
 1 

H/D Isotope Effects on Redox-switching of DNA Self-Assembled 
Monolayers observed by EQCM and Cyclic Voltammetry 

Sarasi K.K. Galagedera, Gerd-Uwe Flechsig* 

Department of Chemistry, University at Albany – SUNY, 1400 Washington Ave, 

Albany, NY 12222, United States 

* Corresponding author: gflechsig@albany.edu  

Abstract 

An electrochemical quartz crystal microbalance (EQCM) was employed to study the 

interactions of hexammine ruthenium(III) (RuHex) and hexammine cobalt(III) (CoHex) 

with a mixed self-assembled monolayer of single-stranded DNA and 6-mercapto-1-

hexanol (ssDNA/MCH SAM) immobilized on gold electrodes. When the buffer 

medium was switched to deuterium oxide (D2O) from normal water (H2O), we 

observed a pronounced H/D kinetic isotope effect where a consistent shift of up to 

400 mV was seen for the reduction peak potential of CoHex but not with RuHex. This 

was attributed to a 2400-fold change of the apparent reaction rate constant. Though 

there was a dramatic increase in the EQCM frequency response at a millisecond time 

scale in the presence of both redox indicators, compared to the signal observed in a 

low ionic strength buffer (10 mM tris(hydroxymethyl)aminomethane (Tris)/H2SO4 at 

pH 7.5), a 10 Hz decrease in the frequency shift was observed upon switching from 

H2O to D2O-based buffer medium. The hydrogen bond network within the ssDNA 

layer seems to amplify the H/D isotope effect with CoHex. Amplified isotope effects 

may play a role in living systems. The mechanisms of recently reported H/D isotope 

effects in medicinal and biochemistry are still widely unclear. Voltammetric and 

EQCM studies of H/D isotope effects can provide a platform to investigate amplified 

isotope effects not only with DNA layers, but probably also with proteins and small 

organic molecules and may be useful for studies of cell proliferation, as well as drug 

testing. 

1 Introduction 
 

Isotope effects in electrochemistry have been occasionally studied since the first 

experiments of J. Heyrovsky with heavy water samples in the 1930s. He found that 
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hydrogen evolution at mercury electrodes requires slightly more cathodic potentials 

when the electrolyte is based on heavy water [1]. The effect that Heyrovsky described 

was small (-20 mV). Even more recent papers did not report isotope effects much 

greater than -100 mV [2]. Electrochemical studies of isotope effects with systems 

other than hydrogen evolution are scarce. Erkang Wang et al. reported on an 

unusually large isotope effect with layers of vanadium hexacyanoferrate deposited on 

a Pt electrode of an EQCM: When in the aqueous electrolyte of K2SO4 the light water 

was replaced by heavy water, the redox signal of vanadium nearly disappeared, and 

hence, the voltammograms looked completely different in H2O and D2O [3]. In 

contrast, a layer of nickel hexacyanoferrate did not show significant differences in 

voltammograms recorded in light and heavy water-based electrolytes [4]. 

Unfortunately, these interesting findings did not capture significant attention. More 

recently, relatively small H/D kinetic isotope effects have been used to study the 

electrode reaction mechanisms of the reduction of oxygen [5,6] and furfural [7]. 

In medicinal chemistry and biochemistry, H/D isotope effects have been utilized to 

investigate reaction mechanisms of enzymes [8,9]. Incorporation of hydrogen isotopes 

into organic molecules is achieved by either direct hydrogen isotope exchange from 

the solvent or by a conventional synthesis involving multiple steps. If protons of 

interest are acidic and can be exchanged with water, usually the direct hydrogen 

exchange pathway is used. Such solvent isotope effects have been relatively small. 

Solvation in micelles based on SDS have been 20% slower in D2O compared to H2O 
[10]. The speed of kinesin-1 in gliding motility assays has been decelerated in D2O by 

21%, and in H218O by 5% [11]. Natural water comprises a low percentage of deuterium 

atoms (0.01 %) which are exchangeable between adjacent water molecules, thus 

carry a high interest in its biological effects on intracellular functions. Although 

deuterium oxide levels higher than 20% of body weight are lethal for higher life forms, 

low concentrations seem to be harmless for animals and humans [12]. Previous 

reports indicate this toxicity of deuterium oxide and the heavy damage it can cause to 

vital organs like mouse kidney [13], yet there is a firm belief of its potential as an 

antiproliferative agent. In fact, the cell-free assay of GFP expression carried out by 

Hohlefelder et al. which have shown a considerable H/D isotope effect, give an 

indication of antiproliferative properties of heavy water [14]. Exceptions exist, and so, 

Vergara et al. could use water moss F. hygrometrica in high concentrations (90%) of 

D2O to isolate deuterated chemicals [15]. Heavy water showed an inhibiting effect 
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upon human pancreatic tumor cells in vitro [16]. A recent report by Strekalova et al. 

showed that deuterium-depleted water (DDW) has significant effects on depression in 

humans, as well as mice [17]. They found a correlation between geographical 

distribution of deuterium in tap water and depression. DDW also influenced the EEG 

parameters of sleep. These findings seem to confirm earlier reports of Somlyai et al. 

that DDW has an influence on various diseases [18,19]. According to them, changing 

the H/D ratio in cells can influence certain molecular mechanisms that play a key role 

in cell cycle regulation. Thus, application of DDW may open new windows in cancer 

therapy [20]. Significant effects of DDW have also been observed in case of sunflower 

plants by Tanase et al. [21]. In order to bring about any significant effects of deuterium 

depletion below the natural level of 155 ppm, certain amplification and deuterium 

accumulation processes or combinations thereof must probably exist in living 

organisms. Latest studies support the idea that an optimum level of deuterium can be 

found between 50 and 150 ppm [22]. 

Heavy water was also used to enhance super-resolution microscopy based on up to 

54% increased photoemission of fluorescence labels [23]. Atzrodt et al. stated that the 

recent increased attention towards using hydrogen isotopes in pharmaceutical drug 

discovery is due to the enhanced sensitivity in detection and high reliability of the 

data obtained which outweigh the challenges in synthesizing the (H, D or T) labelled 

molecules and the cost associated [24].     

Electrochemical [25], and gravimetric [26,27] DNA biosensors have been frequently 

described. Also combined transductors are well-known [28]. Many electrochemical 

DNA sensors use covalently labeled probes [29], targets, [30,31] reporter or signaling 

strands [32]. DNA strands labelled with osmium tetroxide bipyridine have been used 

for hybridization detection on unheated and heated gold electrodes [33,34]. In 

controlling the analytical performance and reproducibility of DNA hybridization in any 

biosensor, the uniformity of the probe strand layer as well as its density is crucial 
[35,36]. It has been found that formation of modified surfaces with ds or ssDNA mixed 

with MCH can lead to heterogeneous surface packing densities giving rise to areas 

with lumps of DNA (aggregates) or multilayers [37]. Thus, the immobilization protocol 

plays a major role in producing a homogenous mixed monolayer with a fewer or no 

aggregates [38].  Twenty years ago, Steel et al. introduced their chronocoulometric 

method for the determination of DNA surface coverage based on RuHex. This 

complex is a redox marker that binds electrostatically in a defined stoichiometric ratio 
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to the negatively charged nucleotide backbone/phosphate groups to quantify the 

surface density of ds or ssDNA immobilized on gold electrodes [39]. However, the 

strict 1:3 stoichiometry between RuHex and phosphate groups may not apply in all 

cases [40]. Electric and electrochemical potential pulses can improve the speed and 

stringency of DNA hybridization [41,42]. Moreover, the deposition of DNA SAMs can be 

accelerated by means of potential pulses [43]. Denaturation of immobilized dsDNA can 

be performed by means of very negative potentials without desorption of probe 

strands provided they are linked to multiplex-thiol groups leading to increased 

thermal and electrochemical stability [44,45]. 

A very sensitive 35 MHz QCM with dissipation (QCM-D) has been used by Tsortos et 

al. to investigate the energy dissipation due to deposition of viscoelastic layers such 

as DNA. The study of the acoustic ratio DD/Df allowed to collect data about film 

density and thickness, as well as shear viscosity [45]. The authors described a linear 

relationship between the length of DNA oligos and the viscosity for strands shorter 

than 200 base pairs (bp). Viscosity also played a role with strands as short as 20 to 

50 bp. Conformational changes of dsDNA that occurred upon binding of the Rad51 

protein and polyamines have also been studied by QCM-D [46]. The electrochemical 

version of QCM-D (EQCM-D) has been utilized to influence the hybridization of DNA 

by means of applied potential pulses [28]. Although in that study, the applied potential 

pulses lead to the generation of a frequency response of a few Hz from the DNA 

layers, the authors focused more on how the pulses enhanced the hybridization 

efficiency rather than analyzing the cause of the frequency response.  

Our main focus was the frequency response that is observed with such mixed SAMs 

of DNA/MCH and redox marker molecules. We have recently reported on redox-

switching of the viscoelasticity of DNA layers on gold observed with RuHex and 

CoHex in electrolytes made with light water [47]. In that earlier study we observed a 

difference in the frequency response of RuHex & CoHex with ssDNA/MCH mixed 

SAMs which we think is related (as described in earlier reports) to CoHex that may 

form bridges between DNA strands coordinating not only with the phosphate 

backbone (as RuHex), but also with guanine bases [48]. In the current study we have 

investigated unusually large H/D isotope effects on the interaction of our redox 

marker molecules and DNA layers observed in voltammetry, as well as significant 

isotope effects upon the redox-switching of viscoelasticity of the DNA layers as 

revealed by EQCM measurements. 



 5 

2 Materials and Methods  
2.1 Apparatus 
 

The voltammetric and EQCM measurements have been conducted by means of a 

PGSTAT 128N potentiostat/galvanostat (Metrohm-Autolab) equipped with an EQCM 

module with a measurable nominal frequency of 6 MHz. The EQCM cell contained a 

Ag/AgCl reference electrode (3 M KCl) and a gold counter electrode. The diameter of 

the gold working electrode (on the surface of the 6 MHz quartz crystal, diameter 1.36 

cm) in the EQCM cell was 0.67 cm with a thickness of 100 nm. A Ti film with a 

thickness of 10 nm served as an adhesion layer between quartz surface and gold 

film. Gold disk electrodes (purchased from BASi, USA) used for voltammetric studies 

had a diameter of 1.6 mm. A platinum wire counter electrode and Ag/AgCl reference 

electrode in 3 M KCl was used along with the BASi gold disk electrode.    

2.2 Chemicals 
 

The 35-mer ssDNA thiolated probe (HLA DBP1) with the sequence of 5´GAT AGG 

ACC CAT ATT CCC ACT TTT TTT TTT TTT TT tris(dithioserinol) 3´ was obtained 

from Biomers.net GmbH (Ulm, Germany). Deuterium oxide was obtained from 

ACROS Organics (Geel, Belgium). All the other reagents used for the experiments 

were purchased from Sigma-Aldrich (USA). They were of analytical grade and used 

without any further purification. All H2O-based buffers were prepared using mega 

pure water. The immobilization buffer used was 10 mM Tris containing 0.5 M 

Na2SO4. The pH was adjusted to 7.5 using H2SO4 or D2SO4 as needed. The cyclic 

voltammetric, DPV, and EQCM experiments were performed in a measurement 

buffer consisting of 10 mM Tris. The pH adjusted to 7.5 using either H2SO4 or D2SO4.   

2.3 Immobilization Procedure 
 

The gold disk electrode was cleaned by polishing with aluminum oxide powder 

(0.3 µm & 0.05 µm) followed by electrochemical cleaning in 0.5 M H2SO4 using cyclic 

voltammetry (0.1 to 1.7 V, 30 cycles, scan rate 200 mV s-1). The gold electrode in the 

EQCM cell was subjected only to electrochemical cleaning (0 to 1.2 V, 10 cycles, 

scan rate 25 mV s-1) before immobilization. The modified gold electrodes with high-

density ssDNA/MCH mixed SAMs were prepared using previously described protocol 

of Peter et al. [47].    
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3 Results and Discussion 
 

3.1 H/D Isotope Effect observed in Cyclic Voltammetry 
 

During our initial investigations to find the E1/2 values of CoHex and RuHex in order to 

apply the optimal potential values for the potential jumps in EQCM experiments, 

cyclic voltammetry and differential pulse voltammetry were performed as depicted in 

Fig 1. The CV studies were performed after immobilizing a high-density ssDNA/MCH 

mixed SAM [(6.14 ± 0.95) pmol/cm2] on a gold electrode with 50 µM CoHex or RuHex 

in 10 mM Tris buffer made with H2O or D2O. Here we observed a dramatic difference 

in the redox behavior of CoHex in D2O and H2O (Fig. 1 B&D) whereas the behavior 

of RuHex (Fig. 1 A&C) was very similar in both buffers.  

 

Figure 1. Kinetic isotope effect observed in A, B) cyclic voltammetry and C, D) differential pulse 

voltammetry with high density ssDNA/MCH modified gold electrodes in 10 mM Tris/H(D)2SO4, pH 7.5 

buffer containing 50 µM of A, C) RuHex and B, D) CoHex. CV scan rate was 250 mV s-1. 

For CoHex, the oxidation peak was almost gone in D2O-based buffer and the peak 

separation was even greater than in the H2O-based buffer. Interestingly, the 

reduction peak potential of CoHex in D2O was shifted towards a much more negative 

value than in H2O. As shown in Fig. 3, a consistent shift of ~ 400 mV was detected in 

the reduction peak potential for CoHex in D2O-based buffer when in contact with a 
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ssDNA/MCH mixed SAM. A control experiment with a bare gold electrodes and 

200 µM CoHex in H2O and D2O-based Tris buffers revealed no isotope effects on the 

peak potentials (Fig 2).  

 

Figure 2. Cyclic Voltammetric behavior of 200 µM A) RuHex and B) CoHex at a scan rate of 250 mV 
s-1, in 10 mM Tris/H(D)2SO4 made with H2O (Red) and D2O (Black) pH 7.5 at bare BASi Au disk 
electrode.  

 

Electrochemical reaction kinetics that applies to irreversible reactions in thin layers 

has been described by Hubbard in Equation 1, 

𝐸" = 𝐸$ − &'.)*+
,-./

0 𝑙𝑜𝑔 4,-./|6|7
8*+9.

:       (1) 

where EP is the peak potential, E0 the standard electrode potential, T the 

temperature, R the gas constant, a the transfer coefficient, n0 the number of 

electrons transferred, F the Faraday constant, n the scan rate, A the electrode area, 

V the volume of the thin layer, and k0 the apparent electron transfer rate [49]. 

Effects of both the scan rate n and the apparent rate constant k0 are visible in Fig. 3 

as drifts with the scan rate and a constant offset, respectively, with the latter only 

visible in case of CoHex. This means the k0 is nearly the same for both H2O and D2O 

in case of RuHex. The -400 mV drift in cathodic peak potential means a factor kH/kD 

of approx. 2400. In comparison, one of the largest kinetic isotope effects reported so 

far has been catalytic autooxidation of cumene (kH/kD = 76) [50]. The drift with scan 

rate in our voltammetric experiments was the same in all cases (DE ~ -log(|n|). We 

deduced that this isotope effect arises due to the difference in interaction with the 
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ssDNA SAM and the redox complex as described earlier [47], where ammonia ligands 

of CoHex form hydrogen bonds with guanine bases and in contrast, RuHex interacts 

with the negatively charged phosphate backbone only. RuHex has been described to 

cover the negatively charged DNA strand and provide some conductivity [51]. 

Therefore, the most relevant difference between CoHex and RuHex may be that in 

order to transfer electrons, the former has to enter the DNA layer, while the latter 

does not. This situation is illustrated in Scheme 1. While this mechanism may explain 

the basic difference between RuHex and CoHex in terms of EQCM behavior, it does 

not explain the stark solvent isotope effect of heavy water. Here, an additional effect 

may play a role: Similar to the entropy effect with chelate complexation, the multiple 

binding of CoHex to phosphates and bases by hydrogen bonds may lead to a similar 

entropic amplification of the isotope effect.  

  

Figure 3. Variation of CV reduction peak potential with scan rate in 10 mM Tris/H2SO4, pH 7.5 buffer 

containing 50 µM of A) RuHex and B) CoHex on high density ssDNA/MCH modified gold electrodes 

(EQCM Au electrode). The reduction peak potential values/data points represent the average value of 

3 trials, each performed with a new SAM.  

 

Table 1: Calculated half wave potentials (E1/2) of RuHex and CoHex at ssDNA-MCH modified Au 
electrode from cyclic voltammetry in 10 mM Tris/H2SO4 with H2O or D2O, pH 7.5 

Complex  E1/2(D2O) /V E1/2(H2O) /V 

RuHex -0.1690 ± 0.0025 -0.1741 ± 0.0018 

CoHex -0.360 ± 0.073 -0.202 ±0.027  
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Scheme 1. Proposed schematic of the charge transfer mechanism in ssDNA SAMs conjugated with 
hexammine metal complexes each at a sufficiently reductive potential, by A) electron hopping enabled 

by RuHex and B) diffusion of redox-active CoHex through the SAM. 

The shift of the equilibrium constant K can be calculated from the shift of standard 

potential based on the Nernst equation (Equation 2), where, n is the number of 

electrons transferred during the reaction, F is the Faraday constant, T is the 

temperature (in K) and R is the universal gas constant.    

𝐸$ = *+
-/
𝑙𝑛𝐾 = $.$=>'7

-
𝑙𝑜𝑔𝐾        (2) 

The observed -158 mV shift of the half-wave potential corresponds to a 467-fold shift 

of the regarding equilibrium. As reversibility was also changed, we performed 

differential pulse voltammetry (DPV) (Fig. 1 C, D). In DPV, we observed -250 mV 

potential shift in the case of CoHex, which would correspond to a 10,000-fold 

equilibrium shift; however, in case of irreversible electrode reactions, the half wave 

potential cannot be used to calculate thermodynamic parameters [52]. In comparison, 

a shift of the pKa of boric acid by 5 orders of magnitude was observed upon 

complexation with chelating poly-alcohols such as mannitol [53], and the complexation 

of Cu(II) with triethylene tetramine (trien) instead of NH3 leads to a shift of formation 

constant (pKf) from -12.6 to -20.5 [54]. When RuHex is electrostatically bound to 

ssDNA on the electrode surface, it can increase the conductivity of such SAMs 

dramatically [40,55]. In comparison, with a t52g/t62g low spin electron configuration in 

RuHex, to the t62g/t52ge2g low spin/high spin switch configuration in CoHex [57], the 
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latter does not allow such accelerated electron transfer and conductivity effects in 

ssDNA SAMs. In fact, the rate constants for electron self-exchange reactions have 

been reported to be 9.6 ´ 102 and 2 ´ 10-8 L/mol s for RuHex and CoHex, 

respectively [57]. The two proposed mechanisms of charge transfer are illustrated in 

Scheme 1. 

 

Figure 4. Variation of D2O content of the 10 mM Tris/H2SO4 buffer (pH 7.5) containing 50 µM CoHex 

on the Co(III) reduction peak potential observed with high density ssDNA/MCH modified EQCM gold 

electrode (blue & pink) & BASi disk gold electrode (black & red). CV was performed with a scan rate of 

250 mV s-1. The reduction peak potential values (data points) are a representative of the average of 3 

trials, each time using a new SAM immobilized on the Au electrode. 

We performed control experiments with bare gold electrodes in both H2O and D2O 

based TRIS buffer electrolytes. These controls as depicted in Fig. 2 revealed that no 

isotope effect on peak potentials was visible without DNA-SAM and confirmed that 

only DNA-SAM as a diffusion barrier would induce the isotope effect. 

3.2 Effect of D2O Concentration in the Buffer  
 

After observing the difference in redox behavior of CoHex in both buffers, an 

extended study using cyclic voltammetry was carried out by changing the 

concentration of D2O in the measurement buffer to further explore the influence of 

D2O on the reduction peak potential of CoHex. We compared the results obtained 
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using EQCM gold electrodes and Au BASi disk electrodes in Fig. 4. The results 

indicated a shift of ~400 mV s-1 (Fig 4. Blue & Pink) in the reduction peak potential of 

CoHex with the EQCM Au electrode when the concentration of the measurement 

buffer was changed from 0% to 100% D2O. This shift was consistent regardless of 

the order of the measurements performed (starting from 100% H2O containing buffer 

to 100% D2O containing buffer and vice versa). Whereas with the BASi Au electrode, 

the shift in the reduction peak potential was ~250 mV s-1 (Fig 4. Red & Black). The 

difference in the reduction peak shift values with both electrodes can probably be 

explained by the different surface structure of the electrodes containing the 

immobilized ssDNA/MCH mixed SAMs. Since the very flat surface of the EQCM Au 

electrode causes a better ordered DNA layer that allows more CoHex ions to chelate 

with guanine bases of the immobilized ssDNA and interact with D2O/H2O molecules 

in the medium, leading to an enhanced isotope effect.             

The most probable explanation for the observed shift in peak potentials seems to be 

the charge transfer mechanism illustrated in Scheme 1, where the exchange of metal 

complex ions and electron transfer in the ssDNA SAM is depicted: Electron transfer 

can proceed very quickly within RuHex-conjugated ssDNA-SAM unaffected by 

isotope effects, whereas with CoHex this is not possible. The electron self-exchange 

rate constant for CoHex is 48 billion times lower than that for RuHex [57]. In ssDNA-

SAMs coordinated with CoHex, this complex ion has to move in and out in order to 

enable the electron transfer. Since CoHex interacts not only with phosphates, but 

also with guanine, it is relatively difficult to move. Replacing the solvent H2O by D2O 

leads to rapid exchange of all O-H or N-H acidic protons by deuterons making all 

hydrogen bonds stronger. In a chelate-like coordination, this will lead to the observed 

amplified isotope effect. This mechanism is also responsible for the missing oxidation 

peak of CoHex in D2O. The reduction peak of Co(III) is greatly shifted to the negative; 

however, the mass transport of Co(III) from the bulk is only slowed down by the DNA-

SAM. By the time, when the potential scan reaches the oxidative values for Co(II), 

there is not much Co(II) left in the vicinity of the electrode surface. Most has 

disappeared into the bulk, and only what was available in the SAM can be oxidized. 

The recently described water superstructures interacting with DNA [56] may also 

contribute energetically and entropically to the observed isotope effects. 
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3.3 EQCM Frequency Response with RuHex & CoHex in Heavy Water 
Buffer   

 

Next, the interactions of the different redox species with the ssDNA/MCH mixed 

SAMs were studied using the EQCM frequency response. Here, in comparison to our 

previous studies [47] with light water-based measurement buffers, a notable decrease 

in the frequency shift values (by ~ 10 Hz) was observed in heavy water buffers for 

both RuHex and CoHex as shown in Fig 5. One possible explanation for the 

decrease in the frequency response may be due to the difference in the interaction of 

the outer hydration shell of each of the redox species with H2O and D2O molecules in 

the buffer medium. Heavy water being 20% higher in viscosity than light water, may 

influence considerably the viscoelastic properties of the SAMs on the gold electrodes, 

which will cause indirect effects on the diffusion of species in and out of the 

monolayer. In addition, there might be a ligand exchange process going on between 

ammonia and H2O/D2O with the chelated redox complexes on the ssDNA. 

Investigations are underway for the mechanism of this exchange. 

 

Figure 5. Frequency response of ssDNA/MCH mixed SAMs upon addition of 50 µM A) RuHex B) 

CoHex to 10 mM Tris/H2SO4 buffer made with H2O (red) & D2O (blue) pH 7.5.    

3.4 Effect of the Concentrations of RuHex and CoHex 
 

We further investigated the effect of the metal complex concentrations on the redox 

switching EQCM response of the mixed ssDNA/MCH SAMs with D2O based 

measurement buffer (Fig 6 A&B). According to the study, we observed that the 

detection limit for RuHex in Tris buffer made with D2O can go as low as 2 μM, 
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whereas for CoHex it was 5 μM. Also, RuHex at concentrations below 20 μM had a 

behavior similar to CoHex, where the signal takes a much longer time to reach the 

equilibrium.  

 

Figure 6. Effects of the metal complex concentration on the EQCM redox switching response of 
RuHex (A) and CoHex (B); the bottom panels depict the corresponding Langmuir isotherms for RuHex 
(C) and CoHex (D). Potential pulse lengths were 30 s for RuHex and 140 s for CoHex; 10 mM Tris 
buffer made with D2O was adjusted to pH 7.5 using D2SO4. Potential jump for RuHex was from 
0.053 V to -0.347 V and 0.2 V to -0.6 V for CoHex.    

 

The binding constants Kd, for both RuHex and CoHex were calculated (Table 2) from 

the isotherm plots (Fig 6 C&D) using a Langmuir-isotherm-type model [47]. Average Kd 

and standard error values of three trials, each one with a new SAM are listed in Table 

2. Binding constant of CoHex was higher than that of RuHex by a factor of ~3, 

indicating stronger binding with ssDNA. Compared to the Kd values in H2O based 

buffer, Kd values of CoHex in D2O based buffer were decreased very significantly (by 

a factor of ~3), whereas RuHex again did not show an isotope effect. These Kd 

values further confirm the difference in the interactions with the ssDNA/MCH mixed 

SAM and the two redox complexes.   
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Table 2: Binding constants of RuHex and CoHex to ssDNA/MCH mixed SAMs immobilized on a gold 
electrode surface  

Complex  Kd (D2O) /M-1*106 Kd (H2O) /M-1*106  

RuHex (0.117 ± 0.013)  (0.118 ± 0.010)a  

CoHex (0.295 ± 0.041)  (1.04 ± 0.211)a  

   a Kd (H2O) values were taken from our earlier paper [47]. 

 

3.5 Effect of Potential Pulse Amplitude on the Frequency Response  
 

Figure 7 illustrates the strong influence of the potential amplitude on the frequency 

response of 50 μM CoHex in 10 mM Tris buffer made with H2O and D2O. The 

maximum frequency response was observed at an amplitude of ~ (±400 mV) for 

CoHex and ±120 mV for RuHex as reported in our earlier work [47].  

 

Figure 7. Effect of potential pulse amplitude on frequency shift values with 50 µM CoHex in 10 mM 
Tris/H2SO4, pH 7.5 buffer made with H2O (red) and D2O (black).  

 

Again, CoHex showed a different behavior with H2O and D2O based Tris buffer. For 

lower potential amplitude values (until ± 100 mV) the frequency response was quite 

similar in both H2O and D2O buffers, but as the potential amplitude increased, CoHex 

showed a larger increase in the frequency response in H2O based buffer than in D2O 
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based buffer. Also, in the D2O based buffer the maximum frequency response was 

nearly reached at a potential amplitude of ± 250 mV followed by a very small further 

increase in frequency response; whereas in H2O based buffer the response 

increased gradually till a potential amplitude of ± 400 mV was applied. This difference 

in frequency response to the potential pulse amplitude further accounts for the 

isotope effect seen only with CoHex.   

4 Conclusion  
    

The first important observation we made was the difference in the redox behavior of 

RuHex and CoHex upon switching the electrolyte media from H2O to D2O, where a 

consistent potential shift of 400 mV (with EQCM Au electrode) and 250 mV (Basi Au 

disk electrode) was seen for the reduction potential of CoHex, while no significant 

change was observed for RuHex in both CV and DPV studies. The potential shift was 

observed only in the presence of mixed SAMs of ssDNA & MCH on the gold 

electrode surface. The second observation was the reduction in the EQCM frequency 

response (by ~ 10 Hz) in the presence of both RuHex and CoHex upon switching the 

potential from negative to positive and vice versa.  

We concluded that the observed effects were caused by a combination of processes. 

One reason is the difference in the interaction of RuHex and CoHex with ssDNA. 

RuHex specifically interacts with the oxygen atoms of the negatively charged 

phosphate groups in the back bone of ssDNA, while CoHex could interact with 

oxygen atoms of the phosphate back bone, as well as with the nitrogen atoms of 

guanine bases, which could also lead to a conformational transition from the B-form 

of DNA to Z-form. Studies performed by Steichen et al. and Gautham et al. provide 

sufficient evidence for this claim. The next reason for these differences in isotope 

effects could be an outer shell rearrangement with the [Co(NH3)]3+/2+ redox couple 

upon the potential switch. These self-exchange reactions are affected by the orbitals 

involved in electron transfer. In case of [Co(NH3)]3+/2+ the reorganization energy is 

greater as electrons are moving to 𝛔* orbitals upon rearrangement, which in return 

makes the reaction even slower. Whereas for the [Ru(NH3)]3+/2+ redox couple the 

inner sphere reorganization is less extensive as the electron is being transferred 

between weakly antibonding or nonbonding p orbitals, thus the reactions become 

much faster [57]. In summary, charge transfer for CoHex happens due to diffusion of 
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this complex through the DNA-SAM, whereas RuHex enables electron hopping 

without any need for the RuHex to move through the SAM. This also explains the 

missing oxidation peak for CoHex, and it may be one of the reasons for the slow 

frequency response of CoHex during positive potential steps. The observed amplified 

H/D isotope effects may be used as tools that allow to improve our understanding of 

isotope effects in medicinal and biomolecular settings that have been reported 

recently. The mechanisms are still widely unclear. The recently described chiral water 

superstructures interacting with DNA [56] may be an interesting field to test our 

approach. Voltammetric and EQCM studies of H/D isotope effects can probably help 

to investigate amplified isotope effects not only with DNA, but also with larger protein 

molecules, as well as with potential organic drug molecules. 
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