c�o�n�d�i�t�i�o�n�s� �w�h�e�r�e�b�y� �s�u�f�f�i�c�i�e�n�t� 

�r�e�s�o�l�u�t�i�o�n� �w�a�s� �o�b�t�a�i�n�e�d�.



�6�2� 

� � � � � � � � �J�k�.� �_�J�e�L�e� 

�F�i�g�u�r�e� �1�1�.� �I�n�f�l�u�e�n�c�e� �o�f� �3�,�4�-�d�i�h�y�d�r�o�x�y�m�a�n�d�e�l�i�c� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �p�e�a�k� 
�s�h�a�p�e�.� �C�o�n�c�e�n�t�r�a�t�i�o�n�s�:� �A�.�2� �m�g�/�m�L� �B�.�0�.�2� �m�g�/�m�L� �C�.� �0�.�0�2� �m�g�/�m�L�.
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� � � � 

�5�0�0� �-� 

�g� 
�4�0�0�4� �©� �g� 

�=�>� �3�0�0�5� 
�=� �<� �a� 

�®� 

�c�e� �2�0�0�-� 

�1� 
�1�0�0� �=� �G�g� 

�0� �,� �t� �.� �t� �.� �t� 

�-�1�.�5� �-�0�.�5� �0�.�5� �1�.�5� 

�L�o�g� �m�M� 

�F�i�g�u�r�e� �1�2�.� �R�e�s�o�l�u�t�i�o�n� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �N� �v�s�.� �t�h�e� �L�o�g�;�q� �o�f� �3�,�4�-�d�i�h�y�d�r�o�x�y�-� 
�m�a�n�d�e�l�i�c� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�.



�6�4� 

�4�2�.�2�.� �I�n�f�l�u�e�n�c�e� �o�f� �p�H� �o�n� �t�h�e� �C�o�e�f�f�i�c�i�e�n�t� �o�f� �E�l�e�c�t�r�o�o�s�m�o�t�i�c� �F�l�o�w� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �i�n�c�r�e�a�s�i�n�g� �r�e�s�o�l�u�t�i�o�n� �b�y� �m�a�x�i�m�i�z�i�n�g� �e�f�f�i�c�i�e�n�c�y�,� �m�e�t�h�o�d�s� 

�m�a�y� �b�y� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �s�a�m�p�l�e� 

�c�o�m�p�o�n�e�n�t�s�.� �A�s� �i�n�d�i�c�a�t�e�d� �b�y� �e�q�n�.� �2�9�,� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �o�f� �t�w�o� 

�z�o�n�e�s� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�,� �w�h�i�c�h� �i�s�,� �i�n� 

�t�u�r�n�,� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �z�e�t�a� �p�o�t�e�n�t�i�a�l� �a�t� �t�h�e� �b�u�f�f�e�r�/�c�a�p�i�l�l�a�r�y� �i�n�t�e�r�f�a�c�e� 

�(�e�q�n�.� �7�)�.� �S�u�r�f�a�c�e� �c�h�a�r�g�e� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �d�e�g�r�e�e� �o�f� �p�r�o�t�o�n�a�t�i�o�n� �o�f� 

�s�u�r�f�a�c�e� �s�i�l�a�n�o�l� �g�r�o�u�p�s�.� �A�c�c�o�r�d�i�n�g�l�y�,� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �s�h�o�u�l�d� �b�e� 

�s�u�p�p�r�e�s�s�e�d� �b�y� �d�e�c�r�e�a�s�i�n�g� �b�u�f�f�e�r� �p�H� �(�3�0�.� �1�1�0�)�,� 

�T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �p�H� �o�n� �p�,�,� �i�s�,� �a�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �I�l�i�,� �q�u�i�t�e� �a�p�p�r�e�c�i�a�b�l�e�.� �T�h�e� 

�m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �i�s� �r�e�d�u�c�e�d� �b�y� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �a� �f�a�c�t�o�r� �o�f� �f�o�u�r� �a�t� �p�H� �3�.�0�0� �v�s� �p�H� �7�.�0�0�.� �A�t� �p�H� �5�.�1�1�,� �p�e�g� 

�d�e�c�r�e�a�s�e�s� �f�r�o�m� �r�u�n� �t�o� �r�u�n�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �s�u�r�f�a�c�e� �e�q�u�i�l�i�b�r�a�t�i�o�n� �m�a�y� �b�e� �s�l�o�w� 

�i�n� �w�e�a�k�l�y� �a�c�i�d�i�c� �m�e�d�i�a�.� �T�h�e� �l�a�t�t�e�r� �r�e�s�u�l�t�s� �a�r�e� �s�u�p�p�o�r�t�e�d� �b�y� �t�h�e� �w�o�r�k� �o�f� 

�L�a�m�b�e�r�t� �a�n�d� �M�i�d�d�l�e�t�o�n� �(�1�1�1�)�,� �w�h�o� �n�o�t�e� �t�h�a�t� �a�t� �p�H� �4�.�0�0�,� �s�u�r�f�a�c�e� �e�q�u�i�l�i�b�r�a�t�i�o�n� 

�m�a�y� �t�a�k�e� �i�n� �e�x�c�e�s�s� �o�f� �1�4� �d�a�y�s�.� 

�T�h�e� �c�h�o�i�c�e� �o�f� �b�u�f�f�e�r� �p�H� �i�s�,� �a�d�d�i�t�i�o�n�a�l�l�y�,� �f�r�e�q�u�e�n�t�l�y� �m�a�n�d�a�t�e�d� �b�y� �t�h�e� �p�K�a�s� 

�o�f� �s�a�m�p�l�e� �c�o�m�p�o�n�e�n�t�s�.� �C�o�n�t�r�o�l�l�i�n�g� �p�,�,� �v�i�a� �p�H� �i�s�,� �t�h�e�r�e�f�o�r�e�,� �n�o�t� �a�l�w�a�y�s� �a� 

�p�r�a�c�t�i�c�a�l� �o�p�t�i�o�n� �i�n� �C�Z�E�.� �A�s� �a�n� �a�l�t�e�r�n�a�t�i�v�e�,� �c�o�a�t�e�d� �c�a�p�i�l�l�a�r�i�e�s� �(�5�-�3�4�)� �h�a�v�e� 

�b�e�e�n� �u�s�e�d� �t�o� �e�s�t�a�b�l�i�s�h� �a� �d�i�f�f�e�r�e�n�t� �z�e�t�a� �p�o�t�e�n�t�i�a�l� �a�t� �t�h�e� �b�u�f�f�e�r�/�c�a�p�i�l�l�a�r�y� 

�i�n�t�e�r�f�a�c�e�.� �S�u�c�h� �a� �p�r�o�c�e�d�u�r�e� �i�s�,� �h�o�w�e�v�e�r�,� �n�o�t� �d�y�n�a�m�i�c� �s�i�n�c�e� �d�i�f�f�e�r�e�n�t� 

�c�o�a�t�i�n�g�s� �a�r�e� �r�e�q�u�i�r�e�d� �t�o� �p�r�o�v�i�d�e� �d�i�f�f�e�r�e�n�t� �z�e�t�a� �p�o�t�e�n�t�i�a�l�s�.� �I�t� �i�s� �t�h�e�r�e�f�o�r�e� 

�d�e�s�i�r�a�b�l�e� �t�o� �f�i�n�d� �a�d�d�i�t�i�o�n�a�l� �m�e�t�h�o�d�s� �o�f� �c�o�n�t�r�o�l�l�i�n�g� �p�e�o�.
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�T�a�b�l�e� �I�l�l�.� �I�n�f�l�u�e�n�c�e� �o�f� �p�H� �o�n� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�.� 

�p�H� �M�e�y� �(�c�m�2�/�K�V�-�m�i�n�)� �a�v�g�.� �S�  ��r�s�d� 

�7�.�0�0� �9�6�.�2�5�,� �5�7�.�4�5�,� �5�7�.�5�8�,� �5�7�.�7�2� �5�7�.�3� �0�.�7� �1�.�2� 

�5�.�9�6� �4�8�.�3�1�,� �4�8�.�7�0�,� �4�8�.�5�0� �4�8�.�5� �0�.�2� �0�.�4�0� 

�5�.�1�1� �3�9�.�6�4�,� �3�9�.�1�9�,� �3�7�.�9�1�,� �3�4�.�0�8� �2�8� �9� �3�4� 
�2�8�.�0�9�,� �2�3�.�9�6�,� �2�0�.�7�0�,� �1�8�.�9�4� 
�1�7�.�4�6�,� �1�6�.�5�6� 

�3�.�0�0� �1�3�.�9�9�,� �1�4�.�4�1�,� �1�3�.�5�6�,� �1�4�.�4�4� �1�4�.�1� �0�.�4� �2�.�9� 

� 



�6�6� 

�4�.�2�.�3�.� �I�n�f�l�u�e�n�c�e� �o�f� �B�u�f�f�e�r� �C�o�n�c�e�n�t�r�a�t�i�o�n�,� �C�a�p�i�l�l�a�r�y� �I�n�t�e�r�n�a�l� �D�i�a�m�e�t�e�r�,� �a�n�d� 

�F�o�r�c�e�d� �C�o�n�v�e�c�t�i�o�n� �o�n� �R�e�s�o�l�u�t�i�o�n�.� 

�F�i�g�.� �1�3� �s�h�o�w�s� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �b�u�f�f�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �p�,�,� �i�n�a� �5�0� �p�m� 

�c�a�p�i�l�l�a�r�y�.� �E�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �i�s� �s�u�p�p�r�e�s�s�e�d� �i�n� �t�h�e� �m�o�r�e� �c�o�n�c�e�n�t�r�a�t�e�d� 

�N�a� �H�P�O�,� �b�u�f�f�e�r�s� �(�2�5�.� �3�4�,� �1�1�2�)� �a�n�d� �i�n�c�r�e�a�s�e�s� �s�l�i�g�h�t�l�y� �a�s� �l�a�r�g�e�r� �e�l�e�c�t�r�i�c� �f�i�e�l�d� 

�S�t�r�e�n�g�t�h�s� �a�r�e� �e�m�p�l�o�y�e�d�.� �T�h�e� �d�e�c�r�e�a�s�e� �i�n� �p�,�,� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �b�u�f�f�e�r� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �a� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �z�e�t�a� �p�o�t�e�n�t�i�a�l�.� �T�h�e� �z�e�t�a� 

�p�o�t�e�n�t�i�a�l� �i�s� �r�e�d�u�c�e�d� �s�i�n�c�e� �t�h�e� �c�a�p�i�l�l�a�r�y� �s�u�r�f�a�c�e� �t�s� �m�o�r�e� �e�f�f�e�c�t�i�v�e�l�y� 

�n�e�u�t�r�a�l�i�z�e�d� �b�y� �h�i�g�h�e�r� �s�a�l�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �p�,�.� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �i�s� �c�a�u�s�e�d� �b�y� �i�n�c�r�e�a�s�e�d� �J�o�u�l�e� �h�e�a�t�i�n�g�.� 

�J�o�u�l�e� �h�e�a�t�i�n�g� �r�a�i�s�e�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �b�u�f�f�e�r� �a�n�d� �a�s� �a� �r�e�s�u�l�t� �d�e�c�r�e�a�s�e�s� 

�v�i�s�c�o�s�i�t�y�.� �A�S� �s�h�o�w�n� �b�y� �e�q�n�.� �1�3�,� �t�e�,� �i�s� �i�n�c�r�e�a�s�e�d� �i�n� �l�o�w�e�r� �v�i�s�c�o�s�i�t�y� �b�u�f�f�e�r�s�.� 

�I�n� �1�0�0� �u�m� �c�a�p�i�l�l�a�r�i�e�s� �(�F�i�g�.� �1�4�)� �t�h�e� �s�a�m�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �b�u�f�f�e�r� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �l�.�,� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �l�o�w� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�s�.� 

�H�o�w�e�v�e�r�,� �a�s� �e�x�p�e�c�t�e�d� �(�e�q�n�.� �1�9�)�,� �J�o�u�l�e� �h�e�a�t�i�n�g� �w�a�s� �m�o�r�e� �p�r�o�n�o�u�n�c�e�d� �i�n� �t�h�e� 

�l�a�r�g�e�r� �c�a�p�i�l�l�a�r�y�,� �e�s�p�e�c�i�a�l�l�y� �w�h�e�n� �c�o�n�c�e�n�t�r�a�t�e�d� �b�u�f�f�e�r�s� �w�e�r�e� �e�m�p�l�o�y�e�d�.� �A�s� �a� 

�r�e�s�u�l�t� �U�e�,� �i�n�c�r�e�a�s�e�d� �m�a�r�k�e�d�l�y� �w�i�t�h� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�.� 

�T�h�e� �J�o�u�l�e� �h�e�a�t�i�n�g� �o�b�s�e�r�v�e�d� �i�n� �F�i�g�s�.� �1�3� �a�n�d� �1�4� �m�a�k�e� �i�t� �d�i�f�f�i�c�u�l�t� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �o�p�t�i�m�u�m� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �C�Z�E�,� �n�o�t� �o�n�l�y� �b�e�c�a�u�s�e� �o�f� 

�t�h�e� �i�n�t�e�r�d�e�p�e�n�d�e�n�c�e� �o�f� �p�,�,� �a�n�d� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�,� �b�u�t� �a�l�s�o� �d�u�e� �t�o� �t�h�e� 

�i�n�f�l�u�e�n�c�e� �t�h�a�t� �b�o�t�h� �p�,�,� �a�n�d� �J�o�u�l�e� �h�e�a�t�i�n�g� �h�a�v�e� �o�n� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� �A� 

�r�e�d�u�c�t�i�o�n� �i�n� �p�.�.� �r�e�d�u�c�e�s� �t�h�e� �n�e�t� �s�o�l�u�t�e� �v�e�l�o�c�i�t�y� �a�n�d� �t�h�e�r�e�f�o�r�e� �e�f�f�i�c�i�e�n�c�y� 

�(�e�q�n�.� �1�5�)�.� �J�o�u�l�e� �h�e�a�t�i�n�g� �a�d�d�s� �a�n� �a�d�d�i�t�i�o�n�a�l� �s�o�u�r�c�e� �o�f� �b�a�n�d� �b�r�o�a�d�e�n�i�n�g� �t�o
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�o�n� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �(�p�.�.�)� �i�n� �1�0�0� �p�m� �f�u�s�e�d� 
�S�i�l�i�c�a� �c�a�p�i�l�l�a�r�i�e�s�.� �N�a�g�H�P�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�:� �a� �0�.�0�1� �M�b�.� �0�.�0�2�M� 
�c�.� �0�.�0�5� �M�.



�6�9� 

�d�e�c�r�e�a�s�e� �e�f�f�i�c�i�e�n�c�y� �f�r�o�m� �t�h�e� �d�i�f�f�u�s�i�o�n� �l�i�m�i�t�e�d� �c�a�s�e�.� �A�s� �s�h�o�w�n� �b�y� �t�h�e� 

�c�u�r�v�a�t�u�r�e� �i�n� �a� �p�l�o�t� �o�f� �e�f�f�i�c�i�e�n�c�y� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� 

�(�F�i�g�.� �1�5�)�,� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �J�o�u�l�e� �h�e�a�t�i�n�g� �o�n� �e�f�f�i�c�i�e�n�c�y� �w�a�s� �n�o�t�i�c�e�a�b�l�e� �e�v�e�n� 

�w�h�e�n� �5�0� �p�m� �c�a�p�i�l�l�a�r�i�e�s� �w�e�r�e� �e�m�p�l�o�y�e�d�.� 

�T�o� �b�e�t�t�e�r� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �1�,�,� �a�n�d� �J�o�u�l�e� �h�e�a�t�i�n�g� �o�n� �r�e�s�o�l�u�t�i�o�n�,� 

�t�h�e� �v�a�r�i�o�u�s� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �e�v�a�l�u�a�t�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �b�o�t�h� 

�s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �a�n�d� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� 

�1�6�,� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �p�h�e�n�o�l� �a�n�d� �s�o�d�i�u�m� �t�o�l�u�e�n�e�-� 

�s�u�l�f�o�n�a�t�e�,� �(�u�e�i�4� �-� �b�e�i�2�)�/�C�H�e�l� �a�v�g� �*� �H�e�o�)�,� �W�a�s� �c�o�n�s�t�a�n�t� �f�o�r� �a� �g�i�v�e�n� �b�u�f�f�e�r� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�,� �r�e�g�a�r�d�l�e�s�s� �o�f� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�.� �T�h�i�s� �w�a�s� �o�b�s�e�r�v�e�d� �n�o�t� 

�o�n�l�y� �f�o�r� �a� �0�.�0�1� �M� �b�u�f�f�e�r� �i�n� �a� �5�0� �u�m� �c�a�p�i�l�l�a�r�y�,� �w�h�e�r�e� �J�o�u�l�e� �h�e�a�t�i�n�g� �w�a�s� 

�m�i�n�i�m�a�l�,� �b�u�t� �a�l�s�o� �f�o�r� �0�.�0�2� �M� �N�a� �H�P�O�,� �i�n� �a� �1�0�0� �u�m� �c�a�p�i�l�l�a�r�y�,� �w�h�e�r�e� 

�a�p�p�r�e�c�i�a�b�l�e� �J�o�u�l�e� �h�e�a�t�i�n�g� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �h�i�g�h� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�s�.� �T�h�e� 

�i�n�d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �w�i�t�h� �J�o�u�l�e� �h�e�a�t�i�n�g� �i�s� 

�p�r�e�s�u�m�a�b�l�y� �a�t�t�r�i�b�u�t�a�b�l�e� �t�o� �b�o�t�h� �u�,�;� �a�n�d� �u�.�,� �h�a�v�i�n�g� �t�h�e� �s�a�m�e� �v�i�s�c�o�s�i�t�y� 

�d�e�p�e�n�d�e�n�c�e� �(�e�q�n�s�.� �1�3� �a�n�d� �1�4�)�.� 

�T�h�e� �a�v�e�r�a�g�e� �v�a�l�u�e�s� �o�f� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �p�h�e�n�o�l� �a�n�d� 

�s�o�d�i�u�m� �t�o�l�u�e�n�e�s�u�l�f�o�n�a�t�e� �w�e�r�e� �0�.�5�7�6� �a�n�d� �0�.�6�6�1� �i�n� �t�h�e� �0�.�0�1� �a�n�d� �0�.�0�2� !"� 

�b�u�f�f�e�r�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�u�s�,� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� 

�a�l�o�n�e�,� �r�e�s�o�l�u�t�i�o�n� �w�a�s� �i�m�p�r�o�v�e�d�,� �i�n� �0�.�0�2� �v�s� �0�.�0�1� �M� �b�u�f�f�e�r�,� �b�y� �a� �f�a�c�t�o�r� �o�f� �1�.�1�5�.� 

�T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �e�f�f�i�c�i�e�n�c�y� �m�u�s�t�,� �h�o�w�e�v�e�r�,� �a�l�s�o� �b�e� �e�x�p�l�o�r�e�d�.� 

�I�f� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �n�o� �J�o�u�l�e� �h�e�a�t�i�n�g� �o�c�c�u�r�s�,� �a�s� �i�s� �p�r�e�s�u�m�a�b�l�y� �t�h�e� �c�a�s�e� 

�w�h�e�n� �5�0� �u�m� �c�a�p�i�l�l�a�r�i�e�s� �a�n�d� �l�o�w� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�s� �a�r�e� �e�m�p�l�o�y�e�d�,� �e�q�n�s�.� 

�1�3� �a�n�d� �2�9� �m�a�y� �b�e� �c�o�m�b�i�n�e�d� �t�o� �e�x�p�r�e�s�s� �r�e�s�o�l�u�t�i�o�n� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �e�f�f�i�c�i�e�n�c�y
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�o�n� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e�,� �(�W�e�)�.�4� �-� �H�e�l�2�)�/�(�H�e�t�.�a�v�g� �*� �H�e�o�?�:� 
�a�.� �0�.�0�2� �M� �N�a�g�H�P�O�g� �1�0�0� �p�m� �c�a�p�i�l�l�a�r�y�.� 
�b�.� �0�.�0�1� �M� �N�a�g�H�P�O�4�/�5�0� �p�m� �c�a�p�i�l�l�a�r�y�.
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�a�s�:� 

�R�g� �=� �f�(�V�p�e�p�/�2�D�,�)�!�/�2� �(�6�3�)� 

�I�f� �i�t� �c�a�n�,� �a�d�d�i�t�i�o�n�a�l�l�y�,� �b�e� �a�s�s�u�m�e�d� �t�h�a�t� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �a�r�e� �t�h�e� �s�a�m�e� 

�i�n� �e�a�c�h� �b�u�f�f�e�r� �(�a�t� �l�o�w� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�s�)�,� �r�e�s�o�l�u�t�i�o�n� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�e�f�f�i�c�i�e�n�c�y�,� �i�n� �0�.�0�2� �v�s�.� �0�.�0�1� �M� �b�u�f�f�e�r�,� �c�a�n� �b�e� �s�h�o�w�n� �t�o� �b�e� �d�e�c�r�e�a�s�e�d� �b�y� �t�h�e� 

�r�a�t�i�o� �(�V�o� �g�2�/�V�o�.�9�1�)�!�/�2�;� �w�h�e�r�e� �V�o� �o�o� �a�n�d� �V�o� �9�;� �a�r�e� �t�h�e� �n�e�t� �v�e�l�o�c�i�t�i�e�s� �i�n� �0�.�0�2� �a�n�d� 

�0�.�0�1� �M� �b�u�f�f�e�r�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�t� �l�o�w� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�s� �(�1�0�0� �v�/�e�m�n�)�,� �t�h�e� 

�n�e�t� �v�e�l�o�c�i�t�i�e�s� �o�f� �p�h�e�n�o�l� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �4�.�9�6� �x� �1�0�-�2� �(�0�.�0�2� �M�)� �a�n�d� �5�.�9�6� 

�x� �1�0�-�2� �c�m�/�s�e�c� �(�0�.�0�1� �M�)�.� �A�c�c�o�r�d�i�n�g�l�y�,� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�e�f�f�i�c�i�e�n�c�y� �r�a�t�i�o� �w�a�s� �0�.�9�1�2�.� 

�M�u�l�t�i�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �a�n�d� �e�f�f�i�c�i�e�n�c�y� �r�a�t�i�o�s�,� 

�y�i�e�l�d� �a� �v�a�l�u�e� �o�f� �1�.�0�5�.� �i�t� �i�s� �t�h�u�s� �s�e�e�n� �t�h�a�t� �t�h�e� �m�o�r�e� �c�o�n�c�e�n�t�r�a�t�e�d� �b�u�f�f�e�r� 

�p�r�o�v�i�d�e�s� �a� �s�l�i�g�h�t� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �r�e�s�o�l�u�t�i�o�n� �i�n� �t�h�e� �d�i�f�f�u�s�i�o�n� �l�i�m�i�t�e�d� �c�a�s�e�.� 

�W�h�e�n� �J�o�u�l�e� �h�e�a�t�i�n�g� �i�s� �a�c�c�o�u�n�t�e�d� �f�o�r�,� �h�o�w�e�v�e�r�,� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �a�s� �a� �f�u�n�c�t�i�o�n� 

�o�f� �e�f�f�i�c�i�e�n�c�y� �r�a�t�i�o� �i�s� �r�e�d�u�c�e�d� �c�o�n�s�i�d�e�r�a�b�l�y� �a�n�d� �r�e�s�o�l�u�t�i�o�n� �i�s� �b�e�t�t�e�r� �i�n� �t�h�e� 

�l�e�s�s� �c�o�n�c�e�n�t�r�a�t�e�d� �b�u�f�f�e�r�.� 

�T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �J�o�u�l�e� �h�e�a�t�i�n�g� �o�n� �e�f�f�i�c�i�e�n�c�y� �i�n� �a� �1�0�0� �p�m� �c�a�p�i�l�l�a�r�y� �i�s� 

�s�h�o�w�n� �i�n� �F�i�g�.� �1�7�.� �I�n� �c�o�n�t�r�a�s�t� �t�o� �F�i�g� �1�5�,� �t�h�e� �J�o�u�l�e� �h�e�a�t�i�n�g� �o�b�s�e�r�v�e�d� �i�n� �a� �1�0�0� 

�u�m� �c�a�p�i�l�l�a�r�y� �i�s� �s�o� �s�e�v�e�r�e� �t�h�a�t� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �r�e�a�c�h�e�s� �a� �m�a�x�i�m�u�m� �a�t� �a� 

�r�e�l�a�t�i�v�e�l�y� �l�o�w� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�7�5� �V�/�c�m�)�.� �T�o� 

�m�a�x�i�m�i�z�e� �r�e�s�o�l�u�t�i�o�n�,� �t�h�e� �c�a�p�i�l�l�a�r�y� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r� �s�h�o�u�l�d�,� �t�h�e�r�e�f�o�r�e�,� �b�e� 

�m�i�n�i�m�i�z�e�d� �r�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �b�u�f�f�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �u�s�e�d�.



�7�3� 

�1�5�0�0�0�0� �=� 

�1�2�0�0�0�0� �=� 

�9�0�0�0�0� �+� �a� 

�4� �a� 

�6�0�0�0�0� �=� 

�3�0�0�0�0� �=� � � � �  �� �1�  �� �T� �1� �7� �1� 
�5�0� �1�0�0� �1�5�0� �2�0�0� �2�5�0� 

�E� �(�V�/�c�m�)� 

�F�i�g�u�r�e� �1�7�.� �E�f�f�i�c�i�e�n�c�y� �(�N�)� �o�f� �s�o�d�i�u�m� �t�o�l�u�e�n�e�s�u�l�f�o�n�a�t�e� �v�s�.� �e�l�e�c�t�r�i�c� �f�i�e�l�d� 
�s�t�r�e�n�g�t�h� �(�E�)� �i�n�a� �1�0�0� �p�m� �c�a�p�i�l�l�a�r�y�.� �B�u�f�f�e�r�:� �0�.�0�2� �M� �N�a�s�H�P�O�,�,� �p�H� 
�7�.�0�0�.



�7�4� 

�i�t� �m�a�y�,� �h�o�w�e�v�e�r�,� �b�e� �u�n�d�e�s�i�r�a�b�l�e� �t�o� �u�s�e� �s�m�a�l�l� �d�i�a�m�e�t�e�r� �c�a�p�i�l�l�a�r�i�e�s� �i�n� 

�a�p�p�l�i�c�a�t�i�o�n�s� �w�h�e�r�e� �d�e�t�e�c�t�a�b�i�l�i�t�y� �i�s� �a� �p�r�o�b�l�e�m�.� �U�s�i�n�g� �e�q�n�.� �2�2� �t�o� �c�o�m�p�a�r�e� �t�h�e� 

�a�l�l�o�w�a�b�l�e� �s�a�m�p�l�e� �v�o�l�u�m�e�s� �i�n� �5�0� �v�s�.�1�0�0� �p�m� �c�a�p�i�l�l�a�r�i�e�s�,� �i�t� �i�s� �s�e�e�n� �t�h�a�t� �1�6� 

�t�i�m�e�s� �m�o�r�e� �s�a�m�p�l�e� �m�a�y� �b�e� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �1�0�0� �p�m� �c�a�p�i�l�l�a�r�y� �t�o� �y�i�e�l�d� �t�h�e� 

�S�a�m�e� �H�s�.� �A�S� �a�r�e�s�u�l�t� �p�o�o�r�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t�s� �a�r�e� �p�r�e�d�i�c�t�e�d� �i�n� 

�t�h�e� �s�m�a�l�l�e�r� �c�a�p�i�l�l�a�r�i�e�s�.� �T�o� �p�r�o�v�i�d�e� �a� �v�i�a�b�l�e� �c�o�m�p�a�r�i�s�o�n�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�o�f� �t�h�e� �s�o�l�u�t�e� �z�o�n�e� �a�s� �i�t� �r�e�a�c�h�e�s� �t�h�e� �d�e�t�e�c�t�o�r�,� �t�h�e� �d�e�t�e�c�t�o�r� �c�e�l�l� �p�a�t�h� �l�e�n�g�t�h�,� 

�a�n�d� �t�h�e� �s�p�e�c�i�f�i�c� �v�a�l�u�e�s� �o�f� �N� �a�n�d� �t�p� �i�n� �1�0�0� �v�s� �5�0� �m�m� �c�a�p�i�l�l�a�r�i�e�s� �m�u�s�t�,� 

�h�o�w�e�v�e�r�,� �a�l�s�o� �b�e� �e�x�a�m�i�n�e�d�.� 

�A�s�s�u�m�i�n�g� �e�q�u�a�l� �e�f�f�i�c�i�e�n�c�i�e�s� �a�n�d� �m�i�g�r�a�t�i�o�n� �t�i�m�e�s�,� �a�n�d� �t�h�a�t� �t�h�e� �s�a�m�e� 

�a�m�o�u�n�t� �o�f� �s�a�m�p�l�e� �i�s� �i�n�t�r�o�d�u�c�e�d�,� �t�h�e� �z�o�n�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �5�0� �u�m� �c�a�p�i�l�l�a�r�i�e�s� 

�i�s� �f�o�u�r� �t�i�m�e�s� �t�h�a�t� �o�b�t�a�i�n�e�d� �i�n� �1�0�0� �u�m� �c�a�p�i�l�l�a�r�i�e�s�.� �B�y� �B�e�e�r�'�s� �l�a�w� �t�h�i�s� �s�h�o�u�l�d� 

�r�e�s�u�l�t� �i�n� �a� �a� �f�o�u�r�-�f�o�l�d� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �s�e�n�s�i�t�i�v�i�t�y�.� �F�o�r� �o�n�-�c�a�p�i�l�l�a�r�y� �U�V� 

�d�e�t�e�c�t�i�o�n�,� �t�h�e� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t�s� �a�r�e� �i�m�p�r�o�v�e�d� �i�n� �t�h�e� �l�a�r�g�e�r� �c�a�p�i�l�l�a�r�y� �a�s� �t�h�e� 

�r�e�s�u�l�t� �o�f� �a� �l�o�n�g�e�r� �p�a�t�h�l�e�n�g�t�h�.� �A�s� �a�n� �a�p�p�r�o�x�i�m�a�t�i�o�n� �t�h�e� �i�m�p�r�o�v�e�m�e�n�t� 

�o�b�s�e�r�v�e�d� �i�n� �1�0�0� �v�s�.� �5�0� �p�m� �c�a�p�i�l�l�a�r�i�e�s� �s�h�o�u�l�d� �b�e� �b�y� �a� �f�a�c�t�o�r� �o�f� �t�w�o�.� �(�T�h�e� 

�s�p�e�c�i�f�i�c� �n�o�i�s�e� �l�e�v�e�l�s� �i�n� �e�a�c�h� �c�a�p�i�l�l�a�r�y�,� �t�h�e� �d�e�t�e�c�t�o�r� �s�l�i�t� �w�i�d�t�h� �a�n�d� �t�h�e� 

�p�o�s�i�t�i�o�n� �o�f� �e�a�c�h� �c�a�p�i�l�l�a�r�y� �i�n� �t�h�e� �l�i�g�h�t� �p�a�t�h� �a�r�e� �n�o�t� �c�o�n�s�i�d�e�r�e�d�)�.� 

�T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�p� �a�n�d� �N� �o�n� �t�h�e� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t� �m�a�y� �b�e� �e�v�a�l�u�a�t�e�d� �b�y� 

�r�e�a�r�r�a�n�g�e�m�e�n�t� �o�f� �e�q�n�.� �4�5�.� �E�x�p�r�e�s�s�e�d� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �p�e�a�k� �h�e�i�g�h�t� �(�t�h�e� 

�m�a�x�i�m�u�m� �s�i�g�n�a�l�)� �e�q�n�.� �4�5� �b�e�c�o�m�e�s�:� 

�h�=�N�I�V�/�2�A�/�2�5�1�t�p� �(�6�4�)



�7�S� 

�I�t� �i�s� �s�e�e�n� �f�r�o�m� �e�q�n�.� �6�4�,� �t�h�a�t� �t�h�e� �i�m�p�r�o�v�e�d� �e�f�f�i�c�i�e�n�c�y� �o�b�t�a�i�n�e�d� �i�n� �5�0� �p�m� 

�C�a�p�i�l�l�a�r�i�e�s� �s�h�o�u�l�d� �r�e�s�u�l�t� �i�n� �a� �l�a�r�g�e�r� �p�e�a�k� �h�e�i�g�h�t� �f�o�r� �a� �p�e�a�k� �o�f� �u�n�i�t� �a�r�e�a�.� �I�n� 

�p�r�a�c�t�i�c�e�,� �h�o�w�e�v�e�r�,� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �e�n�h�a�n�c�e�m�e�n�t� �o�b�s�e�r�v�e�d� �i�n� �5�0� �v�s�.� �1�0�0� �u�m� 

�C�a�p�i�l�l�a�r�i�e�s� �i�s�,� �a�s� �w�i�l�l� �b�e� �s�h�o�w�n�,� �f�a�i�r�l�y� �m�i�n�i�m�a�l�.� �A�s� �a�r�e�s�u�l�t�,� �t�h�e� �i�m�p�r�o�v�e�d� 

�e�f�f�i�c�i�e�n�c�y� �o�b�t�a�i�n�e�d� �i�n� �5�0� �p�m� �c�a�p�i�l�l�a�r�i�e�s� �d�o�e�s� �n�o�t� �o�f�f�s�e�t� �t�h�e� �s�a�m�p�l�e� �v�o�l�u�m�e� 

�a�d�v�a�n�t�a�g�e� �o�b�t�a�i�n�e�d� �i�n� �1�0�0� �p�m� �c�a�p�i�l�l�a�r�i�e�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �a�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� 

�F�i�g�s�.� �1�3� �a�n�d� �1�4�,� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �e�f�f�i�c�i�e�n�c�y� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �J�o�u�l�e� �h�e�a�t�i�n�g� �i�s� 

�c�o�u�n�t�e�r�e�d� �b�y� �a� �s�m�a�l�l�e�r� �t�p� �v�a�l�u�e� �b�y� �v�i�r�t�u�e� �o�f� �i�n�c�r�e�a�s�e�d� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�.� 

�I�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �a�b�o�v�e�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �8� �t�i�m�e�s� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �m�a�y� �b�e� 

�e�x�p�e�c�t�e�d� �i�n� �1�0�0� �v�s�.� �5�0� �p�m� �c�a�p�i�l�l�a�r�i�e�s�.� 

�F�r�o�m� �t�h�e� �f�o�r�e�g�o�i�n�g� �i�t� �i�s� �c�l�e�a�r� �t�h�a�t� �i�t� �m�a�y� �i�n� �m�a�n�y� �i�n�s�t�a�n�c�e�s� �b�e� �n�e�c�e�s�s�a�r�y� 

�t�o� �f�i�n�d� �a� �c�o�m�p�r�o�m�i�s�e� �b�e�t�w�e�e�n� �r�e�s�o�l�u�t�i�o�n� �a�n�d� �d�e�t�e�c�t�a�b�i�l�i�t�y�.� �T�h�i�s� �m�a�y� 

�t�r�i�v�i�a�l�l�y� �b�e� �a�c�h�i�e�v�e�d� �b�y� �i�g�n�o�r�i�n�g� �t�h�e� �s�a�m�p�l�e� �v�o�l�u�m�e� �a�n�d� �s�a�m�p�l�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �l�i�m�i�t�a�t�i�o�n�s� �p�r�e�s�c�r�i�b�e�d�.� �A�l�t�e�r�n�a�t�i�v�e�l�y�,� �m�e�a�n�s� �m�a�y� �b�e� �f�o�u�n�d� �o�f� 

�I�m�p�r�o�v�i�n�g� �e�f�f�i�c�i�e�n�c�y� �i�n� �1�0�0� �p�m� �c�a�p�i�l�l�a�r�i�e�s� �b�y� �r�e�d�u�c�i�n�g� �J�o�u�l�e� �h�e�a�t�i�n�g�.� �T�h�e� 

�t�h�e�o�r�e�t�i�c�a�l� �w�o�r�k� �o�f� �K�n�o�x� �(�2�4�)� �h�a�s� �p�r�e�d�i�c�t�e�d� �t�h�a�t� �t�h�e� �J�o�u�l�e� �h�e�a�t� �g�e�n�e�r�a�t�e�d� 

�m�a�y� �b�e� �d�i�s�s�i�p�a�t�e�d� �b�y� �f�o�r�c�e�d� �c�o�n�v�e�c�t�i�o�n�.� �T�h�i�s� �p�r�e�d�i�c�t�i�o�n� �i�s� �s�u�p�p�o�r�t�e�d� �b�y� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�a�l� �w�o�r�k� �o�f� �F�o�r�e�t� �e�t� �a�l�.� �(�2�5�)� �a�n�d� �K�a�r�g�e�r� �e�t� �a�l�.� �(�6�8�)� �a�n�d� �b�y� �o�u�r� 

�r�e�s�u�l�t�s� �(�1�5�)�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �1�8�.� �W�h�e�n� �f�o�r�c�e�d� �a�i�r� �c�o�n�v�e�c�t�i�o�n� �a�t� �3�.�5� �L�/�m�i�n�.�,� 

�w�a�s� �a�p�p�l�i�e�d� �t�o� �5�0� �c�m� �o�f� �t�h�e� �1�0�0� �u�u�m� �c�a�p�i�l�l�a�r�y� �(�s�e�e� �F�i�g�.� �9�)� �,� �U�e�,� �a�s� �a� �f�u�n�c�t�i�o�n� 

�o�f� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �w�a�s� �r�e�d�u�c�e�d�,� �a�n�d� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �w�a�s� 

�i�m�p�r�o�v�e�d�.� �I�n�a� �1�0�0� �p�m� �c�a�p�i�l�l�a�r�y�,� �u�s�i�n�g� �a� �0�.�0�5� �M� �b�u�f�f�e�r� �a�n�d� �a�n� �e�l�e�c�t�r�i�c� �f�i�e�l�d� 

�s�t�r�e�n�g�t�h� �o�f� �2�2�.�7� �k�V�/�m�,� �e�f�f�i�c�i�e�n�c�y� �w�a�s� �i�m�p�r�o�v�e�d� �f�r�o�m� �1�9�1�,�0�0�0� �+�/�-� �3�.�1�%� �R�S�D� 

�t�o� �2�2�6�,�0�0�0� �+�/�-� �3�.�3�%� �R�S�D� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s� �(�b�a�s�e�d� �o�n� �4� �d�e�t�e�r�m�i�n�a�t�i�o�n�s�)�.� �F�o�r� 

�c�o�m�p�a�r�i�s�o�n�,� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �o�b�t�a�i�n�e�d� �i�n� �5�0� �u�m� �c�a�p�i�l�l�a�r�i�e�s�,� �u�n�d�e�r� �t�h�e� �s�a�m�e
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�§� �>� �C�.� 

�3� �.� �T� �Y� �T� �¥� �T� �Y� �T� �1� 
�5�0� �1�0�0� �1�5�0� �2�0�0� �2�5�0� �3�0�0� 

�E� �(�V�/�c�m�)� 

�I�n�f�l�u�e�n�c�e� �o�f� �f�o�r�c�e�d� �c�o�n�v�e�c�t�i�o�n� �o�n� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� 
�e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �(�p�e�o�)� �i�n� �0�.�0�5� �M� �N�a�o�H�P�O�,�.� 
�C�a�p�i�l�l�a�r�i�e�s�:� �a�.� �1�0�0�p�m� �b�.� �1�0�0� �p�m� �w�i�t�h� �c�o�n�v�e�c�t�i�o�n� �c�.� �5�0� �p�m�.



�7�7� 

�o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�6�4�,�0�0�0� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s� 

�(�F�i�g�.� �1�5�)�.� 

�W�h�i�l�e� �t�h�e� �u�s�e� �o�f� �f�o�r�c�e�d� �a�i�r� �c�o�n�v�e�c�t�i�o�n� �i�n�c�r�e�a�s�e�s� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �p�o�s�s�i�b�l�e� 

�i�n� �1�0�0� �p�m� �c�a�p�i�l�l�a�r�i�e�s�,� �i�t� �i�s� �n�o�t�a�b�l�e� �t�h�a�t� �t�h�e� �i�m�p�r�o�v�e�d� �e�f�f�i�c�i�e�n�c�i�e�s� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �a�t� �t�h�e� �e�x�p�e�n�s�e� �o�f� �a�n�a�l�y�s�i�s� �t�i�m�e�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �1�8�,� 

�e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �w�a�s� �r�e�d�u�c�e�d� �i�n� �1�0�0� �p�m� �c�a�p�i�l�l�a�r�i�e�s� �w�h�e�n� �c�o�n�v�e�c�t�i�o�n� 

�w�a�s� �e�m�p�l�o�y�e�d�.� �I�t�,� �t�h�e�r�e�f�o�r�e� �a�p�p�e�a�r�s� �t�h�a�t� �C�Z�E� �i�s� �a�n�a�l�o�g�o�u�s� �t�o� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �i�n� �t�h�a�t� �s�a�m�p�l�e� �c�a�p�a�c�i�t�y�,� �a�n�a�l�y�s�i�s� �t�i�m�e� �a�n�d� �r�e�s�o�l�u�t�i�o�n� 

�C�a�n�n�o�t� �b�e� �o�p�t�i�m�i�z�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�.� �T�h�e� �i�n�t�e�r�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e�s�e� 

�g�o�a�l�s�,� �a�s� �d�e�v�e�l�o�p�e�d� �f�o�r� �H�P�L�C� �(�1�1�4�)�,� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �1�9�.� �I�n� �p�r�a�c�t�i�c�e�,� 

�s�e�p�a�r�a�t�i�o�n� �c�a�n� �b�e� �p�e�r�f�o�r�m�e�d� �a�t� �a�n�y� �p�o�i�n�t� �w�i�t�h�i�n� �t�h�e� �t�r�i�a�n�g�l�e�.� �H�o�w�e�v�e�r�,� �i�n� 

�c�h�o�o�s�i�n�g� �a�n� �o�p�e�r�a�t�i�n�g� �p�o�i�n�t� �t�o�w�a�r�d�s� �o�n�e� �o�f� �t�h�e� �c�o�r�n�e�r�s�,� �t�h�e�r�e�b�y� �o�p�t�i�m�i�z�i�n�g� 

�t�h�a�t� �g�o�a�l�,� �t�h�e� �a�d�d�i�t�i�o�n�a�l� �g�o�a�l�s� �a�r�e� �s�a�c�r�i�f�i�c�e�d�.� �T�h�e� �c�h�o�i�c�e� �o�f� �a� �s�u�i�t�a�b�l�e� �p�o�i�n�t�,� 

�t�h�e�r�e�f�o�r�e�,� �i�n�v�o�l�v�e�s� �a� �c�o�m�p�r�o�m�i�s�e� �a�s� �d�i�c�t�a�t�e�d� �b�y� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �t�h�e� 

�s�e�p�a�r�a�t�i�o�n�.� 

�F�r�o�m� �t�h�e� �i�n�t�e�r�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �s�a�m�p�l�e� �c�a�p�a�c�i�t�y� �(�s�a�m�p�l�e� �v�o�l�u�m�e� �a�n�d� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�)�,� �r�e�s�o�l�u�t�i�o�n� �a�n�d� �a�n�a�l�y�s�i�s� �t�i�m�e�,� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�,� �i�t� �i�s� �s�e�e�n� 

�t�h�a�t� �r�e�s�o�l�u�t�i�o�n� �c�a�n� �b�e� �o�p�t�i�m�i�z�e�d� �b�y� �u�s�i�n�g� �s�m�a�l�l� �i�.� �d�.� �c�a�p�i�l�l�a�r�i�e�s�.� �T�h�e� 

�i�m�p�r�o�v�e�m�e�n�t� �i�n� �r�e�s�o�l�u�t�i�o�n� �i�s�,� �h�o�w�e�v�e�r�,� �a�c�h�i�e�v�e�d� �a�t� �t�h�e� �e�x�p�e�n�s�e� �o�f� �l�o�n�g�e�r� 

�a�n�a�l�y�s�i�s� �t�i�m�e�s� �a�n�d�,� �u�n�d�e�r� �t�h�e� �c�o�n�s�t�r�a�i�n�t�s� �o�f� �e�q�n�.� �2�2�,� �s�m�a�l�l�e�r� �s�a�m�p�l�e� �s�i�z�e�s�.� 

�A�l�t�e�r�n�a�t�i�v�e�l�y�,� �s�a�m�p�l�e� �s�i�z�e� �a�n�d� �a�n�a�l�y�s�i�s� �t�i�m�e� �m�a�y� �b�e� �i�m�p�r�o�v�e�d� �b�y� �u�s�i�n�g� �a� 

�l�a�r�g�e�r� �c�a�p�i�l�l�a�r�y�,� �b�u�t� �a�t� �t�h�e� �e�x�p�e�n�s�e� �o�f� �r�e�s�o�l�u�t�i�o�n�.� �O�p�t�i�m�i�z�a�t�i�o�n� �o�f� �C�Z�E� �i�s� 

�c�o�n�t�i�n�g�e�n�t� �o�n� �c�h�o�o�s�i�n�g� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �c�o�m�p�r�o�m�i�s�e� �b�e�t�w�e�e�n� �e�a�c�h� �g�o�a�l�,� �u�s�i�n�g� 

�t�h�e� �g�u�i�d�e�l�i�n�e�s� �d�e�v�e�l�o�p�e�d� �a�b�o�v�e�.



�7�8� 

�R�E�S�O�L�U�T�I�O�N� 

�A�N�A�L�Y�S�I�S� �T�I�M�E� �S�A�M�P�L�E� �C�A�P�A�C�I�T�Y� 

�F�i�g�u�r�e� �1�9�.� �I�n�t�e�r�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �r�e�s�o�l�u�t�i�o�n�,� �a�n�a�l�y�s�i�s� �t�i�m�e� �a�n�d� �s�a�m�p�l�e� 
�C�a�p�a�c�i�t�y�.



�1�9� 

�4�.�3� �M�i�c�e�l�l�a�r� �E�l�e�c�t�r�o�k�i�n�e�t�i�c� �C�h�r�o�m�a�t�o�g�r�a�p�h�y� 

�I�n� �c�o�m�p�a�r�i�n�g� �t�w�o� �a�n�a�l�y�s�e�s� �i�n� �w�h�i�c�h� �t�h�e� �s�a�m�p�l�e� �c�a�p�a�c�i�t�y� �a�n�d� �a�n�a�l�y�s�i�s� 

�t�i�m�e� �a�r�e� �c�o�n�s�t�a�n�t� �b�u�t� �i�n� �w�h�i�c�h� �r�e�s�o�l�u�t�i�o�n� �d�i�f�f�e�r�s�,� �t�h�e� �a�n�a�l�y�s�i�s� �p�r�o�v�i�d�i�n�g� �t�h�e� 

�b�e�t�t�e�r� �r�e�s�o�l�u�t�i�o�n� �i�s� �m�o�r�e� �f�a�v�o�r�a�b�l�e� �s�i�n�c�e� �r�e�s�o�l�u�t�i�o�n� �c�a�n� �a�l�w�a�y�s� �b�e� �r�e�d�u�c�e�d� 

�t�o� �o�p�t�i�m�i�z�e� �t�h�e� �o�t�h�e�r� �g�o�a�l�s�.� �I�t� �i�s� �t�h�e�r�e�f�o�r�e� �d�e�s�i�r�a�b�l�e� �t�o� �d�e�v�e�l�o�p� �m�e�t�h�o�d�s� 

�w�h�i�c�h� �p�r�o�v�i�d�e� �t�h�e� �m�a�x�i�m�u�m� �r�e�s�o�l�u�t�i�o�n� �p�e�r� �u�n�i�t� �t�i�m�e�,� �a�n�d� �t�h�e�n� �t�o� �a�d�j�u�s�t� �t�h�e� 

�o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s�.� �I�n� �H�P�L�C�,� �t�h�i�s� �i�s� �a�c�h�i�e�v�e�d� �b�y� �m�a�x�i�m�i�z�i�n�g� �s�e�l�e�c�t�i�v�i�t�y� 

�(�a�)�.� 

�s�e�l�e�c�t�i�v�i�t�y� �m�a�y� �b�e� �v�i�e�w�e�d� �a�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �v�e�l�o�c�i�t�y� �o�f� �t�w�o� �z�o�n�e�s� 

�w�h�i�c�h� �a�r�i�s�e�s� �f�r�o�m� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �e�a�c�h� �s�a�m�p�l�e� �c�o�m�p�o�n�e�n�t� 

�w�i�t�h� �a� �s�e�c�o�n�d�a�r�y� �p�h�a�s�e�.� �I�t� �f�o�l�l�o�w�s� �t�h�a�t� �i�f� �a� �m�i�c�e�l�l�a�r� �p�h�a�s�e� �i�s� �a�d�d�e�d� �t�o� �t�h�e� 

�b�u�f�f�e�r� �u�s�e�d� �i�n� �C�Z�E� �(�a�s� �i�n� �M�E�K�C�)�,� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �o�b�t�a�i�n�e�d� �p�e�r� �u�n�i�t� �t�i�m�e� �m�a�y� 

�i�n�c�r�e�a�s�e�,� �a�n�d� �a� �m�o�r�e� �f�a�v�o�r�a�b�l�e� �i�n�t�e�r�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �s�e�p�a�r�a�t�i�o�n� 

�g�o�a�l�s� �m�a�y� �b�e� �o�b�t�a�i�n�e�d�.� �I�n� �t�h�i�s� �r�e�s�p�e�c�t� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�u�i�t�a�b�l�e� �m�i�c�e�l�l�a�r� 

�p�h�a�s�e�s� �t�o� �t�h�e� �C�Z�E� �b�u�f�f�e�r� �b�e�c�o�m�e�s� �a�n� �i�m�p�o�r�t�a�n�t� �p�a�r�a�m�e�t�e�r�.� 

�T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �v�a�r�i�o�u�s� �m�i�c�e�l�l�a�r� �p�h�a�s�e�s� �o�n� �s�e�l�e�c�t�i�v�i�t�y� �a�n�d� �t�h�e� �o�t�h�e�r� 

�p�a�r�a�m�e�t�e�r�s� �g�o�v�e�r�n�i�n�g� �r�e�s�o�l�u�t�i�o�n� �a�r�e� �e�x�a�m�i�n�e�d� �h�e�r�e� �t�o� �p�r�o�v�i�d�e� �g�e�n�e�r�a�l� 

�g�u�i�d�e�l�i�n�e�s� �f�o�r� �M�E�K�C�.� �T�o� �s�i�m�p�l�i�f�y� �t�h�e� �t�h�e�o�r�y� �o�f� �s�e�p�a�r�a�t�i�o�n� �i�n� �m�i�c�e�l�l�a�r� �m�e�d�i�a�,� 

�t�h�e� �g�u�i�d�e�l�i�n�e�s� �a�r�e� �d�e�v�e�l�o�p�e�d� �f�o�r� �t�h�e� �a�n�a�l�y�s�e�s� �o�f� �n�e�u�t�r�a�l� �s�o�l�u�t�e�s� �w�h�i�c�h� �d�o� 

�n�o�t� �d�i�s�p�l�a�y� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �m�o�b�i�l�i�t�i�e�s�.� �T�h�e� �i�m�p�l�i�c�a�t�i�o�n�s� �m�a�y�,� �h�o�w�e�v�e�r�,� �i�n� 

�m�a�n�y� �c�a�s�e�s� �b�e� �e�x�t�e�n�d�e�d� �t�o� �t�h�e� �a�n�a�l�y�s�e�s� �o�f� �c�h�a�r�g�e�d� �s�p�e�c�i�e�s�.



�8�0� 

�4�.�3�.�1� �C�r�i�t�e�r�i�a� �f�o�r� �S�u�i�t�a�b�l�e� �M�i�c�e�l�l�a�r� �P�h�a�s�e�s� 

�W�h�i�l�e� �m�a�n�y� �s�u�r�f�a�c�t�a�n�t�s� �a�r�e� �w�o�r�t�h�y� �o�f� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a�s� �m�i�c�e�l�l�a�r� �p�h�a�s�e�s� 

�f�o�r� �M�E�K�C�,� �s�e�v�e�r�a�l� �c�r�i�t�e�r�i�a� �m�u�s�t� �b�e� �m�e�t�.� �T�h�e� �s�u�r�f�a�c�t�a�n�t� �m�u�s�t�:� �1�)� �f�o�r�m� 

�m�i�c�e�l�l�e�s� �i�n� �t�h�e� �a�q�u�e�o�u�s� �b�u�f�f�e�r�;� �2�)� �d�i�s�s�o�l�v�e� �t�h�e� �s�a�m�p�l�e� �t�o� �b�e� �s�e�p�a�r�a�t�e�d�;� �3�)� 

�c�a�u�s�e� �m�i�n�i�m�a�l� �J�o�u�l�e� �h�e�a�t�i�n�g�;� �4�)� �p�r�o�v�i�d�e� �f�o�r� �a� �r�e�a�s�o�n�a�b�l�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� 

�v�e�l�o�c�i�t�y� �o�f� �t�h�e� �m�i�c�e�l�l�a�r� �a�n�d� �a�q�u�e�o�u�s� �p�h�a�s�e�s� �(�s�m�a�l�l� �t�o�/�t�p�,�_�)�;� �5�)� �p�r�o�v�i�d�e� 

�d�i�f�f�e�r�e�n�t� �d�i�s�t�r�i�b�u�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �(�s�e�l�e�c�t�i�v�i�t�y�)� �f�o�r� �e�a�c�h� �s�a�m�p�l�e� �c�o�m�p�o�n�e�n�t�;� 

�6�)� �p�r�o�v�i�d�e� �r�e�a�s�o�n�a�b�l�e� �r�e�t�e�n�t�i�o�n� �(�c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s�)� �f�o�r� �t�h�e� �s�a�m�p�l�e� 

�c�o�m�p�o�n�e�n�t�s� �o�f� �i�n�t�e�r�e�s�t�;� �a�n�d� �7�)� �m�i�n�i�m�i�z�e� �b�a�n�d� �b�r�o�a�d�e�n�i�n�g� �d�u�r�i�n�g� �t�h�e� 

�s�e�p�a�r�a�t�i�o�n� �p�r�o�c�e�s�s�.� 

�4�.�3�.�2�.� �A�n� �E�v�a�l�u�a�t�i�o�n� �o�f� �S�o�d�i�u�m� �A�l�k�y�l�!� �S�u�l�f�a�t�e�s� �a�s� �M�i�c�e�l�l�a�r� �P�h�a�s�e�s� �f�o�r� �M�E�K�C� 

�I�n� �l�i�g�h�t� �o�f� �t�h�e�s�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e� �c�r�i�t�e�r�i�a�,� �s�o�d�i�u�m� �a�l�k�y�l�!� �s�u�l�f�a�t�e�s� �w�i�t�h� �a�l�k�y�|� 

�c�h�a�i�n� �l�e�n�g�t�h�s� �o�f� �8�,� �1�0�,� �1�2� �a�n�d� �1�4� �c�a�r�b�o�n�s� �w�e�r�e� �e�v�a�l�u�a�t�e�d� �a�s� �m�i�c�e�l�l�a�r� �p�h�a�s�e�s�.� 

�T�o� �c�o�m�p�a�r�e� �M�E�K�C� �t�o� �r�e�v�e�r�s�e�d� �p�h�a�s�e� �H�P�L�C�,� �A�S�T�M� �t�e�s�t� �m�i�x� �L�C�-�7�9�-�2� �(�1�0�8�-�1�0�9�)� 

�w�a�s� �u�s�e�d� �a�s� �t�h�e� �s�a�m�p�l�e�.� 

�T�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �t�e�s�t� �m�i�x� �o�b�t�a�i�n�e�d� �i�n� �0�.�0�5� �M� �S�D�S� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� 

�2�0�a�.� �C�o�l�u�m�n� �e�f�f�i�c�i�e�n�c�y� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�5�0�,�0�0�0� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s�.� 

�N�e�v�e�r�t�h�e�l�e�s�s�,� �b�e�n�z�e�n�e� �a�n�d� �b�e�n�z�a�l�d�e�h�y�d�e� �c�o�e�l�u�t�e�d�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �S�D�S� 

�p�r�o�v�i�d�e�s� �s�i�m�i�l�a�r� �s�e�l�e�c�t�i�v�i�t�y� �f�o�r� �e�a�c�h� �o�f� �t�h�e�s�e� �s�p�e�c�i�e�s� �a�n�d�,� �t�h�e�r�e�f�o�r�e�,� �t�h�a�t� 

�t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�o�l�u�t�e� �b�e�t�w�e�e�n� �t�h�e� �a�q�u�e�o�u�s� �a�n�d� �m�i�c�e�l�l�a�r� �p�h�a�s�e�s� �i�s� �n�o�t� 

�g�o�v�e�r�n�e�d� �e�x�c�l�u�s�i�v�e�l�y� �b�y� �t�h�e� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �o�f� �t�h�e� �s�o�l�u�t�e�.
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�|� �o�T� �4� �q� 
�0� �5� �1�0� �1�5� �2�0� �2�5� 

�T�i�m�e� �(�m�i�n�u�t�e�s�)� 

�F�i�g�u�r�e� �2�0�.� �M�E�K�C� �S�e�p�a�r�a�t�i�o�n� �o�f� �A�S�T�M� �t�e�s�t� �m�i�x� �L�C�-�7�9�-�2� �i�n�:� 
�A�.� �0�.�0�5� �M� �S�D�S�/�0�.�0�1� �M� �N�a�g�H�P�O�,�,� �p�H� �7�.�0�0�.� 
�B�.� �0�.�0�7�5� �M� �S�D�S�/�0�.�0�1� �M� �N�a�o�H�P�O�,�,� �p�H� �7�.�0�0� 
�C�o�n�d�i�t�i�o�n�s�:� �1�0�0� �p�m� �x� �8�0� �c�m� �c�a�p�i�l�l�a�r�y� �(�L� �=� �5�0� �c�m�)�;� �+�1�5� �k�V� �a�p�p�l�i�e�d� 
�v�o�l�t�a�g�e�;� �s�i�p�h�o�n�i�n�g� �i�n�j�e�c�t�i�o�n� �a�t� �3�.�8� �c�m�/�1�0�s�;� �d�e�t�e�c�t�i�o�n� 
�w�a�v�e�l�e�n�g�t�h� �=� �2�5�4� �n�m�.� �O�r�d�e�r� �o�f� �e�l�u�t�i�o�n�:� �1�.� �b�e�n�z�y�!� �a�l�c�o�h�o�l� �2�,�3�.� 
�b�e�n�z�e�n�e� �a�n�d� �b�e�n�z�a�l�d�e�h�y�d�e� �4�.� �a�c�e�t�o�p�h�e�n�o�n�e� �5�.� �m�e�t�h�y�!� �b�e�n�z�o�a�t�e� 
�6�.� �d�i�m�e�t�h�y�!�]� �t�e�r�e�p�h�t�h�a�l�a�t�e� �(�D�M�T�)�.
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�T�o� �r�e�s�o�l�v�e� �t�h�e� �c�o�e�l�u�t�i�n�g� �c�o�m�p�o�n�e�n�t�s�,� �o�p�t�i�m�i�z�a�t�i�o�n� �i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �t�h�e� 

�m�a�s�t�e�r� �r�e�s�o�l�u�t�i�o�n� �e�q�u�a�t�i�o�n� �f�o�r� �M�E�K�C� �(�e�q�n�.� �3�3�)� �w�a�s� �a�t�t�e�m�p�t�e�d� �u�s�i�n�g� �a�n� 

�a�p�p�r�o�a�c�h� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �a�p�p�l�i�e�d� �i�n� �c�o�n�v�e�n�t�i�o�n�a�l� �H�P�L�C� �(�1�1�5�)�,� �T�h�u�s�,� �i�n�i�t�i�a�l� 

�e�f�f�o�r�t�s� �f�o�c�u�s�e�d� �o�n� �c�h�a�n�g�i�n�g� �t�h�e� �S�D�S� �c�o�n�c�e�n�t�r�a�t�i�o�n� �t�o� �e�f�f�e�c�t� �a�m�o�r�e� 

�f�a�v�o�r�a�b�l�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r� �f�o�r� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �c�r�i�t�i�c�a�l� �p�a�i�r�.� �A�s� �s�e�e�n� �i�n� 

�F�i�g�.� �2�0�b�,� �a�n�d� �f�r�o�m� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �c�o�r�r�e�l�a�t�i�o�n� �i�n� �T�a�b�l�e� �I�V�,� �l�i�n�e�a�r� 

�i�n�c�r�e�a�s�e�s� �i�n� �t�h�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s� �o�f� �e�a�c�h� �s�o�l�u�t�e� �w�e�r�e� �o�b�s�e�r�v�e�d� �w�i�t�h� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �m�i�c�e�l�l�a�r�/�a�q�u�e�o�u�s� �p�h�a�s�e� �r�a�t�i�o�.� �S�o�l�u�t�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s� �w�e�r�e� 

�t�h�e�r�e�f�o�r�e� �r�e�a�d�i�l�y� �a�d�j�u�s�t�e�d�.� �H�o�w�e�v�e�r�,� �f�o�r� �t�h�e� �r�a�n�g�e� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�u�t�i�l�i�z�e�d� �(�0�.�0�2�5�-�0�.�0�7�5� �M�)�,� �i�t� �w�a�s� �n�o�t� �p�o�s�s�i�b�l�e� �t�o� �e�f�f�e�c�t� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� 

�b�e�n�z�e�n�e� �a�n�d� �b�e�n�z�a�l�d�e�h�y�d�e�.� 

�T�h�i�s� �o�b�s�e�r�v�a�t�i�o�n� �i�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �m�a�s�t�e�r� �r�e�s�o�l�u�t�i�o�n� �e�q�u�a�t�i�o�n� �a�s� 

�e�x�p�r�e�s�s�e�d� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r� �d�e�p�e�n�d�e�n�t� �t�e�r�m�s� �(�e�q�n�.� �3�4�)�.� �F�o�r� �a� 

�t�o�/�t�m�e� �V�a�l�u�e� �o�f� �0�.�2�9�1� �+�/�-� �0�.�0�0�3�,� �a�s� �o�b�s�e�r�v�e�d� �f�o�r� �0�.�0�5� �M� �S�D�S�,� �t�h�e� �R�e� �=� �f�(�k ��)� 

�m�a�x�i�m�u�m� �o�f� �0�.�3� �o�c�c�u�r�s� �a�t� �a� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�8�5�.� 

�H�o�w�e�v�e�r�,� �f�(�k ��)� �i�s� �c�o�n�s�t�a�n�t� �t�o� �w�i�t�h�i�n� �1�%� �f�r�o�m� �k �� �=� �1�.�6� �t�o� �2�.�2�;� �t�h�e� �c�a�p�a�c�i�t�y� 

�f�a�c�t�o�r� �i�s�,� �t�h�e�r�e�f�o�r�e�,� �e�s�s�e�n�t�i�a�l�l�y� �o�p�t�i�m�i�z�e�d� �i�n� �0�.�0�7�5� �M� �S�D�S� �(�k �� �=� �1�.�6�3�)�.� �T�h�i�s� 

�m�a�x�i�m�u�m� �p�r�o�v�i�d�e�s� �a�n� �e�n�h�a�n�c�e�m�e�n�t� �i�n� �r�e�s�o�l�u�t�i�o�n� �b�y� �a� �f�a�c�t�o�r� �o�f� �o�n�l�y� �1�.�0�8�,� 

�c�o�m�p�a�r�e�d� �t�o� �0�.�0�5� �M� �S�D�S� �(�k �� �=� �1�.�0�3�)�.� �I�t� �1�s�,� �t�h�e�r�e�f�o�r�e�,� �n�o�t� �s�u�r�p�r�i�s�i�n�g� �t�h�a�t� 

�r�e�s�o�l�u�t�i�o�n� �w�a�s� �n�o�t� �e�f�f�e�c�t�e�d� �b�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �m�i�c�e�l�l�a�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�I�n� �a�n� �a�t�t�e�m�p�t� �t�o� �f�u�r�t�h�e�r� �o�p�t�i�m�i�z�e� �t�h�e� �s�e�p�a�r�a�t�i�o�n�,� �b�y� �d�e�c�r�e�a�s�i�n�g� �t�h�e� �t�o�/�t�m�,� 

�r�a�t�i�o�,� �0�.�0�5� �M� �s�o�d�i�u�m� �d�e�c�y�l� �s�u�l�f�a�t�e� �(�S�T�S�)� �w�a�s� �u�s�e�d� �i�n�s�t�e�a�d� �o�f� �S�D�S� �a�s� �t�h�e� 

�m�i�c�e�l�l�a�r� �p�h�a�s�e�.� �B�y� �v�i�r�t�u�e� �o�f� �a� �l�a�r�g�e�r� �c�h�a�r�g�e� �t�o� �m�a�s�s� �r�a�t�i�o�,� �S�T�S� �s�h�o�u�l�d� 

�p�o�s�s�e�s�s� �a� �l�a�r�g�e�r� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �m�o�b�i�l�i�t�y�,� �a�n�d� �a�s� �a� �c�o�n�s�e�q�u�e�n�c�e� �p�r�o�v�i�d�e� �a� 

�l�a�r�g�e�r� �v�a�l�u�e� �f�o�r� �t�,�,�,�.� �F�u�r�t�h�e�r�m�o�r�e�,� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �d�e�c�r�e�a�s�e�d� �a�l�k�y�|� �c�h�a�i�n
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� � 

�T�a�b�l�e� �I�V�.� �S�o�l�u�t�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �S�D�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 
�(�A�l�l� �v�a�l�u�e�s� �a�r�e� �b�a�s�e�d� �o�n� �4� �d�e�t�e�r�m�i�n�a�t�i�o�n�s�)�.� 

� � 

�s�o�l�u�t�e� 

�b�e�n�z�y�l� �a�l�c�o�h�o�l� 

�b�e�n�z�e�n�e� 

�a�c�e�t�o�p�h�e�n�o�n�e� 

�m�e�t�h�y�l� �b�e�n�z�o�a�t�e� 

�D�M�T� 

�0�.�0�2�5� �M� 

�0�.�2�8� �+�/�-� 

�0�.�5�4� �+�/�-� 

�0�.�8�4� �+�/�-� 

�1�.�6�7� �+�/�-� 

�9�.�3�8� �+�/�-� 

�0�1� 

�0�2� 

�0�2� 

�0�4� 

�0�8� 

�S�D�S� �C�o�n�c�e�n�t�r�a�t�i�o�n� 
�0�.�0�5�0� �M� 

�0�.�5�5� �+�/�-� �.�0�2� 

�1�.�0�9� �+�/�-� �0�2� 

�1�.�7�1� �+�/�-� �.�0�3� 

�3�.�4�7� �+�/�-� �0�5� 

�1�0�.�7� �+�/�-� �3� 

�0�.�0�7�5� �M� 

�0�.�8�5� �+�/�-� �.�0�1� 

�1�.�6�3� �+�/�-� �.�0�3� 

�2�.�9�2� �+�/�-� �.�0�3� 

�9�.�1�6� �+�/�-� �.�0�3� 

�1�5�.�7� �+�/�-�5� 

�0�.�9�9�9�8�5� 

�0�.�9�9�9�9�8� 

�0�.�9�9�9�8�0� 

�0�.�9�9�9�8�4� 

�0�.�9�9�9�8�2� 
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�l�e�n�g�t�h�,� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �S�D�S�,� �s�e�l�e�c�t�i�v�i�t�y� �d�i�f�f�e�r�e�n�c�e�s� �m�a�y� �e�x�i�s�t� �b�e�t�w�e�e�n� �t�h�e� 

�t�w�o� �s�u�r�f�a�c�t�a�n�t�s�.� 

�E�x�p�e�r�i�m�e�n�t�a�l�l�y�,� �S�T�S� �p�r�o�v�i�d�e�d� �a�n� �e�x�t�e�n�d�e�d� �e�l�u�t�i�o�n� �r�a�n�g�e� �(�t�,�/�t�m�,� �=� �0�.�2�3�5� 

�+�/�-� �0�.�0�0�6�)�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�1�a�.� �H�o�w�e�v�e�r�,� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �s�e�l�e�c�t�i�v�i�t�y� �o�f� 

�S�T�S� �a�n�d� �S�D�S� �w�e�r�e� �m�i�n�o�r�,� �a�s� �S�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �V�.� �A�s� �a�r�e�s�u�l�t� �t�h�e� 

�s�e�p�a�r�a�t�i�o�n� �o�f� �b�e�n�z�e�n�e� �a�n�d� �b�e�n�z�a�l�d�e�h�y�d�e� �w�a�s� �n�o�t� �e�f�f�e�c�t�e�d�.� �A�t�t�e�m�p�t�s� �t�o� 

�i�m�p�r�o�v�e� �r�e�s�o�l�u�t�i�o�n� �b�y� �e�m�p�l�o�y�i�n�g� �S�T�S� �o�f� �d�i�f�f�e�r�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �n�o�t� 

�f�e�a�s�i�b�l�e�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� �i�n�s�o�l�u�b�l�e� �i�n� �0�.�0�2�5� �M� �S�T�S�,� �a�n�d� �0�.�0�7�5� �M� �S�T�S� �c�a�u�s�e�d� 

�a�n� �a�p�p�r�e�c�i�a�b�l�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �d�e�t�e�c�t�o�r� �s�i�g�n�a�l� �t�o� �n�o�i�s�e� �r�a�t�i�o�.� �T�h�i�s� �i�s�,� 

�t�e�n�t�a�t�i�v�e�l�y�,� �a�t�t�r�i�b�u�t�e�d� �t�o� �e�x�c�e�s�s� �J�o�u�l�e� �h�e�a�t�i�n�g�.� �J�o�u�l�e� �h�e�a�t�i�n�g� �c�a�n�,� �a�t� 

�s�u�f�f�i�c�i�e�n�t�l�y� �h�i�g�h� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�s�,� �d�i�s�r�u�p�t� �a� �s�e�p�a�r�a�t�i�o�n� �b�y� �e�l�e�v�a�t�i�n�g� 

�t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �a�b�o�v�e� �t�h�e� �b�o�i�l�i�n�g� �p�o�i�n�t� �o�f� �t�h�e� �b�u�f�f�e�r�.� �A�t� �t�e�m�p�e�r�a�t�u�r�e�s� 

�a�p�p�r�o�a�c�h�i�n�g� �t�h�e� �b�o�i�l�i�n�g� �p�o�i�n�t� �i�t� �i�s� �l�o�g�i�c�a�l� �t�h�a�t� �m�i�c�r�o�b�u�b�b�l�e�s� �a�r�e� �f�o�r�m�e�d�,� �a�n�d� 

�t�h�a�t� �t�h�e� �m�i�c�r�o�b�u�b�b�l�e�s� �i�n�c�r�e�a�s�e� �d�e�t�e�c�t�o�r� �n�o�i�s�e�.� 

�A�d�d�i�t�i�o�n�a�l� �s�t�u�d�i�e�s� �s�h�o�w�e�d� �t�h�a�t� �o�t�h�e�r� �s�o�d�i�u�m� �a�l�k�y�l� �s�u�l�f�a�t�e�s� �w�e�r�e� �n�o�t� 

�s�u�i�t�a�b�l�e� �f�o�r� �M�E�K�C�,� �u�n�d�e�r� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �e�m�p�l�o�y�e�d�.� �S�o�d�i�u�m� �o�c�t�y�l� �s�u�l�f�a�t�e� �a�t� �a� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �0�.�0�7�5!"� �d�i�d�n�o�t� �d�i�s�s�o�l�v�e� �t�h�e� �s�a�m�p�l�e�,� �p�r�e�s�u�m�a�b�l�y� �b�e�c�a�u�s�e� 

�t�h�i�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �b�e�l�o�w� �t�h�e� �s�u�r�f�a�c�t�a�n�t ��s� �C�M�C� �(�1�1�6�)�,� �D�u�e� �t�o� �t�h�e� �J�o�u�l�e� 

�h�e�a�t�i�n�g� �o�b�s�e�r�v�e�d� �i�n� �0�.�0�7�5� �M� �S�T�S�,� �t�h�e� �u�s�e� �o�f� �l�a�r�g�e�r� �s�u�r�f�a�c�t�a�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�w�e�r�e� �n�o�t� �i�n�v�e�s�t�i�g�a�t�e�d�.� �S�o�d�i�u�m� �t�e�t�r�a�d�e�c�y�!� �s�u�l�f�a�t�e� �w�a�s� �i�n�s�o�l�u�b�l�e� �i�n� �t�h�e� 

�o�p�e�r�a�t�i�n�g� �b�u�f�f�e�r� �a�t� �t�h�e� �0�.�0�2�5� �M� �l�e�v�e�l�,� �w�h�i�c�h� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �b�e� �t�h�e� �m�i�n�i�m�u�m� 

�s�u�r�f�a�c�t�a�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �r�e�q�u�i�r�e�d� �t�o� �p�r�o�v�i�d�e� �a� �r�e�a�s�o�n�a�b�l�e� �p�h�a�s�e� �r�a�t�i�o�.� �T�h�e� 

�s�o�l�u�b�i�l�i�t�y� �w�a�s�,� �h�o�w�e�v�e�r�,� �n�o�t�e�d� �t�o� �i�n�c�r�e�a�s�e� �m�a�r�k�e�d�l�y� �w�i�t�h� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�t�e�m�p�e�r�a�t�u�r�e�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �s�o�d�i�u�m� �t�e�t�r�a�d�e�c�y�!� �s�u�l�f�a�t�e� �c�a�n� �b�e� �e�m�p�l�o�y�e�d� �i�n� 

�M�E�K�C� �a�t� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�s� �(�1�2�)�,
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�t�m�e� 

�t�o� �|� �,� �|� 

�|� �l� �I� �T� 
�O� �5� �1�0� �1�5� �2�0� �2�5� �3�0� 

�T�i�m�e� �(�m�i�n�u�t�e�s� �)� 

�F�i�g�u�r�e� �2�1�.� �M�E�K�C� �S�e�p�a�r�a�t�i�o�n� �o�f� �A�S�T�M� �t�e�s�t� �m�i�x� �L�C�-�7�9�-�2� �i�n�:� 
�A�.� �0�.�0�5� �M� �S�T�S�/�0�.�0�1� �M� �N�a�g�H�P�O�,�,� �p�H� �7�.�0�0�.� 
�B�.� �0�.�0�5� �M� �S�D�S�/�0�.�0�1� �M� �N�a�g�H�P�O�,�,� �p�H� �7�.�0�0� 
�C�o�n�d�i�t�i�o�n�s� �a�n�d� �t�h�e� �o�r�d�e�r� �o�f� �e�l�u�t�i�o�n� �a�r�e� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �F�i�g�.� �2�0�.
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� � 

�T�a�b�l�e� �V�.� �S�e�l�e�c�t�i�v�i�t�y� �(�a�)� �b�e�t�w�e�e�n� �s�e�l�e�c�t�e�d� �s�o�l�u�t�e� �p�a�i�r�s� �i�n� �0�.�0�5� �M� �S�D�S� �a�n�d� 
�0�.�0�5� �M� �S�T�S�.� �(�A�l�l� �v�a�l�u�e�s� �a�r�e� �b�a�s�e�d� �o�n� �4� �d�e�t�e�r�m�i�n�a�t�i�o�n�s�)�.� 

� � 

�2�0�l�u�t�e� �P�a�i�r� �@� �i�n� �0�.�0�5� �M� �S�D�S� �a�@� �i�n� �0�.�0�5�M� �S�T�S� 

�b�e�n�z�y�l� �a�l�c�o�h�o�l�/� �b�e�n�z�e�n�e� �1�.�9�7� �+�/�-� �.�0�3� �1�.�9�2� �+�/�-� �.�0�1� 

�b�e�n�z�e�n�e�/�a�c�e�t�o�p�h�e�n�o�n�e� �1�.�5�6�9� �+�/�-� �.�0�0�3� �1�.�4�8� �+�/�-� �0�2� 

�a�c�e�t�o�p�h�e�n�o�n�e�/�m�e�t�h�y�l� �b�e�n�z�o�a�t�e� �2�.�0�3� �+�/�-� �.�0�2� �1�.�9�1� �+�/�-� �.�0�2� 

�m�e�t�h�y�]� �b�e�n�z�o�a�t�e�/�D�M�T� �3�.�0�9� �+�/�-� �0�4� �2�.�1�/�3� �+�/�-� �.�0�4� 
� 
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�4�.�3�.�3�.� �A� �C�o�m�p�a�r�i�s�o�n� �o�f� �M�E�K�C� �a�n�d� �H�P�L�C� 

�D�u�e� �t�o� �t�h�e� �n�o�n�z�e�r�o� �v�a�l�u�e� �o�f� �t�h�e� �t�o�/�t�,�,� �r�a�t�i�o�,� �i�t� �i�s� �i�n�t�e�r�e�s�t�i�n�g� �t�o� �c�o�m�p�a�r�e� 

�t�h�e� �M�E�K�C� �r�e�s�o�l�u�t�i�o�n� �w�i�t�h� �t�h�a�t� �o�b�t�a�i�n�a�b�l�e� �i�n� �H�P�L�C�.� �R�e�w�r�i�t�i�n�g� �e�q�n�.� �3�3� �a�s�:� 

� � 

�1�/�2� �R�o�=� �v�o� �(�*�}� �f�(�k ��)� �(�6�5�)� 

�a�n�d� �r�e�q�u�i�r�i�n�g� �t�h�e� �s�a�m�e� �r�e�s�o�l�u�t�i�o�n� �o�f� �e�a�c�h� �s�e�p�a�r�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�,� �i�t� �f�o�l�l�o�w�s� 

�t�h�a�t�:� 

� � � � 

�N� �1�7�2� �N�y� �1�/�2� �a� 
�H� �A�y�-� �|�  ��y�e� �M� �M�o� �|� �:� �(� �i� �)� �r�k�,� �:� �(� �a� �1�6�,� �(�6�6�)� 

�w�h�e�r�e� �t�h�e� �s�u�b�s�c�r�i�p�t�s� �H� �a�n�d� �M� �d�e�n�o�t�e� �H�P�L�C� �a�n�d� �M�E�K�C� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�W�h�e�n� �S�D�S� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e� �t�h�e� �m�a�x�i�m�u�m� �o�f� �f�(�k�'�)�4� �w�a�s� �0�.�3�,� 

�a�n�d� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �(�N�y�)� �o�b�t�a�i�n�e�d� �i�n� �a� �c�a�p�i�l�l�a�r�y� �w�i�t�h� �a�n� �e�f�f�e�c�t�i�v�e� �l�e�n�g�t�h� �o�f� �5�0� 

�c�m� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�5�0�,�0�0�0� �p�l�a�t�e�s�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �a� �s�i�m�i�l�a�r� �s�e�p�a�r�a�t�i�o�n� 

�c�a�n� �b�e� �a�c�h�i�e�v�e�d� �b�y� �H�P�L�C� �a�t� �a� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r� �o�f� �1�0�,� �f�(�k�'�)�}�,� �=� �0�.�9�1�.� �T�h�u�s� �i�f� 

�s�e�l�e�c�t�i�v�i�t�y� �i�s� �t�h�e� �s�a�m�e� �i�n� �e�a�c�h� �s�y�s�t�e�m� �(�i�.�e�.� �a�,� �=�a�)�,� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �o�b�t�a�i�n�e�d� 

�b�y� �M�E�K�C� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �p�r�o�v�i�d�e�d� �b�y� �a�n� �H�P�L�C� �c�o�l�u�m�n� �g�e�n�e�r�a�t�i�n�g� 

�o�n�l�y� �1�6�,�0�0�0� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s�.� �T�o� �o�b�t�a�i�n� �a�n� �a�d�v�a�n�t�a�g�e� �o�f� �u�s�i�n�g� �M�E�K�C� �o�v�e�r� 

�H�P�L�C�,� �i�t� �i�s� �t�h�e�r�e�f�o�r�e� �n�e�c�e�s�s�a�r�y� �t�o� �f�i�n�d� �m�i�c�e�l�l�a�r� �p�h�a�s�e�s� �w�h�i�c�h� �p�r�o�v�i�d�e� �b�e�t�t�e�r� 

�s�e�l�e�c�t�i�v�i�t�y� �o�r� �t�o� �e�s�t�a�b�l�i�s�h� �a� �m�e�a�n�s� �o�f� �r�e�d�u�c�i�n�g� �t�h�e� �t�o�/�t�,�,�,� �r�a�t�i�o�.
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�4�3�.�4�.� �T�h�e� �U�s�e� �o�f� �B�r�i�j� �3�5� �©� �a�s� �a�M�o�d�i�f�i�e�r� �f�o�r� �M�E�K�C� 

�I�n� �l�i�g�h�t� �o�f� �t�h�e� �s�e�l�e�c�t�i�v�i�t�y� �r�e�q�u�i�r�e�m�e�n�t� �o�f� �t�h�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e�,� �i�t� �i�s� 

�i�n�t�e�r�e�s�t�i�n�g� �t�o� �c�o�m�p�a�r�e� �t�h�e� �s�e�l�e�c�t�i�v�i�t�y� �o�b�t�a�i�n�e�d� �b�y� �M�E�K�C� �u�s�i�n�g� �S�D�S�,� �w�i�t�h� 

�t�h�a�t� �o�b�t�a�i�n�e�d� �b�y� �c�o�n�v�e�n�t�i�o�n�a�l� �r�e�v�e�r�s�e�d� �p�h�a�s�e� �H�P�L�C�,� �a�n�d� �b�y� �r�e�v�e�r�s�e�d� �p�h�a�s�e� 

�H�P�L�C� �e�m�p�l�o�y�i�n�g� �B�r�i�j� �3�5� �a�s� �t�h�e� �m�o�b�i�l�e� �p�h�a�s�e�  ��'�0�9�)�,� �T�h�e� �o�r�d�e�r�s� �o�f� �e�l�u�t�i�o�n� �a�r�e� 

�l�i�s�t�e�d� �i�n� �T�a�b�l�e� �V�I�.� �N�o�t�a�b�l�y�,� �b�e�n�z�e�n�e� �e�l�u�t�e�s� �a�t� �d�i�f�f�e�r�e�n�t� �r�e�l�a�t�i�v�e� �t�i�m�e�s� �i�n� 

�e�a�c�h� �s�e�p�a�r�a�t�i�o�n� �m�o�d�e�.� 

�s�i�n�c�e� �s�o�l�v�e�n�t�/�m�i�c�e�l�l�e� �p�a�r�t�i�t�i�o�n�i�n�g� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �p�a�r�t� �o�f� �t�h�e� 

�s�e�l�e�c�t�i�v�i�t�y� �m�e�c�h�a�n�i�s�m� �i�n� �m�i�c�e�l�l�a�r� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�,� �a�n�d� �u�n�d�e�r� �t�h�e� �p�r�e�m�i�s�e� 

�t�h�a�t� �t�h�e� �p�o�l�a�r� �h�e�a�d� �g�r�o�u�p� �i�n�f�l�u�e�n�c�e�s� �s�e�l�e�c�t�i�v�i�t�y� �i�n� �M�E�K�C�  ��'�4�)� �(�i�.�e�.� �s�e�l�e�c�t�i�v�i�t�y� 

�i�s� �n�o�t� �g�o�v�e�r�n�e�d� �e�x�c�l�u�s�i�v�e�l�y� �b�y� �s�o�l�u�t�e� �h�y�d�r�o�p�h�o�b�i�c�i�t�y�)� �i�t� �i�s� �l�o�g�i�c�a�l� �t�o� �e�x�p�l�o�r�e� 

�t�h�e� �u�s�e� �o�f� �B�r�i�j� �3�5�,� �a�s� �a�m�i�c�e�l�l�a�r� �p�h�a�s�e� �f�o�r� �M�E�K�C� �(�1�9�0�)�,� 

�B�r�i�j� �3�5� �i�s� �a�n�o�n�i�o�n�i�c� �s�u�r�f�a�c�t�a�n�t�,� �b�e�s�t� �d�e�s�c�r�i�b�e�d� �a�s� �a� �m�i�x�t�u�r�e� �o�f� 

�e�t�h�o�x�y�l�a�t�e�d� �a�l�c�o�h�o�l�s� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �a�l�k�y�l� �c�h�a�i�n� �l�e�n�g�t�h� �o�f� �1�2� �c�a�r�b�o�n�s� �a�n�d� �a�n� 

�a�v�e�r�a�g�e� �d�e�g�r�e�e� �o�f� �e�t�h�o�x�y�l�a�t�i�o�n� �o�f� �2�3� �o�x�y�e�t�h�y�l�e�n�e� �u�n�i�t�s�.� �S�i�n�c�e� �B�r�i�j� �3�5� �i�s� 

�n�o�n�i�o�n�i�c�,� �i�t� �c�a�n�n�o�t� �m�i�g�r�a�t�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c�a�l�l�y�.� �T�o� �b�e� �a� �v�i�a�b�l�e� �s�u�r�f�a�c�t�a�n�t� 

�f�o�r� �M�E�K�C�,� �i�t� �m�u�s�t� �t�h�e�r�e�f�o�r�e� �b�e� �a�d�d�e�d� �t�o� �a� �c�h�a�r�g�e�d� �m�i�c�e�l�l�a�r� �p�h�a�s�e� �a�s� �a� 

�m�o�d�i�f�i�e�r�.� �|� 

�s�e�p�a�r�a�t�i�o�n�s� �p�e�r�f�o�r�m�e�d� �b�y� �m�o�d�i�f�y�i�n�g� �0�.�0�2�5� �M� �S�D�S� �w�i�t�h� �0�.�0�1�,� �0�.�0�3� �a�n�d� �0�.�0�5� 

�M� �B�r�i�j� �3�5�,� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�s�.� �2�2� �a�-�c�.� �B�e�n�z�e�n�e� �w�a�s� �s�e�l�e�c�t�i�v�e�l�y� �r�e�t�a�i�n�e�d� �i�n� 

�t�h�e� �m�o�d�i�f�i�e�d� �s�y�s�t�e�m�.� �H�o�w�e�v�e�r�,� �a�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �V�I�I�,� �t�h�e� �t�o�/�t�,�,�,� �r�a�t�i�o� �w�a�s� 

�i�n�c�r�e�a�s�e�d� �i�n� �t�h�e� �m�o�d�i�f�i�e�d� �s�y�s�t�e�m�s� �a�n�d� �s�o�l�u�t�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s� �w�e�r�e� 

�g�e�n�e�r�a�l�l�y� �r�e�d�u�c�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �u�n�m�o�d�i�f�i�e�d� �S�D�S�.� �T�h�e� �d�e�c�r�e�a�s�e� �i�n� �s�o�l�u�t�e� 

�C�a�p�a�c�i�t�y� �f�a�c�t�o�r�s� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �a� �d�e�c�r�e�a�s�e�d� �s�o�l�u�t�e� �s�o�l�u�b�i�l�i�t�y� �i�n� �n�o�n�i�o�n�i�c



�8�9� 

� � 

�T�a�b�l�e� �V�i�.� �O�r�d�e�r� �o�f� �e�l�u�t�i�o�n� �o�f� �A�S�T�M� �L�C�-�7�9�-�2� �s�a�m�p�l�e� �c�o�m�p�o�n�e�n�t�s� �u�n�d�e�r� 
�v�a�r�i�o�u�s� �s�e�p�a�r�a�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� 

� � 

�F�r�o�m� �R�e�f�.� �1�0�9� �#�F�r�o�m�R�e�f�.� �1�0�9� �T�h�i�s� �w�o�r�k� 

 ��S�t�a�t�i�o�n�a�r�y� �R�P�-�1�8� �R�P�-�1�8� �S�D�S� �a�n�d� �S�T�S� 
�P�h�a�s�e ��:� 

�M�o�b�i�l�e� �P�h�a�s�e�:� �3�0�/�7�0� �(�v�/�v�)� �6�%�B�r�i�j�@�3�5� �0�.�0�1�M�N�a�g�H�P�O�,� 
�a�c�e�t�o�n�i�t�r�i�l�e�/�w�a�t�e�r� �p�H� �7�.�0�0� 

�E�l�u�t�i�o�n� �O�r�d�e�r�:� �1�.� �b�e�n�z�y�!� �a�l�c�o�h�o�l� �1�.� �b�e�n�z�y�l� �a�l�c�o�h�o�l� �1�.� �b�e�n�z�y�!� �a�l�c�o�h�o�l� 

�2�.� �b�e�n�z�a�l�d�e�h�y�d�e� �2�.� �b�e�n�z�a�l�d�e�h�y�d�e� �2�,�3�.� �b�e�n�z�a�l�d�e�h�y�d�e� 
�a�n�d� �b�e�n�z�e�n�e� 

�3�.� �a�c�e�t�o�p�h�e�n�o�n�e� �3�.� �a�c�e�t�o�p�h�e�n�o�n�e� 

�4�.� �m�e�t�h�y�l�!� �b�e�n�z�.� �4�.� �b�e�n�z�e�n�e� �4�,� �a�c�e�t�o�p�h�e�n�o�n�e� 

�>�.� �b�e�n�z�e�n�e� �D�.�m�e�t�h�y�l� �b�e�n�z�.� �5�.� �m�e�t�h�y�l� �b�e�n�z�.� 

�6�.� �O�M�T� �6�.� �D�M�T� �6�.� �D�M�T� 

� 



�9�0� 

� � 
� � � � 

� � 

�2� �5� �6� 

�"�V�y� �t�i�n�e� �A� �T�i�t� 

�4� �_� �J� �a�a� 

�2� 
�5�§� �6� 

�1�1�3� 

�f�A�.� �c�o� � � 

� � 

� � 

�t�i�m�e� �(�m�i�n�u�t�e�s�)� 

�F�i�g�u�r�e� �2�2�.� �M�E�K�C� �S�e�p�a�r�a�t�i�o�n� �o�f� �A�S�T�M� �t�e�s�t� �m�i�x� �L�C�-�7�9�-�2� �i�n� �0�.�0�2�5� �M� �S�D�S�/�0�.�0�1� 
�M� �N�a�g�H�P�O�g� �(�p�H� �7�.�0�0�)� �m�o�d�i�f�i�e�d� �w�i�t�h�:� �A�.�0�.�0�1� �B�.� �0�.�0�3� �a�n�d� �C�.� �0�.�0�5� �M� 
�B�r�i�j� �3�5�.� �C�o�n�d�i�t�i�o�n�s�:� �1�0�0� �p�m� �x� �7�0� �c�m� �c�a�p�i�l�l�a�r�y� �(�L� �=� �4�8� �c�m�)�;� �+�2�0� 
�K�V� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e�;� �s�i�p�h�o�n�i�n�g� �i�n�j�e�c�t�i�o�n� �a�t� �3�.�8� �c�m�/�1�0� �5�;� 
�d�e�t�e�c�t�i�o�n� �w�a�v�e�l�e�n�g�t�h� �=� �2�5�4� �n�m�.� �O�r�d�e�r� �o�f� �e�l�u�t�i�o�n�:� �1�.� �b�e�n�z�y�!� 
�a�l�c�o�h�o�l� �2�.� �b�e�n�z�a�l�d�e�h�y�d�e� �3�.� �a�c�e�t�o�p�h�e�n�o�n�e� �4�.� �b�e�n�z�e�n�e� �5�.� �m�e�t�h�y�!� 
�b�e�n�z�o�a�t�e� �6�.� �d�i�m�e�t�h�y�l� �t�e�r�e�p�h�t�h�a�l�a�t�e� �(�D�M�T�)�.



�9�1� 

� � 

�T�a�b�l�e� �V�i�l�.� �S�o�l�u�t�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s� �(�k ��)� �a�n�d� �t�o�/�t�,�,� �r�a�t�i�o�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 
�B�r�i�j� �3�5� �C�o�n�c�e�n�t�r�a�t�i�o�n�.� 
� � 

�S�o�l�u�t�e� �M�i�c�e�l�l�a�r� �p�h�a�s�e� 

�0�.�0�2�5� �M� �S�D�S�/� �0�.�0�2�5� �M� �S�D�S�/� �0�.�0�2�5� �M� �S�D�S�/� 
�0�.�0�1�M� �B�r�i�j� �3�5� �0�.�0�3� �M� �B�r�i�j� �3�5� �0�.�0�3� �M� �B�r�i�j� �3�5� 

�(�n�=� �3�)�*� �(�n� �=� �4�)�*� �(�n�=�5�)�*� 

�B�e�n�z�y�l� �a�l�c�o�h�o�l� �0�.�1�7�7� �0�.�2�5�7� �0�.�3�8� 
�+�/�-� �s�t�d�.� �d�e�v�.� �0�.�0�0�2� �0�.�0�0�2� �0�.�0�2� 

�B�e�n�z�a�l�d�e�h�y�d�e� �0�.�3�0�9� �0�.�4�1�9� �0�.�5�8� 
�+�/�-� �S�t�d�.� �d�e�v�.� �0�.�0�0�3� �0�.�0�0�6� �0�.�0�3� 

�A�c�e�t�o�p�h�e�n�o�n�e� �0�.�4�3�7� �0�.�5�5�2� �0�.�7�3� 
�+�/�-� �S�t�d�.� �d�e�v�.� �0�.�0�0�5� �0�.�0�0�8� �0�.�0�3� 

�B�e�n�z�e�n�e� �0�.�5�1�7� �0�.�8�6� �1�.�1�5� 
�+�/�-� �s�t�d�.� �d�e�v�.� �0�.�0�0�5� �0�.�0�2� �0�.�0�4� 

�M�e�t�h�y�l� �b�e�n�z�o�a�t�e� �0�.�9�8� �1�.�2�7� �1�.�6�4� 
�+�/�-� �S�t�d�.� �d�e�v�.� �0�.�0�1� �0�.�0�3� �0�.�0�6� 

�D�M�T� �2�.�0�4� �2�.�2�6� �2�.�8� 
�+�/�-� �s�t�d�.� �d�e�v�.� �0�.�0�4� �0�.�0�2� �0�.�1� 

�t�o�/�t�m�n�c� �0�.�3�4�9� �0�.�4�6�3� �0�.�5�4�6� 
�+�/�-� �S�t�d�.� �d�e�v�.� �0�.�0�0�2� �0�.�0�0�1� �0�.�0�0�3� 
� � 

�*� �n� �=� �n�u�m�b�e�r� �o�f� �d�e�t�e�r�m�i�n�a�t�i�o�n�s�.



�9�2� 

�v�s�.� �a�n�i�o�n�i�c� �s�u�r�f�a�c�t�a�n�t�s�.� �T�h�e� �c�h�a�n�g�e� �i�n� �s�e�l�e�c�t�i�v�i�t�y� �s�u�p�p�o�r�t�s� �t�h�e� �t�h�e�o�r�y� �t�h�a�t� 

�t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �s�u�r�f�a�c�t�a�n�t ��s� �p�o�l�a�r� �h�e�a�d� �g�r�o�u�p� �p�l�a�y�s� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� 

�s�o�l�u�t�e� �r�e�t�e�n�t�i�o�n� �(�4�)�,� �i�t� �i�s� �u�n�c�l�e�a�r�,� �h�o�w�e�v�e�r�,� �s�p�e�c�i�f�i�c�a�l�l�y� �w�h�y� �s�e�l�e�c�t�i�v�i�t�y� 

�w�a�s� �C�h�a�n�g�e�d�;� �s�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �m�o�d�e�l�s� �f�o�r� �t�h�e� �s�o�l�u�b�i�l�i�z�a�t�i�o�n� �o�f� �b�e�n�z�e�n�e� �i�n� 

�m�i�c�e�l�l�e�s� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d� �(�1�1�7�)�,� 

�W�h�i�l�e� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �t�o�/�t�,�,�.� �r�a�t�i�o� �o�b�s�e�r�v�e�d� �w�i�t�h� �B�r�i�j� �a�f�f�e�c�t�s� 

�r�e�s�o�l�u�t�i�o�n� �a�d�v�e�r�s�e�l�y�,� �B�r�i�j� �3�5� �h�a�s� �s�e�v�e�r�a�l� �d�e�s�i�r�a�b�l�e� �a�t�t�r�i�b�u�t�e�s� �a�s� �a� �m�i�c�e�l�l�a�r� 

�m�o�d�i�f�i�e�r�.� �A�m�a�j�o�r� �a�d�v�a�n�t�a�g�e� �o�f� �u�s�i�n�g� �n�e�u�t�r�a�l�,� �a�s� �o�p�p�o�s�e�d� �t�o� �c�h�a�r�g�e�d� 

�a�d�d�i�t�i�v�e�s�,� �i�s� �t�h�a�t� �t�h�e�y� �m�a�y� �b�e� �a�d�d�e�d� �t�o� �t�h�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e� �w�i�t�h�o�u�t� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �J�o�u�l�e� �h�e�a�t�i�n�g�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �a�s� �n�o�t�e�d� �p�r�e�v�i�o�u�s�l�y� �(�1�0�9�)�,� �B�r�i�j� �3�5� 

�h�a�s� �a� �h�i�g�h� �c�l�o�u�d� �p�o�i�n�t� �t�e�m�p�e�r�a�t�u�r�e� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�0� �°�C�)� �a�n�d� �l�o�w� �m�o�l�a�r� 

�a�b�s�o�r�p�t�i�v�i�t�y� �v�a�l�u�e�s� �i�n� �t�h�e� �l�o�w� �U�V� �r�e�g�i�o�n�.� �T�h�e�s�e� �p�r�o�p�e�r�t�i�e�s� �a�l�l�o�w� �f�o�r� �B�r�i�j� �3�5� 

�t�o� �b�e� �u�s�e�d� �a�t� �t�h�e� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� �w�h�i�c�h� �m�a�y� �r�e�s�u�l�t� �f�r�o�m� �J�o�u�l�e� �h�e�a�t�i�n�g�,� 

�a�n�d� �a�t� �t�h�e� �l�o�w� �w�a�v�e�l�e�n�g�t�h�s� �w�h�i�c�h� �m�a�y� �b�e� �r�e�q�u�i�r�e�d� �t�o� �e�f�f�e�c�t� �t�h�e� �d�e�t�e�c�t�i�o�n� �o�f� 

�m�a�n�y� �c�o�m�p�o�u�n�d�s�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� �a�n�d� �d�u�e� �t�o� �t�h�e� �J�o�u�l�e� �h�e�a�t�i�n�g� �o�b�s�e�r�v�e�d� 

�w�i�t�h� �s�u�r�f�a�c�t�a�n�t�s� �w�i�t�h� �l�a�r�g�e� �c�h�a�r�g�e� �t�o� �s�i�z�e� �r�a�t�i�o�s�,� �i�t� �m�a�y� �b�e� �d�e�s�i�r�a�b�l�e� �t�o� 

�f�i�n�d� �m�e�a�n�s� �o�f� �d�e�c�r�e�a�s�i�n�g� �t�o�/�t�,�,� �b�y� �c�h�a�n�g�i�n�g� �t�h�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�,� �r�a�t�h�e�r� 

�t�h�a�n� �b�y� �c�h�o�o�s�i�n�g� �a� �s�u�r�f�a�c�t�a�n�t� �w�h�i�c�h� �p�r�o�v�i�d�e�s� �t�h�e� �d�e�s�i�r�a�b�l�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� 

�m�o�b�i�l�i�t�y�.� 

�4�.�3�.�5�.� �I�n�f�l�u�e�n�c�e� �o�f� �p�H� �o�n� �t�h�e� �E�l�u�t�i�o�n� �R�a�n�g�e� �i�n� �M�E�K�C� 

�A�s� �d�i�s�c�u�s�s�e�d� �i�n� �s�e�c�t�i�o�n� �4�.�2�.�2�,� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �m�a�y� �b�e� �r�e�d�u�c�e�d� �b�y� 

�d�e�c�r�e�a�s�i�n�g� �t�h�e� �p�H� �o�f� �t�h�e� �o�p�e�r�a�t�i�n�g� �b�u�f�f�e�r�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�3�,� �w�h�e�n� �0�.�0�1� �M� 

�p�h�o�s�p�h�a�t�e�/� �0�.�0�5� �M� �S�D�S�,� �p�H� �6�.�7�5�,� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �b�u�f�f�e�r�,� �t�h�e
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�J� �4� �6� �8� �1�0� �1�2� �1�4� 

�t�i�m�e� �(�m�i�n�u�t�e�s�)� 

�F�i�g�u�r�e� �2�3�.� �S�e�p�a�r�a�t�i�o�n� �o�f� �a�l�k�y�l� �p�a�r�a�b�e�n�s� �a�t� �p�H� �6�.�7�5�.� �C�o�n�d�i�t�i�o�n�s�:� �1�0�0� �p�m� �x� 
�1�0�0� �c�m� �c�a�p�i�l�l�a�r�y� �(�L� �=� �5�0� �c�m�)�;� �+�2�5� �k�V� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e�;� �0�.�0�5� �M� 
�S�D�S�/� �0�.�0�1� �M� �N�a�g�H�P�O�,�g�,� �p�H� �6�.�7�5�,� �b�u�f�f�e�r�;� �+�5� �K�V�/�S� �s� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� 
�i�n�j�e�c�t�i�o�n�;� �d�e�t�e�c�t�i�o�n� �w�a�v�e�l�e�n�g�t�h� �=� �2�5�4�n�m�.� �O�r�d�e�r� �o�f� �e�l�u�t�i�o�n�:� 
�|�.�m�e�t�h�y�l� �2�.� �e�t�h�y�l� �3�.� �p�r�o�p�y�l� �4�.� �b�u�t�y�l� �p�a�r�a�b�e�n�.



�9�4� 

�e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �e�x�c�e�e�d�e�d� �t�h�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �m�i�g�r�a�t�i�o�n� �o�f� �S�D�S� 

�m�i�c�e�l�l�e�s�.� �A�c�c�o�r�d�i�n�g�l�y�,� �t�h�e� �s�a�m�p�l�e� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �a�t� �t�h�e� �a�n�o�d�i�c� �e�n�d� �o�f� �t�h�e� 

�c�a�p�i�l�l�a�r�y�.� �T�h�e� �o�r�d�e�r� �o�f� �e�l�u�t�i�o�n� �o�f� �a� �h�o�m�o�l�o�g�o�u�s� �s�e�r�i�e�s� �o�f� �a�l�k�y�!� �p�a�r�a�b�e�n�s�,� �a�s� 

�m�o�n�i�t�o�r�e�d� �a�t� �t�h�e� �c�a�t�h�o�d�i�c� �e�n�d�,� �w�a�s� �i�n� �o�r�d�e�r� �o�f� �i�n�c�r�e�a�s�i�n�g� �a�l�k�y�l� �c�h�a�i�n� �l�e�n�g�t�h�.� 

�A�t� �a� �p�H� �o�f� �3�.�3�7� �(�F�i�g�.� �2�4�)� �t�h�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �w�a�s� �d�e�c�r�e�a�s�e�d� �t�o� �s�u�c�h� �a�n� 

�e�x�t�e�n�t� �t�h�a�t� �t�h�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �S�D�S� �m�i�c�e�l�l�e�s� �w�a�s� �t�h�e� 

�d�o�m�i�n�a�n�t� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� �e�f�f�e�c�t�.� �A�s� �a�r�e�s�u�l�t�,� �s�a�m�p�l�e� �h�a�d� �t�o� �b�e� �i�n�t�r�o�d�u�c�e�d� 

�i�n�t�o� �t�h�e� �c�a�t�h�o�d�i�c� �e�n�d� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y�,� �a�n�d� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �m�o�n�i�t�o�r�e�d� �t�o�w�a�r�d�s� 

�t�h�e� �a�n�o�d�i�c� �e�n�d�.� �I�n� �t�h�i�s� �c�a�s�e� �h�o�m�o�l�o�g�s� �w�i�t�h� �t�h�e� �g�r�e�a�t�e�r� �a�f�f�i�n�i�t�y� �f�o�r� �t�h�e� 

�m�i�c�e�l�l�a�r� �p�h�a�s�e� �e�l�u�t�e�d� �f�i�r�s�t�.� 

�S�i�n�c�e� �t�h�e� �i�n�j�e�c�t�i�o�n� �t�o� �d�e�t�e�c�t�o�r� �d�i�s�t�a�n�c�e� �w�a�s� �t�h�e� �s�a�m�e� �i�n� �e�a�c�h� �s�y�s�t�e�m�,� 

�s�o�l�u�t�e� �e�l�u�t�i�o�n� �t�i�m�e�s� �a�r�e� �r�e�a�d�i�l�y� �c�o�m�p�a�r�e�d�.� �S�o�l�u�t�e�s� �w�i�t�h� �s�h�o�r�t�e�r� �a�l�k�y�|� 

�c�h�a�i�n�s� �(�m�e�t�h�y�l�,� �e�t�h�y�l� �a�n�d� �p�r�o�p�y�!� �p�a�r�a�b�e�n�)� �e�l�u�t�e�d� �f�a�s�t�e�r� �w�h�e�n� �a� �p�H� �o�f� �6�.�7�5� 

�(�F�i�g�.� �2�3�)� �w�a�s� �e�m�p�l�o�y�e�d�.� �B�u�t�y�]� �p�a�r�a�b�e�n� �e�l�u�t�e�d� �m�o�r�e� �r�a�p�i�d�l�y� �a�t� �a� �p�H� �o�f� �3�.�3�7� 

�(�F�i�g�.� �2�4�)�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �l�o�w� �p�H� �b�u�f�f�e�r�s� �m�a�y� �p�r�o�v�i�d�e� �f�o�r� �a� �m�o�r�e� �r�a�p�i�d� 

�a�n�a�l�y�s�i�s� �o�f� �s�o�l�u�t�e�s� �w�i�t�h� �a� �l�a�r�g�e� �a�f�f�i�n�i�t�y� �f�o�r� �t�h�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e�.� �M�o�r�e� 

�i�m�p�o�r�t�a�n�t�l�y�,� �h�o�w�e�v�e�r�,� �i�f� �t�h�e�r�e� �i�s� �a� �p�H� �a�t� �w�h�i�c�h� �t�h�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �i�s� 

�t�h�e� �d�o�m�i�n�a�n�t� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� �e�f�f�e�c�t� �a�n�d� �a� �p�H� �a�t� �w�h�i�c�h� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �i�s� �t�h�e� 

�d�o�m�i�n�a�n�t� �e�f�f�e�c�t�,� �i�t� �f�o�l�l�o�w�s� �t�h�a�t� �t�h�e�r�e� �m�u�s�t� �b�e� �a� �p�H� �a�t� �w�h�i�c�h� �t�h�e� �m�i�c�e�l�l�a�r� 

�p�h�a�s�e� �i�s� �s�t�a�t�i�o�n�a�r�y�.� �U�n�d�e�r� �t�h�i�s� �c�o�n�s�t�r�a�i�n�t�,� �e�q�n�.� �3�3� �i�s� �r�e�d�u�c�e�d� �t�o� �t�h�e� 

�c�o�u�n�t�e�r�p�a�r�t� �u�s�e�d� �i�n� �c�o�n�v�e�n�t�i�o�n�a�l� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �i�f� 

�s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �i�s� �m�a�i�n�t�a�i�n�e�d�,� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �o�b�t�a�i�n�a�b�l�e� �i�n� �M�E�K�C� �i�s� �f�a�r� 

�s�u�p�e�r�i�o�r� �t�o� �t�h�a�t� �o�b�t�a�i�n�a�b�l�e� �i�n� �H�P�L�C� �(�e�q�n�.� �6�6�)�.
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�1�5� �3�0� �4�5� 

�t�i�m�e� �(�m�i�n�u�t�e�s�)� 
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�F�i�g�u�r�e� �2�4�.� �S�e�p�a�r�a�t�i�o�n� �o�f� �a�l�k�y�l� �p�a�r�a�b�e�n�s� �a�t� �p�H� �3�.�3�7�.� �C�o�n�d�i�t�i�o�n�s�:� �1�0�0� �p�m� �x� 
�|� �1�0�0� �c�m� �c�a�p�i�l�l�a�r�y� �(�L� �=� �5�0� �c�m�)�;� �-�2�5� �k�V� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e�;� �0�.�0�5� �M� 

�S�D�S�/�0�.�0�1� �M� �N�a�g�H�P�O�g�,� �p�H� �3�.�3�7�,� �b�u�f�f�e�r�;� �-�1�0� �k�V�/�1�0� �s� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� 
�i�n�j�e�c�t�i�o�n�;� �d�e�t�e�c�t�i�o�n� �w�a�v�e�l�e�n�g�t�h� �=� �2�5�4� �n�m�.� �O�r�d�e�r� �o�f� �e�l�u�t�i�o�n�:� 
�1�.� �b�u�t�y�l� �2�.� �p�r�o�p�y�l� �3�.� �e�t�h�y�l� �4�.� �m�e�t�h�y�l� �p�a�r�a�b�e�n�.
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�4�.�3�.�6�.� �O�p�t�i�m�i�z�a�t�i�o�n� �o�f� �C�a�p�a�c�i�t�y� �F�a�c�t�o�r� �R�e�l�a�t�e�d� �T�e�r�m�s� 

�I�t� �i�s� �c�l�e�a�r� �f�r�o�m� �t�h�e� �f�o�r�e�g�o�i�n�g� �t�h�a�t� �t�h�e� �r�e�l�a�t�i�v�e� �m�a�g�n�i�t�u�d�e�s� �o�f� �t�h�e� 

�e�l�e�c�t�r�o�k�i�n�e�t�i�c� �e�f�f�e�c�t�s� �a�r�e� �c�r�i�t�i�c�a�l� �p�a�r�a�m�e�t�e�r�s� �i�n� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �M�E�K�C� 

�s�e�p�a�r�a�t�i�o�n�s�.� �T�o� �m�o�r�e� �c�l�o�s�e�l�y� �e�x�a�m�i�n�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �e�l�e�c�t�r�o�o�s�m�o�s�i�s� �a�n�d� 

�e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �o�n� �r�e�s�o�l�u�t�i�o�n�,� �t�h�e� �f�u�n�d�a�m�e�n�t�a�l� �e�q�u�a�t�i�o�n�s� �f�o�r� �M�E�K�C� �(�e�q�n�s�.� 

�3�1�-�3�4�)� �a�r�e� �e�x�p�r�e�s�s�e�d� �h�e�r�e� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �v�e�l�o�c�i�t�y� 

�(�V�e�g�)� �a�n�d� �t�h�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �v�e�l�o�c�i�t�y� �(�v�,�)�)�.� 

�T�h�e� �v�e�l�o�c�i�t�i�e�s� �o�f� �t�h�e� �a�q�u�e�o�u�s� �a�n�d� �m�i�c�e�l�l�a�r� �p�h�a�s�e�s�,� �V�o� �a�n�d� �V�i�n�g�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �a�r�e� �g�i�v�e�n� �a�s�:� 

�V�o� �=� �V�e�o� �(�6�7�)� 

�a�n�d� 

�V�i�e� �=� �V�e�o� �*� �V�e�l� �(�6�8�)� 

�t�o� �a�n�d� �t�m�.� �m�a�y� �b�e� �r�e�l�a�t�e�d� �t�o� �V�o� �a�n�d� �V�v�,� �a�s�:� 

�t�y� �=� �L�/�V�o� �=� �L�/�V�e�g� �(�6�9�)� 
�a�n�d� 

�t�m�e� �=� �L�/�V�m�e� �=� �L�/�(�V�e�5� �+�V�e�1�)� �(�7�0�)� 

�I�t� �f�o�l�l�o�w�s� �f�r�o�m� �e�q�n�s�.� �6�7�-�7�0�,� �t�h�a�t� �e�q�n�.� �3�1� �m�a�y� �b�e� �r�e�w�r�i�t�t�e�n� �a�s�:� 

�K�i� �=� �C�p� �-� �L�/�V�e�o� �7�1�)� 
�L�/�V�e�o� �-� �t�p� �(�V�e�g� �*� �V�e�y� �)�/�V�e�y
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�a�n�d� �t�h�a�t� �e�q�n�.� �3�2� �b�e�c�o�m�e�s�:� 

�(�1� �+� �k�K ��)� �(�L�/�V� �9�9�)� 
� � �t�p� �=� �o�)�k �� �(�7�2�)� 
�I�+� �[�(�V�e�g�t� �V� �V�e�l� �Y�/�N�,� �V�e�o�)� �K �� 

�T�h�e� �m�a�s�t�e�r� �r�e�s�o�l�u�t�i�o�n� �e�q�u�a�t�i�o�n� �(�e�q�n�.� �3�3�)� �m�a�y�,� �i�n� �t�u�r�n�,� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

� � � � 

�R�,� �=� �N� �1�/�2� �Q� �-� �G�e� �M�e�  �� �(�(�V�e�o� �+� �V�e�l� �)�/�V�e�o� �J� �(�7�3�)� 
�4� �P�+� �k�o�s� �A�l� �+� �(�(�V�e�o�t� �V�e�y� �)�/�V�e�o�)� �K�y� �,� 

�w�h�i�c�h� �m�a�y� �b�e� �r�e�w�r�i�t�t�e�n�,� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r� �d�e�p�e�n�d�e�n�t� 

�t�e�r�m�s�,� �a�s�:� 

�f�(�k ��)� �=� �(�|�;� �o�l�e� �~�U�V�e�o� �*� �V�e�l� �V�e�o� �(�7�4�)� 
�1� �+� �(�(�V�e�g�*� �V�e�y� �)�/�V�e�o�}� �k�K� 

� � 

�A�s�s�u�m�i�n�g� �t�h�a�t� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �a�d�j�u�s�t� �t�h�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �m�o�b�i�l�i�t�y� �o�f� �S�D�S� 

�m�i�c�e�l�l�e�s� �t�o� �-�0�.�5� �m�m� �s�-�!� �v�i�a� �u�s�e� �o�f� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�,� 

�a�n�d� �t�h�a�t� �t�h�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �v�e�l�o�c�i�t�i�e�s� �m�a�y� �b�e� �a�d�j�u�s�t�e�d� �t�o� �v�a�l�u�e�s� �o�f� 

�0�.�2�,� �a�n�d� �0�.�4� �a�n�d� �0�.�5� �m�m� �s�-�!� �b�y� �c�o�n�t�r�o�l�l�i�n�g� �p�H� �6�1�-�8�2�)� �a�n�d�/�o�r� �u�s�i�n�g� �a� �c�o�a�t�e�d� 

�C�a�p�i�l�l�a�r�y�,� �f�(�k�'�)� �m�a�y� �b�e� �p�l�o�t�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �k �� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�5�.� �I�n� 

�c�o�n�t�r�a�s�t� �t�o� �F�i�g�.� �6�,� �F�i�g�.� �2�5� �s�h�o�w�s� �t�h�a�t� �i�t� �i�s� �a�c�t�u�a�l�l�y� �p�o�s�s�i�b�l�e� �f�o�r� �f�(�k ��)� �t�o� 

�e�x�c�e�e�d� �u�n�i�t�y� �6�2�)�.� �A�t� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s�,� �f�(�k�'�)� �i�s� �a�c�t�u�a�l�l�y� 

�i�n�f�i�n�i�t�e�.� �T�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �s�i�t�u�a�t�i�o�n� �i�n� �w�h�i�c�h� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� 

�s�o�l�u�t�e� �b�e�t�w�e�e�n� �e�a�c�h� �p�h�a�s�e� �i�s� �s�u�c�h� �t�h�a�t� �i�t�s� �n�e�t� �m�i�g�r�a�t�i�o�n� �v�e�l�o�c�i�t�y� �i�s� �z�e�r�o�.



�9�8� 

�v�e�o� �=� �0�.�2� 

�v�e�o� �=� �0�.�4� 

�1�0�5� �/� �a� 

�v�e�o� �=�0�.�5� 

�£�(�k ��)� �o�s� 

� � 

� � � �  �
�s

� �O�o� �a
� 

�F�i�g�u�r�e� �2�5�.� �I�n�f�l�u�e�n�c�e� �o�f� �k �� �o�n� �f�(�k ��)� �f�o�r� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�i�e�s� �(�V�e�.�)� �o�f� �0�.�2�,� 
�0�.�4� �a�n�d� �a�n�d� �0�.�5� �m�m� �s�-�!�.� �(�A�s�s�u�m�e�s� �v�,�;� �=� �-�0�.�5� �m�m� �s�~�!�)�.



�9�9� 

�A�t� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �a�s�y�m�p�t�o�t�e�,� �f�(�k�'�)� �b�e�c�o�m�e�s� �n�e�g�a�t�i�v�e�.� �T�h�i�s� 

�c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �c�a�s�e� �s�h�o�w�n� �i�n� �F�i�g�.� �2�4�,� �w�h�e�r�e� �t�h�e� �s�o�l�u�t�e� �d�i�s�t�r�i�b�u�t�e�s� �i�n�t�o� 

�t�h�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e� �t�o� �s�u�c�h� �a�n� �e�x�t�e�n�t� �t�h�a�t� �i�t� �i�s� �t�r�a�n�s�p�o�r�t�e�d� �a�g�a�i�n�s�t� �t�h�e� 

�e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�.� �A�s� �n�o�t�e�d�,� �s�e�p�a�r�a�t�i�o�n� �i�s� �s�t�i�l�l� �e�f�f�e�c�t�e�d�,� �b�u�t� �m�u�s�t� �b�e� 

�m�o�n�i�t�o�r�e�d� �a�t� �t�h�e� �a�n�o�d�i�c� �e�n�d� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y�.� 

�4�.�3�.�7�,� �O�p�t�i�m�i�z�a�t�i�o�n� �o�f� �R�e�s�o�l�u�t�i�o�n� �i�n� �M�E�K�C� 

�T�h�e� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �r�e�s�o�l�u�t�i�o�n� �p�r�e�d�i�c�t�e�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �d�e�c�r�e�a�s�e�d� 

�t�o�/�t�m�e� �r�a�t�i�o� �m�u�s�t�,� �h�o�w�e�v�e�r�,� �a�l�s�o� �b�e� �e�x�a�m�i�n�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� 

�a�c�c�o�m�p�a�n�y�i�n�g� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �l�i�n�e�a�r� �m�i�g�r�a�t�i�o�n� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �s�o�l�u�t�e�s�.� 

�S�i�n�c�e� �i�n�f�i�n�i�t�e� �r�e�s�o�l�u�t�i�o�n� �i�s� �p�o�s�s�i�b�l�e� �f�o�r� �M�E�K�C�,� �u�n�d�e�r� �t�h�e� �c�o�n�s�t�r�a�i�n�t� �t�h�a�t� �t�h�e� 

�s�o�l�u�t�e� �d�o�e�s� �n�o�t� �m�i�g�r�a�t�e�,� �n�e�a�r� �i�n�f�i�n�i�t�e� �r�e�s�o�l�u�t�i�o�n� �s�h�o�u�l�d� �b�e� �p�o�s�s�i�b�l�e� �a�t� �l�o�w� 

�n�e�t� �m�i�g�r�a�t�i�o�n� �v�e�l�o�c�i�t�i�e�s�.� �H�o�w�e�v�e�r�,� �f�o�r� �a� �c�a�p�i�l�l�a�r�y� �o�f� �u�n�i�t� �l�e�n�g�t�h�,� �L�,� �t�h�e� 

�a�n�a�l�y�s�i�s� �t�i�m�e� �w�i�l�l� �b�e� �c�o�r�r�e�s�p�o�n�d�i�n�g�l�y� �l�o�n�g�e�r�.� �I�t� �i�s�,� �t�h�e�r�e�f�o�r�e�,� �i�m�p�o�r�t�a�n�t� �t�o� 

�a�d�d�r�e�s�s� �n�o�t� �o�n�l�y� �r�e�s�o�l�u�t�i�o�n�,� �b�u�t� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �o�b�t�a�i�n�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�t�i�m�e�.� 

�E�x�p�r�e�s�s�i�n�g� �e�f�f�i�c�i�e�n�c�y� �i�n� �t�e�r�m�s� �o�f� �H� �(�e�q�n�.� �1�6�)�,� �a�n�d� �a�s�s�u�m�i�n�g� �t�h�a�t� �H�,�,� �t�h�e� 

�t�o�t�a�l� �h�e�i�g�h�t� �e�q�u�i�v�a�l�e�n�t� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�,� �i�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �s�o�l�u�t�e ��s� 

�n�e�t� �v�e�l�o�c�i�t�y� �(�f�o�r� �t�h�e� �p�u�r�p�o�s�e� �o�f� �i�l�l�u�s�t�r�a�t�i�o�n�)� �a�l�l�o�w�s� �f�o�r� �r�e�s�o�l�u�t�i�o�n� �a�t� 

�c�o�n�s�t�a�n�t� �s�e�l�e�c�t�i�v�i�t�y� �t�o� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�R�e� �=� �L�1�7�2� �f�(�k�'�)� �(�7�5�)



�1�0�0� 

�U�n�d�e�r� �t�h�e� �c�r�i�t�e�r�i�o�n� �t�h�a�t� �t�h�e� �s�a�m�e� �r�e�s�o�l�u�t�i�o�n� �i�s� �r�e�q�u�i�r�e�d� �a�t� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� 

�v�e�l�o�c�i�t�i�e�s� �o�f� �0�.�6� �a�n�d� �0�.�4�m�m� �s�-�!�,� �e�q�n�.� �7�5� �m�a�y� �b�e� �r�e�w�r�i�t�t�e�n� �a�s�:� 

�L�'�/�2�5� �6� �f�(�k�'� �o�g� �=� �L�'�/�2�5� �4� �f�(�K� �9� �4� �(�7�6�)� 

�w�h�e�r�e� �t�h�e� �s�u�b�s�c�r�i�p�t�s� �d�e�n�o�t�e� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�i�e�s�.� 

�E�q�n�.� �7�6� �m�a�y� �b�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �f�r�a�c�t�i�o�n�a�l� �l�e�n�g�t�h� �o�f� �c�a�p�i�l�l�a�r�y� 

�r�e�q�u�i�r�e�d� �t�o� �a�c�h�i�e�v�e� �t�h�e� �s�a�m�e� �r�e�s�o�l�u�t�i�o�n� �a�t� �a�n� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�y� �o�f� �0�.�4� 

�m�m� �s�-�!� �a�s� �a�t�t�a�i�n�a�b�l�e� �a�t� �0�.�6� �m�m� �s�-�!�.� �S�u�b�s�t�i�t�u�t�i�n�g� �t�h�e� �r�e�s�u�l�t� �i�n�t�o� �e�q�n�.� �7�2�,� �i�t� 

�C�a�n� �b�e� �s�e�e�n� �t�h�a�t� �a�s� �s�h�o�r�t�e�r� �c�a�p�i�l�l�a�r�i�e�s� �a�r�e� �e�m�p�l�o�y�e�d�,� �t�h�e� �a�n�a�l�y�s�i�s� �t�i�m�e� �i�s� 

�d�e�c�r�e�a�s�e�d�,� �d�e�s�p�i�t�e� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �s�o�l�u�t�e ��s� �n�e�t� �v�e�l�o�c�i�t�y�.� �A�s�s�u�m�i�n�g� �e�q�u�a�l� 

�v�a�l�u�e�s� �o�f� �H�a� �f�o�r� �e�a�c�h� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�y�,� �i�t� �i�s� �t�h�e�r�e�f�o�r�e� �p�o�s�s�i�b�l�e� �t�o� 

�a�c�h�i�e�v�e� �u�n�i�t� �r�e�s�o�l�u�t�i�o�n� �m�o�r�e� �r�a�p�i�d�l�y� �a�t� �a�n� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�y� �o�f� �0�.�4� 

�m�m� �s�7�!� �t�h�a�n� �a�t� �0�.�6� �m�m�s�-�!�.� �T�h�e� �s�p�e�c�i�f�i�c� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �a�n�a�l�y�s�i�s� �t�i�m�e� �i�s�,� �a�s� 

�s�h�o�w�n� �i�n� �F�i�g�.� �2�6�,� �p�r�e�d�i�c�t�e�d� �t�o� �b�e� �a�p�p�r�e�c�i�a�b�l�e�.� 

�H�o�w�e�v�e�r�,� �f�o�r� �t�h�e� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �a�n�a�l�y�s�i�s� �t�i�m�e�s� 

�p�r�e�d�i�c�t�e�d� �i�n� �F�i�g�.� �2�6� �t�o� �b�e� �v�a�l�i�d�,� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �H�,� �i�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� 

�v�e�l�o�c�i�t�y� �m�u�s�t� �b�e� �u�p�h�e�l�d�.� �A�s� �n�o�t�e�d� �b�y� �T�e�r�a�b�e� �e�t� �a�l�.� �1�0�1�)�,� �t�h�i�s� �a�s�s�u�m�p�t�i�o�n� �i�s� 

�n�o�t� �v�a�l�i�d�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �H�,� �i�s� �t�h�e� �p�r�o�d�u�c�t� �o�f� �t�h�e� �t�w�o� �p�r�i�m�a�r�y� �c�o�n�t�r�i�b�u�t�i�o�n�s�:� 

�d�i�f�f�u�s�i�o�n�,� �H�y�,� �a�n�d� �m�a�s�s� �t�r�a�n�s�f�e�r� �i�n� �t�h�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e�,� �H�y�,�,� �(�s�e�e� �s�e�c�t�i�o�n� 

�2�.�3�)�,� �H�y� �m�a�y� �b�e� �w�r�i�t�t�e�n� �a�s� �(�1�0�1�)�:� 

�H�a� �=� �H�y� �+� �H�e� �(�7�7�)
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�F�i�g�u�r�e� �2�6�.� 

�1�0�1� 

�0�.�8� �-� 

�0�.�6�5� �a�n� 

�0�.�4�  �� �o� 

�0�.�2� �o�O� � � � � �0�.�0� �r� �T� �r� �T� �r� �1� 

�F�r�a�c�t�i�o�n�a�l� �a�n�a�l�y�s�i�s� �t�i�m�e� �r�e�q�u�i�r�e�d� �t�o� �a�c�h�i�e�v�e� �u�n�i�t� �r�e�s�o�l�u�t�i�o�n� �a�t� 
�e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�i�e�s� �o�f� �0�.�4� �v�s�.� �0�.�6� �m�m� �s�-�!�.� �(�A�s�s�u�m�e�s� �H� �i�s� 
�i�n�d�e�p�e�n�d�e�n�t� �o�f� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�y� �a�n�d� �t�h�a�t� �v�,�)� �=� �-�0�.�5� 
�m�m� �s�-�!�)�.



�1�0�2� 

�E�x�p�r�e�s�s�i�o�n�s� �f�o�r� �H�p� �a�n�d� �H�,�,� �w�e�r�e� �g�i�v�e�n� �b�y� �e�q�n�s�.� �3�7�-�3�8�.� �C�o�m�b�i�n�e�d� �w�i�t�h� �e�q�n�s�.� 

�6�9�-�7�0�,� �e�q�n�s�.� �3�7�-�3�8� �m�a�y� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �t�e�r�m�s� �o�f� �V�,�)� �a�n�d� �V�¢�,� �a�s�:� 

�2� �(�D�m� �*� �k�K �� �D�y�e� �)� �|� 
�H�p� �=� �(�7�8�)� 

�1� �+� �(�(�V�.�5�+� �V�e�l� �)�/�V�e�o�l� �K �� �V�e�o� 

� � 

�a�n�d� 

�2�.� 
�H�m�e�=� �2� �(�1� �7� �(�V�e�t� �V�e�l� �)�/�V� �e�o�}� �k� �V� �a�0� �(�7�9�)� 

�(�1� �*� �k�K �� �(�V�e�o� �*� �V�e�r� �/�V�e�o�l� �(�1� �+�k�)�?� �k�y� �7� 
� � 

�I�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �t�h�e� �a�b�o�v�e�,� �f�o�r� �u�n�i�t� �r�e�s�o�l�u�t�i�o�n�,� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� 

�d�i�f�f�e�r�e�n�t� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�i�e�s� �i�s� �b�e�t�t�e�r� �w�r�i�t�t�e�n� �a�s�:� 

�(�L�/�H�a�)�o�.�6� �f�(�k ��,� �2�0�6� �=� �(�L�/�H�a�o�.�4� �f�(�k�'�9�)�2�9� �4� �(�8�0�)� 

�A�s�s�u�m�i�n�g� �t�h�a�t� �H�a�,� �i�n� �e�a�c�h� �c�a�s�e� �i�s� �d�i�f�f�u�s�i�o�n� �l�i�m�i�t�e�d� �(�d�e�s�c�r�i�b�e�d� �b�y� �e�q�n�.� �7�8�)�,� 

�t�h�e� �f�r�a�c�t�i�o�n�a�l� �l�e�n�g�t�h� �o�f� �c�a�p�i�l�l�a�r�y� �r�e�q�u�i�r�e�d� �t�o� �e�f�f�e�c�t� �t�h�e� �s�a�m�e� �r�e�s�o�l�u�t�i�o�n� �a�t� 

�a�n� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�y� �o�f� �0�.�4� �a�s� �a�t� �0�.�6� �m�m� �s�-�!� �m�a�y� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� 

�e�q�n�.� �8�0�.� �S�u�b�s�t�i�t�u�t�i�n�g� �t�h�e� �r�e�s�u�l�t�a�n�t� �v�a�l�u�e� �i�n�t�o� �e�q�n�.� �7�2�,� �p�r�o�v�i�d�e�s� �a� �c�o�m�p�a�r�i�s�o�n� 

�o�f� �t�h�e� �r�e�l�a�t�i�v�e� �a�n�a�l�y�s�i�s� �t�i�m�e� �a�t� �e�a�c�h� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�y�.� �I�n�t�e�r�e�s�t�i�n�g�l�y�,� 

�t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �r�e�l�a�t�i�v�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e�s� �i�s� �u�n�i�t�y� �f�o�r� �t�h�e� �e�n�t�i�r�e� �r�a�n�g�e� �o�f� 

�c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s� �s�t�u�d�i�e�d� �(�0�-�3�)�.� �T�h�u�s� �e�q�u�a�l� �r�e�s�o�l�u�t�i�o�n� �i�s� �a�c�h�i�e�v�e�d� �i�n� �e�q�u�a�l� 

�t�i�m�e� �a�t� �b�o�t�h� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�i�e�s�,� �d�e�s�p�i�t�e� �t�h�e� �d�i�s�p�a�r�i�t�y� �i�n� �t�h�e� �l�e�n�g�t�h� 

�o�f� �c�a�p�i�l�l�a�r�y� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �s�e�p�a�r�a�t�i�o�n�.� �F�o�r� �r�e�s�o�l�u�t�i�o�n� �t�o� �b�e� �i�m�p�r�o�v�e�d� �t�i�m�e� 

�e�f�f�e�c�t�i�v�e�l�y� �a�t� �t�h�e� �l�o�w�e�r� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�y�,� �H�,�,� �m�u�s�t� �t�h�e�r�e�f�o�r�e� �b�e� 

�m�o�r�e� �f�a�v�o�r�a�b�l�e�.



�1�0�3� 

�T�h�e� �r�a�t�i�o�s� �o�f� �H�,�,� �a�t� �e�a�c�h� �v�e�l�o�c�i�t�y� �(�F�i�g�.� �2�7�)� �a�c�t�u�a�l�l�y� �s�h�o�w� �m�a�s�s� �t�r�a�n�s�f�e�r� 

�t�o� �b�e� �p�o�o�r�e�r� �a�t� �t�h�e� �l�o�w�e�r� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�y�.� �T�h�e� �a�n�a�l�y�s�i�s� �t�i�m�e� 

�r�e�q�u�i�r�e�d� �t�o� �a�c�h�i�e�v�e� �u�n�i�t� �r�e�s�o�l�u�t�i�o�n� �i�s�,� �t�h�e�r�e�f�o�r�e�,� �l�e�s�s� �a�t� �t�h�e� �h�i�g�h�e�r� 

�e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�y� �(�i�n� �c�o�n�t�r�a�s�t� �t�o� �F�i�g�.� �2�6�)�.� �A�c�c�o�r�d�i�n�g�l�y�,� �r�e�s�o�l�u�t�i�o�n� �i�s� 

�i�m�p�r�o�v�e�d� �m�o�r�e� �t�i�m�e� �e�f�f�e�c�t�i�v�e�l�y�,� �b�y� �i�n�c�r�e�a�s�i�n�g� �c�a�p�i�l�l�a�r�y� �l�e�n�g�t�h�,� �t�h�a�n� �b�y� 

�d�e�c�r�e�a�s�i�n�g� �t�h�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�y�.� 

�H�o�w�e�v�e�r�,� �s�i�n�c�e� �t�h�e� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e� �i�s� �l�i�m�i�t�e�d� �t�o� �5�0� �k�V� �(�d�u�e� �t�o� �c�o�r�o�n�a� 

�d�i�s�c�h�a�r�g�e� �(�2�4�)�,� �i�t� �m�a�y� �n�o�t� �a�l�w�a�y�s� �b�e� �p�o�s�s�i�b�l�e� �t�o� �c�r�e�a�t�e� �a� �s�t�r�o�n�g� �e�n�o�u�g�h� 

�e�l�e�c�t�r�i�c� �f�i�e�l�d� �i�n� �l�o�n�g� �c�a�p�i�l�l�a�r�i�e�s�.� �T�h�e� �u�s�e� �o�f� �s�l�o�w�e�r� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�s� 

�m�a�y� �t�h�e�r�e�f�o�r�e� �p�r�o�v�e� �f�a�v�o�r�a�b�l�e� �w�h�e�n� �t�h�e� �s�e�l�e�c�t�i�v�i�t�y� �i�s� �p�o�o�r�,� �a�n�d� �a�d�e�q�u�a�t�e� 

�r�e�s�o�l�u�t�i�o�n� �m�u�s�t� �b�e� �o�b�t�a�i�n�e�d� �b�y� �c�o�o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �e�f�f�i�c�i�e�n�c�y� �a�n�d� �t�h�e� 

�C�a�p�a�c�i�t�y� �f�a�c�t�o�r� �d�e�p�e�n�d�e�n�t� �t�e�r�m�s�.� �W�h�e�n� �a�d�e�q�u�a�t�e� �s�e�l�e�c�t�i�v�i�t�y� �i�s� �p�o�s�s�i�b�l�e�,� �i�t� 

�s�h�o�u�l�d� �b�e� �p�o�s�s�i�b�l�e� �t�o� �d�e�v�e�l�o�p� �r�a�p�i�d� �s�e�p�a�r�a�t�i�o�n�s� �i�n� �s�h�o�r�t� �c�a�p�i�l�l�a�r�i�e�s�.� �T�h�e� 

�c�h�o�i�c�e� �o�f� �a�n� �s�u�i�t�a�b�l�e� �m�i�c�e�l�l�a�r� �p�n�a�s�e�,� �t�h�e�r�e�f�o�r�e�,� �a�p�p�e�a�r�s� �t�o� �b�e� �t�h�e� �c�r�i�t�i�c�a�l� 

�S�t�e�p� �i�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �M�E�K�C� �a�n�a�l�y�s�e�s�.� 

�4�.�4� �A�p�p�l�i�c�a�t�i�o�n�s� 

�D�u�e� �t�o� �t�h�e� �i�n�h�e�r�e�n�t� �c�h�a�r�g�e�/�h�y�d�r�o�d�y�n�a�m�i�c� �r�a�d�i�u�s� �s�e�l�e�c�t�i�v�i�t�y� �a�n�d� �h�i�g�h� 

�e�f�f�i�c�i�e�n�c�y� �o�f� �C�Z�E�,� �m�a�n�y� �s�e�p�a�r�a�t�i�o�n�s� �r�e�q�u�i�r�e� �n�o� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �o�p�e�r�a�t�i�n�g� 

�c�o�n�d�i�t�i�o�n�s� �b�e�y�o�n�d� �t�h�o�s�e� �p�r�e�s�c�r�i�b�e�d� �a�s� �g�e�n�e�r�a�l�l�y� �s�u�i�t�a�b�l�e� �i�n� �t�h�e� �p�r�e�c�e�d�i�n�g� 

�s�e�c�t�i�o�n�s�:� �a� �5�0�-�1�0�0� �p�m� �x� �5�0�-�1�0�0� �c�m� �f�u�s�e�d� �s�i�l�i�c�a� �c�a�p�i�l�l�a�r�y�;� �a� �0�.�0�1�-�0�.�0�5�M� 

�p�h�o�s�p�h�a�t�e� �b�u�f�f�e�r�;� �a�n� �o�p�e�r�a�t�i�n�g� �v�o�l�t�a�g�e� �o�f� �1�5� �-�3�0� �K�V�;� �a�n�d� �a� �l�i�m�i�t�e�d� �s�a�m�p�l�e� 

�s�i�z�e� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�s� �d�i�c�t�a�t�e�d� �b�y� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �r�e�q�u�i�r�e�m�e�n�t� �o�f� �t�h�e� 

�S�e�p�a�r�a�t�i�o�n�.� �F�o�r� �i�l�l�u�s�t�r�a�t�i�o�n�,� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �s�o�d�i�u�m� �c�u�m�e�n�e�s�u�l�f�o�n�a�t�e� �a�n�d
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�F�i�g�u�r�e� �2�7�.� �R�e�l�a�t�i�v�e� �H�,�,� �v�a�l�u�e�s� �a�t� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �v�e�l�o�c�i�t�i�e�s� �o�f� �0�.�4�v�s�.� �0�.�6� 
�m�m� �s�-�!�.� �(�A�s�s�u�m�e�s� �v�,�)� �=� �-�0�.�5� �m�m� �s�-�!�)�.



�1�0�5� 

�s�o�d�i�u�m� �t�o�l�u�e�n�e�s�u�l�f�o�n�a�t�e�,� �w�h�i�c�h� �a�r�e� �u�s�e�d� �c�o�m�m�e�r�c�i�a�l�l�y� �a�s� �d�e�t�e�r�g�e�n�t� 

�h�y�d�r�o�t�o�p�e�s�,� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�8�.� 

�4�.�4�.�1�.� �S�e�p�a�r�a�t�i�o�n�s� �o�f� �B�i�p�y�r�i�d�i�n�i�u�m� �S�a�l�t�s� 

�T�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �d�i�s�u�b�s�t�i�t�u�t�e�d� �b�i�p�y�r�i�d�i�n�i�u�m� �s�a�l�t�s� �(�F�i�g�.� �2�9� �i�,� �i�i�i� �a�n�d� �v�)� 

�f�r�o�m� �t�h�e�i�r� �m�o�n�o�s�u�b�s�t�i�t�u�t�e�d� �i�m�p�u�r�i�t�i�e�s� �(�F�i�g�.� �2�9� �i�i�,� �i�v� �a�n�d� �v�i�)� �w�a�s� �n�o�t� �a�s� 

�S�t�r�a�i�g�h�t�f�o�r�w�a�r�d�.� �T�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �a� �s�y�n�t�h�e�t�i�c� �m�i�x�t�u�r�e� �o�f� �1�,�1�'�-�b�i�s�(�2�-� 

�h�y�d�r�o�x�y�e�t�h�y�l�)�-�4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� �d�i�b�r�o�m�i�d�e� �a�n�d� �1�-�(�2�-�h�y�d�r�o�x�y�e�t�h�y�l�)�-�4�,�4�'�-� 

�b�i�p�y�r�i�d�i�n�i�u�m� �b�r�o�m�i�d�e� �(�s�t�r�u�c�t�u�r�e�s� �i� �a�n�d� �i�i�)�,� �o�b�t�a�i�n�e�d� �i�n� �0�.�0�1�M� �N�a� �H�P�O�,�,� �p�H� 

�7�.�0�0�,� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�0�.� �T�h�e� �s�e�p�a�r�a�t�i�o�n� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �s�e�v�e�r�e� �p�e�a�k� 

�t�a�i�l�i�n�g�,� �w�h�i�c�h� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �s�o�l�u�t�e� �a�d�s�o�r�p�t�i�o�n� �o�n� �t�h�e� �w�a�l�l� �o�f� �t�h�e� �f�u�s�e�d� 

�S�i�l�i�c�a� �c�a�p�i�l�l�a�r�y�.� 

�T�o� �m�i�n�i�m�i�z�e� �s�o�l�u�t�e� �a�d�s�o�r�p�t�i�o�n�,� �t�h�e� �a�n�a�l�y�s�i�s� �w�a�s� �r�e�p�e�a�t�e�d� �i�n�a�0�.�0�1�M� 

�N�a� �g�H�P�O�,�,� �p�H� �3�.�0�0�,� �b�u�f�f�e�r� �m�o�d�i�f�i�e�d� �w�i�t�h� �5�.�0� �m�M� �t�e�t�r�a�m�e�t�h�y�l�a�m�m�o�n�i�u�m� 

�c�h�l�o�r�i�d�e� �(�T�M�A�C�)�.� �A�s� �d�o�c�u�m�e�n�t�e�d� �i�n� �s�e�c�t�i�o�n� �4�.�2�.�2�.�,� �d�e�c�r�e�a�s�i�n�g� �b�u�f�f�e�r� �p�H� 

�r�e�d�u�c�e�s� �t�h�e� �c�a�p�i�l�l�a�r�y� �s�u�r�f�a�c�e� �c�h�a�r�g�e� �a�n�d� �t�h�e�r�e�f�o�r�e� �d�e�c�r�e�a�s�e�s� 

�s�o�l�u�t�e�/�c�a�p�i�l�l�a�r�y� �i�n�t�e�r�a�c�t�i�o�n�.� �Q�u�a�t�e�r�n�a�r�y� �a�m�m�o�n�i�u�m� �s�a�l�t�s� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� 

�t�o� �a�d�s�o�r�b� �s�t�r�o�n�g�l�y� �t�o� �i�o�n�i�z�e�d� �s�i�l�a�n�o�l� �g�r�o�u�p�s�,� �a�n�d� �s�h�o�u�l�d� �r�e�d�u�c�e� �t�h�e� �n�u�m�b�e�r� �o�f� 

�s�u�r�f�a�c�e� �s�i�t�e�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �s�o�l�u�t�e� �a�d�s�o�r�p�t�i�o�n�.� �T�h�e� �e�l�e�c�t�r�o�p�h�e�r�o�g�r�a�m� 

�o�b�t�a�i�n�e�d� �i�n� �t�h�e� �m�o�d�i�f�i�e�d� �p�H� �3�.�0�0� �b�u�f�f�e�r� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�1�.� 

�O�n� �t�h�e� �b�a�s�i�s� �o�f� �f�i�v�e� �r�e�p�l�i�c�a�t�e� �d�e�t�e�r�m�i�n�a�t�i�o�n�s�,� �t�h�e� �r�a�t�i�o� �o�f� �d�i�s�u�b�s�t�i�t�u�t�e�d� 

�t�o� �m�o�n�o�s�u�b�s�t�i�t�u�t�e�d� �s�a�l�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �1�6�.�6� �:�1� �+�/�-�1�.�6�2�%� �R�S�D�.� 

�A�n�a�l�y�s�e�s� �o�f� �t�h�e� �s�a�m�e� �s�a�m�p�l�e�,� �p�e�r�f�o�r�m�e�d� �u�n�d�e�r� �t�h�e� �s�a�m�e� �c�o�n�d�i�t�i�o�n�s� �i�n� �a� 

�d�i�f�f�e�r�e�n�t� �c�a�p�i�l�l�a�r�y� �y�i�e�l�d�e�d� �a� �p�e�a�k� �r�a�t�i�o� �o�f� �1�7�.�5� �:�1� �+�/�-� �0�.�9�8�%� �R�S�D� �(�n� �=� �4�)�,



�1�0�6� 

� � 

� � 

� � 

�2� 

�1� 

�r� �T� �T� �T� �T� 
�O� �3� �1�0� �1�5� �2�0� 

�t�i�m�e� �(�m�i�n�u�t�e�s�)� 

�F�i�g�u�r�e� �2�8�.� �S�e�p�a�r�a�t�i�o�n� �o�f� �s�o�d�i�u�m� �c�u�m�e�n�e�s�u�l�f�o�n�a�t�e� �a�n�d� �s�o�d�i�u�m� �t�o�l�u�e�n�e�-� 
�s�u�l�f�o�n�a�t�e�.� �C�o�n�d�i�t�i�o�n�s�:� �1�0�0� �p�m� �x� �1�0�0� �c�m� �c�a�p�i�l�l�a�r�y� �(�L� �=� �8�0�c�m�)�;� 
�0�.�0�1� �M� �N�a�g�H�P�O�,�g�,� �p�H� �7�.�0�0�,� �b�u�f�f�e�r�;� �+� �2�0� �k�V� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e�.� �3� �k�V�/� 
�7�s� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� �i�n�j�e�c�t�i�o�n�;� �d�e�t�e�c�t�i�o�n� �w�a�v�e�l�e�n�g�t�h� �=� �2�3�0� �n�m�.� 
�O�r�d�e�r� �o�f� �e�l�u�t�i�o�n�:� �1�.� �s�o�d�i�u�m� �c�u�m�e�n�e�s�u�l�f�o�n�a�t�e� �2�.� �s�o�d�i�u�m� �t�o�l�u�e�n�e�-� 
�s�u�l�f�o�n�a�t�e�.



�v�i� 

�F�i�g�u�r�e� �2�9�.� 

�1�0�7� 

�j� �=�=� 
�H�O�C�H�,�C�H�; ��  ��n�N� �\� �\� �7�p�  ��C�t�a�C�H�.�O�H� �2�B�r� 

�H�O�C�H�,�C�H�; �� �a� �\� �\� �p� �B�r� 

�j�  � �� 
�H�O�O�C�C�H�;�C�H�;� �&� �\ ��(� �p�e�  ��c�r�s�e�n�c�o�o�n� �2�B�r� 

�H�O�O�C�C�H�,�C�H�; �� �w�h� �\� �\� �p� �B�r� 

�H�O�(�C�H�)�2�)�,�;� �7�7� �a�f� �\� �\� �p� �B�r� 

� � 

�S�t�r�u�c�t�u�r�e�s� �o�f� �b�i�p�y�r�i�d�i�n�i�u�m� �s�a�l�t�s� �s�e�p�a�r�a�t�e�d� �i�n� �F�i�g�s�.� �3�0�-�3�3�.



�1�0�8� 

�é� �2� �4� �6� �8� �1�0� 
�t�i�m�e� �(�m�i�n�u�t�e�s�)� 

�F�i�g�u�r�e� �3�0�.� �S�e�p�a�r�a�t�i�o�n� �o�f� �1�,�1�'�-�b�i�s�(�2�-�h�y�d�r�o�x�y�e�t�h�y�|�)�-�4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� 
�d�i�b�r�o�m�i�d�e� �a�n�d� �1�-�(�2�-�h�y�d�r�o�x�y�e�t�h�y�l�)�-�4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� �b�r�o�m�i�d�e� 
�(�s�t�r�u�c�t�u�r�e�s� �i� �a�n�d� �1�1� �i�n� �F�i�g� �2�9�)�.� �C�o�n�d�i�t�i�o�n�s�:� �1�0�0� �p�m� �x� �7�1� �c�m� 
�C�a�p�i�l�l�a�r�y� �(�L� �=� �4�8� �c�m�)�;� �0�.�0�1� �M� �N�a�g�H�P�O�y�,� �p�H� �7�.�0�0�,� �b�u�f�f�e�r�;� �+� �2�0� �k�V� 
�a�p�p�l�i�e�d� �v�o�l�t�a�g�e�;� �i�n�j�e�c�t�i�o�n� �b�y� �s�i�p�h�o�n�i�n�g� �a�t� �3�.�8� �c�m�/�7� �s�;� �d�e�t�e�c�t�i�o�n� 
�w�a�v�e�l�e�n�g�t�h� �=� �2�5�4� �n�m�.



�1�0�9� 

� � 

�O� �2� �4� �6� �S� 
�t�i�m�e� �(�m�i�n�u�t�e�s�)� 

�F�i�g�u�r�e� �3�1�.� �S�e�p�a�r�a�t�i�o�n� �o�f� �1�,� �1�'�-�b�i�s�(�2�-�h�y�d�r�o�x�y�e�t�h�y�l�)�-�4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� 
�d�i�b�r�o�m�i�d�e� �a�n�d� �1�-�(�2�-�h�y�d�r�o�x�y�e�t�h�y�1�)�-�4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� �b�r�o�m�i�d�e� 
�(�s�t�r�u�c�t�u�r�e�s� �i� �a�n�d� �l�i� �i�n� �F�i�g� �2�9�)� �i�n� �a� �m�o�d�i�f�i�e�d� �b�u�f�f�e�r�.� �C�o�n�d�i�t�i�o�n�s�:� 
�1�0�0� �p�m� �x� �7�5� �c�m� �c�a�p�i�l�l�a�r�y� �(�L� �=� �5�0�c�m�)�;� �0�.�0�1� �M� �N�a�j�H�P�0�,�4�/�0�.�0�0�5� �M� 
�T�M�A�C�,� �p�H� �3�.�0�0�,� �b�u�f�f�e�r�;� �+� �2�0� �k�V� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e�;� �i�n�j�e�c�t�i�o�n� �b�y� 
�S�i�p�h�o�n�i�n�g� �a�t� �3�.�8� �c�m�/�7�s�;� �d�e�t�e�c�t�i�o�n� �w�a�v�e�l�e�n�g�t�h� �=� �2�5�4� �n�m�.



�1�1�0� 

�i�n�d�i�c�a�t�i�n�g� �f�a�i�r�l�y� �g�o�o�d� �c�a�p�i�l�l�a�r�y� �t�o� �c�a�p�i�l�l�a�r�y� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y�.� �T�h�e� 

�q�u�a�n�t�i�t�a�t�i�v�e� �d�a�t�a� �a�r�e� �i�n� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �b�y� �N�M�R� �(�1�1�8�)�,� 

�a�n�d� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �m�e�t�h�o�d� �m�a�y� �b�e� �u�s�e�d� �f�o�r� �t�h�e� �r�a�p�i�d� �e�v�a�l�u�a�t�i�o�n� �o�f� 

�m�o�n�o�m�e�r� �p�u�r�i�t�y�.� �O�b�t�a�i�n�i�n�g� �p�u�r�e� �d�i�s�u�b�s�t�i�t�u�t�e�d� �4�,�4�-�b�i�p�y�r�i�d�i�n�i�u�m� �d�i�b�r�o�m�i�d�e�s� 

�i�s� �a� �p�r�e�r�e�q�u�i�s�i�t�e� �f�o�r� �e�f�f�i�c�i�e�n�t� �s�t�e�p� �g�r�o�w�t�h� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �I�t� �i�s�,� �t�h�e�r�e�f�o�r�e�,� 

�d�e�s�i�r�a�b�l�e� �t�o� �b�e� �a�b�l�e� �t�o� �m�o�n�i�t�o�r� �m�o�n�o�m�e�r� �p�u�r�i�t�y� �p�r�i�o�r� �t�o� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� 

�A�n�a�l�y�s�e�s� �p�e�r�f�o�r�m�e�d� �f�o�l�l�o�w�i�n�g� �r�e�c�r�y�s�t�a�l�i�z�a�t�i�o�n� �i�n� �a�c�e�t�o�n�i�t�r�i�l�e�/�e�t�h�a�n�o�l� 

�r�e�s�u�l�t�e�d� �i�n� �a� �p�e�a�k� �r�a�t�i�o� �o�f� �3�4�:�1� �+�/�-� �8�.�3�%� �R�S�D� �(�n� �=� �4�)�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �s�u�c�h� 

�p�u�r�i�f�i�c�a�t�i�o�n� �w�a�s� �o�f� �l�i�m�i�t�e�d� �e�f�f�i�c�a�c�y�.� 

�T�h�e� �s�a�m�e� �b�u�f�f�e�r�i�n�g� �s�y�s�t�e�m� �w�a�s� �a�d�d�i�t�i�o�n�a�l�l�y� �a�p�p�l�i�e�d� �t�o� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� 

�|�,� �1�'�-�b�i�s�(�2�-�c�a�r�b�o�x�y�e�t�h�y�1�)�-�4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� �d�i�b�r�o�m�i�d�e�/� �1�-�(�2�-�c�a�r�b�o�x�y�e�t�h�y�1�)�-� 

�4�-�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� �b�r�o�m�i�d�e� �(�c�o�m�p�o�u�n�d�s� �i�i�i� �a�n�d� �i�v�)�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�2�.� �O�n� 

�t�h�e� �b�a�s�i�s� �o�f� �t�w�o� �s�e�t�s� �o�f� �f�i�v�e� �r�e�p�l�i�c�a�t�e� �d�e�t�e�r�m�i�n�a�t�i�o�n�s�,� �p�e�r�f�o�r�m�e�d� �i�n� 

�d�i�f�f�e�r�e�n�t� �c�a�p�i�l�l�a�r�i�e�s�,� �t�h�e� �r�a�t�i�o� �o�f� �d�i�s�u�b�s�t�i�t�u�t�e�d� �t�o� �m�o�n�o�s�u�b�s�t�i�t�u�t�e�d� �s�a�l�t� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �2�.�0�4� �+�/�-�1�.�5�3�%� �R�S�D� �a�n�d� �1�.�8�9� �+�/�-� �1�.�9�1�%� �R�S�D�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�o�r� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �1�,�1�'�-�b�i�s�(�1�1�-�h�y�d�r�o�x�y�u�n�d�e�c�y�]�)�-�4�,�4 ��-�b�i�p�y�r�i�d�i�n�i�u�m� 

�d�i�b�r�o�m�i�d�e�/�1�-�(�1� �1�-�h�y�d�r�o�x�y�u�n�d�e�c�y�1�!�)� �4�,�4� �-�b�i�p�y�d�i�n�i�u�m� �b�r�o�m�i�d�e� �(�c�o�m�p�o�u�n�d�s� �v� �a�n�d� 

�v�i�)�,� �t�h�e� �s�a�m�p�l�e� �w�a�s� �i�n�s�o�l�u�b�l�e� �i�n� �t�h�e� �a�q�u�e�o�u�s� �b�u�f�f�e�r�,� �a�n�d� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� 

�m�o�d�i�f�y� �t�h�e� �b�u�f�f�e�r� �w�i�t�h� �m�e�t�h�a�n�o�l�.� �T�h�e� �e�l�e�c�t�r�o�p�h�e�r�o�g�r�a�m� �o�b�t�a�i�n�e�d� �i�n� �5�0�/�5�0� 

�(�v�/�v�)� �0�.�0�1� �M� �N�a�g�H�P�O�,�,� �5�.�0� �m�M� �(�T�M�A�C�)�,� �p�H� �3�.�0�0�/� �m�e�t�h�a�n�o�l� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�3�.� 

�T�h�e� �u�s�e� �o�f� �m�e�t�h�a�n�o�l� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �C�Z�E� �i�s� �n�o�t� �l�i�m�i�t�e�d� �t�o� �s�t�r�i�c�t�l�y� �a�q�u�e�o�u�s� 

�b�u�f�f�e�r�s� �(�4�0�.�7�7�)�.� �T�h�i�s� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �a�t�t�r�i�b�u�t�e�,� �s�i�n�c�e� �i�t� �e�f�f�e�c�t�i�v�e�l�y� �e�x�t�e�n�d�s� 

�t�h�e� �a�p�p�l�i�c�a�b�i�l�i�t�y� �o�f� �C�Z�E� �t�o� �m�o�r�e� �h�y�d�r�o�p�h�o�b�i�c� �s�a�m�p�l�e�s�.



�1�1�1� 

� � 

�0� �2� �4� �6� �S� 
�t�i�m�e� �(�m�i�n�u�t�e�s�)� 

�F�i�g�u�r�e� �3�2�.� �S�e�p�a�r�a�t�i�o�n� �o�f� �1�,�1�'�-�b�i�s�(�2�-�c�a�r�b�o�x�y�e�t�h�y�!�)�-�4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� 
�d�i�b�r�o�m�i�d�e� �a�n�d� �1�-�(�2�-�c�a�r�b�o�x�y�e�t�h�y�l�)�-�4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� �b�r�o�m�i�d�e� 
�(�s�t�r�u�c�t�u�r�e�s� �1�1�1� �a�n�d� �i�v� �i�n� �F�i�g� �2�9�)�.� �C�o�n�d�i�t�i�o�n�s� �a�r�e� �a�s� �i�n� �F�i�g�.� �3�1�.



�1�1�2� 

�v�i� � � �D�e�t�t�e� �D�e�r� �A�D� �a�r�t�t�a�c�t�h� �h�a�a� �M�p�c� �A�L� �a�n�g�e�l�i�n�a� �A�e� �o�O�O�A� �O�A� �S�C�D� 

� � �T� 
�0� �5� �1�0� �1�5� �2�0� �2�5� 

�t�i�m�e� �(�m�i�n�u�t�e�s�)� 

�F�i�g�u�r�e� �3�3�.� �S�e�p�a�r�a�t�i�o�n� �o�f� �1�,�1�'�-�b�i�s�(�1�1�-�h�y�d�r�o�x�y�u�n�d�e�c�y�l�)�-�4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� 
�d�i�b�r�o�m�i�d�e� �a�n�d� �1�-�(�1� �1�-�h�y�d�r�o�x�y�u�n�d�e�c�y�1�)�-�4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� �b�r�o�m�i�d�e� 
�(�s�t�r�u�c�t�u�r�e�s� �v� �a�n�d� �v�i� �i�n� �F�i�g� �2�9�)�.� �C�o�n�d�i�t�i�o�n�s� �a�r�e� �a�s� �i�n� �F�i�g�.� �3�1�,� 
�e�x�c�e�p�t� �t�h�a�t� �t�h�e� �b�u�f�f�e�r� �w�a�s� �5�0�/�5�0� �(�v�/�v�)� �m�e�t�h�a�n�o�l�/�0�.�0�1� �M� 
�N�a� �g�H�P�O�,�,� �0�.�0�0�5� �M� �T�M�A�C�,� �p�H� �3�.�0�0�.



�1�1�3� 

�4�.�4�.�2�.� �S�e�p�a�r�a�t�i�o�n�s� �o�f� �P�h�a�r�m�a�c�e�u�t�i�c�a�l�s�.� 

�C�Z�E� �w�a�s� �a�l�s�o� �u�s�e�d� �f�o�r� �t�h�e� �a�n�a�l�y�s�e�s� �o�f� �s�t�r�u�c�t�u�r�a�l�l�y� �s�i�m�i�l�a�r� 

�p�h�a�r�m�a�c�e�u�t�i�c�a�l�s�.� �T�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �Z�i�d�o�v�u�d�i�n�e� �a�n�d� �T�r�i�f�l�u�r�i�d�i�n�e� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�.� �3�4�.� �I�n� �t�h�e� �p�H� �7�.�0�0� �b�u�f�f�e�r�,� �T�r�i�f�l�u�r�i�d�i�n�e� �(�p�K�a� �=� �7�.�8�5�)� �i�s� �p�a�r�t�i�a�l�l�y� �i�o�n�i�z�e�d� 

�a�n�d� �t�h�e�r�e�f�o�r�e� �m�i�g�r�a�t�e�s� �a�t� �a� �s�l�o�w�e�r� �n�e�t� �v�e�l�o�c�i�t�y� �t�h�a�n� �Z�i�d�o�v�u�d�i�n�e� �(�p�K�a� �=� �9�.�6�8�)�.� 

�M�E�K�C� �w�a�s� �u�s�e�d� �f�o�r� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �A�l�l�o�p�u�r�i�n�o�l�,� �T�h�i�o�g�u�a�n�i�n�e�,� �A�c�y�c�l�o�v�i�r� 

�a�n�d� �M�e�r�c�a�p�t�o�p�u�r�i�n�e�.� �A�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �V�I�I�I�,� �t�h�e�s�e� �a�r�e� �c�h�e�m�i�c�a�l�l�y� �s�i�m�i�l�a�r� 

�p�h�a�r�m�a�c�e�u�t�i�c�a�l�s� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �p�k�a�s�.� �S�e�p�a�r�a�t�i�o�n� �(�F�i�g�.� �3�5�)� �i�s� �b�a�s�e�d� �o�n� �b�o�t�h� 

�v�a�r�i�a�b�i�l�i�t�y� �i�n� �t�h�e� �c�h�a�r�g�e� �t�o� �s�i�z�e� �r�a�t�i�o� �o�f� �e�a�c�h� �s�p�e�c�i�e�s� �a�n�d� �o�n� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

�t�h�e� �p�a�r�t�i�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �e�a�c�h� �s�p�e�c�i�e�s� �b�e�t�w�e�e�n� �m�i�c�e�l�l�a�r� �S�D�S� �a�n�d� �t�h�e� 

�a�q�u�e�o�u�s� �p�h�a�s�e�.



�1�1�4� 

� � 
� � 

�O� �2� �4� �6� �S� 
�t�i�m�e� �(�m�i�n�u�t�e�s�)� 

�F�i�g�u�r�e� �3�4�.� �S�e�p�a�r�a�t�i�o�n� �o�f� �Z�i�d�o�v�u�d�i�n�e� �a�n�d� �T�r�i�f�l�u�r�i�d�i�n�e�.� �C�o�n�d�i�t�i�o�n�s�:� �1�0�0� �p�m� �x� 
�7�0� �c�m� �c�a�p�i�l�l�a�r�y� �(�L� �=� �5�0� �c�m�)�;� �0�.�0�1� �M� �N�a� �H�P�O�,�,� �p�H� �7�.�0�0�,� �b�u�f�f�e�r�;� 
�+� �2�0� �K�V� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e�;� �i�n�j�e�c�t�i�o�n� �b�y� �s�i�p�h�o�n�i�n�g� �a�t� �3�.�8� �c�m�/�7� �s�;� 
�d�e�t�e�c�t�i�o�n� �w�a�v�e�l�e�n�g�t�h� �=� �2�5�4� �n�m�.� �O�r�d�e�r� �o�f� �e�l�u�t�i�o�n�:� �1�.� �Z�i�d�o�v�u�d�i�n�e� 
�2�.� �T�r�i�f�l�u�r�i�d�i�n�e�.



�1�1�5� 

� � 

�T�a�b�l�e� �V�I�I�I�.� �S�t�r�u�c�t�u�r�e�s� �a�n�d� �p�K�a�s� �o�f� �p�h�a�r�m�a�c�e�u�t�i�c�a�l�s� �s�e�p�a�r�a�t�e�d� �i�n� �F�i�g�.� �3�5�.� 

� � 

�C�o�m�p�o�u�n�d� �S�t�r�u�c�t�u�r�e� �p�K�a�(�s�)� 

� � 

�A�l�l�o�p�u�r�i�n�o�l� �1�0�.�2� 

�S� �H� 

�\� 
�T�h�i�o�g�u�a�n�i�n�e� �s�e� �|� �T�l� �8�.�0� 

�~�N� �N� 
�H�2�N� �N� 

�O� 

�H�N� �N� �A�c�y�c�l�o�v�i�r� �J�e� �|� �S� �2�.�2�7� �a�n�d� �9�.�2�5� 
�N� 

�H�2�N� �~�F� 

�C�H�2�O�C�H�2�C�H�2�0�H� 

�s� �H� 

�M�e�r�c�a�p�t�o�p�u�r�i�n�e� �\� �7�8� 
�H�N� �|� �7� �e� �H�2�O� �L� �N� 

�N



�1�1�6� 

� � � � �P�a� �p�a�n� �A�N� 

�0� �2� �4� �6� �S� 
�t�i�m�e� �(�m�i�n�u�t�e�s�)� 

�F�i�g�u�r�e� �3�5�.� �M�E�K�C� �s�e�p�a�r�a�t�i�o�n� �o�f� �A�l�l�o�p�u�r�i�n�o�l�,� �T�h�i�o�g�u�a�n�i�n�e�,� �A�c�y�c�l�o�v�i�r� �a�n�d� 
�M�e�r�c�a�p�t�o�p�u�r�i�n�e�.� �C�o�n�d�i�t�i�o�n�s�:� �1�0�0� �p�m� �x� �7�0� �c�m� �c�a�p�i�l�l�a�r�y� �(�L� �=� �5�0� 
�c�m�)�;� �0�.�0�7�5� �M� �S�D�S�/�0�.�0�1� �M� �N�a�g�H�P�O�,�,� �p�H� �7�.�0�0�,� �b�u�f�f�e�r�;� �+� �2�0� �k�V� 
�a�p�p�l�i�e�d� �v�o�l�t�a�g�e�;� �i�n�j�e�c�t�i�o�n� �b�y� �s�i�p�h�o�n�i�n�g� �a�t� �3�.�8� �c�m�/�7� �s�;� �d�e�t�e�c�t�i�o�n� 
�w�a�v�e�l�e�n�g�t�h� �=� �2�2�0� �n�m�.� �O�r�d�e�r� �o�f� �e�l�u�t�i�o�n�:� �1�.� �A�l�l�o�p�u�r�i�n�o�l� 
�2�.� �T�h�i�o�g�u�a�n�i�n�e� �3�.� �A�c�y�c�l�o�v�i�r� �4�.� �M�e�r�c�a�p�t�o�p�u�r�i�n�e�.



�C�H�A�P�T�E�R� �V� 

�C�O�N�C�L�U�S�I�O�N�S� 

�s�e�p�a�r�a�t�i�o�n�s� �b�a�s�e�d� �o�n� �t�h�e� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� �p�h�e�n�o�m�e�n�a� �o�f� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� 

�a�n�d� �e�l�e�c�t�r�o�o�s�m�o�s�i�s� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �p�r�o�v�i�d�e� �e�x�c�e�l�l�e�n�t� �s�e�p�a�r�a�t�i�o�n� 

�e�f�f�i�c�i�e�n�c�i�e�s�.� �F�o�r� �s�m�a�l�l� �s�o�l�u�t�e�s� �s�u�c�h� �a�s� �p�h�e�n�o�l� �a�n�d� �c�a�f�f�e�i�n�e�,� �a�n�a�l�y�z�e�d� �b�y� 

�C�Z�E�,� �e�f�f�i�c�i�e�n�c�i�e�s� �i�n� �e�x�c�e�s�s� �o�f� �2�5�0�,�0�0�0� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �i�n� 

�a�n�a�l�y�s�i�s� �t�i�m�e�s� �o�f� �l�e�s�s� �t�h�a�n� �S� �m�i�n�u�t�e�s�.� �T�h�e� �h�i�g�h� �e�f�f�i�c�i�e�n�c�i�e�s� �a�r�e� �a�t�t�r�i�b�u�t�e�d� 

�t�o� �t�h�e� �t�r�a�n�s�p�o�r�t� �p�r�o�p�e�r�t�i�e�s� �o�f� �e�l�e�c�t�r�o�o�s�m�o�s�i�s� �a�n�d� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s�.� �I�n� 

�c�o�n�t�r�a�s�t� �t�o� �p�u�m�p�e�d� �f�l�o�w�,� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� �p�r�o�c�e�s�s�s�e�s� �p�r�o�v�i�d�e� �a� �f�l�a�t� �f�l�o�w� 

�p�r�o�f�i�l�e�,� �a�n�d� �t�h�e�r�e�b�y� �m�i�n�i�m�i�z�e� �b�a�n�d� �b�r�o�a�d�e�n�i�n�g� �s�t�e�m�m�i�n�g� �f�r�o�m� �m�a�s�s� 

�t�r�a�n�s�f�e�r�,� 

�T�o� �o�b�t�a�i�n� �h�i�g�h� �e�f�f�i�c�i�e�n�c�i�e�s� �a�d�d�i�t�i�o�n�a�l� �s�o�u�r�c�e�s� �o�f� �v�a�r�i�a�n�c�e� �m�u�s�t�,� �h�o�w�e�v�e�r�,� 

�b�e� �m�i�n�i�m�i�z�e�d�.� �I�n� �p�r�a�c�t�i�c�e� �t�h�i�s� �d�i�c�t�a�t�e�s� �m�i�n�i�m�i�z�i�n�g� �t�h�e� �d�i�a�m�e�t�e�r� �o�f� �t�h�e� 

�C�a�p�l�l�l�a�r�y� �e�m�p�l�o�y�e�d� �f�o�r� �t�h�e� �s�e�p�a�r�a�t�i�o�n�,� �a�n�d� �l�i�m�i�t�i�n�g� �b�o�t�h� �t�h�e� �s�a�m�p�l�e� �s�i�z�e� 

�a�n�d� �s�a�m�p�l�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �T�h�e�s�e� �l�a�t�t�e�r� �c�r�i�t�e�r�i�a� �l�i�m�i�t� �d�e�t�e�c�t�a�b�i�l�i�t�y� �o�f� �m�a�n�y� 

�s�p�e�c�i�e�s�.� �I�t� �i�s� �t�h�e�r�e�f�o�r�e� �i�m�p�o�r�t�a�n�t� �i�n� �m�a�n�y� �a�p�p�l�i�c�a�t�i�o�n�s� �t�o� �e�i�t�h�e�r� �c�o�o�p�t�i�m�i�z�e� 

�e�f�f�i�c�i�e�n�c�y� �a�n�d� �d�e�t�e�c�t�a�b�i�l�i�t�y� �o�r� �t�o� �r�e�d�u�c�e� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �r�e�q�u�i�r�e�m�e�n�t� �o�f� �a� 

�S�e�p�a�r�a�t�i�o�n� �b�y� �i�n�c�r�e�a�s�i�n�g� �r�e�s�o�l�u�t�i�o�n� �t�h�r�o�u�g�h� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e�.� 

�T�h�e� �u�s�e� �o�f� �f�o�r�c�e�d� �a�i�r� �c�o�n�v�e�c�t�i�o�n�,� �t�o� �d�i�s�s�i�p�a�t�e� �t�h�e� �J�o�u�l�e� �h�e�a�t� �g�e�n�e�r�a�t�e�d� �i�n� 

�l�a�r�g�e�r� �c�a�p�i�l�l�a�r�i�e�s�,� �n�a�s� �b�e�e�n� �s�h�o�w�n� �h�e�r�e� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �l�o�s�s�e�s� �I�n� �e�f�f�i�c�i�e�n�c�y� 

�i�n�c�u�r�r�e�d� �a�s� �l�a�r�g�e�r� �c�a�p�i�l�l�a�r�i�e�s� �a�r�e� �e�m�p�l�o�y�e�d�,� �a�n�d� �m�a�y� �b�e� �u�s�e�d� �t�o� �e�f�f�e�c�t� �a� 

�m�o�r�e� �f�a�v�o�r�a�b�l�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �e�f�f�i�c�i�e�n�c�y� �a�n�d� �d�e�t�e�c�t�a�b�i�l�i�t�y�.� �T�h�e� 

�r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�w�o� �z�o�n�e�s� �m�a�y� �b�e� �i�n�c�r�e�a�s�e�d� �b�y� 

�d�e�c�r�e�a�s�i�n�g� �t�h�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �v�e�l�o�c�i�t�y�.� �T�h�i�s� �m�a�y� �a�c�h�i�e�v�e�d� 

�e�x�p�e�r�i�m�e�n�t�a�l�l�y� �b�y� �e�i�t�h�e�r� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �b�u�f�f�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�r� �d�e�c�r�e�a�s�i�n�g� 
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�1�1�8� 

�b�u�f�f�e�r� �p�H�.� �D�e�c�r�e�a�s�i�n�g� �t�h�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w�,� �h�o�w�e�v�e�r�,� �r�e�d�u�c�e�s� �t�h�e� �n�e�t� 

�s�o�l�u�t�e� �v�e�l�o�c�i�t�y� �a�n�d� �t�h�e�r�e�f�o�r�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� �A�s� �a�r�e�s�u�l�t�,� �t�h�e� 

�i�m�p�r�o�v�e�m�e�n�t� �i�n� �t�o�t�a�l� �r�e�s�o�l�u�t�i�o�n� �m�a�y� �b�e� �i�n�s�i�g�n�i�f�i�c�a�n�t�.� 

�A� �f�u�r�t�h�e�r� �d�e�t�r�i�m�e�n�t� �o�f� �d�e�c�r�e�a�s�i�n�g� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �o�r� 

�e�m�p�l�o�y�i�n�g� �f�o�r�c�e�d� �a�i�r� �c�o�n�v�e�c�t�i�o�n� �i�s� �t�h�a�t� �t�h�e� �i�m�p�r�o�v�e�d� �r�e�s�o�l�u�t�i�o�n� �i�s� �o�b�t�a�i�n�e�d� 

�a�t� �t�h�e� �e�x�p�e�n�s�e� �o�f� �a�n�a�l�y�s�i�s� �t�i�m�e�.� �T�o� �o�v�e�r�c�o�m�e� �t�h�i�s� �l�i�m�i�t�a�t�i�o�n�,� �a�n�d� �t�h�e�r�e�b�y� 

�o�p�t�i�m�i�z�e� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� �s�e�p�a�r�a�t�i�o�n�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �b�o�t�h� �r�e�s�o�l�u�t�i�o�n� �a�n�d� 

�a�n�a�l�y�s�i�s� �t�i�m�e�,� �t�h�e� �u�s�e� �o�f� �s�e�c�o�n�d�a�r�y� �e�q�u�i�l�i�b�r�i�a� �w�i�t�h� �c�h�a�r�g�e�d� �m�i�c�e�l�l�e�s� �w�a�s� 

�a�l�s�o� �e�v�a�l�u�a�t�e�d�.� �T�h�e� �M�E�K�C� �s�t�u�d�i�e�s� �c�o�n�d�u�c�t�e�d� �h�e�r�e� �f�o�c�u�s�e�d� �p�r�i�m�a�r�i�l�y� �o�n� �t�h�e� 

�S�e�p�a�r�a�t�i�o�n� �o�f� �n�e�u�t�r�a�l� �s�p�e�c�i�e�s�.� �H�o�w�e�v�e�r�,� �a�p�p�l�i�c�a�b�i�l�i�t�y� �t�o� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� 

�l�o�n�i�c� �c�o�m�p�o�u�n�d�s� �(�p�h�a�r�m�a�c�e�u�t�i�c�a�l�s�)� �w�a�s� �a�l�s�o� �d�e�m�o�n�s�t�r�a�t�e�d� �(�F�i�g�.� �3�5�)�.� 

�A� �p�a�r�t�i�c�u�l�a�r�l�y� �a�t�t�r�a�c�t�i�v�e� �p�r�o�p�e�r�t�y� �o�f� �m�i�c�e�l�l�a�r� �s�y�s�t�e�m�s� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �b�y� 

�t�h�e� �s�e�l�e�c�t�i�v�i�t�y� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �S�D�S� �a�n�d� �S�D�S� �m�o�d�i�f�i�e�d� �w�i�t�h� �B�r�i�j� �3�5�.� �T�h�e� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �r�e�t�e�n�t�i�o�n� �b�e�h�a�v�i�o�r� �i�n� �e�a�c�h� �s�y�s�t�e�m�,� �s�h�o�w�s� �t�h�a�t� �s�e�l�e�c�t�i�v�i�t�y� �m�a�y� 

�b�e� �c�h�a�n�g�e�d� �b�y� �c�h�a�n�g�i�n�g� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �s�u�r�f�a�c�t�a�n�t ��s� �p�o�l�a�r� �h�e�a�d� �g�r�o�u�p�.� �T�h�i�s� 

�s�u�g�g�e�s�t�s� �t�h�a�t� �i�f� �a� �s�u�i�t�a�b�l�e� �m�i�c�e�l�l�a�r� �p�h�a�s�e� �c�a�n� �b�e� �f�o�u�n�d� �f�o�r� �a� �g�i�v�e�n� 

�s�e�p�a�r�a�t�i�o�n� �p�r�o�b�l�e�m�,� �r�a�p�i�d� �a�n�a�l�y�s�e�s� �s�h�o�u�l�d� �b�e� �p�o�s�s�i�b�l�e�.� �I�n� �t�h�e� �o�p�t�i�m�i�z�e�d� 

�s�e�p�a�r�a�t�i�o�n� �o�f� �A�S�T�M� �t�e�s�t� �m�i�x� �L�C�-�7�9�-�2� �(�F�i�g�.� �2�2�.�c�)�,� �c�o�m�p�l�e�t�e� �r�e�s�o�l�u�t�i�o�n� 

�b�e�t�w�e�e�n� �t�h�e� �s�i�x� �s�a�m�p�l�e� �c�o�m�p�o�n�e�n�t�s� �w�a�s� �a�c�h�i�e�v�e�d� �i�n� �l�e�s�s� �t�h�a�n� �6� �m�i�n�u�t�e�s�.� 

�T�y�p�i�c�a�l� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s� �f�o�r� �M�E�K�C� �w�e�r�e� �i�n� �t�h�e� �o�r�d�e�r� �o�f� �1�5�0�,�0�0�0� 

�t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s�/�5�0� �c�m�.� �T�h�e� �f�a�v�o�r�a�b�l�e� �m�a�s�s� �t�r�a�n�s�f�e�r� �o�b�s�e�r�v�e�d� �i�n� �C�Z�E� �i�s� 

�t�h�u�s� �e�s�s�e�n�t�i�a�l�l�y� �m�a�i�n�t�a�i�n�e�d� �i�n� �m�i�c�e�l�l�a�r� �m�e�d�i�a�.� �O�n� �t�h�e� �b�a�s�i�s� �o�f� �e�f�f�i�c�i�e�n�c�y� 

�M�E�K�C� �a�p�p�e�a�r�s� �t�o� �b�e� �a� �f�a�v�o�r�a�b�l�e� �a�l�t�e�r�n�a�t�i�v�e� �t�o� �c�o�n�v�e�n�t�i�o�n�a�l� �H�P�L�C�.� �R�e�p�l�a�c�i�n�g� 

�t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �H�P�L�C� �s�t�a�t�i�o�n�a�r�y� �p�h�a�s�e� �w�i�t�h� �a� �s�e�c�o�n�d�a�r�y� �p�h�a�s�e� �w�h�i�c�h� �i�s� 

�i�t�s�e�l�f� �m�o�b�i�l�e�,� �h�o�w�e�v�e�r�,� �i�n�t�r�o�d�u�c�e�s� �a�n� �a�d�d�i�t�i�o�n�a�l� �t�e�r�m� �(�t�o�/�t�,�,�)� �i�n�t�o� �t�h�e



�1�1�9� 

�m�a�s�t�e�r� �r�e�s�o�l�u�t�i�o�n� �e�q�u�a�t�i�o�n�.� �U�s�i�n�g� �S�D�S� �i�n� �0�.�0�1� �M� �N�a� �H�P�O�,�,� �p�H� �7�.�0�0�,� �a�s� �t�h�e� 

�s�e�p�a�r�a�t�i�o�n� �m�e�d�i�a�,� �t�h�e� �t�o�/�t�,�,�,� �r�a�t�i�o� �i�s� �0�.�2�9�1�.� �A�s� �a�r�e�s�u�l�t� �t�h�e� �r�e�s�o�l�u�t�i�o�n� 

�o�b�t�a�i�n�a�b�l�e� �i�n� �M�E�K�C�,� �g�e�n�e�r�a�t�i�n�g� �1�5�0�,�0�0�0� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s�,� �i�s� �r�o�u�g�h�l�y� 

�e�q�u�i�v�a�l�e�n�t� �t�o� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �p�r�o�v�i�d�e�d� �b�y� �a� �1�5� �c�m� �H�P�L�C� �c�o�l�u�m�n� �p�a�c�k�e�d� �w�i�t�h� �5� 

�m�M� �p�a�r�t�i�c�l�e�s�.� 

�T�o� �i�m�p�r�o�v�e� �r�e�s�o�l�u�t�i�o�n� �i�n� �M�E�K�C� �t�h�e� �e�l�e�c�t�r�o�o�s�m�o�t�i�c� �f�l�o�w� �m�a�y� �b�e� �r�e�d�u�c�e�d�,� 

�b�y� �d�e�c�r�e�a�s�i�n�g� �b�u�f�f�e�r� �p�H�,� �t�o� �p�r�o�v�i�d�e� �a� �m�o�r�e� �f�a�v�o�r�a�b�l�e� �t�o�/�t�,�,�,� �r�a�t�i�o�.� 

�A�l�t�e�r�n�a�t�i�v�e�l�y� �l�o�n�g�e�r� �c�a�p�i�l�l�a�r�i�e�s� �m�a�y� �b�e� �e�m�p�l�o�y�e�d�.� �W�h�i�l�e� �b�o�t�h� �o�f� �t�h�e�s�e� 

�p�r�o�c�e�d�u�r�e�s� �i�n�c�r�e�a�s�e� �t�h�e� �t�o�t�a�l� �a�n�a�l�y�s�i�s� �t�i�m�e�,� �t�h�e� �u�s�e� �o�f� �l�o�n�g�e�r� �c�a�p�i�l�l�a�r�i�e�s� �i�s� 

�s�h�o�w�n� �h�e�r�e� �t�o� �b�e� �t�h�e� �m�o�r�e� �t�i�m�e� �e�f�f�e�c�t�i�v�e� �m�e�a�n�s� �o�f� �i�m�p�r�o�v�i�n�g� �s�e�p�a�r�a�t�i�o�n� 

�w�h�e�n� �r�e�s�o�l�u�t�i�o�n� �b�e�y�o�n�d� �t�h�a�t� �p�r�o�v�i�d�e�d� �b�y� �s�e�l�e�c�t�i�v�i�t�y� �i�s� �r�e�q�u�i�r�e�d�.� 

�U�s�i�n�g� �t�h�e� �g�u�i�d�e�l�i�n�e�s� �f�o�r� �C�Z�E� �a�n�d� �M�E�K�C� �o�u�t�l�i�n�e�d� �i�n� �t�h�i�s� �w�o�r�k� �s�e�p�a�r�a�t�i�o�n�s� 

�w�e�r�e� �d�e�v�e�l�o�p�e�d� �f�o�r� �m�o�d�e�l� �a�n�a�l�y�t�e�s�,� �a�s� �w�e�l�l� �a�s� �f�o�r� �s�e�v�e�r�a�l� �i�n�d�u�s�t�r�i�a�l� 

�S�a�m�p�l�e�s�.� �F�o�r� �C�Z�E�,� �m�e�t�h�o�d� �d�e�v�e�l�o�p�m�e�n�t� �i�s� �g�e�n�e�r�a�l�l�y� �s�i�m�p�l�e�r� �t�h�a�n� �f�o�r� �H�P�L�C� 

�d�u�e� �t�h�e� �a�b�s�c�e�n�c�e� �o�f� �a� �s�e�c�o�n�d�a�r�y� �e�q�u�i�l�i�b�r�i�u�m�.� �F�o�r� �M�E�K�C�,� �m�e�t�h�o�d� �d�e�v�e�l�o�p�m�e�n�t� 

�i�s� �c�o�n�t�i�n�g�e�n�t� �o�n� �c�h�o�o�s�i�n�g� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �a� �s�u�i�t�a�b�l�e� 

�m�i�c�e�l�l�a�r� �p�h�a�s�e�.� �T�h�e� �m�e�t�h�o�d�s� �d�e�v�e�l�o�p�e�d� �s�h�o�w�e�d� �e�x�c�e�l�l�e�n�t� �r�u�n� �t�o� �r�u�n� 

�r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �(�<� �1�%� �R�S�D�)�;� �q�u�a�n�t�i�t�a�t�i�v�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �u�s�i�n�g� �a�n� �i�n�t�e�r�n�a�l� 

�s�t�a�n�d�a�r�d� �w�a�s� �t�y�p�i�c�a�l�l�y� �a�b�o�u�t� �3�%� �R�S�D�.� �L�a�r�g�e�r� �v�a�r�i�a�t�i�o�n�s� �i�n� �m�i�g�r�a�t�i�o�n� �t�i�m�e�s� 

�w�e�r�e� �o�b�s�e�r�v�e�d� �o�n� �d�i�f�f�e�r�e�n�t� �d�a�y�s� �o�r� �i�n� �d�i�f�f�e�r�e�n�t� �c�a�p�i�l�l�a�r�i�e�s�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� 

�t�h�a�t� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �c�o�n�t�r�o�l� �b�o�t�h� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e� �s�u�r�f�a�c�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �f�u�s�e�d� �s�i�l�i�c�a� �c�a�p�i�l�l�a�r�i�e�s� �e�m�p�l�o�y�e�d� �f�o�r� �t�h�e� �a�n�a�l�y�s�i�s�.



�V�1�.� 

�1�2�.� 

�1�3�.� 

�1�5�.� 

�1�6�.� 

�R�E�F�E�R�E�N�C�E�S� 

�0�.� �V�e�s�t�e�r�b�e�r�g�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�8�0� �(�1�9�8�9�)� �3�.� 

�J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �A�n�a�/� �C�h�e�m�,� �5�8� �(�1�9�8�6�)� �7�4�3� �A�.� 

�F�.�E�.� �P�.� �M�i�k�k�e�r�s�,� �F�.�M�.� �E�v�e�r�a�e�r�t�s� �a�n�d� �T�h�.� �P�.� �E�.�M�.� �V�e�r�h�e�g�g�e�n�,� �/� 
�C�h�r�o�m�a�t�o�g�r�,� �\�6�9� �(�1�9�7�9�)� �1�1�.� 

�J�.� �W�.� �J�o�r�g�e�n�s�o�n� �a�n�d� �K�.� �D�.� �L�u�k�a�c�s�,� �A�n�a�/� �C�h�e�m�,� �5�3� �(�1�9�8�1�)� �1�2�9�8�.� 

�J�.� �W�.� �J�o�r�g�e�n�s�o�n� �a�n�d� �K�.� �D�.� �L�u�k�a�c�s�,� �S�c�/�v�e�n�c�e� �2�2�2� �(�1�9�8�3�)� �2�6�6�.� 

�P�.� �W�.� �A�t�k�i�n�s�,� �A�f�y�s�i�c�a�/� �C�h�e�m�i�s�t�r�y�,� �2�n�d� �e�d�.�,� �W�.� �H�.� �F�r�e�e�m�a�n� �a�n�d� �C�o�.�,� �S�a�n� 
�F�r�a�n�c�i�s�c�o� �(�1�9�8�2�)�,� �C�h�a�p�t�e�r� �2�6�.� 

�G�.�H�.� �B�o�l�t�,� �/� �M�a�y�s�.� �C�h�e�m�,� �6�1� �(�1�9�5�7�)� �1�1�6�6�.� 

�D�.� �J�.� �S�h�a�w�,� �/�n�t�r�o�a�u�c�t�i�o�n� �t�o� �C�o�l�l�o�i�d� �a�n�d� �S�u�r�f�a�c�e� �C�h�e�m�i�s�t�r�y�,� �3�r�d� �e�d�.�,� 
�B�u�t�t�e�r�w�o�r�t�h�s�,� �L�o�n�d�o�n�,� �E�n�g�l�a�n�d� �(�1�9�8�0�)�,� �C�h�a�p�t�e�r� �7�.� 

�C�.�L�.� �R�i�c�e� �a�n�d� �R�.� �W�h�i�t�e�h�e�a�d�,� �/� �A�4�y�s�.� �C�h�e�m�,� �6�9� �(�1�9�6�5�)� �4�0�1�7�.� 

�M�.� �M�a�r�t�i�n�,� �G�.� �G�u�i�o�c�h�o�n�,� �Y�.� �W�a�l�b�r�o�e�h�l� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �A�n�a�/� �C�h�e�m�,� 
�9�5�7� �(�1�9�8�5�)� �5�5�9�.� 

�S�.� �T�e�r�a�b�e�,� �K�.� �O�t�s�u�k�a�,� �K�.� �I�c�h�i�k�a�w�a�,� �A�.� �T�s�u�c�h�i�y�a� �a�n�d� �T�.� �A�n�d�o�,� �A�n�a�/� �C�h�e�m�,� 
�9�6� �(�1�9�8�4�)� �1�1�1�.� 

�S�.� �T�e�r�a�b�e�,� �K�.� �O�t�s�u�k�a� �a�n�d� �T�.� �A�n�d�o�,� �A�n�a�/� �C�h�e�m�,� �5�7� �(�1�9�8�5�)� �8�3�4�.� 

�K�.� �O�t�s�u�k�a�,� �S�.� �T�e�r�a�b�e� �a�n�d� �T�.� �A�n�d�o�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �3�3�2� �(�1�9�8�5�)� �2�1�9�.� 

�D�.� �E�.� �B�u�r�t�o�n�,� �M�.� �J�.� �S�e�p�a�n�i�a�k� �a�n�d� �M�.� �P�.� �M�a�s�k�a�r�i�n�e�c�,� �/� �C�h�r�o�m�a�t�o�g�r�.� �5�c�/�,� �2�5� 
�(�1�9�8�7�)� �5�1�4�.� 

�J�.� �L�i�u�,� �J�.� �F�.� �B�a�n�k�s� �a�n�d� �M�.� �N�o�v�o�t�n�y�,� �/� �/�W�c�r�o�c�o�/�u�m�n� �S�e�p�,� �\� �(�1�9�8�9�)� �1�3�6�.� 

�R�.� �A�.� �W�a�l�l�i�n�g�f�o�r�d� �a�n�d� �A�.� �G�.� �E�w�i�n�g�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�4�1� �(�1�9�8�8�)� �2�9�9�.� 

�1�2�0



�1�7�.� 

�1�9�.� 

�2�0�,� 

�2�1�.� 

�2�2�.� 

�2�3�.� 

�2�4�.� 

�2�9�.� 

�2�6�.� 

�2�7�.� 

�2�8�.� 

�2�9�.� 

�3�0�.� 

�3�1�.� 

�3�2�.� 

�1�2�1� 

�5�.� �A�.� �S�w�e�d�b�e�r�g�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �5�0�3� �(�1�9�9�0�)� �4�4�9�.� 

�J�.�R�.� �S�a�r�g�e�n�t� �a�n�d� �S�.� �G�.� �G�e�o�r�g�e�,� �M�e�t�h�o�d�s� �i�n� �Z�o�n�e� �E�l�e�c�t�r�o�p�h�o�r�e�s�/�s� �3�r�d� �e�d�.�,� 
�B�D�H� �C�h�e�m�i�c�a�l�s� �L�t�d�.�,� �P�o�o�l�e�,� �E�n�g�l�a�n�d� �(�1�9�7�5�)�,� �C�h�a�p�t�e�r� �1�.� 

�A�.� �T�i�s�e�l�i�u�s�,� �7�r�a�n�s�.� �F�a�r�a�d�a�y� �S�0�c�,� �3�3� �(�1�9�3�7�)� �5�2�4�.� 

�S�.� �H�j�e�r�t�e�n�,� �C�h�r�o�m�a�t�o�g�r�.� �R�e�v�,� �9� �(�1�9�6�7�)� �1�2�2�.� 

�P�.�H�.� �R�h�o�d�e�s� �i�n� �E�/�e�c�t�r�a�p�h�o�r�e�s�i�s� �G�7�,� �R�.�C�.� �A�l�l�e�n� �a�n�d� �P�.� �A�r�n�a�u�d� �(�E�d�s�.�)�,� 
�d�e�G�r�u�y�t�e�r�,� �B�e�r�l�i�n� �(�1�9�8�1�)�,� �p�p�.� �9�1�9�-�9�3�2�.� 

�T�h�.� �P�.� �E�M�.� �V�e�r�h�e�g�g�e�n�,� �F�.� �£�.� �P�.� �M�i�k�k�e�r�s� �a�n�d� �F�.�M�.� �E�v�e�r�a�e�r�t�s�,� �/� 
�C�h�r�o�m�a�t�o�g�r�,� �\�3�2� �(�1�9�7�7�)� �2�0�5�.� 

�J�.�C�.� �G�i�d�d�i�n�g�s�,� �S�e�n� �S�c�7�,� �4� �(�1�9�6�9�)� �1�8�1�.� 

�J�.� �H�.� �K�n�o�x�,� �C�h�r�o�m�a�t�o�g�r�a�o�a� �2�6� �(�1�9�8�8�)� �3�2�9�.� 

�F�.� �F�o�r�e�t�,� �M�.� �D�e�m�l� �a�n�d� �P�.� �B�o�c�e�k�,�  �� �C�h�r�o�m�a�t�o�g�r�,� �4�5�2� �(�1�9�8�8�)� �6�0�1�.� 

�E�.� �G�r�u�s�h�k�a�,� �R�.� �M�.� �M�c�C�o�r�m�i�c�k� �a�n�d� �J�.� �J�.� �K�i�r�k�l�a�n�d�,� �A�n�a�/� �C�h�e�m�,� �6�1� �(�1�9�8�9�)� 
�2�4�1�.� 

�J�.�C�.� �S�t�e�r�n�b�e�r�g�,� �A�v�.� �C�h�r�o�m�a�t�o�g�r�,� �2� �(�1�9�6�6�)� �2�0�5�.� 

�Y�.� �W�a�l�b�r�o�e�h�l�,� �4�2� �2� �D�i�s�s�e�r�t�a�t�i�o�n� �U�n�i�v�e�r�s�i�t�y� �o�f� �N�o�r�t�h� �C�a�r�o�l�i�n�a�,� �C�h�a�p�e�l� 
�H�i�l�]� �(�1�9�8�6�)�.� �|� 

�F�.�E�.� �P�.� �M�i�k�k�e�r�s�,� �F�.�M�.� �E�v�e�r�a�e�r�t�s� �a�n�d� �T�h�.� �P�.� �E�.�M�.� �V�e�r�h�e�g�g�e�n�,� �/� 
�C�h�r�o�m�a�t�o�g�r�,� �\�6�9� �(�1�9�7�9�)� �1�.� 

�K�.� �D�.� �L�u�k�a�c�s� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �U� �A�/�g�h� �A�e�s�o�l�u�t�.� �C�h�r�o�m�a�t�o�g�r�.� 
�C�h�r�o�m�a�t�o�g�r�.� �C�o�m�m�u�n�,� �8� �(�1�9�8�5�)� �4�0�7�.� 

�J�.�C�.� �G�i�d�d�i�n�g�s�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �5� �(�1�9�6�1�)� �4�6�.� 

�J�.� �C�.� �G�i�d�d�i�n�g�s�,� �D�y�n�a�m�i�c�s� �o�f� �C�h�r�o�m�a�t�o�g�r�a�p�h�y�,� �M�a�r�c�e�|� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k� 
�(�1�9�6�5�)�,� �C�h�a�p�t�e�r�s� �2�-�4�.



�3�3�.� 

�3�4�.� 

�3�9�.� 

�3�6�.� 

�3�7�,� 

�3�8�.� 

�3�9�.� 

�4�1�.� 

�4�2�.� 

�4�3�.� 

�4�5�.� 

�4�7�.� 

�4�9�.� 

�3�0�.� 

�1�2�2� 

�S�.� �H�j�e�r�t�e�n�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �3�4�7� �(�1�9�8�5�)� �1�9�1�.� 

�G�.� �J�.� �M�.� �B�r�u�i�n�,� �J�.� �P�.� �C�h�a�n�g�,� �R�.� �H�.� �K�u�h�l�m�a�n�,� �K�.� �Z�e�g�e�r�s�,� �J�.� �C�.� �K�r�a�a�k� �a�n�d� �H�.� 
�P�o�p�p�e�,�  �� �C�h�r�o�m�a�t�o�g�r�,� �4�7�\� �(�1�9�8�9�)� �4�2�9�.� 

�D�.� �J�.� �R�o�s�e�,� �4�2� �D� �D�i�s�s�e�r�t�a�t�i�o�n� �U�n�i�v�e�r�s�i�t�y� �o�f� �N�o�r�t�h� �C�a�r�o�l�i�n�a�,� �C�h�a�p�e�l� 
�H�i�l�l� �(�1�9�8�8�)�.� 

�R�.�M�.� �M�c�C�o�r�m�i�c�k�,� �A�n�a�/� �C�h�e�m�,� �6�0� �(�1�9�8�8�)� �2�3�2�2�.� 

�H�.� �H�.� �L�a�u�e�r� �a�n�d� �D�.� �M�c�M�a�n�i�g�i�l�l�,� �A�n�a�/� �C�h�e�m�,� �5�8� �(�1�9�8�6�)� �1�6�6�.� 

�J�.� �S�.� �G�r�e�e�n� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �Y� �C�h�r�o�m�a�t�o�g�r�,� �4�7�8� �(�1�9�8�9�)� �6�3�.� 

�M�.� �M�.� �B�u�s�h�e�y� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�8�0� �(�1�9�8�9�)� �3�0�1�.� 

�Y�.� �W�a�h�l�b�r�o�e�h�l� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �3�1�5� �(�1�9�8�4�)� �1�3�5�.� 

�F�.� �F�o�r�e�t�,� �M�.� �D�e�m�l�,� �V�.� �K�a�h�l�e� �a�n�d� �P�.� �B�o�c�e�k�,� �£�/�e�c�t�r�a�p�h�o�r�e�s�i�s� �7� �(�1�9�8�6�)� �4�3�0�.� 

�|�.� �H�.� �G�r�a�n�t� �a�n�d� �W�.� �S�t�e�u�e�r�,� �/�/�W�c�r�o�c�o�/� �S�e�p�,� �2� �(�1�9�9�0�)� �7�4�.� 

�J�.� �S�.� �G�r�e�e�n� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �3�5�2� �(�1�9�8�6�)� �3�3�7�.� 

�B�.� �N�i�c�k�e�r�s�o�n� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �/� �A�i�g�h� �R�e�s�o�l�u�t�.� �C�h�r�o�m�a�t�o�g�r�.� 
�C�h�r�o�m�a�t�o�g�r�.� �C�o�m�m�u�n�,� �\�\� �(�1�9�8�8�)� �8�7�8�.� 

�Y�.� �F�.� �C�h�e�n�g� �a�n�d� �N�.� �J�.� �D�o�v�i�c�h�i�,� �S�c�v�e�n�c�e� �2�4�2� �(�1�9�8�8�)� �5�6�2�.� 

�M�.� �C�.� �R�o�a�c�h�,� �P�.� �G�o�z�e�l� �a�n�d� �R�.�N�.� �Z�a�r�e�,� �Y� �C�h�r�o�m�a�t�o�g�r�,� �4�2�6� �(�1�9�8�8�)� �1�2�9�.� 

�B�.� �W�.� �W�r�i�g�h�t�,� �G�.� �A�.� �R�o�s�s� �a�n�d� �R�.� �D�.� �S�m�i�t�h�,� �/� �/�W�c�r�o�c�o�/�.� �S�e�p�,� �\� �(�1�9�8�9�)� �8�5�.� 

�X�.� �H�u�a�n�g�,� �T�.� �K�.� �J�.� �P�a�n�g�,� �M�.� �J�.� �G�o�r�d�o�n� �a�n�d� �R�.�N�.� �Z�a�r�e�,� �A�n�a�/� �C�h�e�m�,� �5�9� 
�(�1�9�8�7�)� �2�7�4�7�.� 

�X�.� �H�u�a�n�g�,� �J�.� �A�.� �L�u�c�k�e�y�,� �M�.� �J�.� �G�o�r�d�o�n� �a�n�d� �R�.� �N�.� �Z�a�r�e�,� �A�n�a�/� �C�h�e�m�,� �6�1� 
�(�1�9�8�9�)� �7�6�6�.� 

�R�.� �A�.� �W�a�l�l�i�n�g�f�o�r�d� �a�n�d� �A�.� �G�.� �E�w�i�n�g�,� �A�n�a�/� �C�h�e�m�,� �5�9� �(�1�9�8�7�)� �1�7�6�2�.



�o�I�.� 

�3�2�.� 

�3�3�.� 

�9�4�.� 

�D�9�.� 

�6�.� 

�2�7�.� 

�3�8�.� 

�5�9�.� 

�6�0�.� 

�6�1�.� 

�6�2�.� 

�6�3�.� 

�6�4�.� 

�6�5�.� 

�1�2�5� 

�R�.� �A�.� �W�a�l�l�i�n�g�f�o�r�d� �a�n�d� �A�.� �G�.� �E�w�i�n�g�,� �A�n�a�/� �C�h�e�m�,� �6�0� �(�1�9�8�8�)� �1�9�7�2�.� 

�R�.� �A�.� �W�a�l�l�i�n�g�f�o�r�d� �a�n�d� �A�.� �G�.� �E�w�i�n�g�,� �A�n�a�/� �C�h�e�m�,� �6�1� �(�1�9�8�9�)� �9�8�.� 

�5�.� �L�.� �P�e�n�t�o�n�e�y�,� �R�.� �N�.� �Z�a�r�e� �a�n�d� �J�.� �F�.� �Q�u�i�n�t�,� �A�n�a�/� �C�h�e�m�,� �6�1� �(�1�9�8�9�)� �1�6�4�2�.� 

�J�.� �A�.� �O�l�i�v�a�r�e�s�,� �N�.� �T�.� �N�g�u�y�e�n�,� �C�.�R�.� �Y�o�n�k�e�r�,� �a�n�d� �R�.� �D�.� �S�m�i�t�h�,� �A�n�a�/� �C�h�e�m�,� 
�5�9� �(�1�9�8�7�)� �1�2�3�0�.� 

�R�.� �D�.� �S�m�i�t�h�,� �C�.� �J�.� �B�a�r�i�n�a�g�a� �a�n�d� �H�.� �R�.� �U�d�s�e�t�h�,� �A�n�a�/� �C�h�e�m�,� �6�0� �(�1�9�8�8�)� 
�1�9�4�8�.� 

�E�.� �D�.� �L�e�e�,� �W�.� �M�u�c�k�,� �J�.� �D�.� �H�e�n�i�o�n� �a�n�d� �T�.� �R�.� �C�o�v�e�y�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�5�8� 
�(�1�9�8�8�)� �3�1�3�.� 

�M�.� �J�a�n�s�s�o�n�,� �A�.� �E�m�m�e�r� �a�n�d� �J�.� �R�o�e�r�a�a�d�e�,� �Y�U� �A�i�g�h� �H�e�s�o�l�u�t�.� �C�h�r�o�m�a�t�o�g�r�.� 
�C�h�r�o�m�a�t�o�g�r�.� �C�o�m�m�u�n�,� �\�2� �(�1�9�8�9�)� �7�9�7�.� 

�W�.� �H�.� �W�i�l�s�o�n�,� �H�.� �T�.� �R�a�s�m�u�s�s�e�n� �a�n�d� �H�.� �M�.� �M�c�N�a�i�r�,� �p�r�e�s�e�n�t�e�d� �a�t� �t�h�e� �/�9�9�0� 
�P�i�t�t�s�b�u�r�g�h� �C�o�n�f�e�r�e�n�c�e� �a�n�d� �E�x�p�o�s�i�t�i�o�n� �o�n� �A�n�a�l�y�t�i�c�a�l� �C�h�e�m�i�s�t�r�y� �a�n�d� 
�A�p�p�l�i�e�d� �S�p�e�c�t�r�o�s�c�o�p�y�,� �N�e�w� �Y�o�r�k�,� �N�Y�,� �N�a�r�c�h� �1�9�9�0�,� �p�a�p�e�r� �N�o�.� �1�0�4�1�.� 

�M�.�M�.� �B�u�s�h�e�y� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �A�n�a�/� �C�h�e�m�,� �6�2� �(�1�9�9�0�)� �9�7�8�.� 

�D�.� �J�.� �R�o�s�e� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�4�7� �(�1�9�8�8�)� �1�1�7�.� 

�>�.� �L�.� �P�e�n�t�o�n�e�y�,� �X�.� �H�u�a�n�g�,� �D�.� �S�.� �B�u�r�g�i� �a�n�d� �R�.�N�.� �Z�a�r�e�,� �A�n�a�/� �C�h�e�m�,� �6�0� 
�(�1�9�8�8�)� �2�6�2�5�.� 

�S�.� �H�o�n�d�a�,� �5�.� �!�w�a�s�a� �a�n�d� �S�.� �F�u�j�i�w�a�r�a�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�0�4� �(�1�9�8�7�)� �3�1�3�.� 

�D�.� �J�.� �R�o�s�e� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �A�4�7�a�/� �C�h�e�m�,� �6�0� �(�1�9�8�8�)� �6�4�2�.� 

�J�.� �T�e�h�r�a�n�i�,� �L�.� �D�a�y� �a�n�d� �R�.� �M�a�c�o�m�b�e�r� �i�n� �A�v�o�c�.� �o�f� �t�h�e� �E�l�e�v�e�n�t�h� 
�/�n�t�e�r�n�a�t�i�o�n�a�l� �S�y�m�p�o�s�i�u�m� �o�n� �C�a�p�i�l�l�a�r�y� �C�h�r�o�m�a�t�o�g�r�a�p�h�y�,� �P�.� �S�a�n�d�r�a� �a�n�d� 

�G�.� �R�e�d�a�n�t�,� �e�d�s�.�,� �H�u�e�t�h�i�g� �V�e�r�l�a�g�,� �H�e�i�d�e�l�b�e�r�g�,� �F�R�G� �(�1�9�9�0�)�.� �p�p� �8�9�9�-�9�1�2�.� 

�5�.� �E�.� �M�o�r�i�n�g�,� �J�.� �C�.� �C�o�l�b�u�r�n�,� �P�.� �D�.� �G�r�o�s�s�m�a�n� �a�n�d� �H�.� �H�.� �L�a�u�e�r�,� �£�C�-�G�C� �8� 
�(�1�9�9�0�)� �3�4�.
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�D�.� �J�.� �R�o�s�e� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�3�8� �(�1�9�8�8�)� �2�3�.� 

�X�.� �H�u�a�n�g� �a�n�d�R�.�N�.� �Z�a�r�e�,� �A�n�a�/� �C�h�e�m�,� �6�2� �(�1�9�9�0�)� �4�4�3�.� 

�R�.� �J�.� �N�e�l�s�o�n�,� �A�.� �P�a�u�l�u�s�,� �A�.� �S�.� �C�o�h�e�n�,� �A�.� �G�u�t�t�m�a�n� �a�n�d� �B�.� �L�.� �K�a�r�g�e�r�,� �/� 
�C�h�r�o�m�a�t�o�g�r�,� �4�8�0� �(�1�9�9�0�)� �1�1�1�.� 

�B�.� �B�.� �V�a�n�O�r�m�a�n� �a�n�d� �G�.�L�.� �M�c�I�n�t�i�r�e�,� �/� �/�v�c�r�o�c�o�/� �S�e�o�,� �|� �(�1�9�8�9�)� �2�8�9�.� 

�P�.� �D�.� �G�r�o�s�s�m�a�n�,� �K�.� �J�.� �W�i�l�s�o�n�,� �G�.� �P�e�t�r�i�e� �a�n�d� �H�.� �H� �L�a�u�e�r�,� �A�r�a�/� �B�i�o�c�h�e�m�,� 
�1�7�3� �(�1�9�8�8�)� �2�6�5�.� 

�W�.� �G�.� �K�u�h�r� �a�n�d� �E�.� �S�.� �Y�e�u�n�g�,� �A�n�a�/� �C�h�e�m�,� �6�0� �(�1�9�8�8�)� �1�8�3�2�.� 

�Y�.� �W�a�l�b�r�o�e�h�l� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �/� �/�W�c�r�o�c�o�/�u�m�n� �S�e�p�,� �\� �(�1�9�8�9�)� �4�1�.� 

�D�.� �G�r�o�s�s�m�a�n�,� �J�.� �C�.� �C�o�l�b�u�r�n�,� �H�.� �H�.� �L�a�u�e�r�,� �R�.� �G�.� �N�i�e�l�s�e�n�,� �R�.� �M�.� �R�i�g�g�i�n�,� 
�S�.� 

�P�.� 
�G�.� �S�.� �S�i�t�t�a�m�p�a�l�a�m� �a�n�d�.� �C�.� �R�i�c�k�a�r�d�,� �A�n�a�/� �C�h�e�m�,� �6�1� �(�1�9�8�9�)� �1�1�8�6�.� 

�T�.� �T�s�u�d�a�,� �Y�.� �K�o�b�a�y�a�s�h�i�,� �A�.� �H�o�r�i�,� �T�.� �M�a�t�s�u�m�o�t�o� �a�n�d� �0�.� �S�u�z�u�k�i�,� �/� �/�V�/�c�r�o�c�o�/� 
�S�@�0�,� �2� �(�1�9�9�0�)� �2�1�.� 

�A�.� �Z�h�u� �a�n�d� �Y�.� �C�h�e�n�,� �4� �C�h�r�o�m�a�t�o�g�r�,� �4�7�0� �(�1�9�8�9�)� �2�5�1�.� 

�W�.�M�.� �M�u�c�k� �a�n�d� �J�.� �D�.� �H�e�n�i�o�n�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�9�5� �(�1�9�8�9�)� �4�1�.� 

�9�.� �F�u�j�i�w�a�r�a� �a�n�d� �S�.� �H�o�n�d�a�,� �A�n�a�/� �C�h�e�m�,� �5�9� �(�1�9�8�7�)� �4�8�7�.� 

�P�.� �G�o�z�e�l�,� �E�.� �G�a�s�s�m�a�n�n� �H�.� �M�i�c�h�e�l�s�e�n� �a�n�d� �R�.�N�.� �Z�a�r�e�,� �A�n�a�/� �C�h�e�m�,� �5�9� 
�(�1�9�8�7�)� �4�4�.� 

�E�.� �G�a�s�s�m�a�n�,� �J�.� �£�E�.� �K�u�o� �a�n�d� �R�.�N�.� �Z�a�r�e�,� �S�c�/�e�n�c�e� �2�3�0� �(�1�9�8�5�)� �8�1�3�.� 

�S�.� �F�a�n�a�l�i�,� �L�.� �O�s�s�i�c�i�n�i�,� �F�.� �F�o�r�e�t� �a�n�d� �P�.� �B�o�c�e�k�,� �Y�U� �/�W�c�r�o�c�o�/�u�m�n� �S�e�p�,� �|� 
�(�1�9�8�9�)� �1�9�0�.� 

�H�.� �T�.� �R�a�s�m�u�s�s�e�n� �a�n�d� �H�.� �M�.� �M�c�N�a�i�r�,�  �� �A�v�g�h� �A�e�s�o�/�u�t�.� �C�h�r�o�m�a�t�o�g�r�.� 
�C�h�r�o�m�a�t�o�g�r�.� �C�o�m�m�u�n�,� �1�2� �(�+�9�8�9�)� �6�3�5�.� 

�S�.� �O�t�s�u�k�a� �a�n�d� �S�.� �T�e�r�a�b�e�,� �/� �W�c�r�o�c�o�l�u�m�n� �S�e�p�,� �|� �(�1�9�8�9�)� �1�5�0�.
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�S�.� �T�e�r�a�b�e�,� �H�.� �O�t�s�u�m�i�,� �K�.� �O�t�s�u�k�a�,� �T�.� �A�n�d�o�,� �T�.� �I�n�o�m�a�t�a�,� �S�.� �K�u�z�e� �a�n�d� �Y�.� 
�H�a�n�a�o�k�a�,� �/� �A�/�g�h� �F�e�s�o�l�u�t�.� �C�h�r�o�m�a�t�o�g�r�.� �C�h�r�o�m�a�t�o�g�r�.� �C�o�m�m�u�n�,� �9� �(�1�9�8�6�)� 
�6�6�6�.� 

�A�.� �T�.� �B�a�l�c�h�u�n�a�s� �a�n�d� �M�.� �J�.� �S�e�p�a�n�i�a�k�,� �A�r�a�/� �C�h�e�m�,� �5�9� �(�1�9�8�7�)� �1�4�6�6�.� 

�J�.� �A�.� �L�u�x�,� �H�.� �Y�i�n� �a�n�d� �G�.� �S�c�h�o�m�b�u�r�g�,� �/� �A�/�g�h� �A�e�s�o�l�u�t�.� �C�h�r�o�m�a�t�o�g�r�,� �1�3� 
�(�1�9�9�0�)� �1�4�5�.� 

�K�.� �O�t�s�u�k�a�,� �S�.� �T�e�r�a�b�e� �a�n�d� �T�.� �A�n�d�o�,�  �� �C�h�r�o�m�a�t�o�g�r�,� �3�4�8� �(�1�9�8�5�)� �3�9�.� 

�D�.� �F�.� �S�w�a�t�l�e�,� �D�.� �E�.� �B�u�r�t�o�n�,� �A�.� �T�.� �B�a�l�c�h�u�n�a�s� �a�n�d� �M�.� �J�.� �S�e�p�a�n�i�a�k�,� �U� 
�C�h�r�o�m�a�t�o�g�r�.� �5�c�/�,� �2�6� �(�1�9�8�8�)� �4�0�6�.� 

�D�.� �E�.� �B�u�r�t�o�n�,� �M�.� �J�.� �S�e�p�a�n�i�a�k� �a�n�d� �M�.� �P�.� �M�a�s�k�a�r�i�n�e�c�,�  �� �C�h�r�o�m�a�t�o�g�r�.� �S�c�/�,� �2�4� 
�(�1�9�8�6�)� �3�4�7�.� 

�S�.� �F�u�j�i�w�a�r�a�,� �S�.� �l�w�a�s�e� �a�n�d� �S�.� �H�o�n�d�a�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�4�7� �(�1�9�8�8�)� �1�3�3�.� 

�R�.� �A�.� �W�a�l�l�i�n�g�f�o�r�d� �a�n�d� �A�.� �G�.� �E�w�i�n�g�,� �A�n�a�s� �C�h�e�m�,� �6�0� �(�1�9�8�8�)� �2�5�8�.� 

�T�.� �S�a�i�t�o�h�,� �H�.� �H�o�s�h�i�n�o� �a�n�d� �T�.� �Y�o�t�s�u�y�a�n�a�g�i�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�6�9� �(�1�9�8�9�)� 
�1�7�5�.� 

�A�.� �D�o�b�a�s�h�i�,� �T�.� �O�n�o�,� �S�.� �H�a�r�a� �a�n�d� �J�.� �Y�a�m�a�g�u�c�h�i�,� �A�n�a�/� �C�h�e�m�,� �6�1� �(�1�9�8�9�)� 
�1�9�8�4�,� 

�H�.� �N�i�s�h�i�,� �N�.� �T�s�u�m�a�g�a�r�t�,� �T�.� �K�a�k�i�m�o�t�o� �a�n�d� �S�.� �T�e�r�a�b�e�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�6�5� 
�(�1�9�8�9�)� �3�3�1�.� 

�H�.� �N�i�s�h�i�,� �N�.� �T�s�u�m�a�g�a�r�i�,� �T�.� �K�a�k�i�m�o�t�o� �a�n�d� �S�.� �T�e�r�a�b�e�,� �/� �C�h�r�o�m�a�t�o�g�r�,� �4�7�7� 
�(�1�9�8�9�)� �2�5�9�.� 

�H�.� �N�i�s�h�i�,� �N�.� �T�s�u�m�a�g�a�r�i� �a�n�d� �S�.� �T�e�r�a�b�e�,� �A�n�a�/� �C�h�e�m�,� �6�1� �(�1�9�8�9�)� �2�4�3�4�.� 

�M�.� �M�.� �B�u�s�h�e�y� �a�n�d� �J�.� �W�.� �J�o�r�g�e�n�s�o�n�,� �A�n�a�/� �C�h�e�m�,� �6�1� �(�1�9�8�9�)� �4�9�1�.� 

�J�.� �G�o�r�s�e�,� �A�.� �T�.� �B�a�l�c�h�u�n�a�s�,� �D�.� �F�.� �S�w�a�i�l�e� �a�n�d� �M�.� �J�.� �S�e�p�a�n�i�a�k�,� �%� �A�v�g�h� 
�R�e�s�o�l�u�t�.� �C�h�r�o�m�a�t�o�g�r�.� �C�h�r�o�m�a�t�o�g�r�.� �C�o�m�m�u�n�,� �\�1�\� �(�1�9�8�8�)� �5�5�4�.




