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Fig 12: Illustration of SAM formation of morpholine on gold IDE chip 

 

          Areas of application of SAM on electrode surfaces include such fields as biology, 

chemical resistance, bio-compatibility, molecular recognition for sensors, electrochemistry, and 

electronics. The goal of this project is to explore impedance behavior of gold IDE arrays in 

solutions of Cu
+2

 and Mg
+2

 for both underivatized and derivatized surfaces.
21 
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Chapter 2: Experimental setup 

Analyzer: 

          An Agilent technologies impedance analyzer 4192A was used to collect all experimental 

data with an HP 16047A test connections fixture. The instrument is used to measure both 

impedance and phase angle from frequencies of 5 Hz to 13 MHz at a constant applied potential 

of 0.02 V. A full sweep can be attained in 6-7 minutes. Both floating and grounded devices can 

be tested with the 4192A analyzer. The IDE chip is connected by spring loaded clips through the 

surface contact pads. The set-up of impedance analyzer and the submerged IDE chip is shown in 

the Figures 13 and 14.  

      

       Figure 13: Impedance analyzer set up               Figure 14: Submerged IDE chip 

 

Interdegitated Gold Electrode (IDE): 

          The IDE chips used in this project were fabricated at the University of Michigan 

photolithography lab using BK-7 glass substrate with 1000 Å thickness of gold.  They are 

designed so that the chip has 10 micron lead width and 10 micron spaces with an array surface 

area of 19.6 mm
2
 approximately. The background impedance and phase angle plot of the IDE 
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chip in air under ambient conditions was consistent with purely capacitive behavior of the array 

leads.  

Data collector: 

          “Sweeper” is a customized LabView software application used to control the data 

acquisition from the analyzer. This application was developed at the IRC Institute for Biomedical 

Materials at Queen Mary- University of London. Data collected at each point during the sweep 

include impedance and phase angle at an AC voltage of 0.02 V with a frequency range of 5 Hz to 

13 MHz. Data were stored in Excel spreadsheet for conversion into graphical representations. 

Depending on the comparisons the graphs may contain either impedance vs. frequency, phase 

angle vs. frequency, or impedance and phase angle vs. frequency. Compression of the frequency 

range for convenient graphing normally required log plots.  

Sample Solutions:  

          Different ionic solutions were prepared using cupric nitrate and magnesium nitrate. These 

ionic solutions were prepared by dissolving the appropriate amount of salt in the deionized water 

to make concentrations of 10
-4

 M, 10
-5

 M, 10
-6

 M, and 10
-7

 M. Pure HPLC grade distilled water 

was used to prepare the ionic solutions. Different concentrations of methanol solutions in water 

were also prepared to test the behavior of the chip. Different salt concentrations from 10
-4

 to 10
-8

 

M were prepared using 100 % methanol and distilled water. 

        Self-assembling monolayer samples were prepared by dipping into solutions of CS2, 

methanol, 5-amino-1, and10-phenanthroline and drying prior to use.
19

 Two equivalent amounts 
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(0.488 g) of 5-amino-1, 10- phenanthroline (Figure 15) were dissolved in 100 ml of methanol 

and then treated with one equivalent (0.095 g) of CS2. 

 

Figure 15: 5-amino-1, 10-phenanthroline 

 

        The above solution was agitated for 1 minute and left to sit for 30 to 60 min at room 

temperature in a capped vial. An IDE chip was dipped into this solution for 30 to 60 min and 

dried. Then the change in impedance and phase angles were recorded and compared for different 

ionic solutions. 
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Effect of copper ions (Cu
+2

) on impedance and phase angle: 

        The change in impedance and phase angle were recorded using different concentrations of 

copper solutions. Pronounced change in impedance and phase angle were observed in copper 

solution when compared with the distilled water. It is presumed that these changes were mainly 

due to change in the solution’s dielectric constant from the presence of positively charged copper 

ions. Since the change in impedance curves was mostly pronounced at 10
4
 Hz, comparisons were 

made at that frequency. The impedance at 10
4
 Hz for the gold chip in water was 7040 Ohms and 

for the copper solution (10
-4

M) it was found to be 198 Ohms. Similarly, the change in the phase 

angle was found to be -10
0
 in water and -43.9

0 
in copper solutions. Plots of the impedance and 

phase angle for water and 10
-4 

M Cu
+2 

solutions are shown in Figures 20 and 21.  

 

Figure 20: Comparision of impedance in water vs. 10
-4

 M Cu
+2 

solution 
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Figure 21: Comparison of phase angle in water vs. 10
-4

 M Cu
+2

 Solution 

 

        Different concentrations of copper solutions were prepared from 10
-4

 M to 10
-6

 M, and the 

change in the impedance and phase angle were recorded and these changes were compared to the 

distilled water baseline. An increase in the impedance was observed with decrease in the 

concentration of copper solution. It is observed that the impedance and the phase angle plots for 

a 10
-6 

M copper solution converged almost completely with the corresponding plots for distilled 

water. This indicates that limit of detection (LOD) of copper ions in any solution was in the 

range of 10
-6

 M. Full Bode plots of impedance and phase angles in different concentration of 

copper solutions are shown in Figures 22 and 23. 
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Figure 22: Comparison of impedance in water and different Cu

+2
 solutions 

 

 

 

Figure 23: Comparison of phase angles in water and different Cu
+2

 solutions 
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        Figure 24 represents the comparison of different frequencies at peak phase angles vs. 

different concentrations of copper solutions. A Linear relationship between phase angle and 

concentration was obtained.  

 

Figure 24: Frequency of peak phase angles at different concentrations of Cu
+2

 

 

        Table 2 illustrates the change in impedance and phase angles at 10
4
 Hz in different 

concentrations of Cu
+2

 solutions. It clearly shows a decrease in the concentration of ions, a 

decrease in the dielectric constant, and results in a corresponding increase of impedance and 

phase angle. The dielectric constant in copper solution of 10
-6 

M will be almost equal to the 

dielectric constant in distilled water. 
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Table 2: Comparison of impedance and phase angles in water and Cu
+2

 solutions 

At 10000 Hz Copper 10
-4

 M Copper 10
-5

 M Copper 10
-6

 M Water 

Impedance (Ohms) 198 1130 6270 7040 

Phase Angle  -43.9 -13.7 -11.1 -10 

 

        Table 3 illustrates the average impedances at different frequencies in water and different 

concentrations of copper solutions of 10
-4

 M, 10
-5

 M, and 10
-6

 M. It clearly shows that with an 

increase in the frequency, there is decrease in impedance. 

Table 3: Impedances values (Ohms) at different frequencies (Hz) in Cu
+2

 solutions 

Frequency Water 10
-6

 M 10
-5

 M 10
-4

 M 

10
2
 15162.5±0.2 25750±0.01 19000±0.04 11000±0.3 

10
3
 70657±0.4 6852.2±0.03 2887.5±0.03 1672.5±0.3 

10
4
 60895±0.03 5097.5±0.043 1024±0.02 268±0.2 

10
5
 3240±0.2 3210±0.02 862± 0.02 133.2±0.1 

10
6
 500±0.03 430.75±0.001 383±0.002 119.2±0.1 

10
7
 37.15±0.04 29± 0.002 29.68±0.008 33.7±0.1 

 

Effect of magnesium ions (Mg
+2

) on impedance and phase angle: 

        Similar to the Cu
+2

 solution experiments, the change in impedance and phase angle as a 

function of frequency were recorded in presence of magnesium ions. Different magnesium ion 

concentrated solutions were prepared from 10
-4

 M to 10
-6

 M, and the change in impedance and 

phase angles were recorded. When the data were compared at 10
4
 Hz the impedance and phase 

angles in magnesium solutions (10
-4

 M) were found to be 294 Ohms and -58
0 

respectively, which 
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were similar corresponding values for the 10
-4

 M Cu
+2

 solution. Complete impedance and phase 

angle plots in the presence of water, 10
-4

 M copper and 10
-4

 M magnesium solutions were shown 

in the Figures 25 and 26. 

 

Figure 25: Comparison of impedance in water, Cu
+2

 and Mg
+2

 solutions for 10
-4

 M 
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Figure 26: Comparison of phase angle in water Cu
+2

 and Mg
+2

 solutions for 10
-4

 M. 

 

        Data were collected for the different concentrations of Mg
+2 

solutions from 10
-4

 M to 10
-6

 

M. Impedance and phase angle values in the presence of magnesium ions were observed to be 

very similar to that of change in presence of copper ions at the same concentrations. An increase 

in impedance and phase angle was recorded with a decrease in concentration of magnesium ions. 

This change was similar to the change observed the in presence of copper ions. Graphical 

representation of change in impedance and phase angle in different concentration of Mg
+2

 ions 

are shown in the Figures 27 and 28.  
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Figure 27: Comparison of impedance in water and different Mg
+2

 solutions 

 

Figure 28: Comparison of phase angles in water and different Mg
+2

 solutions 
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        Figure 29 displays the comparison of different frequencies at peak phase angles vs. different 

concentrations of magnesium solutions. As in the case with Cu
+2

, the graph shows a linear 

relationship between phase angle and concentration. 

 

Figure 29: Frequency of peak phase angle at different concentrations of Mg
+2 

 

        Table 4 illustrates the change in impedance and phase angles at 10
4
 Hz in different 

concentrations of Mg
+2

 solutions. It clearly illustrates a decrease in the concentration of Mg
+2 

ions, resulting in a decrease in the dielectric constant, corresponds to an increase of impedance 

and phase angle with magnitudes very much similar to the correspondence change in Cu
+2

 ions. 

The dielectric constants in magnesium solution of 10-6 M were almost equal to the dielectric 

constant in distilled water. 
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Table 4: Comparison of impedance and phase angles in water and Mg
+2

 solutions 

At 10000 Hz Mg
+2

 10
-4

 M Mg
+2

 10
-5

 M Mg
+2

 10
-6

 M Water 

Impedance (Ohms) 294 1072 6070 7040 

Phase Angle  -58 -17.8 -12.1 -10 

 

        Table 5 illustrates the average impedances at different frequencies in water and different 

concentrations of magnesium solutions of 10
-4

 M, 10
-5

 M, and 10
-6

 M. It is clear that an increase 

in frequency causes a decrease in impedance with magnitude similar to the corresponding 

changes in copper solutions. 

Table 5: Impedances (Ohms) at different frequencies (Hz) in Mg
+2

 solutions 

Frequency Water 10
-6

 M 10
-5

 M 10
-4

 M 

10
2
 15162.5±0.2 21500±0.06 17000±0.01 10125±0.1 

10
3
 70657±0.4 5477.5±0.03 2445±0.1 1425±0.1 

10
4
 60895±0.03 4412.5±0.02 1002±0.08 218.5±1 

10
5
 3240±0.2 3170±0.03 892±0.07 119.5±0.07 

10
6
 500±0.03 471.25±0.04 425.25±0.06 109.6±0.06 

10
7
 37.15±0.04 33.98±0.07 35.4±0.09 34.3±0.06 

 

        Table 6 illustrates the average % standard deviation of impedances for selected frequencies 

in water and different concentrations of copper and magnesium solutions. 

Table 6: Average % standard deviations of impedances 

Water 10
-6

 M Cu
+2

 10
-6

 M Mg
+2

 10
-5

 M Cu
+2

 10
-5

 M Mg
+2

 10
-4

 M Cu
+2

 10
-4

 M Mg
+2

 

0.2 0.017 0.04 0.02 0.06 0.18 0.2 
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 Change in the impedance and the phase angles in narrow range ionic solutions: 

        Comparison of the changes in impedance and phase angles were made over a narrow range 

of ionic solutions for both magnesium and copper. Ten different concentrations of both copper 

and magnesium solutions were prepared between 10
-5 

M and 10
-6

 M, and the changes in 

impedance and phase angles were recorded. Change in impedance and phase angle at 10000 Hz 

for both copper and magnesium solutions were found to be approximately equal. Table 7 

illustrates the change in impedance at 10000 Hz for both copper and magnesium ionic solutions 

between 10
-5

 M and 10
-6

 M concentrations.  
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Table 7: Comparison of impedance in Cu
+2

 and Mg
+2

 ions between 10
-5

 M and 10
-6

M  

Sample.no 

Concentration 

(M) 

Impedance 

(ohms) in Cu
2+

 

Impedance 

(ohms) in Mg
2+

 

1 0.000001 5793 5870 

2 0.000002 4036 3930 

3 0.000003 3033 2983 

4 0.000004 2383 2383 

5 0.000005 2013 1926 

6 0.000006 1416 1543 

7 0.000007 1370 1373 

8 0.000008 1276 1260 

9 0.000009 1163 1153 

10 0.00001 1074 1064 

11 0.0001 212 296 

                       

        Figure 30 illustrates the graphical representation of change in the impedance between 10
-5

 

M to 10
-6

 M copper and magnesium solutions at 10
4
 Hz. This shows that change in the 

impedance is independent of the type of ions present in the solution, and a correlation was 

obtained. 
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Figure 30: Change in the impedance in Cu
+2

 and Mg
+2

 from 10
-5

 M to 10
-6

 M at 10
4
Hz 

 

        Figure 31 and Table 8 illustrates the change in the phase angle at 10
4
 Hz in different copper 

and magnesium solutions between 10
-5

 M and 10
-6

 M concentrations. 
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Table 8: Comparison of phase angles in Cu
+2

 and Mg
+2

 ions between 10
-5

 M and 10
-6

M 

Sample.no Concentration (M) 

Phase Angle in 

Cu
2+

 

Phase Angle in 

Mg
2+

 

1 0.000001 -11 -12 

2 0.000002 -10 -11 

3 0.000003 -11 -11 

4 0.000004 -12 -12 

5 0.000005 -13 -13 

6 0.000006 -10 -12 

7 0.000007 -12 -13 

8 0.000008 -14 -15 

9 0.000009 -15 -16 

10 0.00001 -14 -17 

11 0.0001 -46 -57 
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Figure 31: Change in the phase angle in Cu
+2

 and Mg
+2

 from 10
-5

 M to 10
-6

 M at 10
4 

Hz 

 

        From the above data it is apparent that the impedance and phase angles plots are essentially 

equivalent for both copper and magnesium solutions over the narrow range between 10
-5

 M and 

10
-6

 M. For these experiments, impedance and the phase angles are thus a function of ionic 

concentration but not dependent on the ions. The underivated gold IDE array showed no 

selectivity for Cu
+2

 vs. Mg
+2

.  

Change in the impedance of untreated chip in different methanol solutions: 

        To observe the effect of methanol on impedance, a selected series of dilutions were 

prepared using distilled water and 100% methanol. Figure 32 represents the change in impedance 

in different concentrations of aqueous methanol solution. The sensitivity of impedance to even 
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slight changes in dielectric constant is well illustrated by the fact that the lowest concentration of 

methanol (0.625%) still shows a very significant shift from the pure water base line.    

 

Figure 32: Different impedances in water vs. different concentrated methanol solutions 

 

SAM formation on IDE chip: 

        Following the literature procedure,
19

 preparation of the SAM on the gold IDE chip was 

done by in situ condensation of 5-amino-1, 10-phenanthroline with CS2 in methanol. The 

resulting dithiocarbamate was allowed to anchor on the gold substrates by dipping the IDE chip 

into the methanol solution. Figure 33 illustrates the structure of a single unit of the 5-amino-1, 10 

phenanthroline dithiocarbamate SAM. For the preparation, 0.488 g of 5-amino-1, 10-

phenanthroline was dissolved in 100 ml of methanol in the presence of 0.095 g of CS2. This 

mixture was sealed in the vial, agitated for 1 minute, and left to sit for 1 hour.  
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Fig 33: Condensation of amine and CS2 

 

             A glass multi-well plate was used to dip the chip in the solution for different time intervals, 

and then it was removed and allowed to air dry. The formation of an organic film on the gold 

array was readily apparent from its effect on the impedance and phase angle plot of the treated 

chip vs. the blank chip, both immersed in water. Figures 34 and 35 illustrate the change in 

impedance and phase angle of treated vs. blank chip.   

 
Figure 34: Change in impedance of derivatized vs. underivatized chip 
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Figure 35: Change in phase angle of derivatized vs. underivatized chip 

 

        The chip was dried and the change in the impedance in distilled water was studied by 

rinsing the chip with fresh deionized water and drying between each run. It was observed that 

after two washes, the monolayer was removed as evidence by convergence of the curves back to 

the underivatized chip baselines in water. Figures 36 and 37 illustrate the change in impedances 

and the phase angles of underivatized chip vs. derivatized chip with multiple runs. 
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Figure 36: Change in impedances of derivatized vs. underivatized chips with multiple washes 

 

 
Figure 37: Change in phase angles of derivatized vs. underivatized chip with multiple washes 

 

Instability of the Dithiocarbamate/methanol solution:  

        When the SAM precursor solution was allowed to sit for 24 hrs a layer of yellow solid 

settled in the bottom. The solution was filtered through a tared filter paper and a minute quantity 

of solid collected. After drying, the weight of filter paper with solid was essentially unchanged 
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from the tare weight. A duplicate preparation of 5-amino-1, 10-phenanthroline dithiocarbamate 

SAM on a fresh IDE chip was done as before using the filtered liquid. The derivatized IDE chip 

was tested again by repeated cycles of dipping, spectra acquisition, rinsing, and drying. As in the 

previous experiments, changes in the impedance and phase angle curves confirmed loss of the 

SAM within three cycles.  

        To determine if oxygen dissolved in the methanol was responsible for the precipitation of 

the solid in the SAM precursor, the methanol used to prepare a fresh solution of the SAM reagent 

was degassed with N2 for 30 min, the SAM reagent was then prepared as before. A fresh IDE 

chip was then dipped into the solution to prepare the SAM as in the previous trails. The 

derivatized IDE chip was tested again by repeated cycles of dipping, spectra acquisition, rinsing, 

and drying. As in the previous experiments, changes in the impedance and phase angle curves 

confirmed loss of the SAM with in three cycles.  

        Trails were also run with longer immersion times (30, 45, 60 min) of the IDE chip in the 

same precursor solution. These chips showed formation of the dithiocarbamate SAM from initial 

impedance and phase angle plots, but all showed the same loss of SAM on repeated 

dip/withdraw/rinse/dry cycles. 
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Chapter 4: Summary and Conclusions 

        Standard impedance spectra, plotting both impedance and phase angle as a function of 

frequency were acquired in air and distilled water. These plots were used to compare the plots 

obtained from the multiple dilutions of copper and magnesium solutions. 

Ion concentration vs. Impedance:   

        When impedance vs. ion concentration, was compared for the gold chip it was found that 

with increase in ionic concentration there will be decrease in impedance, which is due to increase 

in dielectric constant.  This change in the impedance was found to be similar for both copper and 

magnesium ions. The impedance at 10000 Hz for 10
-6

 M concentrated ionic solutions (Cu
+2

 and 

Mg
+2

) were found to be similar to the impedance of distilled water at 10000 Hz. 

Ion concentration vs. Phase Angle:  

        When phase angle vs. ionic concentration was compared for the plain gold IDE chip, it was 

found that with increase in ionic concentration, there will be decrease in phase angle. This 

change in the phase angle was found to be similar for both copper and magnesium ions. The 

phase angle at 10000Hz for 10
-6

 M concentrated ionic solutions (Cu
+2

 and Mg
+2

) was found to be 

similar to that of the phase angle of distilled water at 10
4
 Hz. 

Limit of detection and sensitivity:      

       Reproducibility of these results was obtained in different environmental conditions. Limit of 

detection of the ions were found to be at 10
-6

 M concentration, but change in the impedance and 

the phase angle were observed to be same in both copper and magnesium ion solutions. When 
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the change in the impedance and the phase angles were observed in the narrow range between 

10
-5

 M and 10
-6

 M concentrations at 10000 Hz for copper and magnesium solutions the plots 

were found to be indistinguishable. 

Conclusion: 

        From the above results it can be concluded that the impedance and the phase angle are not 

dependent on the type of ions present in the solution but dependent on the concentration of ions 

present in the solution. Limit of detection and linearity range for Cu
2+ 

vs. Mg
2+ 

was determined 

for untreated IDE array with no significant difference. This method was not selective for the 

detection of Cu
+2

 ions.  

Stability of SAM: 

        The stability of the SAM was studied by recording the change in the impedance and the 

phase angle in presence of water and copper ions. It was observed that when the derivatized chip 

was washed with distilled water between the runs, the self-assembled monolayer was removed. 

The derivatized chip was reverted to an underivatized chip within two to three washes. It can be 

concluded that SAM formed on the gold chip was not stable. Even with the use of degassed 

methanol couldn’t achieve stable SAM.  

Further studies: 

        Since 2
o
 amines are reported to form more stable self-assembled monolayers (SAM) on 

gold, later works will include the derivatization of 2
0
 amines on the chip, and it should be tested 

for stability. Later experiments will examine how the 2
o
 alkyl amino phenanthroline self-
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assembled monolayer (SAM) affects the limit of detection and linearity for both ions will 

examine the possibility of increase in sensitivity and selectivity of Cu
2+

 ions in the presence of 

any other aqueous ions. 
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