
ABSTRACT 

SABERI MOVAHED, FARSHAD. Atomistic Insights into the Structure and Dynamics of 
Hydration Layers of the Detonation Nanodiamond with various Surface Chemistries in the 
Aqueous Solution of Inorganic Salts. (Under the direction of Dr. Donald W. Brenner). 

Interactions of water with detonation nanodiamonds (DNDs), with flourishing industrial 

and biomedical applications, have mutual effects on properties of both DND and water. This 

dissertation presents an atomistic insight into DND-water interactions via the analysis of atomic 

trajectories obtained from all-atom Molecular Dynamics (MD) simulations with an explicit non-

polarizable water model. Investigations herein are focused on effects of following factors on the 

structure, dynamics, and hydrogen bonds (HBs) of water in hydration layers of DNDs: 1) surface 

functional groups, 2) surface charges, and 3) ions with various charge densities. Effects of the first 

two factors on the ion adsorption onto surface groups of DNDs are also studied. Prior studies on 

HBs of water around DNDs, which are mainly based on Raman spectroscopy, fail to 

unambiguously distinguish between water-water and water-site HBs. The alternative approach in 

this dissertation facilitates making this distinction, which has important implications for 

fluorescence and colloidal stability properties of DNDs in aqueous solutions. 

Each atomistic system consists of a single cuboctahedral DND of 4.4 nm with a distinct 

surface chemistry, solvated in 0.1M aqueous solution of any of KCl, NaCl, CaCl2, or MgCl2 salts. 

The charge density of ions making up these salts vary in the order Cl– < K+ < Na+ < Ca2+ < Mg2+. 

Four types of surface functionalizations for DNDs are considered, namely, fully hydrogenated 

(DND–H), hydroxylated (DND–OH), carboxylated (DND–COOH), and aminated (DND–NH2). 

The last three DNDs also have some amounts of hydrogen on their surfaces. Furthermore, all 

DNDs except DND–OH exist as both neutral and charged particles. The charged versions of DND–

COOH and DND–NH2 are created by adding –COO– and –NH3+ to their respective facets, while 

the charged DND–H is obtained via a charge equilibration method.  

I have found that the law of matching water affinity generally explains well the adsorption 

patterns of ions onto the surface functional groups of DNDs. That is, like attracts like. Depending 

on whether the water affinity of the ion matches with that of the surface functional group or not, 

the former predominantly forms either Contact Ion-Pair (CIP) or Solvent-shared Ion-Pair (SIP) 

with the latter. In this regard, Na+ and Mg2+ have the highest tendencies to form, respectively, CIP 

and SIP associations with –COO– functional groups. In the extreme case of 84 –COO– groups on 



DND–COOH, however, I observed few Mg2+–COO– CIP associations, for which I have proposed 

a hypothesis based on the entropy gains. 

My results, for the first time, reveal the significant impacts of adsorbed ions and charged 

surface functional groups on modulating the structure, dynamics, HBs of water in hydration layers 

of DNDs. I have proposed a cooperative hydration mechanism through which certain adsorbed 

ions and charged functional groups cooperatively slow down the reorientational dynamics of water 

around charged DNDs. Their combined effect leads to locking in the HB network of the interfacial 

water in multiple directions, as manifested in markedly high structural relaxation time of the HB 

network. Furthermore, the adsorption of Mg2+ and, to a lesser degree, Ca2+ cations onto the charged 

DND–COOH results in a significant retardation in translational dynamics of water around the 

DND. It arises from the high charge density, hence the high water affinity, of these cations. 

This dissertation also provides a firsthand molecular level information about the preferential 

orientation and HBs of water in the vicinity of positively charged DND–H, on which prior 

experimental studies have not yet reached a consensus. I have found that facets of DND–H with 

+56 charges drive away the interfacial water’s OH bonds, which would have been otherwise 

dangling in the case of the neutral DND–H. Thus, it promotes water-water HBs around the former, 

which are indeed the strongest compared with those around other DNDs of different surface 

charges and chemistries, solvated in different salt solutions. But, the adsorption of more Cl– anions 

on the surface, on the one hand, and OH bonds of the interfacial water being driven further away 

from the facets, on the other hand, result in weaker water-water HBs around DND–H with +84 

charges.  
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CHAPTER 1 

1 Introduction 

Nanodiamonds (ND) have found many applications in different fields of science and 

technology. In particular, their biocompatibility, high surface-to-volume ratio, tunable surface 

chemistry, high adsorption capacities, photostability, and solubility have made NDs as one of the 

best candidates for drug delivery in cancer therapy1, antibacterial agent2, and biolabeling3,4 

compared with other nanoparticles (NP). 

NDs that we are studying here are often called detonation nanodiamonds (DND). They are 

commercially produced via the detonation of some explosives in a closed chamber. The resulting 

detonation soot contains up to 75 wt% primary diamond particles with 4-5 nm diameter, mixed 

with some other carbon-based substances and incombustible metal and oxide impurities. Thus, the 

as-produced DNDs must be purified before they can be used in aforementioned applications. In 

addition, the primary diamond particles in the soot have very active surfaces, which lead to the 

formation of tightly bound aggregates. Thus, some appropriate treatments are often applied to 

disintegrate them to specific sizes based on the requirements of various applications. 

The post-synthesis purification of DNDs introduces new functional groups to their 

surfaces, which in turn gives rise to particles with different surface charge densities. There have 

been various reports in the literature on the characterization of the surface functional groups via 

the widely used Fourier-Transform Infrared (FTIR) spectroscopy method. Generally speaking, 

oxygen-containing (such as –COOH, –COO–, –OH, –C–O–C, etc.), nitrogen-containing (such as 

–NH2, =NH, etc.), –H, and –CHx groups are among the most widely reported moieties on surfaces 

of DNDs.5 

There is a wealth of research in the literature on the optical, chemical, and physical 

properties of DNDs and their interactions with solid surfaces and liquid environments. We are 

particularly interested in interactions of DNDs’ surface functional groups with water in the 

aqueous solution of inorganic salts. This topic is of special interest to us owing to growing 

applications of DNDs in biomedicine and in vivo biomedical imaging, where DNDs inevitably 

interact with water. In addition, the industrial applications of DNDs necessitates to investigate the 

DND-water interaction due to environmental impacts of these NPs with proven stable structure on 

water resources.6 
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Guo et al. found that the electrostatic interactions between charged functional groups on 

DNDs’ surfaces and the surrounding solvent atoms play a critical role in the loading of drugs onto 

their surfaces.7 They studied DNDs functionalized with carboxylic groups (–COOH) that were 

dispersed in aqueous solutions of inorganic salts and amino acids, all of which contained 

doxorubicin hydrochloride (DOX·HCl) as an effective anti-cancer drug. Interestingly, they 

observed an enhancement in the drug loading onto DND’s surfaces upon the addition of inorganic 

salts such as NaCl and CaCl2 to the aqueous solution. The authors attributed this effect to the 

adsorption of cations onto negatively charged carboxylate surface groups (i.e., –COO–). They in 

turn attract salts’ anions, which ultimately leads to the adsorption of DOXH+ to the interfacial 

hydration layer. Huang et al. also reported a similar effect.8 

Zhu et al. reported that DNDs as a drug delivery agent can cause severe damage to certain 

biological cells by carrying excessive sodium ions into the cell.9 However, they found out that the 

cytotoxicity of DNDs can be prevented by introducing serum proteins to the cell. These proteins 

wrap around DNDs and inhibit the adsorption of Na+ ions to their surfaces. This result along with 

that of their similar study10 show that it is imperative to investigate the extent to which counterions 

adsorb to surfaces of DNDs. 

Stehlik et al. observed a pronounced screening effect of the surface electrical potential of 

hydrogenated DND (DND–H) relative to oxidized DND (DND–O), which they attributed to a 

thicker water layer around the former.11 They quantified this effect by depositing DND–H and 

DND–O particles on a pyrolytic graphite substrate. Then, they used Kelvin probe force microscopy 

(KPFM) to measure the contact potential difference (CPD) of each deposition with respect to the 

substrate as the reference, denoted as DCPD. At the same time, thermal annealing was applied to 

samples to enforce the desorption of surface water. Then, they found DCPDDND–O was smaller than 

DCPDDND–H. Moreover, they reported a more tightly bound water on the surface of DND–O than 

that of DND–H, based on their thermal analysis experiments. Furthermore, they inferred from 

FTIR measurements that hydrogen bonds (HBs) of water with DND–O surface groups are weaker 

than those of bulk water. This conclusion demands further investigation, especially when we 

consider that the surface of DND–O is decorated with polar groups such as –COOH or –OH that 

can form strong HBs with water. The abovementioned observation of tighter bound water on 

DND–O also suggests that the interfacial water forms strong HBs with the DND’s surface groups. 
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Regarding optical properties, several studies have suggested that the HB network of the 

solvent around DNDs dispersed in a protic solvent influences their fluorescence intensities. 

However, the mechanism through which the former affects the latter is not yet well understood. 

Vervald et al.12 and similarly authors of Ref.13–15 proposed that the stronger and the more dense 

HBs of the solvent around DNDs are, the less intense the fluorescence of DNDs become. They 

explained the latter in terms of a quenching mechanism, where the electron-excited states of 

DND’s surface groups shift as a result of the charge transfer to the solvent. They emphasized that 

the stronger HBs between surface groups of the DND and the solvent results in a stronger 

quenching effect. In contrast, Ref.16 reported a direct correlation, meaning the less intense 

fluorscence of DNDs are associated with weaker HBs of water around them. These contradictory 

results might be due to the way the strengths of HBs of the solvent have been characterized from 

Raman specra, which is discussed in the remainder of this chapter.  

Authors of Ref.12 used a qualitative reasoning based on the energy of HBs of the studied 

solvents to suggest that DND’s carboxyl groups substantially reduce the solvents’ average number 

of HBs. Furthermore, Ref.16 arrived at DND–COOH > DND–F > DND–polyFunc > DND–OH 

ordering in terms of the degree to which the surface functional groups of DNDs (i.e., –COOH, –

F, –polyFunc, –OH) weaken HBs of water around DNDs. Here, –F and –polyFunc refer to, 

respectively, fluorine atom and a mixture of –COOH, –OH, –H and so on. Later, Petit et al. also 

presented a similar ordering as DND–H >> DND–COOH > DND–polyFunc > DND–OH, where 

DND–H has been added to the sequence.17 However, Laptinskiy et al.18 have recently offered a 

completely different ordering as DND–H > DND–polyFunc > DND–OH > DND–COOH. In other 

words, the weakening effect of carboxyl groups on HBs of water around DND is attenuated in the 

most recent study compared with previous ones. 

All abovementioned studies as well as Ref.13–15,19 used the low-frequency and high-

frequency features of OH stretch band of Raman spectrum of the solution to infer the strength of 

HBs. The low-frequency and high-frequency regions in OH stretch band correspond to 

environments with, respectively, strong and weak HBs. The blueshift (i.e., moving to higher 

frequencies) and the redshift (i.e., moving to lower frequencies) of these features reflect, 

respectively, weakening and strengthening of HBs in the aqueous solution with respect to a 

reference state such as pure water. The weakening (strengthening) of HBs is also inferred from the 

increase (decrease) in the ratio of intensities of the high-frequency to low-frequency features. 
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Authors of Ref.12–17,19 tracked aforementioned changes versus changes in DND concentrations in 

the solution, the temperature of the solution, or some other parameters. Then, they qualitatively 

derived trends for strengths of HBs in aqueous solutions of DNDs as a function of DNDs’ surface 

groups or the type of protic solvent. In contrast, authors of Ref.18 arrived at mentioned trends by 

taking a quantitative approach for the first time. That is, they calculated the enthalpy change of 

HBs of water in different aqueous solution of DNDs with distinct surface functional groups. To 

carry out these calculations, they extracted the percentage of water molecules, that are hydrogen 

bonded with a specific strength, from OH stretch band of the Raman spectrum of the solution.   

The OH stretch band in the Raman spectrum of the aqueous solution of any solute including 

DNDs contains contributions from the vibrational response of water OH bonds in three different 

regions: 1) bulk, 2) hydration shells of the solute, 3) interface with the solute.20–22 For instance, the 

peak in the OH stretch band centered at 3660 cm–1 has been assigned to water molecules with  

dangling OH bonds at the interface with a hydrophobic surface.22,23 However, none of previous 

studies on using Raman spectroscopy to characterize HBs of water around DNDs made any 

distinctions among following categories of HBs: water-water HBs in the bulk region (HB(b)), 

water-water HBs in hydration shells of DNDs (HB(h)), and water-site HBs (HB(s)) that are made 

between water and surface groups of DNDs. Rather, the strength of HBs of water around DNDs, 

reported in these works, seems to be an average over the three categories of HBs. Interestingly, 

these studies (e.g., Ref.12,15,16,24) have drawn conclusions about the strength of HBs between water 

and surface groups of DNDs without providing any quantitative evidence; but rather based on the 

electronegativity of the surface groups and/or trends they observed from Raman spectra. 

Colloidal stability of DNDs in aqueous environments have also been the subject of 

numerous studies ever since they have been invented. In particular, some biomedical applications 

of DNDs such as in vitro fluorescence microscopy require them to be mono-dispersed with sizes 

below 10 nm in aqueous solutions.25 

Williams et al. showed that the hydrogenation of DNDs via annealing in hydrogen gas led 

to the formation of mono-dispersed colloidal solution of DNDs with average sizes of 50 nm and 4 

nm before and after centrifugation, respectively26. The initial untreated DND powder contained 

particles with average size of 100 nm and centrifugation had no effect on removing large 

aggregates from the solution. In addition, they found out that DND–H had a relatively constant 

zeta potential of +40 mV for the pH range of 3 to 8, while the untreated powder displayed negative 
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zeta potentials in their dynamic light scattering (DLS) measurements. A zeta potential above +30 

mV (considered as the colloidal stability limit) in the acidic pH range, which is common in some 

physiological systems, is beneficial for in vivo biomedical applications of DNDs. They attributed 

the negative zeta potential of untreated DND powder to oxygen containing groups such as carboxyl 

on its surfaces, which are left from washing as-produced DNDs in acidic solutions. However, they 

provided a different explanation for the positive zeta potential of DND–H using the electron-

donor-acceptor (EDA) complex concept. The main idea behind the EDA complex is that available 

oxonium ions (H3O+) in the acidic water interacts with electrons from 𝜋 or 𝜋∗ states in the sp2 

reconstructed surface shell of DND.  

A different mechanism for the positive zeta potential of DND–H is prosposed by Petit et 

al.17,27, where it originates from a charge transfer from DND–H to nearby water, which results in 

hole accumulations on the DND’s surface. The excess electron at the interface is then transferred 

to the 𝜎CD∗  antibonding orbital of the water molecule whose two hydroxyls are not involved in any 

hydrogen bonding (i.e. dangling OH) and are oriented toward DND’s surface. As proposed by 

authors of Ref.17, the water molecules with dangling OH bonds are connected to neighboring water 

molecules in a HB network of Double Acceptors (AA) and Double Donors (DD) (see Figure 

1.1(a)). Furthermore, they suggested that the DND–H is likely to disrupt the HB network of water 

over tens of nanometers, which remains questionable and requires further investigations.  

  

Figure 1.1. Two different representations of HB networks of water near DND–H with a positive zeta potential 
proposed by (a) Petit et al.17, (b) Chaux–Jukic et al.24. “AA” and “DD” in (a) represent double acceptor and double 
donor states of water molecules in terms of their hydrogen bonding with neighboring molecules. In addition, “e–“ 
denotes the excess electron that is transferred from DND–H to the 𝜎!"∗  antibonding orbital of the interfacial water.  

Chaux-Jukic et al. recently proposed that the surface of DND–H with positive zeta 

potential forms HBs with water molecules in its immediate vicinity (i.e. the first hydration shell).24 

The authors suggested that these HBs are strong enough that cannot be disturbed by suspended 

dimethyl sulfoxide molecules in the solution. Consequently, water molecules, which are the 
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organization. Th is would explain their great stability allowing the 
whole structure to resist to 12% (v/v) DMSO in water. Th e described 
structure is a result of the ambivalent behavior of the H-ND regarding 
their lipophilic and hydrophilic nature. Th e lipophilic aspect tends to 
disrupt the water molecules’ network. However, in order to minimize 
this perturbation, water molecules may contract weak HB with a 
slightly polarized hydrogen on the H-ND surface, forming around 
the H-ND a network of HB between the water molecules, which 
stabilize these weak HB and allow effi  cient hydration of the particle 
(Illustrated in fi gure 11).

CONCLUSION
Th roughout this study, we have developed a technique based on 

Raman spectroscopy that provides insights to the water interaction 
with H-ND. We have shown that the solvation of the H-ND is carried 
out through HB involving directly water molecules in the hydration 
shell. Th ese HB have been identifi ed as particular bonds, implying 
the hydrogen atom of H-ND as a HB donor and a doublet on the 
oxygen atom in a water molecule as an acceptor. Th is organization 
explains the formation of a hydration shell creating an intrinsically 
stable system. Th is type of hydration has already been reported for 
macromolecules such as DNA [42-44] or proteins [45-47], and the 
similarity of these systems’ hydration to H-ND hydration is not 
surprising at all, seen the size and the surface functionality of these 
macromolecules. We have demonstrated a linear evolution of the 
Raman signal of water molecules bound to H-ND, depending on the 
H-ND suspensions concentrations. Further, this approach suggests 
that the quantifi cation of water molecules strongly bonded to the 
H-ND would allow a direct quantifi cation of H-ND in aqueous 
suspensions. To do this, we have shown the effi  ciency of DMSO as an 
agent blurring the free water signal, which allows highlighting bound 
water in the Raman spectral region between 1200 cm-1 and 1800 cm-1. 
Since the H-ND are currently used in research as a radio-sensitizing 
tool [3], the direct H-ND quantifi cation in aqueous suspensions is of 
great interest for biological and biomedical applications. 
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hydrogen bonded to DND–H, orient their OH bonds toward the bulk region (see Figure 1.1(b)), as 

opposed to the AA-DD HB network proposed in Ref.17. Given the relatively low electronegativity 

of carbon, the possibility of the aforementioned HBs to be formed begs further analysis. Through 

a series of density functional theory calculations, Manelli et al.28 predicted both arrangements of 

water, proposed by Ref.17 and Ref.24, at the interface with DND–H. More specifically, they 

observed that water orients its OH bonds toward and away from, respectively, partially 

hydrogenated and fully hydrogenated diamond (001) surfaces. The partially hydrogenated surface 

in their study had one or two carbon atoms with dangling bonds (i.e., unsaturated carbon). 

Another study by Petit et al. revealed the formation of large micro-sized aggregates of 

DND–H particles in an aqueous solution of 10-20 mM HCl acid.27 This observation is surprising 

as the reported zeta potential (+45-50 mv) of the DND is well above the colloidal stability limit of 

+30 mV. However, they did not observe a similar behavior in the aqueous solution of DND–COOH 

with the same aforementioned solution conditions. They attributed the aggregation of DND–H to 

strong electrostatic interactions between the DND and Cl– counterions, which accumulate in 

relatively high concentrations in the hydration shell of DND–H. They argued that the dominant 

repulsive forces between interfacial counterions create a so-called Coulomb depletion region 

around positively liked-charged DND–H. This in turn induces attractive forces between DND–H 

and they ultimately form large aggregates. Another intriguing aspect of their research is the effect 

of the counterion valence on the shape of aggregates. They reported the adsorption of SO42–

counterions on DND–H surface at lower acid concentrations, which resulted in the formation of 

larger self-assembled rod-like structures.  

Desai et al. also investigated the effect of the counterion valence on DND colloidal 

stability6. Contrary to the abovementioned study, they reported aggregation of DND–COOH, with 

negative zeta potential, in aqueous solutions of NaCl and MgCl2 salts with concentrations in the 

range of 1-200 mM. However, at the same salt concentration, NaCl solution was associated with 

DND aggregates up to 33% as large as aggregates in MgCl2 solution. It once again indicates the 

effect of the counterion valence on the size of self-assembled particles. 

Despite significant contributions by the scientific community, some aspects of interactions 

of water and dissolved ions with surface functional groups of DNDs in aqueous solutions are still 

unclear. We have listed them below, in the order of aforementioned cited studies. 
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1. Although Guo et al.7 and Zhu et al.9 proposed a cation-mediated mechanism for the 

enhanced adsorption of the anticancer drug onto the surface of DND–COOH, it is not 

yet clear what factors contribute to the adsorption of cations onto COO– groups on the 

surface of the DND.  

2. Previous studies focused on how different surface chemistries of DNDs impact the HB 

network of water around DNDs. However, they did not address the role of dissolved 

ions, that may adsorb on surfaces of DNDs, in modifying the organization of water in 

hydration layers of DNDs. In fact, strongly hydrated ions (aka. “structure-makers”) 

with high charge densities such as Mg2+, Ca2+, or SO42– can induce highly ordered 

structure in water that surrounds them.27 In contrast, relatively large ions such as K+ or 

Cl– that have small charge densities are weakly hydrated and are called “structure-

breakers”. That is, they disrupt the HB network of their surrounding water. In addition, 

it has been shown that the pair of strongly hydrated cations and anions can 

cooperatively slow down the reorientational dynamics of their shared water.29–34 As a 

result, the HB network of water around the ions can be significantly constrained in 

multiple directions.29 Thus, it is imperative to study the aforementioned effects of 

weakly and strongly hydrated ions on the HB network in the interfacial water of DNDs. 

In particular, we saw earlier that the latter is strongly associated with optical properties 

of DNDs.12,15 

3. The effect of DNDs’ various surface chemistries on the structure of water and its HB 

network in hydration layers of DNDs is not yet well understood. For instance, there are 

two different reports for the orientation and hydrogen bonding behavior of water near 

DND–H,17,24 which require further investigations. In addition, previous studies12–18 on 

estimating the strength of HBs of water around DNDs have not made any unambiguous 

distinctions, supported by a solid evidence, among three categories of HBs, namely, 

HB(b), HB(h), and HB(s). Rather, what they have reported, predominantly derived from 

Raman spectra, appears to be an average value over the strength of HBs of water in the 

three respective regions, i.e., bulk, hydration layers of DNDs and the immediate 

vicinity of DND’s surface. 

4. Previous studies have extensively used Raman/IR spectra to obtain information about 

the HBs of water in the aqueous solutions of various DNDs. However, it is not 
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straightforward to isolate different vibrational responses of water, corresponding to 

environments in the aqueous solution with different HB signature, from the OH stretch 

and HOH bend bands of Raman/IR spectra. First, the inter-/intra- vibrational couplings 

must be turn off, often by isotopic dilution of water, to derive strengths of HBs from 

features of the OH stretch band.23,35–38 Second, the OH stretch band is composed of 

contributions from vibrations of water’s OH bonds in the bulk region, in hydration 

layers of the solutes, and at the interface with the solutes.20 Particularly, the existence 

of different solutes such as DNDs and ions in the solution can complicate this picture. 

Thus, the OH stretch band needs to be decomposed into the underlying components, 

usually by employing such methods as multivariate curve resolution or peak fitting 

each of which is subject to some kind of assumptions.18,20–22,39 The contribution of bulk 

water to OH stretch band can be blurred in high concentrated solutions.20 However, 

some DNDs are prone to aggregate at high concentrations.12,16 Finally, certain 

vibrational frequencies of the DND can interfere with that of water in certain conditions 

that makes the interpretation of the Raman spectrum difficult.40–43 

We have addressed the abovementioned issues in this study by employing the all-atom 

Molecular Dynamics (MD) simulation. It is a well-suited approach to tackle the issues posed 

before us owing to the structural and dynamic features of the interfacial water. Prior studies have 

shown that hydration layers formed at solid surfaces are at most 10-15 Å thick.44 In addition, the 

reorientational dynamics of the interfacial water, which plays an important role in restructuring 

the HB network, relax on picosecond time scales.45,46 Furthermore, the optimal performance of 

DNDs in some applications such as biomedical imaging or drug delivery requires them to be mono-

dispersed in aqueous solutions with a primary particle size of 4-5 nm. All of these length and time 

scales are accessible to MD simulations.  

Our main goal is to obtain an atomistic insight into impacts of two factors on the structure 

and dynamics of hydrations layers of DNDs in aqueous solutions. The first factor is the surface 

chemistry of DNDs. For this purpose, we have considered DNDs with various hydrophobic, 

hydrophilic, and charged functional groups on their surfaces. The second factor is dissolved ions 

with various hydration strengths that may adsorb under certain conditions on the surface of DNDs 

with different surface chemistries.  
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In Chapter 2 we have presented atomic structures of DNDs with different surface 

chemistries in this study as well as the details of the molecular systems under study. Each system 

contains one faceted DND particle with ca. 4.4 nm diameter that is solvated in 0.1 M aqueous 

solution of any of KCl, NaCl, CaCl2, or MgCl2 salts. These salts and their concentrations are 

relevant to some applications of DNDs in physiological systems.45,46 In addition, we have briefly 

reviewed some fundamental concepts of MD simulations and elaborated on how we have carried 

them out in the present research. We have also introduced all computational tools in order to extract 

the information of interest from trajectories of atoms that we obtain from MD simulations. 

We have devoted Chapter 3 to fully characterize the structure of hydration layers around 

DNDs. In particular, we have investigated the impact of aforementioned two factors on the extent 

to which the structure of DNDs’ interfacial water is perturbed. Furthermore, we have identified 

different modes for the adsorption of dissolved ions on the surface of DNDs. By the means of 

residence time of water in hydration layers, we have been able to analyze how strongly hydration 

layers are bound to DNDs. In addition, it has given us a qualitative measure for the exchange 

dynamics of water between hydration layers.   

In Chapter 4 we have focused on translational and reorientational dynamics of water in 

hydration layers of DNDs. We have developed a multiple regression model to study the effects of 

DNDs’ surface chemistry and adsorbed ions onto their surfaces on the self-diffusion coefficient of 

the interfacial water. Furthermore, we have proposed a cooperative hydration mechanism to 

explain remarkable slowdowns we have observed in reorientational dynamics of water in the first 

hydration layer of carboxylated and aminated DNDs. 

Chapter 5 includes results of our investigations into HBs of water around the same DNDs 

as those studied in previous chapters. We have calculated the average number of water-water HBs 

per each water molecule in the hydration layers of DNDs. Furthermore, we have presented the 

lifetime and the structural relaxation time of three categories of HBs of water, that is, HB(b), HB(h), 

and HB(s). The lifetime of HBs gives a measure for their strengths, whereas the structural relaxation 

time characterizes the collective rearrangements of the HB network that originates from the 

coupled reorientational-translational motions of water molecules.47–52 Therefore, these 

calculations, combined with the results obtained from Chapter 3 and Chapter 4, provide an 

atomistic insight into the factors affecting HBs of water around DNDs. 



   
 

10 
 
 

Chapter 6 wraps up this dissertation by presenting concluding remarks and some 

suggestions for future works. 
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CHAPTER 2 

2 Methodology 

2.1 Introduction 

We have employed Molecular Dynamics (MD) simulation to study three aspects of 

aqueous solutions of detonation nanodiamonds (DNDs) with solvated alkali and alkaline earth 

halide salts: 1) structural changes in hydration layers induced by DNDs and solvated ions, 2) 

dynamics of water in hydration layers of DNDs, and 3) hydrogen bond (HB) network of water 

surrounding DNDs.  

In the remainder of this chapter, we have first presented in Section 2 atomic structures of 

the systems under study. Then, we have briefly reviewed the MD technique in Section 3. Finally, 

in Section 3, we have introduced the computational methods that we have used to characterize the 

structure and dynamics of hydration layers of DNDs. 

2.2 Atomic structures 

Each system for MD simulations consists of a single DND with a specific surface 

functionalization and a particular amount of charges that is solvated in a cubic box of 0.1M 

aqueous solution of one of KCl, NaCl, CaCl2, or MgCl2 salts. The whole simulation box is 

comprised of 53781 water molecules on average. A snapshot of such a system is shown in Figure 

2.1, for the neutral hydrogenated DND that is solvated in NaCl salt solution. 

  

Figure 2.1. (a) Atomistic representation of a typical MD system in our study, which consists of one DND particle 
(here, neutral hydrogenated DND) solvated in a cubic box of 0.1M aqueous solution of one of KCl, NaCl, CaCl2, or 
MgCl2 salts (here, NaCl salt), (b) a cut halfway through the water box. Particles with cyan, red, white, yellow, and 
green colors represent carbon, oxygen, hydrogen, cation and anion atoms, respectively. 

The DND in our study has a cuboctahedral shape with 6 and 8 facets of {100} and {111} 

crystallographic orientations, respectively, where the former are undergone the so-called 2´1 

4.4 nm 

𝒍𝒙 = 𝟏𝟏. 𝟖	𝐧𝐦 

𝒍 𝒛
=
𝟏𝟏
.𝟔
	𝐧
𝐦
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dimerization1–4. As we mentioned in Chapter 1, surfaces of DND particles are usually terminated 

with specific kinds of functional groups, depending on requirements of their applications. In this 

study, we have considered four most widely used functional groups, which are hydrogen atom (–

H), amine group (–NH2), carboxyl group (–COOH), and hydroxyl group (–OH). They are 

connected with a single covalent bond to carbon atoms on DNDs’ surfaces that have one dangling 

bond. Hereafter, we refer to DNDs with these functional groups as DND–H, DND–NH2, DND–

COOH, and DND–OH, respectively. We have created atomic structures of the last three DNDs by 

substituting their corresponding polar groups for some H atoms on DND–H. Thus, they still have 

some hydrogen atoms remaining on their surfaces.  

  
Figure 2.2. (a) Atomistic representation of a portion of charged DND–COOH’s surface, (b) same as (a) but for charged 
DND–NH2. Particles with cyan, red, white, and blue colors represent carbon, oxygen, hydrogen, and nitrogen atoms, 
respectively. 

All DNDs in this study exist as both neutral and charged particles, except for DND–OH 

that has zero net charge. Charged DNDs have net absolute charges of 28, 56, and 84, with the 

positive sign for DND–H and DND–NH2 and the negative sign for DND–COOH. Each unit of the 

absolute charge on DND–NH2 and DND–COOH particles is obtained by exactly substituting one 

−NH45 group and one –COO– group for, respectively, one –NH2 group and one –COOH group. A 

portion of charged DND–NH2 and charged DND–COOH are presented in Figure 2.2. In addition, 

we have summarized the type and number of surface functional groups of DNDs in Table 2.1. 

We have assigned positive charges to DND–H using a different procedure to somehow 

resemble the theory behind the nature of positive charges in hydrogenated DNDs. Indeed, Petit et. 

al. have reported a positive zeta potential (ca. +40 mV) for DND–H in water5. They have attributed 

this observation to hole accumulations on DND’s surfaces as a result of electron exchanges at 

those surfaces with an electrochemical redox couple involving oxygen in water. Thus, we have 

adopted a procedure developed by Su et. al.6 to assign partial charges to C and H atoms on surfaces 

of DND–H such that the resulting DND possesses net charges of +28, +56, or +84.  

(a) 

 –NH2 −𝐍𝐇𝟑$ 

(b) 

–COO– 

 –COOH 
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Table 2.1: Type and number of functional groups on various DNDs. |q| denotes the absolute charges on the DND. 

 Functional 
group/atom 

Functional group’s Quantity on 
DND’s surface per |q| 

|q| = 0 |q| = 28 |q| = 56 |q| = 84 
DND–H –H 860 860 860 860 

DND–NH2 

–H 540 564 564 564 
–NH2 320 268 240 212 
–NH$% 0 28 56 84 

DND–COOH 

–H 540 564 564 564 
–COOH 320 268 240 212 
–COO– 0 28 56 84 

DND–OH 
–H 540 

N/A –OH 320 

2.3 Molecular Dynamics 

In recent decades, numerous studies have shown that MD simulations can predict 

microscopic and macroscopic properties of physical and chemical phenomena that agree quite well 

with theoretical and experimental measurements7–9. The MD simulation is a computational 

technique that models physical systems as a collection of atoms or coarse-grained particles that 

interact with each other in a classical Newtonian mechanic framework. Thus, it appeals to 

researchers when they want to obtain insights into the microscopic behavior of micro- and nano-

systems with atomistic details.  

In the MD simulation, a system of N particles is described in terms of its energy or 

Hamiltonian, 𝐻(𝒓$, 𝒑$) = 𝐾(𝒑𝑁) + 𝑈(𝒓𝑁). It is the sum of kinetic 𝐾(𝒑F) and potential 

𝑈(𝒓F) energies, respectively, where 𝐾(𝒑F) = ∑ |𝒑'|B 2𝑚'⁄F
'G% . In addition, 𝒓F = (𝒓%, 𝒓B, … , 𝒓F) 

and 𝒑F = (𝒑%, 𝒑B, … , 𝒑F) are atomic coordinates and momenta, which together represent 

coordinates of the so-called phase space with 6N dimensions. A point in the phase space determines 

the microscopic state of the system.  

A collection of all possible systems with different microscopic states that belong to an 

identical macroscopic or thermodynamic state is called an ensemble10. In the statistical mechanics, 

the average of an experimental observable or macroscopic property can be obtained from the 

ensemble average under the corresponding thermodynamic constraints11. However, it is 

computationally infeasible for the MD simulation to calculate the ensemble average, because it 

has to pass through all the possible states in the phase space that correspond to the particular 

macroscopic state. To circumvent this difficulty, the time average is used instead of the ensemble 
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average. Because, according to the Ergodic hypothesis, the ensemble average is equal to the time 

average, provided that the system has sufficient time to sample all possible states12. In practice, an 

MD simulation can reliably predict an experimental observable, if it samples enough representative 

conformations of the system.  

In the MD simulation, the motion of N particles in the system evolves over time according 

to the classical equations of motion as13: 

�̇�& =
𝜕𝐻(𝒓', 𝒑')

𝜕𝒑&
=
𝒑&
𝑚&

 Eq. 2.1 

�̇�& = −
𝜕𝐻(𝒓', 𝒑')

𝜕𝒓&
= 𝒇& Eq. 2.2 

These coupled differential equations are solved in a step-by-step process using a numerical 

integration scheme such as the Verlet algorithm13. However, before solving them, initial positions 

and initial velocities of particles as well as forces acting upon them should be known. In addition, 

boundary conditions and some other constraints must be specified. The initial positions of atoms 

are given via different methods such as using the crystal structure for crystallin solids or PDB data 

for proteins. On the other hand, we can assign initial velocities to particles in the system according 

to a Boltzmann distribution as 

𝑃(𝑣&) = 3
𝑚&

2𝜋𝑘(𝑇
8
)
*
𝑒+,-!.!

" /#01 2 Eq. 2.3 

This strategy is relied on the fact that the system’s kinetic energy K relates its temperature T to 

velocities of the constituent particles of the system via 

2〈𝐾〉 = 3𝑁𝑘(𝑇 =?
𝑚&𝑣&*

2
'

&3)
 Eq. 2.4 

Determining the forces 𝒇 being exerted on particles is at the heart of any MD simulation. 

They are usually derived from the potential energy 𝑈(𝒓F) as 

𝒇& = −
𝜕𝐻(𝒓', 𝒑')

𝜕𝒓&
= −

𝜕𝑈(𝒓')
𝜕𝒓&

 Eq. 2.5 

In general, the potential energy itself is split into two parts as 

𝑈(𝒓') = 𝑈intramolecular(𝒓') + 𝑈intermolecular(𝒓') Eq. 2.6 

where the first term describes the intramolecular bonding interactions for molecular systems, 

whereas the second term represents the non-bonded interactions among particles. 
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Figure 2.3. A simple molecular model where, (a) the bond between two atoms i and j is modeled with a simple 
harmonic oscillator with the spring constant 𝑘&45 , (b) the angle 𝜃&4/ between two successive bonds along 𝒓&4 and 𝒓4/ 
bends according to a simple harmonic oscillator with the spring constant 𝑘&4/6 , (c) the bending of the dihedral angle 
𝜙&4/7, which is formed between two planes passing through three consecutive bonds along 𝒓&4, 𝒓4/, and 𝒓/7, also 
contributes to the intramolecular bonding potential. 

The intramolecular potential for the simplest molecular model, shown in Figure 2.3, can 

be expressed as 

 𝑈intramolecular =
1
2 ? 𝑘&45 E𝑟&4 − 𝑟89G

*

:;<=>

 Eq. 2.7 

  +
1
2 ? 𝑘&4/6 E𝜃&4/ − 𝜃89G

*

:?<=
@<AB?>

 
 

  +
1
2 ? ?𝑘&4/7

C,-E1 + cosE𝑚𝜙&4/7 − 𝛾-GG
*

-E;F>G;<
@<AB?>

 
 

where the first two terms represent bond stretching and angle bending terms that are modeled as 

simple harmonic oscillators. In other words, the bond between two atoms, which are separated by 

𝑟'- = K𝒓' − 𝒓-K distance, is modeled as a spring that oscillates around a specified equilibrium bond 

length 𝑟"S. Similarly, the angle between successive bond vectors along 𝒓'- = 𝒓' − 𝒓- and 𝒓-. =

𝒓- − 𝒓. bends as if a spring attached to these bonds oscillates around a predetermined equilibrium 

angle 𝜃"S. The third term in Eq. 2.7 represents the torsional potential function, which models 

variations in the torsion angle 𝜙'-.0. It is the angle between two planes (see Figure 2.3(c)) that are 

formed by three connected bonds along 𝒓'-, 𝒓-., and 𝒓.0.  

The general form of the potential energy for non-bonded interactions may be written as 

𝑈intermolecular(𝒓') =?𝑢(𝒓&)
&

+??𝑣E𝒓& , 𝒓4G
4H&&

+⋯ Eq. 2.8 

(b) 

(a) (c) 
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which is a summation of contributions from the externally applied potentials 𝑢(𝒓') as well as 

interactions among 2-body, 3-body, and so forth. For computational reasons, the higher terms are 

often omitted except for the pairwise potential 𝑣N𝒓' , 𝒓-O = 𝑣N𝒓'-O. 

Two of the most commonly used forms of pairwise potentials are Lennard-Jones (LJ) and 

Coulomb potentials (for system of charged particles), which are expressed as 

 𝑣IJE𝑟&4G = 4𝜀&4 PQ
𝜎&4
𝑟&4
R
)*

− Q
𝜎&4
𝑟&4
R
K

S Eq. 2.9 

  𝑣L;MB;N:E𝑟&4G =
𝑞&𝑞4

4𝜋𝜖O𝑟&4
 Eq. 2.10 

In these equations, 𝑟'- is the interparticle distance, 𝜀'- denotes the depth of the LJ potential well, 

𝜎'- is the distance between i and j particles at which 𝑣TU vanishes, 𝑞' and 𝑞- are charges on i and j 

particles, and 𝜖8 is the vacuum permittivity.  

In general, potential energy functions, as we also saw above, can assume different 

functional forms, which often include many parameters. These functional forms along with their 

parameters are often called forcefields. The reliability of MD simulation results strongly depends 

on the choice of an appropriate forcefield that can reproduce some experimental observables of 

the system under study. It is worth noting that there are other forms of modeling intermolecular 

and intramolecular interactions14–16, that can model kinetics of chemical reactions. However,  a 

forcefield, which describes atomic interactions according to expressions in Eq. 2.7, Eq. 2.9, and 

Eq. 2.10, is sufficient to capture the physical behavior of systems in this study. 

In addition to the forcefield, the choice of an appropriate ensemble is another important 

consideration in any MD simulation in order to replicate experimental conditions. Because, the 

corresponding thermodynamic state of the ensemble governs how the MD simulation samples the 

microstates. There are various ensembles whose thermodynamic states are characterized by certain 

properties. For example, the microcanonical ensemble (aka. NVE ensemble) corresponds to a 

collection of all systems whose thermodynamic state is characterized by a fixed number of atoms 

N, a fixed volume V, and a fixed energy E. The evolution of a system over time according to the 

Newtons’ equation of motion corresponds to the NVE ensemble. However, the sampling of states 

of a system under other ensembles such as NVT or NPT, often requires some modifications to 

equations of motion or some other properties. Details about other ensembles and their 

implementations in MD simulations can be found elsewhere17. 
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We have used the OPLS-AA forcefield18 to describe both intramolecular and 

intermolecular interactions for DNDs. The former involve the bond stretching, angle bending, and 

torsional potentials, while the latter correspond to Coulomb and LJ potentials for non-bonded 

interactions. We have treated water in our MD simulations as an explicit solvent, since we want to 

study hydration shells with atomistic details. Hence, we have adopted the SPC/E model19 to 

describe atomic structure of water and also its interactions with other species. Our choice of this 

model is based on its capability to reproduce the structure and dynamics of the bulk water that 

agree well with experimental measurements20,21. Interactions of ions with themselves and also with 

other atoms in the systems have been modeled by LJ and Coulomb potentials. LJ parameters for 

ions have been adopted from Ref.22  for NaCl and KCl salts and from Ref.23 for MgCl2 and CaCl2 

salts.  

The long-range electrostatic interactions have been computationally treated using the 

Particle-Particle Particle-Mesh (PPPM) method24 with the accuracy of 0.3 in the desired relative 

error in forces. Moreover, we have considered an identical cut-off distance for all LJ interactions 

to be 2.5 times the average LJ diameter of distinct atoms (i.e. 𝜎'') in the system. Cross-term LJ 

parameters, i.e. 𝜎'- and 𝜀'- for 𝑖 ≠ 𝑗, have been calculated using the Lorentz-Berthelot combining 

rule25. That is, 

 𝜎'- =
1

2
N𝜎𝑖𝑖 + 𝜎𝑗𝑗O Eq. 2.11 

  𝜀'- = V𝜀''𝜀--  Eq. 2.12 

We have carried out all MD simulations using LAMMPS package26 with full atomistic 

details of aqueous solutions. The MD time step has been set to 1 femtosecond (fs) and equations 

of motion have been integrated using the “velocity-Verlet” algorithm27. We first let the system 

equilibrate at 298 K and 1 bar in the NPT ensemble for 2 nanoseconds (ns). The Nose-Hoover28,29 

thermostat and barostat have been used to maintain the temperature and pressure of the system at 

target values with damping factors of 0.1 and 1.0 picosecond (ps) for the former and latter, 

respectively. The equilibration phase helps relax atomic structures and also facilitates the system 

to reach its equilibrium density at the target physical conditions. Then, the production phase 

follows for 2 ns in the NVT ensemble, where the temperature is maintained at 298 K using the 

Nose-Hoover thermostat. Atomic positions are recorded at two different time windows of 0.1 and 

1 ps that are required for various post-processing calculations. The data gathering for the former 
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starts in the last 200 ps of the production phase, whereas that of the latter is performed from the 

beginning of the 2-ns production phase. 

2.4 Computational tools 

In this section, we introduce computational tools that we have utilized to characterize the 

structure and dynamics of hydration shells of DNDs and ions in the aqueous solutions.  

2.4.1 Radial Distribution Function 

We employ the partial Radial Distribution Function (RDF), also known as the partial pair 

correlation function, to characterize the structural correlations between tagged particle pairs that 

exist in our atomic systems. In particular, it gives us a quantitative measure of the extent of 

perturbations that a specific particle can exert in the atomic structure of its local environment30. 

The partial RDF equation may be written as 

𝑔R((𝑟) =
𝜌R(
𝜌(

=
𝑑𝑛R((𝑟) 4𝜋⁄ 𝑟*𝑑𝑟

𝑁( 𝑉⁄ =
𝑉

4𝜋𝑁(
×
𝑑𝑛R((𝑟)
𝑟*𝑑𝑟	  Eq. 2.13 

where 𝑑𝑛VW(𝑟) denotes the number of atoms of species B in a spherical shell of thickness 𝑑𝑟 at a 

radial distance 𝑟 from atoms of species A, and 𝑁W is the total number of species B in the simulation 

box with the volume of 𝑉. Thus, 𝑔VW(𝑟) represents a measure of the local density of species B 

around species A, with respect to the overall density of the former in the whole system. 

 
Figure 2.4. Identifying two hydration shells of atom A (green particle) from the minima in the partial RDF of water’s 
oxygen (red particles) around atom A. 

The hydration shell around a solute atom is defined as a spherical shell centered at the 

solute’s center of mass within which water molecules are packed with a density different than that 

of bulk water. To identify hydration shells of water around ions and atoms of functional groups on 

DNDs’ surfaces, we use the partial RDF plots of water’s oxygen atom with respect to those species 

(see Figure 2.4). The region between two successive minima in these plots corresponds to a 
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hydration shell. Different species can have multiple hydration shells, the quantity of which depends 

on the strength of electrostatic interactions between water and the species. 

Another useful information that we can extract from the partial RDF data is the 

coordination number 𝑛VW(𝑟%, 𝑟B), which is defined as the average number of atoms of species B 

separated from species A at radial distances between 𝑟%and 𝑟B. We calculate 𝑛VW(𝑟%, 𝑟B) by 

integrating 𝑔VW(𝑟) as follows: 

𝑛R((𝑟), 𝑟*) =
4𝜋𝑁(
𝑉 ^ 𝑔R((𝑟)	𝑟*𝑑𝑟

5"

5$

 Eq. 2.14 

The coordination number in the first hydration shell of an atom corresponds to the average number 

of nearest neighbor water molecules around it. 

2.4.2 Perpendicular Number Density 

We have found that the pair RDFs can hardly reveal distinguishable hydration shells of 

DNDs (see Figure 2.5(b)) in spite of being effective to identify hydration shells of ions. We 

attribute this issue to highly faceted character of cuboctahedral DNDs in this study. Thus, we 

instead use normalized Perpendicular Number Density (PND) plots of water to identify hydration 

layers of DNDs. We define the normalized PND as 

𝑔S,T
U (𝑟S) =

𝑛T
U(𝑟S) 𝐴U⁄ 𝑑𝑟S
𝑁T
U 𝑉U⁄

 Eq. 2.15 

where 𝛿 denotes O or H in water, 𝜉 represents either of {100} or {111} facets with surface area 

𝐴X , 𝑟6 is the perpendicular distance of the bin’s center from the corresponding facet, 𝑑𝑟6 is the 

thickness of bins, 𝑛Y
X(𝑟6) is the number of 𝛿 atom in a bin at 𝑟6 from the facet, 𝑉X  represents the 

total volume of bins and 𝑁Y
X  is total number of 𝛿 atoms in all bins. We note that the corresponding 

3D bins for {100} and {111} facets have cubic and triangular prism shapes, respectively.  

In practice, we first calculate 𝑔6,Y
X (𝑟6	) separately for each individual facet. Then, we take 

the average of results for 6 facets of {100} and 8 facets of {111} to obtain the aggregate values of 

𝑔6,Y
X  for {100} and {111} facets, respectively. Similar to partial RDFs, 𝑔6,Y

X (𝑟6	) also exhibits some 

fluctuations at short distances and then it tends to unity. The region between two minima in 

𝑔6,+
X (𝑟6	)  corresponds to a hydration layer of 𝜉 facet. In Figure 2.5(d, f), we have shown 

𝑔6,+
{%88}(𝑟6	) and 𝑔6,+

{%%%}(𝑟6	), wherein hydration layers have been specified with green dashed 

rectangles. Hereafter, if we refer to a property in a particular hydration layer of a DND (e.g. the 
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first hydration layer) without referring to {100} or {111} facets, it means that values of that 

property have been averaged over the corresponding hydration layer of all 14 facets of the DND. 

 

  
Figure 2.5. (a) Spherical shell around DND to calculate the partial RDF for part (b), (b) the partial RDF of water’s 
oxygen with respect to the centroid of DND–COOH with –84 charges solvated in MgCl2 solution, (c) water’s oxygen 
nearby one of {100} facets of the DND described in part (b), (d) PND of water’s oxygen described in part (c), (e) and 
(f)  are the same as (c) and (d) but for one of {111} facets. Particles with cyan, red, and white in (c) and (e) represent 
carbon, oxygen, and hydrogen atoms, respectively. We have identified three hydration layers at {100} and {111} 
facets with green dashed rectangles.  

2.4.3 Angular Distribution 

The Angular Distribution (AD) is a useful tool to study preferential orientations of water 

molecules in a specific hydration layer of DNDs and ions. We are interested in ADs of three 

different angles a, b, and q that are formed between a reference orientation 𝑅_⃗ !"[ and three vectors 

attached to a water molecule. The vectors and their associated angles are defined in Table 2.2. For 

ADs in hydration layers of a DND, 𝑅_⃗ !"[ is the outward normal vector to its {100} or {111} facets. 

However, as far as the preferential orientations of water in hydration shells of ions are concerned, 

𝑅_⃗ !"[ is the vector connecting an ion to the oxygen of the surrounding water.  

We employ the Distance-dependent Angular Distribution Function (DAD) to gain insight 

at a more granular level into orientational patterns of water around DNDs and ions than what AD 

can reveal to us. In fact, we use the latter to obtain the probability of finding water in the first 

hydration layer of DNDs or ions with a particular orientation. However, the former yields the 

probability of finding a water molecule with a particular orientation whose oxygen atom is located 

(c) (e) 

(f) (d) 

(a) 

(b) 
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at a specific distance away from a reference point. Here, the definition of the reference point and 

distance measures as well as hydration layers are identical to what presented in Sections 5 and 6. 

Thus, DAD enables us to explore the orientational behavior of water well beyond the first 

hydration layer of the solute of interest. Computationally, we obtain the AD and DAD from 

normalized 1D and 2D histograms, respectively. 

Table 2.2: Definitions of three different angles related to three different orientations of a water molecule. 

a : (𝑅a⃗ 58V , OHaaaaa⃗ )
d , where OHaaaaa⃗  is water’s OH bond 

 

b : E𝑅a⃗ 58V , 𝑛a⃗ G
d , where 𝑛a⃗  is normal to the plane containing water’s OH bonds 

q : (𝑅a⃗ 58V , 𝜇)
d , where �⃗� is water’s dipole moment 

2.4.4 Survival Correlation Function 

The Survival Correlation Function (SCF), which was first introduced by Impey et al.31 

enables us to identify environments around solutes with distinct dynamic features32. The time 

decay of the SCF measures the probability of finding a solvent molecule in a particular region after 

a specific elapsed time from its arrival in that region. Thereby, it paves the way to quantify the 

mean residence time of solvent atoms in hydration layers of solutes. We define the SCF for water 

molecules in the hydration layer 𝑛 around a solute as33  
𝑆W(𝑡) = 〈𝑝W(𝑡O)𝑝W(𝑡O + 𝑡)〉 〈𝑝W(𝑡O)*〉⁄  Eq. 2.16 

where 𝑝\ is a binary function that takes the value of 1 if a particular water’s oxygen atom resides 

in the hydration layer 𝑛 from time 𝑡8 to 𝑡8 + 𝑡, without leaving the region in the interim, otherwise 

it becomes 0. In addition, 𝑝\(𝑡8)B in the denominator represents the number of water molecules 

existing in region 𝑛 at time 𝑡8, where 𝑡8 represents different starting points in time. 〈⋯ 〉 denotes 

the ensemble average, which means taking the average over all particles of interest and also over 

all starting times 𝑡8. To calculate SCFs, we sample positions of water’s oxygen atoms every 0.1 

ps during the production phase of the MD simulation. The choice of this sampling frequency is 

based on a trade-off between the computational efficiency and resources on the one hand and 

capturing the sub-picosecond exchange dynamics of water between hydration shells on the other 

hand.  

The mean residence time 𝜏!"#
(\) of water in the 𝑛th hydration layer of DNDs and ions can be 

obtained by the integration of the functional form of the SCF as34 
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𝜏58X
(W) = ^ 𝑆W(𝑡)𝑑𝑡

[

O
 Eq. 2.17 

Our SCF results, which are presented in Chapter 3, show that they do not completely decay to zero 

by the end of the analysis time, especially for SCFs of the first and second hydration layers. Thus, 

we have decided to fit the following tri-exponential function to 𝑆\(𝑡) in order to carry out the 

numerical integration: 

𝑆W(𝑡) = j𝐴* + (1 − 𝐴*) exp 3−
𝑡
𝜏)
8n × j𝐵* + (1 − 𝐵*) exp 3−

𝑡
𝜏*
8n × exp 3−

𝑡
𝜏$
8 Eq. 2.18 

We have chosen this functional form for the SCF for three reasons. First, other studies have shown 

that the decay behavior of the SCF for water in constrained environments cannot be described by 

a simple exponential function35. Secondly, this functional form can somehow reflect the multi-

scale relaxation behavior of the dynamics of water in hydration shells of solute, which has been 

reported in the literature36,37. Third, we have found that this functional form fits very well to the 

SCF of water in the first and the second hydration layers of DNDs. For the third hydration layer, 

since SCF decays to zero within the time window of our analysis, we can readily carry out the 

integral using some numerical recipe.  

2.4.5 Self-diffusion Coefficient 

The self-diffusion coefficient is often employed in MD simulations to characterize the 

translational motions of atomic systems. Furthermore, it is viable to experimentally measure the 

self-diffusion coefficient using various Nuclear Magnetic Resonance (NMR) techniques38,39, 

hence it provides a validation tool for MD results. In the present study, we are particularly 

interested in quantifying the effects of DND’s surface functional groups and charge density, on the 

one hand, and solvated ions, on the other hand, on the translational mobility of water molecules.   

The self-diffusion coefficient D of atoms in a 3D system can be obtained from the Einstein 

relation as40, 

𝐷 = lim
\→[

〈[𝑟(𝑡) − �⃗�(𝑡O)]*〉
6𝑡  Eq. 2.19 

where the numerator is the Mean Square Displacement (MSD), �⃗�(𝑡) is the coordinate vector of the 

atom at time t, and 𝑡8 denotes different starting times, 〈⋯ 〉 is the ensemble average. The Einstein 

relation tells us that if the MSD vs. time curve turns out to be linear, then its slope divided by 6 

gives the self-diffusion coefficient. 

Our initial goal was to calculate the self-diffusion coefficient of water in the 1st to the 3rd 

hydration layers of DNDs. As we explained in Section 6, these hydration layers are identified from 
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the positions of minima in the normalized PND plots for {100} and {111} facets. However, the 

relatively small number of water molecules in those layers makes the MSD of water suffer from a 

lack of sufficient statistical sampling. Thus, we have instead decided to calculate the self-diffusion 

coefficient of water in the whole hydration layer. This layer is defined as a 1 nm thick spherical 

shell around the DND and centered at its centroid, beyond which water has a bulk-like behavior. 

Roughly speaking, it is an aggregation of the 1st to the 3rd hydration layers of the DND.  

2.4.6 Reorientational Correlation Function 

To obtain a more complete picture of effects of ions and DNDs on the dynamics of water 

in DNDs’ hydration layers, we also need to study the rotational dynamics of water. For this 

purpose, we use the reorientational correlation function (RCF) defined as41 

𝐶*𝑢(𝑡) =
〈𝑃*x𝑢ya⃗ (𝑡). 𝑢ya⃗ (𝑡O){〉
〈𝑃*x𝑢ya⃗ (𝑡O). 𝑢ya⃗ (𝑡O){〉

 Eq. 2.20 

where 𝑃B is the Legendre polynomial of order 2, 𝑢g_⃗ (𝑡) is the unit vector along the orientation of 

interest 𝑢_⃗ , 𝑡8 represents different starting points in time, and 〈⋯ 〉 denotes the ensemble average. 

In this study, we have investigated RCFs for water’s orientations along its dipole moment (�⃗�) and 

OH bond (see Figure 2.4(b)). Hereafter, we denote their corresponding correlation functions and 

related parameters as 𝐶B
;'<(𝑡) and 𝐶B:=(𝑡), respectively. It is worth noting that 𝐶B^(𝑡) can be 

measured via various experimental techniques, of which an in-depth review can be found 

elsewhere42. 

In spite of the simple mathematical expression for 𝐶B^(𝑡), its decay behavior involves 

complex mechanisms that contribute to the reorientational dynamics of water. Indeed, numerous 

experimental and theoretical studies have shown that water’s reorientational relaxation in confined 

environments takes place at three different timescales, independent of each other32,36,37,43–47. To 

provide a concrete interpretation for the multiscale decay of RCFs, we have adopted the extended 

wobbling-in-a-cone (EWIC) model37,48,49. The EWIC model fits a tri-exponential function to 

𝐶B^(𝑡), which is written as 

𝐶*^(𝑡) = |(𝑇^)* + (1 − (𝑇^)*) expQ−
𝑡
𝜏&W^
R} × j(𝑆^)* + (1 − (𝑆^)*) exp 3−

𝑡
𝜏_^
8n × exp 3−

𝑡
𝜏-^
8 Eq. 2.21 

 Inertial motion in a cone with 
semi-angle 𝜃&W^  

Wobbling motion in a cone 
with semi-angle 𝜃_^ 

Final unrestricted 
diffusive motion  

 According to the EWIC model, water molecules first undergo an inertial-liberational 

motion in a cone with the semi-angle of 𝜃'\^ , followed by wobbling motions in a cone with a larger 
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semi-angle 𝜃*^ than 𝜃'\^ . Finally, the rotational diffusion of water without angular restrictions leads 

to its complete orientational randomization. In a sense, these three rotational modes of water have 

been reflected in the functional form of the EWIC model in Eq. 2.21. That is, the inertial 

reorientation decays with the relaxation time 𝜏'\^  to a plateau, which is further decayed by the 

wobbling diffusive motion in the cone to a second plateau with the relaxation time constant of 𝜏*^. 

The second plateau is then further decayed by the final rotational diffusion process with the 

relaxation time 𝜏?^ . While the relaxation of the liberational reorientation and the wobbling 

diffusion occur, respectively, on sub-ps and ~1- ps timescales, the final rotational diffusion process 

has the relaxation timescales of 10s-100s ps.    

Tan et al. have related the angularly restricted (i.e. liberational and wobbling) and 

unrestricted (rotational diffusion) modes of water reorientations to the dynamics of water’s HB 

network37. While the former reflects the local fluctuations in the HB network without breaking the 

HBs, the latter leads to the breaking and making of HBs and hence is thought of as a global process. 

According to the EWIC model, we can quantify these local and global processes by using, 

respectively, the wobbling diffusion coefficient 𝐷*^ and the rotational diffusion coefficient 𝐷?^ , 

which are defined as: 

𝐷_^ =
(𝑥_^)*(1 + 𝑥_^)*{ln[(1 + 𝑥_^) 2⁄ ] + (1 − 𝑥_^) 2⁄ }

𝜏_^(1 − (𝑆^)*)[2(𝑥_^ − 1)]
 

																	+
(1 − 𝑥_^)(6 + 8𝑥_^ − (𝑥_^)* − 12(𝑥_^)$ − 7(𝑥_^)`)

24𝜏_^(1 − (𝑆^)*)
 

Eq. 2.22 

(𝑆^)* = j
1
2 (cos 𝜃_

^)(1 + cos 𝜃_^)n
*

 Eq. 2.23 

𝐷-^ =
1
6𝜏-^

 Eq. 2.24 

where 𝑥*^ = cos 𝜃*^. We can replace (𝑆^)B by (𝑇^)B(𝑆^)B in Eq. 2.23 to obtain the total cone 

angle 𝜃>:>^ , which denotes angles sampled by both inertial and wobbling diffusive motions. 

Furthermore, we calculate the orientational correlation time50 as the time integration of 𝐶*^(𝑡) 

𝜏_a55^ = ^ 𝐶*^(𝑡)𝑑𝑡
[

O
 Eq. 2.25 

For the completeness of the discussion, we need to briefly mention a different competing 

model, called the extended jump model (EJM)51,52, which has recently attracted some 

attentions53,54. This model involves two unequally weighted contributions to the reorientation of 

water in its local environment: 1) dominant contributions from the exchange of HB acceptors, 
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which leads to sudden large amplitude jumps of water’s OH bonds, 2) angular diffusive rotations 

of intact HBs in between the jumps. Although the first mode of EJM is absent in the EWIC model, 

the second contribution to water reorientations resembles to the diffusive wobbling motion of 

water’s orientations in the hypothetical cone. However, EJM only focuses on the local changes in 

the orientation of water and does not explain the final rotational diffusion process, which leads to 

the global reconstructions in the HB network42. Thus, we have decided to adopt the EWIC in our 

study. 

To calculate RCFs, we have sampled conformations during MD simulations every 100 

steps from the last 200 ps of the NVT production run. It means that the sampling time window is 

0.1 ps given that every MD step is 1 fs. The rationale behind this choice is twofold. First, it helps 

capture the fast, sub-picosecond mode of the reorientational dynamics to some acceptable extent. 

Secondly, if we had chosen smaller frequencies to save atomic trajectories, the computational task 

would have been prohibitively difficult.  

2.4.7 Hydrogen Bond Structure 

There are different techniques reported in the literature to identify an HB between two 

molecules. We can classify them into two groups of energy-based and geometry-based techniques, 

based on different criteria of detecting HBs. While the former uses energetic criteria to detect HBs, 

the latter uses geometric criteria based on the relative spatial and orientational configurations of 

two neighbor molecules55,56. Both techniques can reproduce experimental predictions of number 

of HBs in water and can also yield almost identical characterization of HBs’ dynamics56. However, 

we have employed the geometry-based technique, which is also widely used in the research 

community57–60, due to its relatively simplicity.  

We consider two molecules are hydrogen bonded, as shown schematically in Figure 2.6(a), 

if the following geometric criteria are met61: 
𝑑b⋯d < 𝑑_ Eq. 2.26 
𝛼d⋯b+e < 𝛼_ Eq. 2.27 

where D and H are, respectively, donor and hydrogen atoms in the molecule that donates the HB, 

A is the HB acceptor in the other molecule, 𝛼3⋯1_( is the HB angle, 𝑑1⋯3 is the donor-acceptor 

distance, 𝑑* is the cut-off distance, and 𝛼* is the cut-off angle. The value for 𝑑* is usually 

determined from the first minimum in the partial RDF of D − A. For instance, the distance and 

angle cut-off values for water-water HB are 3.5 Å and 30°, respectively62,63. 
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Figure 2.6. (a) Geometry-based definition of HB, where two water molecules are hydrogen bonded if the distance 
between donor D and acceptor A atoms (𝑑b⋯d) and a angle satisfy geometric criteria in Eq. 2.26 and Eq. 2.27 
respectively, (b) demonstration of four angles that are formed between one of OH bonds of either water molecules 
and the connector between their oxygen atoms. Red and white particles are oxygen and hydrogen atoms of water.  

In practice, the identification of the donor and acceptor atoms can be slightly complicated. 

Let’s assume that the distance between O' and O- atoms of two water molecules, as shown in 

Figure 2.6(b), meets the criterion in Eq. 2.26. Then, we are faced with four angles, i.e. 𝛼%' , 𝛼B'  ,	𝛼%
-, 

and 𝛼B
-, of which one, two, or even more might meet the criterion in Eq. 2.27. However, only one 

of those angles could be the right HB angle. As suggested by Raschke et. al.64, we choose the 

smallest of those angles as the HB angle that also meets the criterion in Eq. 2.27. Consequently, if 

there is such an angle, then the associated water molecule is considered the HB donor and the other 

water molecule is tagged as the HB acceptor. This approach can be applied to any pair of molecules 

that potentially can form an HB, although the number of candidate angles for the right HB angle 

could be different from what we discussed above. 

2.4.8 Hydrogen Bond Dynamics 

Many experimental and computational studies, for instance65, have reported that HB 

network of water is not static. In contrast, it is labile and undergo continuous rearrangements. 

Therefore, it is imperative to characterize the dynamics of these rearrangements for water 

molecules in the vicinity of solutes, given the importance of HBs in the solute-water interactions42. 

To this end, we have employed two widely used HB time correlation functions, of which Rapaport 

was one of the first pioneers66. 

The intermittent 𝐶DW
(')(𝑡) and continuous 𝐶DW

(*)(𝑡) time correlation functions may be written 

as67:  

𝐶"(
(&)(𝑡) =

〈ℎ(𝑡O). ℎ(𝑡)〉
〈ℎ(𝑡O)〉

 Eq. 2.28 

𝐶"(
(_)(𝑡) =

〈ℎ(𝑡O). 𝐻(𝑡)〉
〈ℎ(𝑡O)〉

 Eq. 2.29 

(a) (b) 
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where ℎ(𝑡) and 𝐻(𝑡) are both HB population operators with values of 0 or 1, however their 

evaluations are different. 𝐻(𝑡) is 1 if a tagged pair of water molecules continuously remains 

hydrogen bonded from 𝑡8 to 𝑡, otherwise it is evaluated to 0. In contrast, ℎ(𝑡) is unity as long as 

two molecules are hydrogen bonded at both 𝑡8 and 𝑡 times, regardless of whether the HB was 

broken and reformed again in the interim. We should emphasize that 〈⋯ 〉 denotes an ensemble 

average over only pairs of molecules that are hydrogen bonded at 𝑡8. Here, 𝑡8 represents different 

time origins. While 𝐶DW
(*)(𝑡) gives an estimate of the HB strength, its intermittent counterpart 

provides a measure of the survival probability of an initial HB between two molecules56. 

Furthermore, the time integration of 𝐶DW
(*)(𝑡) provides the average lifetime of HB, whereas that of 

𝐶DW
(')(𝑡) reflects the structural relaxation of the HB network56.  

2.5 Computational tools 

We carried out five independent MD simulations for each combinations of surface charges 

and surface functional groups on DNDs. The initial atomic structure of the whole system in each 

of these five simulations were identical. However, the initial velocity of atoms in the system were 

randomly drawn from a Gaussian distribution with the mean 0 and the standard deviation set to 

produce 298 K target temperature. Then, we used the bootstrap percentile method68 with 10,000 

iterations (i.e., resampling the initial data with replacement) to obtain the 95% confidence interval 

and the standard error of parameters introduced in the previous section. The plots associated with 

these parameters in next chapters include the standard error of their measurements from MD 

trajectories. The confidence intervals of the measurements are provided in Appendices at the end 

of this dissertation. 
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CHAPTER 3 

3 Atomistic insights into hydration layers of detonation nanodiamond in aqueous 

solutions of inorganic salts  

3.1 Introduction 

Over the past two decades, the Detonation Nanodiamond (DND) particles have drawn 

growing attention in science and technology communities, due to their unique properties. 

Particularly, they have great amenability to targeted surface functionalization or to non-covalently 

adsorb some adsorbates such as drugs or impurities1. This has made them appealing candidates for 

such applications as anticancer drug carriers2–5, protein delivery vehicles6, bioimaging agents7–9, 

and sorbents in chromatography10–14.  

In aforementioned applications, DND particles often interact with an aqueous solution of 

some sort of ions and possibly some other residues such as proteins. Furthermore, DNDs are often 

commercially available in the form of aqueous solutions, whose colloidal stabilities are of great 

concerns15–17. Therefore, it is imperative to understand interactions between DNDs and their 

surrounding aqueous solutions. In particular, many studies have found that solutes typically induce 

perturbations in the hydrogen bond (HB) network of their surrounding water. This leads to the 

formation of structured hydration shells around solutes, which reportedly can extend up to 1-2 nm 

from the solute’s surfaces18–20. Indeed, the structural and dynamic characteristics of hydration 

shells around solutes have been associated with a whole host of properties in aqueous solutions21–

26. For instance, Liu et al. recently reported that first and second hydration shells around TiO2 

nanoparticles can create entropic barriers for the adsorption of amino acids with acidic residues 27.  

Despite the rich literature available in the field of colloidal solution of DNDs, few studies 

have been devoted to hydration shells of DNDs. One of the earliest records can be found in 

Korobov et al.’s study28. They reported the formation of a nanophase of water as a 1 nm thick 

spherical shell around a DND (with 5.2 nm in diameter) in an aqueous gel. Then, they attributed 

the colloidal stability of this solution to a smaller spherical shell within that nanophase of water, 

which remained intact during differential scanning calorimetry experiments. In a more recent 

study, Stehlik et al. also carried out some thermal analysis experiments on hydrogenated and 

oxidized DNDs and observed different water adsorption patterns on these DNDs29. They found 

higher water content and weaker interactions of water with the former compared with the latter. 
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Furthermore, long-range disruptions in the HB network of water around positively charged 

hydrogenated DNDs have been reported30,31. In particular, Petit et al. predicted that water 

molecules orient their dangling H toward the surface of the aforementioned DNDs, which results 

in weakening of HBs in the interfacial water with respect to the bulk water30. However, Chaux-

Jukic et al. have recently reported a completely opposite preferential orientation for hydrating 

water of hydrogenated DNDs.32 

Despite great efforts mentioned above, a complete picture at the molecular level about the 

structure of hydration layers of DNDs is still missing. In addition, effects of salts and their 

constituent ions on these hydration layers have not yet been studied. The investigation of these 

effects is crucial from two different, yet pertinent perspectives. 

First, ions are indispensable ingredients in most biomedical and sorbent applications of 

DNDs. For instance, couple of studies have shown that certain salts such as NaCl can give superior 

drug loading capabilities to DNDs2,33. Nonetheless, Zhu et al. have reported that excessive 

adsorbed Na+ ions on DNDs, which carry an anti-cancer drug, can damage cells in a serum-free 

medium34. Indeed, ions’ adsorption and retention rates on DNDs’ surfaces differ depending on the 

charge density and the size of ions and also the type of the DND’s surface chemistry35,36.  

Second, ions perturb the structural and dynamic characteristics of the surrounding water, 

based on which they have been classified into kosmotropes (structure-maker) or chaotropes 

(structure-breaker)37,38. The former are ions with high charge densities such as Mg2+ or Ca2+ that 

impart an ordered water in their immediate vicinity. In contrast, chaotropes such as K+ or Cl– 

weakly bind to water due to their low charge densities, which leads to a disorganized water 

arrangement around them. These “specific ion effects”39 can significantly modify the properties of 

electrolyte solutions37,40–43. For instance, aqueous solutions containing structure-makers such as 

Mg2+, Ca2+ or SO`B_ have substantially lower self-diffusion coefficients and higher viscosities with 

pure water44–46.  

In this chapter, we therefore set out to study hydration layers of DNDs in aqueous solutions 

of different inorganic salts. We focus on effects of the DND’s surface chemistry and the solvated 

salt on the structure of hydration layers and the adsorption behavior of ions therein. To this end, 

we have employed Molecular Dynamics (MD) simulations, which can benefit us to obtain insights 

into hydration layers with atomistic details. In particular, MD simulations enable us to obtain the 
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density of water in hydration layers with respect to that of bulk water, the preferential orientations 

of the interfacial water, and the mean residence time of water in hydration layers. 

In our MD simulations, we have considered four types of surface functionalizations for 

DNDs and different amounts of surface charges, which have been introduced in Chapter 2. Then, 

we have solvated a DND particle in a 0.1M solution of water and one of KCl, NaCl, CaCl2, or 

MgCl2 salts. The motivation behind choosing these salts is twofold. First, their constituent ions are 

ubiquitous in the human body with vital roles in physiological processes47,48, which is important 

for biomedical applications of DNDs. Second, K+ and Cl– are considered structure-breakers, while 

other constituent ions of these salts are structure-makers. The specific ion effects of these ions at 

various solid/water and air/water interfaces with microscopic details are well-documented in the 

literature 49–52. However, a study of such effects on hydration layers of DNDs is missing.  

In Chapter 2, we have described the atomistic representation of DND solutions and our 

MD simulations procedure. In addition, we have introduced all computational tools that we have 

applied to atomic trajectories obtained from MD simulations to characterize hydration layers of 

DNDs.  

The rest of this chapter is organized as follows. In Section 2, we have presented plots for 

Perpendicular Number Density (PND), denoted as 𝑔6(𝑟6), for water at facets of DNDs. It gives a 

measure of the relative density of water in 3D bins perpendicular to a DND’s facets with respect 

to that of bulk water, where 𝑟6 is the perpendicular distance of the bins’ center from a facet. The 

positions of minima in these plots enable us to identify the hydration layers of DNDs. In addition, 

we have reported plots for the partial Radial Distribution Function (RDF), denoted as 𝑔(𝑟), 

between a tagged atom and atoms of water. Tagged atoms include atoms of functional groups on 

surfaces of DNDs as well as solvated ions. In Section 3, we have studied the preferential orientation 

of DNDs’ interfacial water using two distributions: 1) the Angular Distribution (AD) as a 

normalized 1D histogram, 2) the Distance-dependent Angular Distribution (DAD) as a normalized 

2D histogram. In Section 4, we have investigated the residence time of water in hydration layers 

of DNDs. It qualitatively gives us a measure of how tightly bound hydration layers are to the 

DND’s surfaces. In Section 5, we have presented our concluding remarks. 

3.2 Hydration layers 

In Figure 3.1, we have compared effects of KCl and MgCl2 solutions on 𝑔6(𝑟6) of water 

and also partial RDFs of water around polar surface groups of DND–COOHs. In these plots, 
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𝑔6
{%88}(𝑟6) and 𝑔6

{%%%}(𝑟6) correspond to, respectively, averaged values over six {100} and eight 

{111} facets. 𝑔6(𝑟6) of water hydrogen in Figure 3.1(a-d) exhibit three distinct changes, as DND–

COOH acquires more negative charges. Firstly, the second peak’s intensity reduces, while the first 

peak grows more in intensity and gets closer to facets of the more negatively charged DND-COOH. 

However, the increase in the first peak’s intensity is more pronounced in MgCl2 solution than in 

KCl solution. Thus, it indicates that the local density of water hydrogen in the first hydration layer 

of the charged DND–COOH is higher in the former than that in the latter. Secondly, irrespective 

of the type of the solution and the amount of negative charges on DND–COOH, the 

aforementioned first peak is more intense at {111} facets than that at {100} facets.  

KCl Solution MgCl2 Solution 

    

    

      

Figure 3.1. Comparing KCl and MgCl2 solutions of DND–COOH: (a)-(d) PND plots of water oxygen and hydrogen 
atoms at {100} and {111} facets, (e)-(l) partial RDFs of water oxygen and hydrogen atoms around constituent atoms 
of –COOH and –COO– polar groups on surfaces of the DND. O and O2 in –COOH group are, respectively, oxygen 
atom of the hydroxyl (OH) group and oxygen atom doubly-bonded to carbon atom. Black and red colors correspond 
to oxygen and hydrogen atoms of water, respectively. Furthermore, solid, dashed, dash-dotted, and dotted lines 
represent DNDs with 0, –28, –56, and –84 charges, respectively. Negative charges come from –COO– groups. 

As we mentioned above, water hydrogens are found closer to DND–COOH surfaces with 

more negative charges. It originates from COO– surface groups that are HB acceptors from the 

interfacial water. In Figure 3.1(e and g), the partial RDFs of water atoms around O atom of COO– 

O in –COOH O in –COOH 

O2 in –COOH O2 in –COOH 

O in COO– O in COO– 

H in –COOH H in –COOH 
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groups are reported, which corresponds to KCl and MgCl2 solutions, respectively. We observe 

narrow sharp peaks close to the surface in water hydrogen’s partial RDFs, although MgCl2 solution 

is associated with more pronounced first peak intensity than KCl solution.  

Partial RDFs of water atoms around O and H atoms of –COOH group are presented in 

Figure 3.1(f and j) for KCl and in Figure 3.1(h and l) for MgCl2 solution. In these plots, we can 

see a shoulder at 𝑟 ≈ 2 Å in the RDF of water hydrogen around OH atom and a pronounced peak 

at 𝑟 ≈ 1.7 Å in the RDF of water oxygen around HO atom. Thus, it leads us to conclude that the 

hydroxyl portion of –COOH primarily acts as a hydrogen donor in HBs with the nearby water. 

Nevertheless, the aforementioned shoulder suggests that some few water molecules still attempt 

to donate a hydrogen atom to form an HB with the OH atom of COOH group. In addition, this 

shoulder appears to be more pronounced in MgCl2 solution than KCl solution at higher surface 

charges.  

In Figure 3.1(i and k), the partial RDF of water around O atom of COOH group are 

compared between KCl and MgCl2 solutions, respectively. Similar to aforementioned RDFs, we 

can see a higher intensity of peaks of RDF for both water hydrogen and oxygen in MgCl2 solution 

compared to KCl solution.  

We observed above that MgCl2 solutions are associated with a richer water organization in 

hydration layers of negatively charged DND–COOHs relative to KCl solutions. It could be due to 

different interactions between the specific cation solvated in the solution and COO– anions on 

DND–COOH surfaces. Furthermore, negative partial charges on O atom (hereafter, O2) that is 

doubly bonded to C in COOH group can also induce some electrostatic interactions with cations. 

We thus aim at investigating aforementioned interactions by analyzing partial RDF plots of various 

cations around O in COO– group as well as O2 in COOH, which are shown in Figure 3.2. Peak 

positions in ranges of 1.85–2.65 Å and 3.45–4.35 Å for different cations correspond to, 

respectively, their Contact Ion-Pairing (CIP) and Solvent-shared Ion-Pairing (SIP) with COOH 

and also COO– groups. The former arises from two ions coming to a close contact, whereas the 

latter is formed when two ions are separated by one solvent (i.e. water) molecule53. There is also 

a third peak, although very shallow, in some of the partial RDF plots that points to the formation 

of Solvent-Separated Ion-Pairs (2SIP) between some cations and COO– anion and also COOH 

group. In 2SIP complexation, two ions are completely separated from each other by their first 

solvation (hydration) shell53.  



   
 

40 
 
 

KCl Solution NaCl Solution CaCl2 Solution MgCl2 Solution 

    

    

    

    

Figure 3.2. Comparing four solutions of DND–COOH: (a)-(d) partial RDFs of the constituent cation of solvated salts 
around O in –COO–, (e)-(h) same as previous ones but for O2 in –COOH, (i-l) snapshots from MD trajectories to show 
Contact Ion-Pair (CIP) association of the constituent cation of solvated salts with –COO– anion on DND–COOH with 
–84 charges, (m-p) same as (i-l) but for Solvent-shared Ion-Pair (SIP) association. Line styles in (a)-(h) are the same 
as those in Figure 3.1. In snapshots, particles with cyan, red, white, and yellow colors represent carbon, oxygen, 
hydrogen, and the cation, respectively; dotted yellow lines show HBs between water and polar groups; and green lines 
are included just for visual aid.  

Aforementioned peak positions and their intensities for ion-pairing of cations and COO– 

anion are listed in Table 3.1. In addition, we have illustrated snapshots of sampled atomic 

configurations from our MD simulations in Figure 3.2 for adsorbed cations on a surface of DND–

COOH with –84 charges. Figure 3.2(i-l) and Figure 3.2(m-p) show, respectively, CIP and SIP 

associations of cations with COO–. Interestingly, cations in the former are surrounded by fewer 
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number of water molecules than those in the latter. It implies that cations become partially 

dehydrated upon their adsorption in the CIP mode. 

Table 3.1. The position and intensity of firs three peaks in partial RDFs of cations around –COO– surface-bound anion 
on DND–COOH. The first, second, and third peaks correspond to, respectively, CIP, SIP, and 2SIP associations of 
cations with –COO– anion. 

Ion pair DND’s  
surface charge 

CIP SIP 2SIP 

𝒓 𝒈(𝒓) 𝒓 𝒈(𝒓) 𝒓 𝒈(𝒓) 

K+ – COO– 

q = –28 2.65 257.9 3.65 25.3 – – 
q = –56 2.65 265.2 3.85 25.7 5.55 11.3 
q = –84 2.65 238.6 3.85 28.7 5.35 14.7 

Na+ – COO– 

q = –28 2.25 518.2 3.55 27.4 5.45 7.7 
q = –56 2.25 425.4 3.45 39.9 5.65 10.9 
q = –84 2.25 423.6 3.55 29.2 5.45 13.2 

Ca2+ – COO– 
q = –28 2.25 561.2 4.35 19.7 – – 
q = –56 2.25 378.3 4.25 23.0 5.75 7.3 
q = –84 2.25 256.4 4.05 30.7 5.75 9.9 

Mg2+ – COO– 
q = –28 – – 3.85 55.8 – – 
q = –56 – – 3.85 51.6 5.25 7.0 
q = –84 1.85 40.1 3.75 50.2 5.25 8.5 

We note in Table 3.1 that corresponding peak intensities to CIP complexation of Na+ with 

COO– at all charge values of DND–COOH are almost twice as large as those of K+ cation. It 

implies that the former has a higher binding affinity to COO– than the latter. This observation 

corroborates prior studies on the ion-pairing of these two cations with the carboxylate anion that 

exists in different physiological environments (ex. as a free intracellular anion or as an adduct on 

protein surfaces)54. Collins explained the aforementioned difference via the so-called “law of 

matching water affinity”55. This empirical rule states that oppositely charged ions with matching 

water affinities form CIPs in the solution, whereas the ones with differing water affinities tend to 

stay apart. In other words, like attracts like.  

The water affinity of an ion is a function of its surface charge density, which in turn 

determines whether it is strongly hydrated (kosmotrope) or weakly hydrated (chaotrope). Small 

ions with high charge densities are strongly hydrated and thus have high water affinities. In 

contrast, ions with low water affinities are large monovalent ions that are weakly hydrated. Thus, 

according to the law of matching water affinity, CIP associations between kosmotrope–

kosmotrope and chaotrope–chaotrope are much more likely to form than that between 
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kosmotrope–chaotrope. Collin argues that the latter is less likely to be formed due to energetic 

considerations. That is, the energy gain resulting from the kosmotrope–chaotrope CIP 

complexation does not compensate the energy cost of partially dehydrating the strongly hydrated 

kosmotrope.   

To characterize the water affinity of ions, various techniques have been suggested, for 

example, measuring the Apparent Dynamic Hydration Number (ADHN) or the Jones–Dole 

viscosity B coefficient of ions in salt solutions55. The former is a measure of the number of tightly 

bound water molecules to an ion as it diffuses through a medium and thus is different from its 

static coordination number obtained from RDF plots. The latter yields a metric for the strength of 

water–ion interactions with respect to those of water–water in bulk solution. In Table 3.2, values 

of ADHN and B coefficient for relevant ions to our study are presented. The more positive is the 

B coefficient of an ion, the more strongly hydrated it is and a higher water affinity it has. In 

addition, an ion with a higher value of ADHN binds water more tightly to its immediate vicinity 

and hence has a higher water affinity. Thus, based on the values in Table 3.2, Mg2+ is the strongest 

hydrated ion in our study, while K+ and Cl– ions are the weakest hydrated ions.  

Table 3.2. Characteristics of ions determining their hydration strength56. 

 
Ion 

Jones-Dole 
viscosity  

B Coefficient 
ADHN Ionic radius (Å) Surface charge 

density (C/m2) 

St
ro

ng
ly

 
H

yd
ra

te
d  HCOO– 0.052 2.0   

Na+ 0.086 0.22 1.02 1.06 
Ca2+ 0.285 2.1 1.00 2.24 
Mg2+ 0.385 5.9 0.72 4.3 

W
ea

kl
y 

hy
dr
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Cl– –0.007 0.0 1.81 0.39 

K+ –0.007 0.0 1.38 0.59 

We proceed to interpret adsorption of cations onto surfaces of charged DND-COOH, using 

the law of matching water affinity and characteristics of ions presented in Table 3.2. First of all, B 

coefficient of Na+ is the closest to that of COO–, compared with other cations. Thus, the former 

has the highest tendency to form CIP association with the latter48. Secondly, the formation of Ca2+–

COO– CIP complex can be justified by the closeness of their ADHN values48. That is, they both 

tightly bind about two water molecules to their immediate vicinity. Thirdly, the significant 

mismatch between water affinities of Mg2+ and COO– can explain why Mg2+ only forms SIP rather 



   
 

43 
 
 

than CIP+SIP association with COO– at moderate concentrations of these ions. The latter 

corresponds to –56 or lower amounts of negative charges on DND–COOH. Previous studies have 

also cast a strong doubt on any formation of CIP association between Mg2+ cation and COO– anion, 

in particular at low to moderate concentrations54,57,58.  

The law of water affinity, however, fails to explain two patterns we have observed. First, 

the corresponding peak intensities to CIP associations between Ca2+ and COO– significantly drop 

with increasing concentrations of Ca2+ and COO–, while those corresponding to SIP associations 

increase (see Table 3.1). Second, the CIP complexation of Mg2+–COO– emerges, when DND–

COOH acquires –84 net charges (that is, at higher concentrations of these ions). These 

observations are less likely due to any artifacts introduced by forcefield parametrizations of ions 

or the water model used in our MD simulations, because of two reasons. First, our observations 

corroborate the theoretical investigation performed by Fedotova and Kruchinin on adsorption of 

the same cations as ours onto COO– anion59. They reported that the stability of ion-pairs between 

the cations and COO– decreases with increasing ion concentrations. Second, CIP complexations 

of Mg2+–COO– at high concentrations have also been observed in previous experimental60–63 and 

MD simulations with both polarizable and non-polarizable water models63. In particular, Wang et 

al. have reported60 the formation of bidentate structures for CIP complexations of Mg2+–COO– in 

supersaturated droplets of magnesium acetate (CH3COO–), similar to what we have shown in 

Figure 3.2(l). In addition, Semmler et al. have provided the stability constants for the formation of 

magnesium acetate complexes as a function of temperature and concentrations of Mg2+ and 

CH3COO– ions62.  

We hypothesize that Mg2+ cations form CIP associations with COO– at high concentrations 

due to entropic gains. Our hypothesis is based on two hydration characteristics of Mg2+ cation. 

First, it is a strongly hydrated cation, as evidenced by its high B coefficient and ADHN values in 

Table 3.2. Interestingly, its ADHN of 5.9 is almost identical to its static hydration number of 6, 

meaning water molecules are tightly bound to the first hydration shell of Mg2+. Thus, in its fully 

hydrated state, i.e. [Mg(H2O)6], it appears as a relatively large sphere with Mg2+ at the center and 

6 coordinating water molecules decorated at the outer surface. Second, Mg2+, as we will see in the 

ensuing sections, imparts a highly ordered structure in its surrounding water. It implies that higher 

adsorption of Mg2+ cations leads to a higher ordered structure in hydration layers of charged DND–

COOH. On the one hand, the free space, which is created as a result of partially dehydration of 



   
 

44 
 
 

Mg2+ cations upon CIP association, facilitates the adsorption of more Mg2+ cations to hydration 

layers of DND–COOH. On the other hand, the resulting entropic gain obtained from the higher 

order induced by Mg2+ compensates the energy that was spent to partially dehydrate the strongly 

hydrated Mg2+ in the process of CIP complexation.  

We end the discussion of cation adsorptions on DND–COOH by explaining why K+  and 

to a lesser degree Na+, but not Mg2+ or Ca2+, form CIP associations with O2 in COOH, particularly 

when the DND is neutral (see Figure 3.2(e-h)). We have not been able to find the B coefficient or 

ADHN values for O2 in the literature to compare its water affinity with that of cations. However, 

we can obtain a qualitative measure of the water affinity of O2. The first peak intensity in partial 

RDF of water hydrogen around O2 in COOH is 4-5 times smaller than that around O in COO– (see 

Figure 3.1(e, i) and also Figure 3.1(g, k)). Thus, it implies that the water affinity of O2 is by far 

less than that of O in COO– and in turn is less than that of Mg2+ and Ca2+ cations. Thus, according 

to the law of matching water affinity, the weakly hydrated O2 cannot pair with these divalent 

cations. In fact, strongly hydrated Mg2+ and to a lesser degree Ca2+ have significantly low 

mobilities in water58,64,65. It arises from their tightly bound hydrating water being hydrogen bonded 

to the neighboring water molecules. Thus, their diffusion in the solution encounters significant 

frictional forces66, which cannot be overcome by weak electrostatic potential of O2 atoms. In 

contrast, K+ has a much higher mobility due to its labile hydration shell, as evidenced by its ADHN 

value of 0 (see Table 3.2). Thus, even the weak electrostatic potential of O2 is sufficient to attract 

certain amounts of K+ to facets of the uncharged DND–COOH. The mobility of Na+ is a little bit 

smaller than that of K+. Thus, it is adsorbed less significantly than K+, as evident in insets to Figure 

3.2(e-g)). 

We proceed by exploring the hydration structure around DND–OH. Density plots of water 

perpendicular to its {100} and {111} facets, solvated in KCl salt solution, are shown in Figure 

3.3(a, b). In addition, partial RDFs of water atoms around constituent atoms of the surface hydroxyl 

group are reported in Figure 3.3(c, d). Features of these plots are similar to those of corresponding 

plots for other salt solutions. At both types of facets, water oxygen density exhibits a major peak 

followed by a second shallow peak and subsequently a small bump, although the first peak of 

{111} facets is slightly sharper.  

From the peak positions of partial RDFs in Figure 3.3(c, d), we infer that the surface 

hydroxyl group can act as both a HB donor to and a HB acceptor from the interfacial water. More 
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specifically, the first peak position in 𝑔+_(@(𝑟) (red line in Figure 3.3(c)) corresponds to the 

average interatomic distance between water hydrogen (HW) and O in –OH group as an HB 

acceptor from water. Furthermore, the first peak position in 𝑔(_+@(𝑟) (black line in Figure 3.3(d)) 

represents the average separation distance between water oxygen (OW) and H in –OH as an HB 

donor to water. Thus, the first peak of red and black lines in both 𝑔6
{%88}(𝑟6) and 𝑔6

{%%%}(𝑟6) 

correspond to water molecules that are HB donors and HB acceptors from –OH groups, 

respectively. The snapshot in Figure 3.3(e) illustrates these two groups of water in the first 

hydration layer of DND–OH in KCl solution. In addition, it shows the CIP association between an 

adsorbed K+ cation and the –OH group, where the cation is partially dehydrated as a result of the 

association.  

    

    

 

 

Figure 3.3. (a)-(b) PND plots of water oxygen and hydrogen atoms at {100} and {111} facets for DND–OH in KCl 
solution, (c)-(d) partial RDFs of water oxygen and hydrogen atoms around constituent atoms of –OH on surfaces of 
DND–OH in KCl solution, (e)-(f) partial RDFs of cations around O atom of –OH group in four different salt solutions 
of DND–OH, (g)-(h) same as (e)-(f) but for Cl– around H atom of –OH group, (h) a snapshot from MD trajectories of 
DND–OH in KCl solution showing a portion of the first hydration layer of the DND at {100} facet. Black, red, blue, 
and green lines in plots correspond to water oxygen, water hydrogen, cation, and anion, respectively. Color schemes 
in the snapshot are the same as those in Figure 3.2. The snapshot shows K+–OH CIP association as well as two types 
of water: type I and type II. The former is a HB donor, while the latter is a HB acceptor.  

The partial RDFs of monovalent and divalent cations around O of –OH group, which has 

negative partial charges, are demonstrated in Figure 3.3(e) and Figure 3.3(f), respectively. First 
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peaks in the former point out the CIP association as the preferential adsorption of K+ and Na+ onto 

the hydroxyl group. In contrast, the latter leads us to conclude that Mg2+ and Ca2+ cations prefer 

to make SIP complexation with –OH group. The same argument that we presented above to explain 

the association of these cations with –COOH group on the uncharged DND–COOH can also be 

applied here.  

KCl Solution NaCl Solution CaCl2 Solution MgCl2 Solution 

    

    

Figure 3.4. Comparing four different salt solutions of DND–OH: (a)-(d) PNDs of the constituent cation and anion of 
solvated salts with respect to {100} facets, (e)-(h) the same as those of (a)-(d) but with respect to {111} facets. Blue 
and green lines are for cation and anion, respectively. 

We report some interesting patterns in adsorption of Cl– anions from different chloride salt 

solutions of cations onto facets of DND–OH. First, consider Figure 3.3(g) and Figure 3.3(h) that 

illustrate the partial RDFs of Cl– anion around H of –OH group. The former compares the partial 

RDFs obtained from KCl and NaCl solutions, while the latter reports those of CaCl2 and MgCl2 

solutions. Aside from the CIP association that we infer from the position of the first peak in these 

plots, we can also observe that its intensity increases in the sequence KCl < NaCl < CaCl2 < MgCl2. 

In other words, there is a much higher probability for the adsorption of Cl– from MgCl2 solution 

onto –OH group than that from KCl solution. The law of matching water affinity can also explain 

this observation. Since K+ and Cl– are both chaotropes, they more readily form CIP associations 

in the bulk solution, as opposed to Mg2+ and Cl– whose CIP associations are less likely due to their 

water affinity mismatch56. Thus, more solvent-separated Cl– anions would exist in the latter than 

in the former to be adsorbed on some surfaces of DND–OH. The second pattern worth noting is 

the different adsorption behavior of Cl– anions on facets of DND–OH. As it can be seen in Figure 

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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3.4, 𝑔6
{%%%}(𝑟6) plots for Cl– exhibit pronounced first peaks and even second peaks in the case of 

CaCl2 and MgCl2 solutions, both of which are absent in 𝑔6
{%88}(𝑟6) plots. It points out that there is 

a much higher probability for Cl– anions to be adsorbed on {111} facets than on {100} facets. 

Furthermore, the relative position of first peaks in 𝑔6
{%%%}(𝑟6) for K+ and Cl– indicates that {111} 

facets have higher affinities for the former than the latter. In contrast, {111} facets have higher 

affinities for Cl– than the corresponding cation in NaCl, CaCl2, and MgCl2 solutions. 

     

   

Figure 3.5. (a)-(b) PND plots of water oxygen and hydrogen atoms at {100} and {111} facets for DND–H in NaCl 
solution, (c) partial RDFs of water oxygen and water hydrogen around H atom on surfaces of DND–H in NaCl 
solution, (d) the same as (c) but for Cl– anion around H atom, (e) a snapshot from MD trajectories of the neutral DND–
H in NaCl solution showing a portion of the first hydration layer of the DND, (f) the same as (e) but for DND–H with 
+84 charges. Black, red, and green lines in plots correspond to water oxygen, water hydrogen, Cl– anion, respectively. 
Color schemes in the snapshot are the same as those in Figure 3.2, except for purple-colored particle that represents 
Cl– anion. Furthermore, (e) show CIP and SIP associations of Cl– with surface H atoms. 

We now turn our attention to density plots of water and ions in Figure 3.5 that reveal 

interesting water layering and solvent adsorption patterns around DND–H. Only results of DND–

H solvated in NaCl solution are included, as other salt solutions exhibit similar features. Two 

trends emerge in 𝑔6(𝑟6) plots with increasing positive charges on surfaces of DND–H (see Figure 

3.5(a)-(b)).  On the one hand, the first peak for water oxygen gets closer to both {100} and {111} 

facets. On the other hand, as it can be seen in insets to the left of Figure 3.5(a)-(b), the shoulder 

for water hydrogen close to facets of uncharged DND–H disappears in the case of charged DNDs. 

It implies that water hydrogen moves away from surfaces of positively charged DND–H. These 

observations become more clear by referring to snapshots of selected water molecules nearby 

facets of DND–H with zero and +84 net charges that are shown respectively in Figure 3.5(e)-(f). 
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In particular, we can see in Figure 3.5(e) that two water molecules have one of their hydroxyls 

(OH) oriented toward the surface of the uncharged DND–H. In contrast, all water molecules in 

Figure 3.5(f) have pointed their OH bonds away from the surface of DND–H with +84 net charges.  

The charged DND–H particle is decorated with H hydrogen atoms with positive partial 

(fractional) charges, which altogether give rise to a specific amount of net positive charges for the 

whole DND. Consequently, these hydrogen atoms attract Cl– anions to surfaces of the positively 

charged DND–H. Partial RDF plots for H–water oxygen (OW) and H–Cl– are demonstrated in 

Figure 3.5(c)-(d). They lead us to infer that the adsorbed Cl– anions form CIP and SIP associations 

with H atoms on surfaces of DND–H with +56 and +84 net charges. These associations correspond 

to the first and second peaks in Figure 3.5(d), respectively. Our rationale for appointing the 

aforementioned first peak to CIP association is its closeness to the first peak in 𝑔(_+@(𝑟) shown 

in Figure 3.5(c), at each corresponding DND’s surface charge. The snapshot in Figure 3.5(f) also 

provides additional evidence for the formation of CIP and SIP associations between H and Cl–. 

The formation of H–Cl– CIP complex can be explained by the law of matching water affinity. Since 

H and Cl– are both weakly hydrated, thus their water affinities match and they form CIP 

complexations. In fact, it is energetically more favorable for water molecules to leave the hydration 

shells of these weakly hydrated species and form stronger water-water association (i.e. HBs) in the 

bulk56. 

The arrangement of water molecules in Figure 3.5(e) is in accord with the generally 

accepted belief that hydrogenated diamond surfaces are hydrophobic. It implies that they do not 

form HBs with surrounding water molecules. Thus, some interfacial water molecules end up 

having some dangling hydroxyls pointed toward the DND’s surface that do not participate in any 

hydrogen bonding. However, it appears that water organization at the interface with positively 

charged DND–H is completely different from that of neutral DND–H in two ways. On the one 

hand, the positively charged surfaces push away the aforementioned dangling hydroxyls and 

promote them to form HBs with the neighboring water molecules. On the other hand, adsorbed Cl– 

anions in hydration layers of positively charged DND–H influence the arrangements of water 

molecules, as shown in Figure 3.5(h). In particular, Cl– anions can form labile HBs with the 

interfacial water, which means they quickly change their HBs partners in water67,68. Therefore, if 

they get adsorbed at high concentrations, which corresponds to high positive charges on DND–H, 

they can subsequently disrupt the interfacial water’s HB network. 
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Next, we analyze PND plots for water around DND–NH2 solvated in NaCl solution that 

are shown in Figure 3.6(a)-(b). They demonstrate more complex structured water compared with 

those of DND–H, owing to the existence of NH2 and NH45 polar surface groups; the latter only 

exist on the charged DND–NH2. We observe a relatively shallow first peak for water hydrogen 

atoms close to both {100} and {111} facets of neutral DND–NH2, whose surfaces are covered by 

H atoms and NH2 groups. We attribute the first peak to water hydrogens that are donated in HBs 

between water and N atom of NH2 groups, as it is also evident in Figure 3.7(d). However, this peak 

disappears in the case of DND–NH2 with +84 charges, whereas the first peak of water oxygen 

density therein is closer to the surface than that of the neutral DND. It points to the increasing 

propensity of the interfacial water of the more positively charged DND–NH2 to orient its OH bonds 

away from DND’s surfaces so as to accept an HB from NH45 groups. The snapshot in Figure 3.7(f), 

obtained from MD trajectories, more vividly illustrates HBs formed between water and NH45 

groups on a facet of DND–NH2 with +84 charges. 

   

   

Figure 3.6. (a)-(b) PND plots of water oxygen and hydrogen atoms at {100} and {111} facets for DND–NH2 in NaCl 
solution, (c)-(f) partial RDFs of water oxygen and water hydrogen around constituent atoms of –NH2 and −NH$% 
groups on DND–NH2 in NaCl solution. Black and red colors correspond to oxygen and hydrogen atoms of water, 
respectively. Furthermore, solid, dashed, dash-dotted, and dotted lines represent DNDs with 0, +28, +56, and +84 
charges, respectively. Positive charges come from −NH$% group. 

Partial RDFs of water around constituent atoms of –NH2 and −NH45 groups are shown in 

Figure 3.6(c)-(f), which provide additional support for aforementioned observations. First, the 

inset to Figure 3.6(c) shows that the intensity of the first peak in the partial RDF of water hydrogen 

around N in –NH2 group diminishes, as DND–NH2 becomes more positively charged. Second, we 

observe in Figure 3.6(d) that a peak emerges in the partial RDF of O in water around H in –NH2, 

N in NH2 N in 𝐍𝐇𝟑
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when the surface charges increase. Third, we note a pronounced peak in the partial RDF of O in 

water around H in −NH45 group, which is shown in Figure 3.6(f). 

   

   
Figure 3.7. (a)-(b) partial RDFs of cations around N atom of –NH2 group of the neutral DND–NH2 in four different 
salt solutions, (c) partial RDFs of Cl– anion around H atom of −NH$% group on positively charged DND–NH2 in NaCl 
solution, (d) a portion of the first hydration layer of the neutral DND–NH2 in NaCl solution, (e)-(f) the same as (d) 
but for DND–NH2 with +84 charges. Line styles in plots are the same as those in Figure 3.6.  Particles with cyan, blue, 
red, white, yellow, and purple colors in snapshots represent carbon, nitrogen, oxygen, hydrogen, Na+, and Cl–, 
respectively. Furthermore, (d) and (e) show, respectively, CIP associations of Na+–NH2 and Cl––NH$%, while (f) 
illustrates SIP association of Cl––NH$%. For more clear visualization, only a handful of amine groups are included, and 
hydrogen atoms bonded to surface carbon are not shown.  

The adsorption of ions on surfaces of DND–NH2 also demonstrates interesting patterns.  

Figure 3.7(a) and Figure 3.7(b) show partial RDFs of, respectively, monovalent and divalent 

cations around N in –NH2 groups on surfaces of the neutral DND–NH2. Since the N atom has some 

negative partial charges, it attracts some cations onto facets of the DND. However, the amount of 

adsorbed divalent cations is negligible compared with that of monovalent cations. Moreover, it 

appears in the RDF plots that Na+ forms both CIP (see snapshot in Figure 3.7(d)) and SIP 

associations with –NH2 groups, while K+ only forms the former. These two observations can be 

explained in terms of the water affinity of cations and also the strength of N–cation electrostatic 

interactions. The detailed mechanism is similar to what we explained before for O2–cation 

interactions in the uncharged DND–COOH solution.  

Partial RDFs in Figure 3.7(c) indicate more pronounced adsorption of Cl– anion from NaCl 

solution on surfaces of charged DND–NH2 covered with 56 or 84 −NH45 groups than that covered 

with 28 −NH45 groups. The first and second peaks in the RDF plots of the former reflect CIP and 

SIP associations of Cl– and −NH45 groups. Snapshots in Figure 3.7(e) and Figure 3.7(f) illustrate, 

respectively, CIP and SIP adsorption states of Cl– for DND–NH2 with +84 charges in NaCl 
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solution. Interestingly, we observe in Figure 3.6(h) that one –NH2 and one −NH45 both compete 

with 4 water molecules to share one of their partially positive charged H atoms with Cl–.  

KCl Solution NaCl Solution CaCl2 Solution MgCl2 Solution 

      

       

Figure 3.8. Similar to Figure 3.4, but for DND–NH2 with 0, +28, +56, and +84 charges, which are shown as solid, 
dashed, dash-dotted, and dotted lines, respectively. 

The relative density of salt ions perpendicular to {100} and {111} facets of DND–NH2 

with different charges are shown in Figure 3.8. An interesting feature of these plots is the existence 

of more pronounced peaks in 𝑔6
{%%%}(𝑟6) than in 𝑔6

{%88}(𝑟6) for Cl– anions. It implies that there are, 

on average, more adsorbed Cl– onto positively charged {111} facets than {100} facets. This trend 

is also similar to what we observed for oxygen and hydrogen of water (see Figure 3.6(a)-(b)). In 

addition, Figure 3.8(a)-(b) show some adsorption of K+ and Na+ cations on {100} facets of the 

neutral DND–NH2, while it is not the case for {111} facets. 

Last but not least, we analyze the partial RDFs of water around cations and Cl– anion, 

which helps us interpret results of this study better. We note two interesting features in partial 

RDFs of water atoms around four cations that are shown in Figure 3.9(a-d). Firstly, the partial 

RDF for Mg2+–OW has the most intense first peak among all cations in this study. Secondly, the 

first minimum of 𝑔ab_+@(𝑟) is zero, which implies a depletion region between the first and the 

second hydration shells of Mg2+–OW. It is as if Mg2+ together with its first hydration shell act as 

a unified moiety69. This interpretation corroborates the experimental observation70 of the 

extremely slow exchange rate of water molecules between the hydration shells of Mg2+. The first 

minimum of 𝑔cd_+@(𝑟) is also close to zero, but it does not lead to a depletion area that we 

mentioned for Mg2+. 

(a) (b) (c) (d) 
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K+ Na+ Ca2+ Mg2+ 

    

    
Figure 3.9. (a)-(d) partial RDFs of water oxygen and water hydrogen around cations, (e)-(h) snapshots from MD 
trajectories for water molecules in the first hydration shell of cations. Black and red lines in plots correspond to water 
oxygen, water hydrogen, respectively. Color schemes in snapshots are the same as those in Figure 3.2. Dotted arrows 
in (f) and (h) represent the dipole moment of water. 

In Figure 3.9(e-h), snapshots of water molecules in the first hydration shell of cations are 

provided, which are obtained from our MD simulations. Cations are picked from the bulk region 

of the neutral DND–H solutions to ensure their hydration shells are untouched by any influence of 

the DND’s surfaces. We can see in Figure 3.9(h) that Mg2+ imposes an ordered structure on its first 

hydration shell, while water molecules in Figure 3.9(e) are quite randomly arranged around K+. 

The hydration shell of Na+, similar to that of Mg2+, contains 6 water oxygens. However, dipole 

moments of water molecules (shown as dotted yellow arrows) in the former are less aligned with 

the line connecting the cation to water oxygen. Similar to K+, Ca2+ also contains 7 water oxygens 

in its first hydration shell with the distinction of more tightly and orderly packed water in the shell 

of the latter. 

In Figure 3.10, we have compared the partial RDF’s first peak position and the coordination 

number in the first hydration shell of various cations, denoted as 𝑟efdg
(%)  and 𝑛(%) respectively. Values 

in this figure are reported for cation–chloride salt solutions of all different DNDs in this study. We 

observe in Figure 3.10(a) that 𝑟efdg
(%)  values for each of cation–OW and cation–HW are identical in 

all types of DND–salt solutions that have similar solvated cation. For instance, 𝑟efdg
(%)  of K+–OW in 

KCl solution of the neutral DND–H is the same as that of DND–COOH with –84 net charges. In 

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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addition, we can order cations as K+ > Na+ > Ca2+ > Mg2+ based on the first peak position in cation–

OW’s partial RDF, which trivially follows the ordering of ionic radii of cations (see Table 3.2). 

However, at a deeper level, it reflects that Mg2+ binds water to its immediate vicinity tighter than 

other cations do, which arises from the significantly larger charge density of the former than that 

of the latter (see Table 3.2). The coordination numbers of water oxygen in the first hydration shell 

of cations in Figure 3.10(b) agree well with the number of oxygen atoms shown in Figure 3.9(e-h) 

as well as the reported values in the literature69,71–75. 

  

Figure 3.10. (a) The first peak position in partial RDFs of water oxygen and water hydrogen around cations, (b) the 
coordination number of water oxygen (OW) and hydrogen (HW) atoms in the first hydration shell of cations. The data 
are shown for all 52 different combinations of DND–salt solutions in this study. 

We note an interesting feature in Figure 3.10(b) for K+, Na+, and Ca2+ cations in negatively 

charged DND–COOH solutions. Upon addition of COO– groups to the DND’s surface, the number 

of water molecules that hydrate K+, Na+, and Ca2+ cations, i.e. 𝑛(%), drop. We attribute this effect 

to the CIP association of COO– with those cations, which in turn become partially dehydrated as 

we saw earlier in Figure 3.2. However, we should note that coordination numbers in Figure 3.10(b) 

are averaged over all cations in the simulation box of each DND–salt solution. Thus, they do not 

reflect the true coordination number of those adsorbed cations in the CIP mode. In contrast, we do 

not observe in Figure 3.10(b) the aforementioned effect for Mg2+. It is in accord with our earlier 

observation in Figure 3.2 that Mg2+ cation predominantly forms SIP complex with COO– anion. 

The partial RDF of water with respect to Cl– anion is shown in Figure 3.11(a), which is 

almost identical for all aqueous salt solutions of DNDs in this study. The first peak positions in 

𝑔ch_(@(𝑟) and 𝑔ch_+@(𝑟) are respectively 2.15 Å and 3.15 Å for NaCl and KCl solutions, whereas 

they are 2.25 and 3.25 Å for CaCl2 and MgCl2 solutions, respectively. We attribute the observed 

minor differences between chloride salts of monovalent and divalent cations to different LJ 

parameters that we have used for Cl– ions in the corresponding salts. However, all aforementioned 

values are in good agreement with reported ones in the literature69,76,77.  
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The snapshot of the first hydration shell of Cl– ion, that is presented in Figure 3.11(b), 

illustrates seven water molecules that have pointed their OH bonds toward Cl–. It appears as if they 

are competing with each other to form an HB with Cl– ions. Thus, we can expect that the HB 

network of water molecules in hydration layers of positively charged DND–H and DND–NH2 can 

be disrupted upon their adsorption of Cl– anions.  

  
Figure 3.11. (a) partial RDFs of water oxygen and water hydrogen around Cl–, (b) a snapshot from MD trajectories 
for water molecules in the first hydration shell of Cl– anion. Black and red lines in plots correspond to water oxygen, 
water hydrogen, respectively. In the snapshot, particles with red, white, and purple colors represent oxygen, hydrogen, 
and Cl–, respectively; green lines are included just for visual aid. 

3.3 Angular distributions 

We begin this section by analyzing the AD of q and b angles, which are formed between 

the normal vector of DNDs’ facets and, respectively, water dipole and water normal vectors. We 

have obtained ADs for water in the first hydration layers of DNDs. In addition, we have provided 

DADs to gain more insights into orientations of water beyond the first hydration layers of DNDs. 

The DAD is a joint distribution of the angle of interest and the perpendicular distance (i.e. 𝑟6) from 

facets of a DND. In the ensuing analyzes, 90° for q  angle corresponds to water’s dipole moment 

being parallel to the facet on top of which water exists; a smaller or larger value than 90º means 

the dipole moment is oriented away or toward the facet, respectively. Furthermore, b angles of 0º 

and 90° correspond to water’s plane being perpendicular and parallel to the facet, respectively. 

Other values than 0º and 90° for b angle indicate that water’s plane is tilted with respect to the 

normal vector of the facet.  

In Figure 3.12, we have shown ADs of q and b angles in the first hydration layer of {100} 

and {111} facets of DND–COOH with different surface charges in different salt solutions. A 

striking feature of these plots is the effect of specific adsorbed cation on both dipolar and normal 

orientations of water at interfaces of negatively charged DND–COOH. In addition, we observe 

some differences between ADs of {100} and {111}, in particular for b angle distributions. In what 

follows, we have discussed about both effects in more details. 

(b) (a) 
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Figure 3.12. ADs of q and b angles in the first hydration layer of {100} and {111} facets of DND–COOH with 
different surface charges (q = 0, –28, –56, –84) that are solvated in four different salt solutions: KCl (red line), NaCl 
(black line), CaCl2 (green line), and MgCl2 (blue line). 

As it can be seen in Figure 3.12(a, e), both P{%88}(𝜃) and  P{%%%}(𝜃) exhibit bimodal 

distributions for the uncharged DND–COOH. Their peak angles are at around 52° and 132°, which 

are averaged over values corresponding to four solutions. The first peak corresponds to water’s 

dipole pointing away from the surface, which arises from the HB between H atom in COOH and 

water oxygen. The second peak is attributed to the attraction of the water hydrogen toward either 

of oxygen atoms in COOH. Thereby, water orients its dipole vector toward the surface. We note 

that the second peak is shallower than the first one in P{%%%}(𝜃), which is not the case in P{%88}(𝜃), 

except for KCl solution. 
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The abovementioned first peak gradually diminishes in intensity, as DND–COOH acquires 

more negative charges. Particularly for DND–COOH with –84 charges, it either completely 

disappears in MgCl2 solution or becomes a broad shoulder in other three salt solutions. It indicates 

that COO– surface moieties on the one hand and the specific adsorbed cation on the other hand 

cooperatively govern the dipolar orientation of the interfacial water. The former via its O atoms 

act as acceptors of HBs from the interfacial water, which in turn drive the water dipole to orient 

toward the DND–COOH’s surface. The latter, depending on its charge density, can influence 

water’s dipole reorientations via electrostatic interactions. In particular, Mg2+ with a high charge 

density significantly restricts the reorientation of water’s dipole moment78. The combined effect 

of COO– and Mg2+ appears as sharpest peaks in P{%88}(𝜃) and P{%%%}(𝜃) for charged DND–COOH. 

The predominant preference of Mg2+ for SIP over CIP association with COO–, as opposed to other 

cations (see Figure 3.2), also contributes to the aforementioned effect. Because, the layer of water 

shared between Mg2+ and COO– in SIP complex can more prominently experience their 

cooperative effect.  

Regarding b angle distributions, we observe outstanding differences between two types of 

facets in Figure 3.12. P{%88}(𝛽) contains relatively sharp peaks around 90° for all surface charge 

values and types of salts. It implies that the most probable orientation for water’s plane nearby 

{100} facets is to be approximately perpendicular to the facet. However, P{%%%}(𝛽) plots exhibit 

distinct behaviors for different types of salts and charges on the DND. For the neutral DND–COOH 

in all salt solutions, P{%%%}(𝛽) demonstrates a unimodal distribution with a broad peak. For the 

charged DND–COOH in MgCl2 solution, P{%%%}(𝛽) distributions display bimodal characteristics 

whose peaks become sharper with increasing negative charges on the DND. We observe a similar 

trend for KCl solution, yet with a lesser intensity. In contrast, P{%%%}(𝛽) distributions for NaCl and 

CaCl2 solutions of DND–COOH with various charges remain almost unimodal with a noticeable 

broad peak, except for q = –84. In the latter, bimodal distributions with very shallow peaks emerge.  

Thus, water molecules in the first hydration layer of DND–COOH with –84 net charges at {111} 

facets most likely tilt their planes with respect to the facet’s normal vector. In this situation, the 

water plane’s tilt angle would be most likely around 60º. 

DADs for DND–COOH with –84 net charges solvated in four different salt solutions are 

presented in Figure 3.13. There are two distinct features in these distributions that are noteworthy. 

First, we observe that the impact of both types of facets, in particular {111} ones, on either of 
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water’s orientations goes beyond the first hydration layer. Second, contour plots associated with 

MgCl2 solution appear to be much less diffuse than other solutions. It implies that water in 

hydration layers of negatively charged DND–COOH with adsorbed Mg2+ is more neatly arranged 

than that with adsorbed K+, Na+, or Ca2+ cations. 
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Figure 3.13. DADs for DND–COOH with –84 charges in four different salt solutions over following joint 
distributions: (a)-(d) 𝜃 − 𝑟S

{)OO}, (e)-(h) 𝜃 − 𝑟S
{)))}, (i)-(l) 𝛽 − 𝑟S

{)OO}, and (m)-(p) 𝛽 − 𝑟S
{)))}. 𝑟S

{)OO} and 𝑟S
{)))} denote 

perpendicular distances from {100} and {111} facets.  

Angular distributions of water around DND–OH are demonstrated in Figure 3.14. 

Distributions in Figure 3.14(a-d) correspond to ADs in the first hydration layer, which indicate 

little effect of the type of the salt existing in the solution . This result is expected, as very few 

cations/anions are adsorbed to surfaces of DND–OH due to its overall charge neutrality in this 

study. However, a distinct feature of these plots is the difference between the shape of q and also 
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b distributions at {100} and {111} facets.  While P{%%%}(𝜃) appears to be a bimodal distribution 

with two peaks at around 45º and 90º and a shoulder at around 120º, P{%88}(𝜃) exhibits a unimodal 

distribution whose broad peak at around 104º is preceded by a shoulder at around 30º. The shoulder 

in P{%88}(𝜃) and the first peak in P{%%%}(𝜃) represent outward orientation of water dipole with 

respect to {100} and {111} facets. In contrast, the broad peak in P{%88}(𝜃) and the second peak in 

P{%%%}(𝜃) as well as its shoulder correspond to water molecules orienting their dipole vectors either 

downward toward or parallel to respective facets.  

    

Figure 3.14. (a)-(b) ADs of q angle in the first hydration layer of, respectively, {100} and {111} facets of DND–OH 
in four different salt solutions: KCl (red line), NaCl (black line), CaCl2 (green line), and MgCl2 (blue line), (c)-(d) the 
same as (a)-(b) but for b angle. 

Regarding b angle’s distributions, the broad peak in P{%88}(𝛽) around 90º indicates that the 

interfacial water’s plane is most likely either perpendicular to {100} facets or slightly tilted with 

respect to the facet’s normal vector. Contrary to {100} facets, b angle’s distributions on {111} 

facets exhibit a bimodal behavior with two peaks at around 60º and 120º as well as two shoulders 

at around 20º and 160º. Thus, the shoulders point out the tendency of water molecules close to 

{111} facets to have their plane be nearly parallel to the facet. Overall, abovementioned 

observations lead us to infer that hydroxyls on {100} facets are most likely to donate HBs to water, 

whereas it is relatively equally likely for hydroxyls on {111} facets water to be both HB donor to 

and acceptor from the interfacial water. 

We now turn our attention to DND–H for which ADs of q and b angles in the first hydration 

layer at {100} and {111} facets are demonstrated in Figure 3.15(a-d). We can clearly see the effect 

of net positive charges of DND–H on the modification of the interfacial water’s orientations with 

respect to facets’ normal vector. Since there are only minor changes in probability distributions 

with respect to the type of the salt solution or the type of the facet, we only focus here on effects 

of surface charges of DND–H on angular distributions at {100} facets. 

(a) (b) (c) (d) 
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Figure 3.15. (a)-(b) ADs of q angle in the first hydration layer of, respectively, {100} and {111} facets of DND–H in 
four different salt solutions: KCl (red line), NaCl (black line), CaCl2 (green line), and MgCl2 (blue line), (c)-(d) same 
as (a)-(b) but for b angle, (e)-(h) DADs of 𝜃 − 𝑟S

{)OO} joint distribution for NaCl solution of DND–H with four different 
charges (q = 0, +28, +56, +84), (i)-(l) same as (e)-(h) 𝛽 − 𝑟S

{)OO}, and (m)-(p) 𝛽 − 𝑟S
{)))}. Solid, dashed, dash-dotted, 

and dotted lines in (a)-(d) represent DNDs with 0, +28, +56, and +84 charges, respectively. 

At zero net charge, P{%88}(θ) displays a single broad peak ranging from 60° to 106° with a 

maximum at 85°. With increasing the net charge from 0 to +84 on DND–H, the aforementioned 

peak becomes narrower and shifted to lower angles. For DND–H with +84 net charges, 𝜃 with 

highest probability is 48°. Contrary to P{%88}(θ), we observe multimodal behavior for P{%88}(β) 

distributions. That is, they have three peaks for DND–H with 0 and +28 charges (with the second 

peak noticeably shallower and broader than the other two) and two peaks for the case of +56 and 

+84 charges on DND–H. Interestingly, the peaks in P{%88}(β) for DND–H with +84 charges are 

closer to 90º than those of DND–H with +56 charges and also the first and third peaks of DND–H 

with 0 and +28 charges.  

We ascribe the broad second peak around 90º in P{%88}(β) for DND–H with 0 and +28 

charges to water molecules that have at least one dangling H (not engaged in any HB) oriented 

toward the associated facet. Yet, the probability of finding such water molecules nearby {100} 

facets is higher in the former than in the latter. In contrast, two observations, stated as follows, 

q=0 q=+28 q=+56 q=+84 

q=0 q=+28 q=+56 q=+84 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 
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suggest that water does not have any dangling H at {100} facets of DND–H with +56 and +84: 1) 

the disappearance of the aforementioned peak in their P{%88}(β) plots, 2) relatively sharp peaks in 

their P{%88}(θ) distributions with peak angles at 55º and 45º, respectively. In fact, surface H atoms 

on DND–H with +56 and +84 charges have higher positive partial charges than those on DND–H 

with +0 and +28 charges. It leads to stronger electrostatic interactions with water and surface H 

atoms of the former than the latter. Thus, it appears that the sufficiently strong Coulomb potential 

of surfaces in the former repel hydrogen of and instead attract oxygen of the interfacial water. This 

interpretation also concurs with trends that we observed in density plots of Figure 3.5.  

    
Figure 3.16. Snapshots of water molecules in the first hydration layer of DND–H with (a) 0, (b) +28, (c) +56, and (d) 
+84 charges. Water molecules are selected at one of {100} facets of DND–H. Particles with cyan, red, white, and 
purple colors represent carbon, oxygen, hydrogen, and Cl–, respectively. 

Snapshots in Figure 3.16 illustrate aforementioned different behavior of the interfacial 

water at one of {100} facets of DND–H with various charges. In particular, snapshots of DND–H 

with +56 and +84 show one adsorbed Cl– anion in each case that has made the CIP association 

with surface H atoms. Interestingly, water molecules surrounding Cl– anion, over which they 

compete with each other for its extra electron, have pointed one of their OH bonds away from the 

surface to be directed toward the anion. Thus, it appears that adsorbed Cl– anions reinforce the 

effect of surface H atoms in pushing away hydrogen atoms of water molecules that exist in the 

anion’s first hydration shell.  

To gain more insights into orientations of water beyond the first hydration layer of DND–

H, we investigate DADs that are shown in Figure 3.15(e-h) and Figure 3.15(i-l) for various surface 

charges; the former and the latter are for 𝜃 − 𝑟6
{%88} and 𝛽 − 𝑟6

{%88} joint distributions, respectively. 

In Figure 3.15(e), we have highlighted two regions with a yellow arrow and a yellow oval, each 

of which points to a different group of water in the second hydration layer of {100} facets of the 

neutral DND–H. The former, referred to as W1, represents a group of water with dipole moments 

predominantly pointed toward the facet. In contrast, the latter corresponds to a different group 

q=0 

q=+56 

q=+28 q=+84 (a) (b) (c) (d) 
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(called W2) dominated by water molecules whose dipole moments are oriented away from the 

facet.  

Orientations of W1 and W2 suggest that they are probably HB donors to and acceptors from 

water in the first hydration layer, respectively. Furthermore, higher DAD values in 𝜃 − 𝑟6
{%88} 

distributions for W1 than W2 indicate that the former has higher chances of existence than the latter 

for the neutral DND–H. However, three trends emerge with increasing positive charges on DND–

H. First, DAD values for W1 diminish relative to those of W2. Second, water with characteristics 

of W1 group appears in the second hydration layer at a longer distance from the facet, particularly 

for DND–H with +84 that is marked by a yellow arrow in Figure 3.15(h). Third, the peak 

corresponding to W2 in DAD of 𝜃 − 𝑟6
{%88} for DND–H with +84 charges (pointed by a red arrow 

in Figure 3.15(h)) is closer to the facet and shifted to a smaller 𝜃 angle (ca. 30º), compared with 

that for the neutral DND–H. Interestingly, the last trend also manifests in DAD of 𝛽 − 𝑟6
{%88} for 

DND–H with +84 charges, where W2 water has a distinct 𝛽 angle distribution than the rest of water 

in the second hydration layer. These trends are a direct result of disappearance of water with 

dangling H nearby DND–H with +56 and +84 charges. Thus, relatively high amounts of positive 

charges on surfaces of DND–H can impart ordered structure in its two hydration layers.  

We move forward to discuss water orientation distributions around DND–NH2 surfaces. 

ADs in the first hydration layer of {100} and {111} facets of this DND are shown in Figure 3.17(a-

d), for various surface charges and salt solutions. We observe that distributions for both q and b 

angles exhibit some similarities and differences between two types of facets. For both types of 

facets of the neutral DND–NH2, q and b distributions demonstrate unimodal (𝜃efdg ≈ 95º) and 

bimodal (𝛽efdg ≈ 63º and 117º) distributions, respectively. Furthermore, the former and the latter 

have, respectively, one and two shoulders (pointed by black and red arrows in Figure 3.17), 

although they are more pronounced for {111} facets than those of {100} facets. Peaks of q and b 

distributions are related to each other and together they correspond to water molecules with 

orientations as follows: 1) one OH bond is pointed away from the facet, 2) the other OH bond is 

oriented toward the facet to make HB with N atom of –NH2 group, and 3) the dipole moment is 

almost parallel to the facet. Similarly, aforementioned shoulders of these distributions are also 

associated with each other. They represent water molecules whose oxygens are attracted to the 

facet (mostly likely by H atom in –NH2 group) such that their dipole moments are oriented away 
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from the facet. The bimodal character of b distribution comes from the fact that both OH bonds of 

water are equally likely to be oriented toward the facet to make HB with –NH2 groups. The 

snapshot from the MD trajectory of the neutral DND–NH2 in NaCl solution, that is shown in Figure 

3.18(a), clearly shows these two types of preferential orientations of water. 

    

    

    

Figure 3.17. Same as Figure 3.15 but for DND–NH2. 

The abovementioned distributions’ behavior changes, as DND–NH2 becomes positively 

charged via the protonation of some NH2 groups. With increasing positive charges on DND–NH2, 

the major peak in q angle distribution shifts to smaller values than 90º and b angle distribution 

switches from the bimodal shape of the uncharged DND to unimodal with 𝛽efdg ≈ 90º. 

Furthermore, the peak in q angle distribution of the neutral DND–NH2 appears as a shoulder in 

that of the charged DND–NH2, whose probability values diminish with increasing positive charges 

on the DND. Interestingly, the shoulder disappears in q angle distribution of {111} facets on 

DND–NH2 with +84 charges, as opposed to that for {100} facets. In contrast, we can hardly 

identify any shoulder in b angle distributions of the charged DND–NH2, particularly the DND with 

+84 charges.  

q=0 q=+28 q=+84 q=+56 

q=0 q=+28 q=+84 q=+56 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 
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We attribute the peaks in q and b angle distributions to an ensemble of water molecules, 

where both OH bonds and hence the dipole moment of each water are driven away from the 

associated facet. These effects result from the relatively strong electrostatic potential of −NH45 

group that repels hydrogens of water as far as and attracts its oxygen as close as possible. These 

effects of −NH45 group are more intensified in the case of DND–NH2 with +84 charges, which are 

manifested in the relatively sharp peak of q around 30º for both types of facets (see Figure 3.17(a-

b)). We note that the peak positions for {100} and {111} facets are almost identical, although the 

peaks of the latter are sharper than the former. We attribute this observation to higher counts of 

NH45 / area for each {111} facet than {100} one in our study.  

  
Figure 3.18. Same as Figure 3.16 but for DND–NH2 with (a) 0 and (b) +84 charges. 

DADs of 𝜃 − 𝑟6
{%88} and 𝛽 − 𝑟6

{%88} distributions for NaCl solution of DND–NH2 with four 

different charges are presented in Figure 3.17(e-h) and Figure 3.17(i-l), respectively. We see that 

a new peak (specified by red arrows in Figure 3.17(f-h) and Figure 3.17(j-l)), emerges in these 

DADs for charged DND–NH2. It represents a group of water in the second hydration layer that 

point their dipole moment away from the facet in an attempt to accept HBs from water in the first 

hydration layer. However, DND–NH2 with +84 charges, compared with its less charged variants, 

exhibits sharper and more concentrated peak around 90º in 𝛽 − 𝑟6
{%88} distribution corresponding 

to this group of water (see Figure 3.17(l)). It indicates that −NH45 groups on facets of the former 

impart relatively highly ordered structure in water, which extends to multiple hydration layers 

around DND–NH2 with +84.   

q=0 q=+84 (a) (b) 
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Last but not least, we analyze orientations of water around ions in the bulk region of 

solutions, far beyond the influence of DNDs’ surfaces. It sheds some light onto patterns we have 

observed thus far in orientational distributions of water around DNDs. 

  
Figure 3.19. (a) ADs of q angle in the first hydration shell of K+ (red line), Na+ (black line), Ca2+ (green line), and 
Mg2+ (blue line) and (b) same as (a) but for 𝛼 angle. 

In Figure 3.19(a-b), ADs of q and a angles for water in the first hydration shell of all 

cations in this study are presented. In both distributions, we find the following ordering in terms 

of the peak intensity: 

Shallower peak 

 K+ < Na+ << Ca2+ < Mg2+ 
Sharper peak 

Furthermore, the peak q angles are 44°, 26°, 11°, and 11° for K+, Na+, Ca2+, and Mg2+ cations, 

respectively. Corresponding peak a angles for these cations are 74°, 70°, 60°, and 60°. 

Interestingly, the trends in both angles’ distributions are in accord with the arrangement of water 

molecules in the first hydration shell of cations that we observed in Figure 3.9(e-h). In particular, 

remarkably larger peak value of q angle for K+ than that of other cations conform with chaotropic 

nature of the former. 

DADs of 𝜃 − 𝑟 and 𝛼 − 𝑟 joint distributions for water around cations are demonstrated in 

Figure 3.20(a-d) and Figure 3.20(e-h), respectively. Both joint probability contours in Figure 3.20 

reveal more random arrangement of water around K+ and Na+ cations than that around Ca+2 and 

Mg2+ cations, even beyond their respective first hydration shells. Nevertheless, we observe an 

opposing behavior for K+ and Na+ cations. While the dipolar orientation of water looks more 

random around K+ than that around Na+, the opposite holds true for the orientation of water’s OH 

bond. We attribute this contrasting behavior to differing charge densities of K+ and Na+, where the 

charge density of the former is almost 40% lower than that of the latter (see Table 3.2). Thus, the 

former exerts noticeably weaker electrostatic forces on the surrounding water’s dipole than the 

latter does. As a result, the less restricted water in hydration layers of K+, compared with that of 

(a) (b) 
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Na+, forms stronger hydrogen bonds with surrounding water molecules. This interpretation also 

corroborates observations of Mancinelli et al., where they found that Na+ more effectively 

disrupted water structure than K+ in their respective chloride solution76. 

K+ Na+ Ca2+
 Mg2+

 

    

    

Figure 3.20. DADs of 𝜃 − 𝑟 joint distribution for water around (a) K+, (b) Na+, (c) Ca2+, (d) Mg2+ cations that are 
solvated in the respective chloride-cation salt solution of the neutral DND–H. (e)-(h) same as (a)-(d) but for 𝛼 − 𝑟 
joint distributions. 𝑟 is the radial distance of water oxygen from the cation. 

 
Figure 3.21. ADs of 𝛼 angle in the first hydration shell of Cl– in four different chloride salt solutions of KCl (red line), 
NaCl (black line), CaCl2 (green line), and MgCl2 (blue line), where each solution also includes a neutral DND–H 
particle. 

Distribution of the a angle for water in the first hydration shell of Cl– anion that exist in 

four different salt solutions are shown in Figure 3.21. The peak of a angle at 172° clearly indicates 

that OH vector of water is almost aligned with the line connecting its oxygen to Cl– anion. It also 

agrees well with the arrangement of water around Cl– ion that we have shown in Figure 3.11(b). 

3.4 Residence time in hydration layers 

We begin this section by analyzing the survival probability of water molecules in the first 

hydration shell of the solvated anion and cations in salt solutions of the uncharged DND–H. This 

selection of the DND helps us ensure that ions are primarily outside the hydration layers of the 

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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DND, as evidenced by density plots that we saw earlier. The SCF plots related to the anion and 

the cations are shown in Figure 3.22(a) and Figure 3.22(b), respectively. The former compares the 

corresponding results for Cl– anion in four salt solutions wtih different cations.  

  

Figure 3.22. (a) SCFs of water in the first hydration shell of Cl– anion in four different chloride salt solutions of KCl 
(red line), NaCl (black line), CaCl2 (green line), and MgCl2 (blue line), where each solution also includes a neutral 
DND–H particle. (b) same as (a) but for SCFs around the constituent cation of the solvated salt. 

We note in Figure 3.22(a) a slightly faster decay rate of SCF for hydrating water of Cl– ion 

in CaCl2 and MgCl2 solutions than that corresponding to KCl and NaCl solutions, although all four 

curves decay to zero. We attribute the difference to the fact that LJ parameters of Cl– ion in the 

former are different than those of the latter. In contrast, the SCF curves in Figure 3.22(b) for all 

cations, except for K+, do not decay to zero within the time window of our analysis. Nonetheless, 

the extremely sluggish decay rate of SCF for Mg2+ is indicative of the strikingly distinctive 

hydration of Mg2+ than that of other three cations.  

Table 3.3. The mean residence time of water in the first hydration shell of ions (𝝉𝒓𝒆𝒔
(𝟏) ), obtained from our own 

calculations and from available data in the literature. 

Ion 𝝉𝒓𝒆𝒔
(𝟏)  / ps 

Our Calc. Literature 
Cl– (KCl solution) 4.6 – 
Cl– (NaCl solution) 4.6 4.5 a, 3.8 b 
Cl– (CaCl2 solution) 3.5 – 
Cl– (MgCl2 solution) 3.6 – 
K+ 4.1 4.8 a 

Na+ 14.1 9.9 a 
Ca2+ 110.6 ~100 b,c,d   
Mg2+ – 2 ´ 106 b 

                                                        a Ref.79, b Ref.80, c Ref.81, d Ref.82.  

Except for Mg2+ cation, we have been able to fit the tri-exponential function, which we 

introduced in Chapter 2, to the corresponding SCF curves of ions. Subsequently, the numerical 

integration of the fitted SCFs has given us the mean residence times for water in the first hydration 

(a) (b) 
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shell of ions. The results are presented in Table 3.3, which are in good agreement with reported 

values in the literature. However, it is almost infeasible to obtain the same quantity for Mg2+ from 

MD simulations with the existing computational power. Because, the exchange rate of water 

between the first and second hydration layers of Mg2+ cation is extremely slow83,84. Nevertheless, 

NMR measurements have revealed the mean residence time on the microsecond timescale for 

water in the first hydration shell of Mg2+ cation80. In contrast, as we can see in Table 3.3, the 

corresponding values for all other ions are on the picosecond timescale.  

Interestingly, we observe that the mean residence time of water in the first hydration shell 

of ions follows the order below, which is commensurate with their charge densities and thereby 

their structure-breaking/structure-making tendencies: 

Low charge density 
 Cl– » K+ < Na+ << Ca2+ <<< Mg2+ 

High charge density 

The abovementioned order is also in accordance with cations’ ADHN values presented in Table 

3.2. In addition, the significantly large mean residence time for Mg2+ explains the depletion region 

we noted for the partial RDF of Mg-OW in Figure 3.9(d). 

We now turn our attention to the SCFs of water in each of the three hydration layers of 

DNDs, which are shown in Figure 3.23. The SCF in a particular hydration layer of a DND (e.g. 

the 1st hydration layer) has been obtained by taking the average of the SCF in the same hydration 

layer corresponding to 14 facets of the DND. Then, we have taken another average over results 

obtained from five distinct MD runs to attain better statistics.  

At least two interesting patterns in Figure 3.23 are worth noting. Firstly, the SCF of the 3rd 

hydration layer of all DNDs decays to zero quicker than other hydration layers. In other words, 

after “t” time being elapsed from the arrival of water in the 3rd hydration layer of any DND, its 

survival probability rapidly drops to zero. It implies that the dynamics of water is much less 

constrained in the third hydration layer and thereby it can be very quickly exchanged with either 

the bulk water or water in the second hydration layer. Secondly, with some exceptions, the decay 

rate of the SCFs in the first and second hydration layers of charged DNDs appears to be slower 

compared with their own uncharged counterparts. It suggests that water experiences some 

constraints as it moves through those regions. We have discussed these constraints below with the 

help of the mean residence time of water in these two regions, i.e. 𝜏!"#
(%)  and 𝜏!"#

(B) , which are shown 

in Figure 3.24. The tabulated values for 𝜏!"#
(%) , 𝜏!"#

(B) , and 𝜏!"#
(4)  are presented in Appendix A. 
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Figure 3.23. SCFs of water in the first (black line), second (red line), and third (blue line) hydration layers of different 
DNDs with various surface charges that are solvated in four different salt solutions. Solid, dashed, dash-dotted, and 
dotted lines correspond to 0, 28, 56, and 84 absolute charges on DNDs, respectively. DND–H and DND–NH2 assume 
any of these charges with positive sign, so does DND–COOH but with negative sign. But, DND–OH only exists as 
neutral in our study. 

We can clearly see the “specific ion effects” for the negatively charged DND–COOH in 

Figure 3.24, where 𝜏!"#
(%)  values vary as a function of the adsorbed cation’s nature that follows the 

well-known Hofmeister series37,85, namely, K+ < Na+ < Ca2+ < Mg2+. With the exception of the 

weakly hydrated K+ cation, this effect on 𝜏!"#
(%)  becomes more pronounced as DND–COOH acquires 

more negative charges and hence adsorbs higher concentration of cations. 

One might ask what mechanism at the molecular level could explain the “specific cation 

effect” on the exchange dynamics of water from the interface of the negatively charged DND–

COOH? To answer this question, we borrow the concept of the cation-anion cooperative hydration 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 

(m) (n) (o) (p) 
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from the literature. It states that strongly hydrated cations and anions can cooperatively slow down 

the orientational dynamics of water that is shared between them78. For instance, Pastorczak et al. 

observed that the addition of (HCOO–, Na+) and (HCOO–, Li+) salts to water significantly retarded 

its reorientational dynamics, which became more pronounced at higher concentrations86. In 

contrast, the aqueous solution of (HCOO–, K+), (I–, Na+), or (I–, Li+) did not exhibit any noticeable 

difference in rotational dynamics of water with respect to the pure water. In their study, HCOO–, 

Li+ and, Na+ are strongly hydrated ions, whereas K+ and I– are weakly hydrated ones.  

 
 

 
 

Figure 3.24. Mean residence time of water in (a) the first and (b) the second hydration layers of different DNDs with 
various surface charges (differentiated by different line styles). Black, blue, red, and green lines represent DND–H, 
DND–NH2, DND–COOH, and DND–OH particles, respectively. Line styles are the same as those in Figure 3.23. 

The basic idea is that the strongly hydrated cation locks the rotation of water’s dipole 

moment, while the strongly hydrated anion significantly constrains the reorientation of OH bond 

of water. This combined effect is non-additive in the sense that the cooperative slowdown is more 

significant than the effect of isolated ions on dynamics of their hydration shells87. Furthermore, 

the magnitude and the spatial extent of the cooperative retardation is proportional to the surface 

charge density and the concentration of ions78,88. The surface charge density of ions also 

determines their water affinity and subsequently their ion pairing propensity toward other 

oppositely charged ions. Prior studies suggest that strongly hydrated ions that form more SIP and 

even 2SIP than CIP complexations, can more significantly slow the reorientational dynamics of 

water86,89.  

The linkage between reorientational dynamics of water and its exchange dynamics in 

hydration layers is hidden in rearrangements of the HB network. A water molecule cannot move 

around without breaking HBs with its neighbors. In turn, the latter would not be possible unless 

the water molecule and its neighbors rotate in order to find new HB partners68,90. In a relatively 

high concentrated solution, high charge density cations and anions such as Mg2+ and SO`B_ can 

cooperatively lock in the HB network in multiple directions78. Thus, a rigid HB network induced 

(a) (b) 
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by cooperative slowdown of reorientational dynamics of water can also lead to slowing the 

exchange dynamics of water in hydration layers.  

We can also observe the specific cation effect on the residence time of water in the second 

hydration layer of charged DND–COOH. That is, 𝜏!"#
(B)  appears to depend on the nature of the 

adsorbed cation and increases in the sequence Na+ < K+ < Ca2+ < Mg2+. However, there are two 

main differences between the first and the second hydration layers in terms of the specific cation 

effects. Firstly, contrary to the first hydration layer, K+ cation is associated with slower exchange 

dynamics compared with Na+. In particular, 𝜏!"#
(B)  for DND–COOH with –84 charges, that has 

adsorbed K+ cations, is 29% larger than the corresponding value for Na+. It is quite surprising, as 

one might expect the opposite association, owing to higher water affinity of the latter than the 

former. Secondly, 𝜏!"#
(B)  values are smaller than 𝜏!"#

(%)  values by approximately 4-5 orders of 

magnitude. These observations together also provide additional support for the cooperative 

slowdown mechanism, to which we ascribed the specific cation effect on 𝜏!"#
(%) . In particular, the 

different effects of Na+ on the exchange dynamics of water in the first and second hydration layers 

corroborate the experimental observations of Ref.86.  

We attribute the aforementioned difference between K+ and Na+ to two factors, which have 

their origin in different water affinities. First, as we observed earlier, Na+ has higher propensity to 

form CIP associations with COO– surface groups than K+. Thus, there is a higher concentration of 

K+ in the second hydration layer than Na+. Second, K+ cation, as opposed to Na+, is weakly 

hydrated and hence water in its labile hydration shells has more freedom to make HBs with 

surrounding molecules. It is also supported by more random orientations of water OH bonds 

around Na+ than those around K+ that we observed in Figure 3.20(e-f). Thus, the net effect of these 

factors is that K+ induces a stronger HB network than Na+ in the second hydration layer of DND–

COOH. Thereby, it leads to slower exchange dynamics of water associated with the former than 

the latter. 

The reason that divalent cations give rise to higher values for 𝜏!"#
(B)  than the monovalent 

ones can be explained by the highly kosmotropic (structure-making) nature of the former. In other 

words, Mg2+ and Ca2+ cations can create ordered structures in water well beyond their first 

hydration shells, which thereby lend themselves to more rigid HBs network in their surroundings. 

Particularly, six water molecules are so tightly bound to the first hydration layer of Mg2+ that they 
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have very restricted rotational motion. Thus, they altogether donate 12 strong HBs to water 

molecules in the second hydration layer of Mg2+ cation54,91. However, the structure-making effects 

of Na+ cation, which is also considered a strongly hydrated ion, is limited to its first hydration 

shell. 

We proceed to analyze the residence time of water in the first two hydration layers of 

DND–NH2. Strikingly, compared with all other DNDs solvated in different solutions, water 

exhibits the slowest exchange dynamics in the first hydration layer of DND–NH2 with positive 

charges of 56 or higher. However, at lower surface charges, the DND–COOH give rise to higher 

values for 𝜏!"#
(%) . We attribute the aforementioned slow exchange dynamics to strong HBs that are 

donated by NH45 surface groups to the interfacial water. However, their collective effect only 

becomes pronounced after being grafted onto surfaces of DND–NH2 in sufficiently large amounts 

(here, at or greater than 56 groups in total). It is in accordance with AD patterns of the DND–NH2 

that we saw in Figure 3.17. That is, the interfacial water of DND–NH2 with positive charges of 56 

or higher has predominantly oriented its oxygen toward and its OH bonds away from the DND’s 

facet.  

The aforementioned preferential orientation also explains why DND–NH2 with +84 

charges gives rise to higher values for 𝜏!"#
(B)  in KCl and NaCl solutions compared with DND–COOH 

with –84 charges. In other words, water in the first hydration layer of the former donates relatively 

strong HBs to water molecules in the second hydration layer. Thus, the mobility of water in the 

second hydration layer of DND–NH2 with +84 charges is more restricted than that of DND–COOH 

with –84 charges, provided that both are solvated in either KCl or NaCl solutions. In contrast, in 

CaCl2 and MgCl2 solutions, the latter dominate the former, due to the ordered HB network induced 

by strongly hydrated adsorbed Mg2+ or Ca2+ in the second hydration layer of DND–COOH with –

84 charges. 

The mean residence time of water in hydration layers of DND–H also reveals interesting 

patterns. Water in the first hydration layer of the uncharged DND–H has the lowest mean residence 

times compared with other DNDs, irrespective of the type of the solvated salt. We attribute this 

effect to the hydrophobicity of the uncharged DND–H, which is also supported by the AD plots 

shown in Figure 3.15. However, as the amount of positive charges on surfaces of DND–H 

increases, so does the corresponding value of 𝜏!"#
(%) . Interestingly, 𝜏!"#

(%)  values of DND–H with +84 

are very close to those of DND–OH in all salt solutions, except MgCl2. It suggests that positively 
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charged DND–H modifies the HB network of its interfacial water with respect to its neutral 

counterpart. Similar to 𝜏!"#
(%) , we also observe an association between positive charges of DND–H  

and corresponding values of 𝜏!"#
(B) , as shown in Figure 3.24(b). Furthermore, it appears in Figure 

3.23 that the SCFs in the third hydration layer of DND–H with higher positive charges decay at 

lower rates. These two observations suggest that the impact of the aforementioned modified HB 

network at the interface of positively charged DND–H also extends to its second and third 

hydration layers. Although it qualitatively corroborates previously reported experimental results30, 

a quantitative investigation of such HB network’s modification is required. 

3.5 Conclusion 

We have carried out MD simulations to study the hydration layers formed around 

cuboctahedral DNDs with various surface chemistries that are solvated in four different chloride 

salt solutions. In general, we have identified three hydration layers around facets of DNDs by 

exploiting normalized density plots perpendicular to those facets. These layers are characterized 

by, respectively, a sharp peak followed by a shallower peak and finally a small bump in 

aforementioned plots. The layering in the interfacial water disappears at around 1 nm from the 

outermost atom layer on facets of DNDs. It is in good agreement with what have been reported in 

the literature for DNDs28 and other faceted particles27,92–95.  

We note distinct structural and dynamic features between the first and other two hydration 

layers. We have summarized these features below, which are a manifest of DNDs’ surface 

functional groups and adsorbed ions on polar and/or charged surfaces. 

1) The mean residence time of water in the first hydration layer of DNDs is substantially 

higher than that of water in other layers. It indicates that there is a region close to 

DND’s surfaces, where the hydrating water behaves differently compared with the rest 

of hydration layers. This is in accordance with the existence of an inert region around 

DND, where water remains intact upon exposures to freezing/melting experiments28,96. 

However, they had not considered effects of solvated ions and different DND’s 

functional groups on this inert region. Indeed, we have found that Mg2+ and Ca2+ 

cations around negatively charged DND–COOHs can extend this region even further 

away from DND’s surfaces. Furthermore, water in the first hydration layer of DND–

NH2 with +84 net charge has the longest mean residence time compared with all other 

studied DND solutions. We attribute this effect to strong HBs between water and NH45 
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groups on charged DND–NH2. However, at lower net absolute charge on DNDs, water 

on average spend the longest time in the first hydration layer of DND–COOH solvated 

in MgCl2. In addition, the shorter mean residence time of water in hydration shells 

around DND–H than that of the oxidized DNDs corroborates thermal analysis 

experiments reported elsewhere29.  

2) We report different behavior in adsorption of cations onto surfaces of DNDs. We have 

found Mg2+ << K+ < Ca2+ < Na+ ordering for tendency of cations to form Contact Ion-

Pair (CIP) with –COO– anion on surfaces of the negatively charged DND–COOH. 

Indeed, Mg2+ predominantly forms Solvent-shared Ion-Pair (SIP) with –COO– anion, 

although we have observed some few CIP association between them only at high 

concentrations of –COO– on DND–COOH (i.e. 84 COO–  / DND). Other three cations 

also form SIP associations with –COO–, yet with lesser proportion to their CIP 

complexations. Na+ and K+ cations, but not Ca2+ and Mg2+, also form CIP associations 

with –OH, –COOH, –NH2 polar groups of, respectively, DND–OH, neutral DND–

COOH, and neutral DND–NH2. However, divalent cations show some weak tendencies 

to form SIP complexations with those polar groups. The above-mentioned trends for 

cation adsorption on COO– anion agree well with prior experimental and MD 

simulation studies60–63. In addition, we have found that the law of matching water 

affinity, which is advocated by Collins54,56,97, explains very well all but two of our 

observations of cation adsorption behavior. In particular, it fails to explain why Mg2+ 

forms few CIP associations with –COO– anion in the case of DND–COOH with –84 

charges. In fact, Mg2+ strongly binds water to its immediate vicinity, owing to its high 

charge density. Thus, the CIP association with –COO– requires significant amounts of 

energy to partially dehydrate Mg2+ cation58. We hypothesize that this energy is 

provided by sufficiently high concentrations of –COO– on DND–COOH, which in turn 

is compensated by the entropy gain resulted from more adsorption of Mg2+ cations. We 

rationalize the entropy gain based on our observations that adsorbed Mg2+ cations 

induce a highly ordered structure in hydration layers of the negatively charged DND–

COOH. Since the fully hydrated Mg2+ appears as a large sphere, it would be difficult 

to accommodate high concentrations of them on surfaces of DND–COOH terminated 

with relatively high concentrations of –COO–. Thus, more space created by the CIP 
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association of Mg2+–COO– facilitates more Mg2+ adsorption. Thereby, they can impart 

more order in hydration layers of DND–COOH.  

3) Charged polar groups on DNDs significantly modify the preferred orientation of the 

interfacial water. Replacing 26% of the initial 320 NH2 groups on DND–NH2 by NH45 

group makes the interfacial water shift its dipole moment from being pointed toward 

the surface to be oriented away from it. It implies that this surface modification converts 

the interfacial water from an HB donor to DND–NH2 to an HB acceptor from it. We 

have observed similar behavior, but in opposite direction, for the interfacial water of 

DND–COOH by substituting 26% of the initial 320 COOH groups with COO– group. 

Furthermore, we have observed a cooperation between COO– group and the adsorbed 

cation in modulating preferred orientation of the interfacial water. The former drives 

the water’s dipole moment to point toward DND–COOH’s surface to receive a HB 

from water. The latter can influence water’s dipole reorientations via electrostatic 

interactions whose strength depends on the cation’s charge density. In particular, the 

high charge density Mg2+ cation significantly restricts the reorientation of water’s 

dipole moment78,88,98. The combined effect of COO– and Mg2+ leads to the highest 

structured water around the charged DND–COOH, compared with the effect of other 

adsorbed cations. The more prominent cooperative effect of Mg2+ and COO– is also 

derived from the predominant preference of Mg2+ for SIP over CIP association with 

COO–, as opposed to other cations. We also attribute the specific cation effect on the 

mean residence time of water in hydration layers of charged DND–COOH to the 

aforementioned cooperative hydration. We have presented a detailed discussion of this 

effect in Section 4. 

4) We report noticeable modifications in the hydration layers around hydrogenated DNDs 

(DND–H), as they acquire more positive charges. In particular, there exist noticeable 

amounts of water with dangling H (i.e. not involved in any hydrogen bonding) at the 

interface with the neutral DND–H. They orient one or both of their OH bonds toward 

a nearby facet of the DND–H. However, they less frequently appear in the case of 

DND–H with +28 charges and completely disappear at the interface with DND–H 

having +56 and +84 charges. Thus, higher positive partial charges of surface H atoms 

in the latter attract oxygen of the interfacial water and push away its hydrogen atoms. 
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Furthermore, DND–H with +84 charges imparts more order in the arrangement of water 

in its second hydration layer, compared with DND–H having +28 and +56 charges. The 

aforementioned orientation of water nearby DND–H with +84 charges corroborates 

results of a recent experimental study32, they are in sharp contrast with what Petit et al. 

reported earlier30. DFT calculations performed by Manelli et al. on adsorption of water 

onto bare and hydrogenated {100} diamond surfaces help us resolve this apparent 

discrepancy99. Their findings suggest that water orients both of its OH bonds, and hence 

its dipole moment, away from the fully hydrogenated surface. In contrast, it points one 

of its OH bonds downward toward the bare as well as partially hydrogenated surface 

that contains carbon with dangling bonds. Thus, the former concurs with our 

aforementioned results as well as those of Ref.32, while the latter corroborates 

orientations reported in Ref.30.  
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CHAPTER 4 

4 How the surface chemistry and adsorbed ions impact the dynamics of hydration layers 

around detonation nanodiamond in aqueous solution of inorganic salts? 

4.1 Introduction 

Many of exceptional properties of water, such as the unusual density of liquid water at 4 

°C and relatively high surface tension, have been attributed to its hydrogen bond (HB) network1. 

This network has a dynamic nature, which results from the breaking and making of HB bonds in 

the network due to thermal excitations. These network reconstructions are not possible without 

rotations and translations of the network’s constituent water molecules2,3. Therefore, both 

translational and rotational dynamics of water have been the subject of numerous studies of both 

experimental and theoretical nature4–10. In particular, specific attentions have been paid to the 

dynamics of the interfacial water around solutes11–14.  

The motivation behind studying the dynamics of the interfacial water arises from 

understanding the mutual effects of solutes and water on each other. On the one hand, the 

functioning of certain molecules such as proteins depends on the HB network of water and its 

fluctuations and dynamic rearrangements around them15–21. For instance, the successful catalytic 

activity of enzymes requires that the corresponding proteins undergo as smoothly conformational 

transitions as possible. It has been suggested that the dynamic rearrangements of the interfacial 

water facilitate these conformational transitions22. On the other hand, some solutes such as ions 

can substantially modify the arrangement of their immediate surrounding water. This phenomenon 

can have different manifestations in a multitude of macroscopic properties of electrolyte solutions. 

These effects of ions, which ultimately depend on their size and electric charge, have been referred 

to as “specific ion effects”.  

The “specific ion effects”, was first discovered by Hofmeister in the study of protein 

solubility in salt solutions23. Initially, Hofmeister ordered constituent ions of salts into the so-called 

Hofmeister series according to their effects on the solubility and conformational stability of 

proteins in electrolyte solutions24. Over time, the series has been expanded to include more salts 

and also to explain wider range of ionic solution properties such as diffusion coefficient and 

viscosity25,26. 
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Ions in the Hofmeister series have been further classified into kosmotropes (“structure-

makers”) or chaotropes (“structure-breakers”)27. The former, which include small ions with high 

surface charge densities such as Ca2+ or Mg2+, induce highly ordered arrangements in their tightly 

bound hydration shells. However, the latter, which have larger size and smaller charge densities 

such as K+ or Cl– ions, are characterized by disorganized water structure and weakened HB in their 

surroundings28,29. Recent studies have shown that these structural perturbations are limited to the 

first hydration shell of most ions, except in certain conditions. More specifically, if both cation 

and anion of a salt possess high surface charge densities, they can cooperatively slow down the 

reorientational dynamics of water well beyond their first hydration shells30–32. This thereby can 

lead to locking in the HB network of water in multiple directions33.  

To the best of our knowledge, the dynamics of hydration shells of Detonation 

Nanodiamond (DND) in electrolyte solutions have not been studied yet, despite their promising 

biomedical applications such as anti-cancer drug delivery34–37, treatments for neurodegenerative 

diseases38, and bioimaging39. In these applications, DNDs are inevitably in contact with water, 

certain ions, and some other residues40–43. In particular, it has been shown that the HB network of 

water plays an important role in fluorescence properties of DNDs44. 

We therefore aimed at investigating the dynamics of water in the hydration shells of DNDs 

in aqueous solution of inorganic salts. The center of our attention is placed on the effects of the 

surface chemistry of DNDs, on the one hand, and the solvated salts, on the other hand, on the 

translational and orientational dynamics of the interfacial water. Particularly, our main objective 

is to find out the underlying mechanism behind the reorientation of water in the hydration shells, 

which has paramount implications for HB network reconstructions. 

For translational dynamics of water, we have calculated its self-diffusion coefficient using 

the well-known Einstein relation45. Then, we have developed a multiple regression model, which 

describes the relationship between the self-diffusion confident of the interfacial water, on the one 

hand, and the DNDs’ surface chemistry and solvated salts on the other hand. 

To study the rotational dynamics of the interfacial water, we have defined reorientational 

correlation functions (RCF) to track the time evolution of water’s dipole moment and OH bond 

reorientations. In a sense, these functions, which have been extensively used in the literature46, 

demonstrate how quickly water loses the memory of its original orientations3. As pointed out in 

many studies4,30,47–53, there are multiple timescales in the decay behavior of RCFs. We have used 
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the extended wobbling-in-a-cone (EWIC) model in order to interpret these multiscale 

reorientational relaxations10,51,54,55. This has eventually led us to propose a cooperative mechanism 

for the rotational dynamics of water in hydration shells of charged DNDs surrounded by 

counterions. We have presented the details of this mechanism in the remainder of this chapter. 

We have utilized the classical Molecular Dynamics (MD) simulation to carry out the 

studies laid out above. It serves as a great tool to realize our goals for two reasons. First, we can 

readily use the resulting atomic trajectories to calculate the mean square displacements (MSD) of 

water oxygen atoms, which eventually gives us the self-diffusion coefficient of the interfacial 

water using the Einstein relation. Second, it has been shown that MD simulations have this benefit 

over most experimental techniques that can capture all three timescales of the reorientational 

relaxations of the interfacial water3,10,51. In addition, the explicit representation of water in the fully 

atomistic MD simulation enables us to conveniently identify water orientations along its dipole 

moment and OH bond. 

The DNDs’ surface chemistry and the type of solvated salts are exactly the same as MD 

simulations in Chapter 3. The details are presented in Chapter 2, along with all computational tools 

that we have used in this study.  

The rest of this chapter is organized as follows. The self-diffusion coefficient of the 

interfacial water as well as the corresponding multiple regression model are presented in Section 

2. Then, in Section 3, we have demonstrated the RCF plots and discussed the reorientational 

behavior of water in hydration shells of DNDs and ions. The cooperative mechanism for water’s 

rotational dynamics nearby charged DNDs is also discussed. Finally, we have summarized our 

important findings in Section 4.  

4.2 Translational dynamics 

We study the translational motion of water around DNDs by measuring water’s self-

diffusion coefficient D. As we introduced in Chapter 2, the Einstein relation gives D as the slope 

of the Mean Square Displacement (MSD) vs. time, provided that they are linearly related. We have 

calculated MSDs of water’s oxygen atom in the whole hydration shell of various DNDs that are 

solvated in different solutions. The whole hydration shell is defined as a spherical shell with a 

thickness of 1.0 nm, which is centered at the centroid of the DND and has an inner radius of ca. 

1.8 nm. The thickness of the whole hydration shell is chosen based on the extent of DNDs’ 
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perturbations on the structure of surrounding water, as it was revealed by Perpendicular 

Normalized Density (PND) plots in Chapter 3.  

  

  

Figure 4.1. MSDs of water in the whole hydration layer of different DNDs with various surface charges that are 
solvated in four different salt solutions: KCl (red line), NaCl (black line), CaCl2 (green line), MgCl2 (blue line). (a) 
DND–H, (b) DND–NH2, (c) DND–COOH, (d) DND–OH. Solid, dashed, dash-dotted, and dotted lines correspond to 
0, 28, 56, and 84 absolute charges on DNDs, respectively. DND–H and DND–NH2 assume any of these charges with 
the positive sign, so does DND–COOH but with the negative sign. But, DND–OH only exists as a neutral particle in 
our study. 

 
Figure 4.2. Self-diffusion coefficient of water in the whole hydration layer of different DNDs with various surface 
charges (differentiated by different line styles). Black, blue, red, and green lines represent DND–H, DND–NH2, DND–
COOH, and DND–OH particles, respectively. Line styles are the same as those in Figure 4.1. The cyan line shows the 
self-diffusion coefficient of water in the bulk region of the neutral DND–H solvated in four different salt solutions. 

We have shown the calculated MSDs in Figure 4.1, in which we observe a linear 

relationship between MSD and time. Thus, we can readily obtain the self-diffusion coefficients of 

the DNDs’ hydrating water as the slope of MSD plots. In Figure 4.2, we have compared the effects 
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of different salts on the resulting D values corresponding to various DNDs. We have also shown 

the self-diffusion coefficients of water in the bulk region of the neutral DND–H solutions far away 

from the influence of DNDs’ surfaces. The numerical values of D as well as the standard error of 

the linear regression fit are presented in Appendix B, Table B.1 to Tables B.5.We observe couple 

of interesting trends in Figure 4.2 that are discussed below. 

First, water diffuses the fastest around the uncharged DND–H compared with other 

uncharged DNDs and it has the closest self-diffusion coefficient to that of the bulk water. It implies 

that water surrounding DND–H with zero net charge has a bulk-like behavior in terms of the 

translational motion. We ascribe this behavior to the hydrophobic nature of the DND–H surface, 

which does not form any HBs with the interfacial water, as opposed to other DNDs in this study. 

In contrast, surfaces of DND–OH, DND–NH2, and DND–COOH particles are covered with polar 

groups, which can form HBs with the interfacial water molecules. Thus, they can slow down the 

motion of the nearby water molecules.  

Second, with some few exceptions, the self-diffusion coefficients decrease with increases 

in the net charge of DNDs. The exceptions are DND–NH2 with +28 net charge solvated in either 

of salt solutions and DND–COOH with –28 net charge that is solvated in either of KCl or NaCl 

solutions. As opposed to the uncharged DND–NH2, DND–NH2 with +28 net charge has twenty-

eight NH3+ groups on its surfaces. However, it seems they are not sufficient to enhance the 

formation of strong HBs with the interfacial water.  

Third, the negatively charged DND–COOH has a distinct effect on the retardation of water 

compared with the positively charged DND–H and DND–NH2. In particular, different positive 

counterions (i.e. Na+, K+, Ca2+, Mg2+) present in the vicinity of the charged DND–COOHs have 

contrasting impacts on the mobility of water molecules in the aforementioned hydration shells. 

Indeed, we can rank them based on their association with the relative slowdown of the water 

mobility in the whole hydration shell of the charged DND–COOH as 

Mg2+ (0.72/4.3) > Ca2+ (1.0/2.24) > Na+ (1.02/1.06) > K+ (1.38/0.59) 

The numbers inside the parentheses denote ionic radius in Å and the relative charge density of 

cations, respectively56. We also observe the same trend in the self-diffusion coefficients of the bulk 

water in the corresponding chloride-cation salt solutions. 

The aforementioned ranking follows the Hofmeister series24, which suggests that ions with 

larger charge densities are associated with more pronounced effect on the retardation of water 
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molecules. In particular, if we only compare isovalent ions with each other, water surrounded by 

the smaller ion species experiences more slowdown in its mobility. We can attribute this effect to 

the stronger binding energies between smaller cations, which have higher charge densities, and 

water molecules in the cations’ first hydration shell. In Fact, calculations of the entropy of 

hydration of alkaline metal cations and also halide anions have revealed that K+ and Cl– ions 

weakly bind water molecules, while Na+ strongly bind water molecules compared with water-water 

interactions in the pure water56. Hence, water molecules are more mobile in the surroundings of 

K+ cations, compared with those around Na+. Interestingly, it matches quite well with our findings 

in Figure 4.2, where we found that the self-diffusion of water around the negatively charged DND–

COOH is lower in the presence of adsorbed Na+ cations than that of K+. 

To investigate the statistical significance of differences we observed in Figure 4.2, we have 

developed the following multiple regression model for self-diffusion coefficient of water 

molecules in the whole hydration shell of DNDs. 

                     𝐷 = 𝛽! + 𝛽"	𝑐ℎ𝑎𝑟𝑔𝑒 + 𝛽#	𝐷𝑁𝐷 + 𝛽$	𝐷𝑁𝐷: 𝑐ℎ𝑎𝑟𝑔𝑒 + 𝛽%	𝑠𝑎𝑙𝑡: 𝐷𝑁𝐷: 𝑐ℎ𝑎𝑟𝑔𝑒 Eq. 4.1 

where 𝛽' is the regression coefficient, 𝐷𝑁𝐷 corresponds to one of DND particles (DND–H, DND– 

COOH, DND–NH2), 𝑐ℎ𝑎𝑟𝑔𝑒 is the amount of charges on the DND, and 𝑠𝑎𝑙𝑡 is the solvated salt 

in water (NaCl, KCl, MgCl2, CaCl2). 𝛽4 and 𝛽  are coefficients of the so-called interaction terms 

between, respectively, (𝐷𝑁𝐷, 𝑐ℎ𝑎𝑟𝑔𝑒) and (𝑠𝑎𝑙𝑡, 𝐷𝑁𝐷, 𝑐ℎ𝑎𝑟𝑔𝑒). The regression model can help 

us assess the statistically significance of the effects of DND’s surface charges and also the type of 

the salt on the mobility of DND’s interfacial water. Particularly, interaction terms facilitate to 

investigate whether 𝑐ℎ𝑎𝑟𝑔𝑒 or 𝑠𝑎𝑙𝑡 modifies the effect of DND’s surface moieties on the 

interfacial water’s self-diffusion coefficient. 

The dataset, which has been used to fit the regression model, contains 240 observations, 

wherein each combination of 𝐷𝑁𝐷, 𝑐ℎ𝑎𝑟𝑔𝑒, and 𝑠𝑎𝑙𝑡 has self-diffusion coefficients calculated 

from five independent MD simulations. The fitted model has a high adjusted-R2 of 0.972 and its 

coefficients are listed in Table 4.1. Since 𝐷𝑁𝐷 and 𝑠𝑎𝑙𝑡 variables are categorical, their 

corresponding values of 𝛽' are given for each specific level of the categorical variable. In this 

regard, we have assigned, respectively, DND–COOH and KCl as the reference level to the former 

and latter. Thus, 𝛽8 corresponds to the self-diffusion coefficient of water in the whole hydration 

shell of DND–COOH in KCl solution, adjusted for the DND’s charges. 
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With the significance level of 5%, we discard all regression coefficients in Table 4.1, whose 

p-values are larger than 0.05. Thus, our model shows that the effect of the solvated salt on the 

mobility of the DND’s interfacial water is statistically significant only for negatively charged 

DND–COOHs. In contrast, the effect of the amount of DND’s surface charges on its interfacial 

water mobility is not only statistically significant for all types of DNDs, but also this effect gets 

modified depending on the type of DND. The latter statement is supported by the p-values of the 

𝐷𝑁𝐷: 𝑐ℎ𝑎𝑟𝑔𝑒 interaction term in Table 4.1. These two conclusions match with the trends we 

previously observed in Figure 4.2. Based on the explanations above, the final form of the multiple 

regression model for the self-diffusion coefficient becomes: 
 𝐷 = 1.866 − 0.0008	 × 	𝑐ℎ𝑎𝑟𝑔𝑒 Eq. 4.2 
 								+0.1040 × (DND − NH*) + 0.5037 × (DND − H)  
 								+0.0038 × (DND − NH*): 𝑐ℎ𝑎𝑟𝑔𝑒 + 0.0050 × (DND − H): 𝑐ℎ𝑎𝑟𝑔𝑒  
 								−0.0009 × NaCl: (DND − COOH): 𝑐ℎ𝑎𝑟𝑔𝑒  
 								−0.0048 × CaCl*: (DND − COOH): 𝑐ℎ𝑎𝑟𝑔𝑒  
 								−0.0077 ×MaCl*: (DND − COOH): 𝑐ℎ𝑎𝑟𝑔𝑒  

Table 4.1. Coefficients of the regression model in Eq. 4.1. We have assigned DND–COOH and KCl as reference 
levels to categorical variables 𝐷𝑁𝐷 and 𝑠𝑎𝑙𝑡, respectively. Values of 𝛽&, Standard Error, and confidence interval 
are expressed in 10-9 m2.sec-1. 

Variable 𝜷𝒊 
Standard 

Error p-value 95% confidence 
interval 

Intercept (𝜷𝟎) 1.8660 0.0082 0.0 (1.8500, 1.8800) 
𝒄𝒉𝒂𝒓𝒈𝒆 -0.0008 0.0002 0.0 (-0.0013, -0.0004) 
𝑫𝑵𝑫 = DND–NH2 0.1040 0.0116 0.0 (0.0811, 0.1270) 
𝑫𝑵𝑫 = DND–H 0.5037 0.0116 0.0 (0.4810, 0.5270) 
𝑫𝑵𝑫 = DND–NH2 : 𝒄𝒉𝒂𝒓𝒈𝒆 0.0038 0.0003 0.0 (0.0031, 0.0044) 
𝑫𝑵𝑫 = DND–H : 𝒄𝒉𝒂𝒓𝒈𝒆 0.0050 0.0003 0.0 (0.0044, 0.0056) 
𝒔𝒂𝒍𝒕 = NaCl : 𝑫𝑵𝑫 = DND–COOH : 𝒄𝒉𝒂𝒓𝒈𝒆 -0.0009 0.0003 0.0 (-0.0015, -0.0004) 
𝒔𝒂𝒍𝒕 = CaCl2 : 𝑫𝑵𝑫 = DND–COOH : 𝒄𝒉𝒂𝒓𝒈𝒆 -0.0048 0.0003 0.0 (-0.0053, -0.0042) 
𝒔𝒂𝒍𝒕 = MgCl2 : 𝑫𝑵𝑫 = DND–COOH : 𝒄𝒉𝒂𝒓𝒈𝒆 -0.0077 0.0003 0.0 (-0.0083, -0.0072) 
𝒔𝒂𝒍𝒕 = NaCl : 𝑫𝑵𝑫 = DND–NH2 : 𝒄𝒉𝒂𝒓𝒈𝒆 -0.0001 0.0003 0.833 (-0.0006, 0.0005) 
𝒔𝒂𝒍𝒕 = CaCl2 : 𝑫𝑵𝑫 = DND–NH2 : 𝒄𝒉𝒂𝒓𝒈𝒆 0.0001 0.0003 0.631 (-0.0004, 0.0007) 
𝒔𝒂𝒍𝒕 = MgCl2 : 𝑫𝑵𝑫 = DND–NH2 : 𝒄𝒉𝒂𝒓𝒈𝒆 0.0003 0.0003 0.309 (-0.0003, 0.0008) 
𝒔𝒂𝒍𝒕 = NaCl : 𝑫𝑵𝑫 = DND–NH2 : 𝒄𝒉𝒂𝒓𝒈𝒆 0.0000 0.0003 0.908 (-0.0005, 0.0006) 
𝒔𝒂𝒍𝒕 = CaCl2 : 𝑫𝑵𝑫 = DND–H : 𝒄𝒉𝒂𝒓𝒈𝒆 0.0003 0.0003 0.319 (-0.0003, 0.0008) 
𝒔𝒂𝒍𝒕 = MgCl2 : 𝑫𝑵𝑫 = DND–H : 𝒄𝒉𝒂𝒓𝒈𝒆 0.0003 0.0003 0.213 (-0.0002, 0.0009) 



   
 

89 
 
 

4.3 Rotational dynamics 

We now turn our attention to the rotational dynamics of water molecules in the vicinity of 

DNDs. For this purpose, we have calculated the reorientational correlation function (RCF) for 

dipole and OH vectors of DNDs’ interfacial water.  
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Figure 4.3. RCFs of two water’s orientations, dipole and OH vectors, in the first (black line), second (red line), and 
third (blue line) hydration layers of different DNDs with various surface charges (differentiated by different line styles) 
that are solvated in NaCl solution. Line styles are the same as those in Figure 4.1. RCFs of these DNDs in other three 
salt solutions are almost identical to ones shown here.  
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Figure 4.4. Same as Figure 4.3 but for DND–COOH in four different salt solutions: KCl, NaCl, CaCl2, MgCl2. 

We have shown the time evolution of RCFs in Figure 4.3 for DND–H, DND–NH2, and 

DND–OH, which are solvated in the NaCl salt solution. Since results for other three salt solutions 

resemble to those of NaCl salt solution, they have not been included in Figure 4.3. In contrast, 

there seems to be an association between the type of the cation in the solution and the decay rate 
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of RCFs for DND–COOHs. Thus, we have demonstrated RCFs for water around DND–COOH in 

Figure 4.4, which have been distinguished by the type of the salt in the solution. All plots in these 

two figures include results for all three hydration layers. We had previously identified these 

hydration layers in Chapter 3. 

We observe three distinct behaviors in the reorientational dynamics of water shown in 

Figure 4.3 and Figure 4.4: 

1) Water in the first and second hydration layers of DNDs, except for DND–OH, exhibits 

anisotropy in the decay rate of its dipole and OH vectors’ reorientation. The anisotropic 

decay appears to be more prominent, as DNDs become more positively or negatively 

charged, particularly in the case of DND–COOH and DND–NH2 systems.  

2) We observe an apparent interaction between the influence of surface charges on DND–

COOH and the type of the solvated salt on the RCF decay of both dipole and OH 

orientations. This trend is similar to what we observed for the translational mobility of 

DNDs’ interfacial water in the previous section. As we pointed out before, the 

negatively charged DND–COOH attracts cations to its first hydration layer, while 

positively charged DND–H and DND–NH2 accumulate Cl– counterions at their 

interface with water. Since alkali metal and alkaline earth cations have different binding 

strength with water, they have differing impacts on its various orientational degrees of 

freedom.  

3) All RCFs appear to decay at multiple distinct time scales. They undergo a fast decay, 

followed by slower relaxations. In particular, when DNDs acquire more surface 

charges, the slower relaxation visually becomes more obvious.  

We use the EWIC model, introduced in Chapter 2, to quantify the aforementioned different 

relaxation time scales of RCFs. Furthermore, this model enables us to elucidate the impact of 

DND’s surface chemistries and solution environments on the reorientational dynamics of the 

interfacial water. 

We have listed relaxation time constants along with other parameters associated with the 

EWIC model in Appendix B, Tables B.6. through Table B.21. Following statements hold true for 

both dipole and OH vectors of water. The scale of relaxation time constants, 𝜏'\, 𝜏*, and 𝜏? in 

these tables confirms the existence of three regimes in the orientational relaxation of water that we 

discussed in Chapter 2. More specifically, 𝜏'\ with sub-picosecond values corresponds to very fast 
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inertial-liberational orientational motion, while 𝜏* exhibits values on a larger scale of ~ 1-5 

picoseconds. The latter characterizes the constraint rotational diffusion in a cone. In addition, we 

can observe values as small as ~ 10 picoseconds and as large as ~ 200-400 picoseconds for 𝜏?, 

which characterize the final much slower reorientational relaxations. The largest values of 𝜏? 

correspond to reorientational relaxation of water’s dipole moment in the first hydration layer of 

DND–NH2 with +84 absolute charges. It points to the existence of substantial constraints on the 

water’s dipole reorientation in the aforementioned region. 
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Figure 4.5. Correlation time of RCFs for dipole and OH orientations of water, denoted as 𝜏_a55
m&n  and 𝜏_a55ao , in the first 

and second hydration layers of DNDs. Lines’ styles and colors are the same as those in Figure 4.2. 

In Figure 4.5, we have demonstrated the correlation time of RCFs for dipole and OH 

vectors of water in the first and second hydration layers around DNDs. We have discussed below 

some interesting patterns that we have found in this figure. 

1) The interaction between the absolute net charges of DND–COOHs and the type of 

solvated salt that we observed in Figure 4.4 is also reflected in the correlation time of 

RCF (i.e. 𝜏*:!!) for dipole (see Figure 4.5((a), (c)) and OH (see Figure 4.5((b), (d))) 

vectors. In fact, we can sort the salts in the following ordering in terms of their 

association with values of 𝜏*:!!
;'<  and 𝜏*:!!CD : 

Smallest 𝜏_a55
m&n  

NaCl < KCl < CaCl2 < MgCl2 
Largest 𝜏_a55

m&n  

 

Smallest 𝜏_a55ao  
NaCl < CaCl2 < KCl < MgCl2 

Largest 𝜏_a55ao  

(a) (b) 

(c) (d) 
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Interestingly, this trend exactly aligns with what we discovered in Chapter 3 about the 

degree of disorder of water orientations around negatively charged DND–COOHs. 

More specifically, we observed that water in NaCl and MgCl2 solutions organized 

themselves, respectively, in the most and the least randomly state around these DNDs. 

2) We observe following trends for uncharged DNDs: 

a.  𝜏*:!!
;'<  values for water in the first hydration layer of DND–COOH and DND–

NH2 are almost identical in all salt solutions except for KCl solution. Moreover, 

they are 2 and 1.5 times larger than those of DND–H and DND–OH, 

respectively. In the case of water’s OH bond reorientation relaxation, we have 

found the following ordering among DNDs:  

 
Smallest 𝜏_a55ao  

DND–H < DND–COOH < DND–OH < DND–NH2  
Largest 𝜏_a55ao  

We speculate that the driving factor behind this ordering is the nature of HBs 

between surfaces of these DNDs and water in the first hydration layer. In 

Chapter 3, we observed that the majority of the aforementioned water molecules 

point their dipole vector away from facets of the uncharged DND–COOH and 

thus they act as HB acceptors. In contrast, they orient their dipole towards 

surfaces of DND–OH and DND–NH2 with zero net charge and become a HB 

donor. Consequently, OH bonds of water are more engaged with surfaces of the 

DND–OH and DND–NH2 than those of DND–COOH, which leads to larger 

𝜏*:!!:=  around the former. 

b. For water in the second hydration layer of DNDs with zero net charge, DND–

H is associated with the largest values for 𝜏*:!!
;'<  and 𝜏*:!!:= . It could be due to the 

weakened water-water HBs between the first and the second hydration layers 

around neutral DNDs with polar surface groups. Indeed, surfaces of these 

DNDs are decorated with moieties such as COOH, NH2, or OH, which form 

HBs with water in the first hydration layer. Therefore, it drives the first layer 

water to break some of its HBs with water in the second hydration layer. In 

contrast, since the uncharged DND–H is hydrophobic, it drives water in the first 

hydration layer to form more HBs with water in the second hydration layer.  
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3) For charged DNDs, observed trends are a little bit more complicated, as discussed 

below: 

a. 𝜏*:!!
;'<  and 𝜏*:!!:=  corresponding to water in the first hydration layer are smallest 

for DND–H at all absolute charge values greater than zero. It can be attributed 

to the less constrained environment for water nearby DND–H, with non-polar 

surface characteristics, compared to DND–NH2 and DND–COOH.  

b. There seems to be a competition between charged DND–COOH and DND–

NH2 particles. In  Table 4.2, we have specified which of these DNDs has won 

the competition in terms of the largest value for each of 𝜏*:!!
;'<  and 𝜏*:!!:=  

corresponding to a specific salt solution and |q| (i.e. the absolute net charges on 

the DND). The results in  Table 4.2 corresponds to the first hydration layer. 

This table clearly shows that positively charged DND–NH2 dominates 

negatively charged DND–COOH in terms of the overall relaxation time for the 

reorientation of water dipole (i.e. 𝜏*:!!
;'< ) in the first hydration layer, whereas the 

reverse is true for 𝜏*:!!:= . This observation can be attributed to NH45 and COO– 

species that exist on surfaces of charged DND–NH2 and DND–COOH, 

respectively. While NH45 acts as a HB donor to water and locks in its dipole, 

COO– appears as a HB acceptor from water and hence constrains the 

reorientation of its OH bonds. 

 Table 4.2. Comparison of charged DND–COOH and DND–NH2 particles in different salt solutions and various net 
absolute charges on the DND (|q|) to determine which one has the dominant effect in slowing down reorientational 
dynamics of water’s dipole and OH orientations in the DND’s first hydration layer. The color of a cell specifies the 
dominant DND. 

 DND–COOH  DND–NH2 
 

 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  𝝉𝒄𝒐𝒓𝒓𝒐𝒉  

Salt Solution |q|=28 |q|=56 |q|=84 |q|=28 |q|=56 |q|=84 
KCl       
NaCl       
CaCl2       
MgCl2       

c. There are few exceptions to the overall trend that we just detected in part b 

above. Indeed, 𝜏*:!!
;'<  is larger around DND–COOH than that around DND–NH2 

for |q| values of 28 and 56 and in the salt solution of MgCl2. The same is true 
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for the case of |q|=28 and the salt solution of CaCl2. On the other hand, at |q|=28 

and in salt solutions of NaCl and CaCl2, it takes longer for water around DND–

NH2 to relax its OH bond’s initial orientation than that around DND–COOH. 

We attribute these observations to the significant ordered structure that Mg2+ 

and Ca2+ (though relatively with a lesser degree than Mg2+) ions impart onto 

their nearby water by constraining its dipole. Nevertheless, it appears that the 

strength of water’s dipole lockdown imposed by NH45 groups of DND–NH2 at 

|q|=84 is greater than what induced by Mg2+ ions surrounding DND–COOH at 

|q|=84. 

d. 𝜏*:!!
;'<  for water in the second hydration layer of charged DNDs exhibits the 

following trend. DND–NH2 is associated with largest values for 𝜏*:!!
;'<  at each 

specific amount of surface charges, if either of NaCl or KCl salts exists in the 

solution. However, the replacement of either of salts by CaCl2 or MgCl2 salts 

causes the water in the second hydration layer around DND–COOH to 

experience the longest relaxation in the reorientation of its dipole, compared 

with other charged DNDs. This effect can be explained by the substantial 

constraints that Mg2+ or Ca2+ cations impose on the dipole vector of their 

surrounding water. We saw in Chapter 3 that the aforementioned constraints 

can go beyond the first hydration shell of Mg2+ or Ca2+. 

We now aim at digging deeper into mechanisms of the reorientational dynamics of water 

around DNDs by using the EWIC model as a guide. According to this model, on the one hand, the 

semi-angle 𝜃>:> of the cone, in which water reorients, and its associated wobbling-in-a-cone 

(hereafter, wobbling) diffusion coefficient 𝐷* represent the local constraints on water’s 

reorientational dynamics. On the other hand, the diffusion coefficient 𝐷? reflects more global 

restrictions for complete reorientational relaxation of water. In particular, as Tan et al. pointed 

out51, 𝜃>:>, 𝐷*, and 𝐷?  for water’s OH reorientations reflect two underlying processes in the 

dynamics of HB networks. The first two parameters reflect local motions within the HB network 

such as HB stretching or angular vibrations, without breaking HBs. However, the third parameter 

reveals rearrangements in the HB network in a more global sense. In fact, the more rigid or flexible 

local HBs are, the narrower or wider the cone of the wobbling water is. Thus, the smaller value of 

the cone’s semi-angle qtot lends itself to the slower wobbling diffusion coefficient 𝐷* and vice 



   
 

95 
 
 

versa. However, 𝐷?  for water’s OH is related to the overall structural rearrangements in the HB 

networks. Therefore, smaller 𝐷? implies that it takes longer to break old HBs and form new ones. 
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Figure 4.6. Parameters of the EWIC model to describe the reorientational dynamics of water’s dipole and OH 
orientations in two hydration layers of DNDs. 𝜃\a\, 𝐷_, and 𝐷- denote the cone’s semi-angle, wobbling diffusion 
coefficient, and rotational diffusion coefficient, respectively. Lines’ styles and colors are the same as those in Figure 
4.2. 

With the aforementioned picture of the EWIC model in mind, we embark on analyzing the 

cone’s semi-angle 𝜃>:>, wobbling diffusion coefficient 𝐷*, and rotational diffusion coefficient 𝐷?, 

all of which are shown in Figure 4.6. Trends that appear in this figure not only support previous 

observations for 𝜏*:!!
;'<  and 𝜏*:!!:= , but also reveal new insights that we have summarized below: 

1) In both hydration layers, 𝜃>:>
;'< and 𝜃>:>:=  as well as 𝐷*

;'< and 𝐷*:= corresponding to 

the uncharged DND–H have the highest values. In other words, the wobbling 

diffusion in the cone for water’s dipole and OH orientations are the fastest nearby 

DND–H with zero net charge and the cone in which they locally rotate is the 

widest. It is expected due to the hydrophobic nature of this DND. In addition, since 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

(j) (k) (l) 
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it is uncharged, there is no counterion nearby its surfaces to constrain orientational 

degrees of freedom of water. However, 𝐷? values corresponding to this DND 

reveal different reorientational behaviors in two hydration layers. We observe that 

both dipole and OH orientations in the second hydration layer of the uncharged 

DND–H experience the slowest rotational diffusion out of the cone. It is in utter 

contrast to corresponding values of 𝐷? in the first hydration layer. It could be due 

to the enhanced formation of HBs between water molecules in two hydration 

layers, which we had discussed before.  

2) We observe an inverse relationship between the amount of the absolute net 

charges of DNDs and the values of 𝜃>:> and 𝐷* for both dipole and OH orientations 

in both hydration layers. Indeed, as the absolute net charges of DNDs increases, 

the values of these parameters decrease. Furthermore, results for DND–COOH 

reveals that there appears to be an interaction between the DND’s charge and the 

type of the cation that exists in the salt solution. In particular, we can see that 

wobbling diffusion coefficients 𝐷*
;'< and 𝐷*:= substantially drop for highly 

charged DND–COOH solvated in CaCl2 and MgCl2 solutions.  

3) For charged DNDs, we observe noticeable differences for values of 𝐷? in the first 

and second hydration layers around different DNDs, which are listed below. 

a. In the first hydration layer around all charged DNDs, both 𝐷?
;'< and 𝐷?:= 

decrease with an increase in the DND’s net charges.  

b. In contrast, when the DNDs’ absolute net charges increase, so do values 

of 𝐷?
;'< and 𝐷?:= for water in the second hydration layer of DNDs. 

However, there are few exceptions to this pattern. First, 𝐷?
;'< values for 

water in the second hydration layer of all negatively charged DND–COOH 

solvated in CaCl2 and MgCl2 salt solutions are smaller compared with the 

corresponding values of the uncharged DND–COOH. Second, in the same 

salt solutions just mentioned, water’s OH vector undergoes slower out of 

the cone rotational diffusion in the second hydration layer of DND–COOH 

with –84 charges than that of DND–COOH with –56 charges. Both of 

these exceptions can be attributed to the substantially constrained 
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hydration shells around Ca2+ and Mg2+ cations that accumulate around 

negatively charged DND–COOH particles.  

Cation Anion 

    

Figure 4.7. RCFs of dipole and OH orientations of water in the first hydration shell of constituent cation and anion of 
four different salts – KCl (red line), NaCl (black line), CaCl2 (green line), MgCl2 (blue line) – that are solvated in the 
aqueous solution of the neutral DND–H. 

The influence of cations on the reorientational dynamics of water nearby DND–COOH, 

which we observed above, motivated us to study the same phenomena in the first hydration shell 

of ions themselves. For this purpose, we calculated RCFs for dipole and OH orientations of water 

in the first hydration shell of cations and Cl– anion in salt solutions of the neutral DND–H. We 

have demonstrated the results in Figure 4.7. It is apparent from the decay rate of RCFs in Figure 

4.7(a-b) that cations slow down the reorientational dynamics of water’s dipole moment more 

intensely than that of its OH vector. The slowdown appears to be more pronounced around the 

divalent cations than that around the monovalent ones. Conversely, the decay rates of RCFs in 

Figure 4.7(c-d) around Cl– anion seem to be almost identical for both water orientations, although 

some minor differences exist in RCFs for the dipole vector in four different Cl– containing salt 

solutions.  

To further elucidate the trends we observed in Figure 4.7, we have fitted the tri-exponential 

function, which is used in the EWIC model, to the corresponding RCFs. The resulting four 

parameters of this model are shown in Figure 4.8 for both water orientations, and are listed in 

Appendix B, Table B.22. and Table B.23. There are couple of interesting trends in Figure 4.8 that 

we note below. 

First, Figure 4.8(a, e) show that the overall relaxation time for dipole vector reorientations 

around K+, Na+, Ca2+, and Mg2+ cations are, respectively, 1.5, 2.3, 3.6, and 3.9 times as long as the 

corresponding values for OH vector. Furthermore, we observe the following ordering in the overall 

reorientational relaxation time for both water orientations around cations, which follows the 

Hofmeister series: 

(a) (b) (c) (d) 
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Smallest 
𝜏_a55
m&n  or 𝜏_a55ao  

 K+ < Na+ << Ca2+ < Mg2+ Largest 
𝜏_a55
m&n  or 𝜏_a55ao  

Interestingly, this is exactly the same ordering we found in Chapter 3 for the peak intensity of 

probability distributions of angles that are formed between each of dipole and OH orientations and 

the line connecting each of the corresponding cations to the nearby water oxygen atoms. In 

addition, this trend is in good agreement with findings of Shattuck et al.6 that small, multivalent 

ions influence the dynamics of the nearby water molecules more profoundly than the large, 

monovalent ions do. This effect is linked to the higher charge density of the former ions, which in 

turn they establish stronger electric fields in their surroundings. The strong electric field of Mg2+ 

and Ca2+ can be sensed by even more distant water molecules, in contrast to larger, monovalent 

ions whose influences are mainly restricted to their first hydration shell. 
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Figure 4.8. Same as Figure 4.6 but for water in the first hydration shell of constituent cation (black solid line) and 
anion (red dashed line) of four different salts (KCl, NaCl, CaCl2, MgCl2) that are solvated in the aqueous solution of 
the neutral DND–H.  

Second, the total semi-angle of the cone for the dipole vector of the wobbling water around 

Mg2+ is 17.5°, which is the smallest compared with other cations. Indeed, it is almost 2.6 smaller 

than the corresponding value for the K+ cation. The corresponding values for Na+ and Ca2+ are 

40.6° and 21.5°, respectively. Furthermore, Figure 4.8(c) reveals that the wobbling diffusion of 

the dipole vector of water around Ca2+ and Mg2+ cations is much more slower than that around K+ 

and Na+ cations. These results show that the wobbling motion of water’s dipole in the immediate 

surrounding of the divalent cations is much more restricted than that of the monovalent ones. 

Third, results in Figure 4.8(f, g) also show more substantially restricted wobbling motion 

for water’s OH vector around Mg2+ cation relative to other cations. However, we observe this kind 

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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of motion of OH vector around K+ is more restricted than that around Na+, whereas we saw the 

reverse behavior for the dipole vector in Figure 4.8(b, c). The reason behind this observation will 

be discussed in more details later in this chapter.  

Four, the rotational diffusion coefficients 𝐷?
;'< and 𝐷?:= shown in Figure 4.8(d, h) follow 

the same ordering, yet in the reverse direction, that we presented for 𝜏*:!!
;'<  and 𝜏*:!!:=  before. These 

results together with what we observed before for 𝐷*
;'< and 𝐷*:= lead us to conclude that the 

reorientation of water’s dipole and OH vectors around Ca2+ and more notably Mg2+ cations are 

extremely restricted both in their immediate vicinity and further away from them. 

Five, values of 𝜏*:!!
;'<  around the Cl– anion in KCl, NaCl, CaCl2, and MgCl2 solutions are, 

respectively, 3.3, 3.4, 3.5, and 3.7 ps. The corresponding values for 𝜏*:!!:=  are 3.9, 4.0, 3.9, and 4.0 

ps, respectively. Thus, as we also saw in Figure 4.7(c), the overall reorientational relaxations of 

the dipole vector around the Cl– anion in CaCl2 and MgCl2 solutions are slightly larger than the 

corresponding values in KCl and NaCl solutions. Figure 4.8(d) also somehow reflects this trend, 

where the rotational diffusion of the dipole vector around Cl– anion in CaCl2 and MgCl2 solutions 

is slower than that in other two solutions. Due to the nature of the rotational diffusion coefficient 

𝐷?, this effect can be ascribed to the fact that Mg2+ and Ca2+ (to a lesser degree) can restrict the 

rotation of water’s dipole in larger distances away from themselves relative to two other cations. 

Six, averaged over all salt solutions, 𝜏*:!!:=  of water around Cl– anion is 13% larger than its 

𝜏*:!!
;'<  around Cl–. We attribute this difference to the HB between Cl– and water, which thereby 

constrains the reorientation of water’s OH bond. This statement is also supported by 𝜃>:>
;'<and 𝜃>:>:=  

values in Figure 4.8(b, f), where the latter is almost 50% smaller than the former. That is, 

constraints induced by Cl–– water HB make the wobbling motion of water’s OH bond takes place 

in a smaller cone than that of its dipole moment. 

In Figure 4.9, we have demonstrated the correlation time of RCFs for water orientations 

around ions (see Appendix B, Table B.24 to Table B.39 for numerical values). These are different 

from what we presented in Figure 4.8 in the sense that Figure 4.9 also includes results from salt 

solutions of highly charged DNDs. More specifically, Figure 4.9 shows enhanced reorientational 

relaxations of both water orientations around ions in solutions of highly charged DNDs compared 

with those in uncharged DND solutions. For instance, both 𝜏*:!!
;'<  and 𝜏*:!!:=  values for water around 

cations in the solution of DND–COOH with –84 charges are noticeably larger than those in the 
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solution of the neutral DND–COOH (see Figure 4.9(a)). In fact, high concentrations of oppositely 

charged ions are adsorbed onto the hydration layers of the DND in the former, whereas majority 

of ions reside further away from the DND’s surfaces in the latter.  

Cation Anion 

    

Figure 4.9. Correlation time of RCFs for dipole and OH orientations of water in the first hydration shell of constituent 
cation and anion of four different salts (KCl, NaCl, CaCl2, MgCl2) that are solvated in the aqueous solution of different 
DNDs. DNDs are differentiated by different line styles and colors, which are explained in Figure 4.2. 

It is worthwhile to further investigate the aforementioned differences that we observe in 

the correlation times shown in Figure 4.9. These differences can be attributed to two factors: (1) 

the cooperation between surfaces of charged DNDs and interfacial accumulated counterions, (2) 

relatively high concentrations of counterions in the surrounding of charged DNDs. Prior 

studies6,55,57–59 support the likelihood of both factors, though their effects are not necessarily 

additive. In particular, Tielrooij et al. showed that cations and anions act cooperatively with each 

other and also with the surrounding species (such as polar functional groups on nanoparticles)30. 

Depending on the strength of ionic hydrations, the cooperative interactions can manifest different 

effects on the reorientational dynamics of the nearby water.  

We have schematically demonstrated in Figure 4.10 how cooperative hydration by 

interfacial counterions and DNDs’ charged surface groups manifest themselves in the first 

hydration layer of DNDs. In the case of positively charged DND–NH2 solutions, Cl– counterions 

accumulate in the proximity of DND’s NH3+ functional groups. Thereby, on the one hand, the 

interfacial water molecules as hydrogen acceptors form HBs with NH3+ moieties as hydrogen 

donors, which leads to constraining the rotation of water’s dipole vector. On the other hand, some 

of these water molecules donate a hydrogen to Cl– ions and form HBs with them. Thus, the anions 

constrain the rotational motion of water’s OH bond. In the case of positively charged DND–H 

solutions, although water does not form HBs with H atoms on DND’s surfaces, water’s dipole is 

still constrained by H atoms. However, this constraint is looser than what we described above for 

DND–NH2 solutions.  

(a) (b) (c) (d) 
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The cooperative hydration in the first hydration layer of negatively charged DND–COOHs 

is governed by a different mechanism. The COO– groups on these DNDs attract cations, which 

depending on their ionic strengths might be either physically adsorbed on those groups or be 

separated from those groups by a layer of water. Then, on the one hand, the adsorbed cations lock 

in the rotation of the interfacial water’s dipole vector. On the other hand, some of water molecules 

in the hydration shell of these cations donate HBs to COO– groups, which in turn results in 

constraining the OH bond of those water molecules. 

 

Figure 4.10. A schematic diagram that shows how DND’s charged group and the adsorbed counterion on DND’ 
surface can cooperatively influence reorientational dynamics of water. It can manifest in multiple directions, provided 
that both counterion and DND’s charged group have high charge densities. (a)-(c) the first hydration layer of three 
different charged DNDs, (d) shows that an anion constrains water’s OH bond, while its in the first hydration shell of 
anion, where water’s OH bond is constrained by anion 

4.4 Conclusion 

We have performed molecular dynamic simulations to study dynamics of the interfacial 

water in the aqueous salt solutions of DNDs. The goal is to determine how various surface 

chemistries of DNDs, on the one hand, and ions with different water affinities, on the other hand, 

influence the translational and rotational motion of water nearby surfaces of DNDs. 

We have calculated the self-diffusion coefficient of water, as a signature of its translational 

mobility, in the whole hydration shell of DNDs from the slope of the MSD vs time plots. We have 

also developed a multiple regression model to verify if there are any statistically significant 

associations between the self-diffusion coefficient and various factors in our simulations. These 

factors include the type of surface functionalization on DNDs, the net charge of DNDs, and the 

type of solvated salt. Care has been taken to include interactions between these factors in our 

model. Our model shows significant impacts of all of these factors on the mobility of DNDs’ 

interfacial water, although their degree of influence varies under different conditions. Among all 
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uncharged DNDs, carboxylated DND (DND–COOH) shows the largest slowdown effect on the 

mobility of the interfacial water, while water nearby the hydrogenated DND (DND–H) experiences 

the fastest translational motion. The former is explained by the stronger hydrogen bonding between 

the DND–COOH surfaces and the interfacial water compared with other DNDs, whereas the latter 

is attributed to the hydrophobicity of DND–H. Furthermore, we have observed that as the absolute 

net charge of DNDs increases, so does the DNDs’ retardation effect on the interfacial water 

mobility. We ascribe this effect to two interrelated factors: 1) constrained rotational dynamics of 

the interfacial water, 2) stronger DND–water HBs as a result of the addition of charged polar 

groups to DND surfaces. The second factor itself also contributes to the first factor. In addition, 

our regression model shows that there is a statistically significant interaction between the type of 

the cation in the solution and the amount of DND’s charges in solutions of charged carboxylated 

DNDs. In particular, we have observed K+ < Na+ < Ca2+ < Mg2+ ordering, in terms of the degree 

of slowdown in the mobility of water in the proximity of the negatively charged DND–COOH, 

which is solvated in the corresponding chloride solution of these cations. This ordering, which 

concurs with Hofmeister series, also agrees with experimental observations60,61. The significant 

reduction in the mobility of water associated with divalent cations has been ascribed to their high 

charge densities9, which results in the formation of strongly bound hydration shell around them. 

This is also confirmed by substantially higher residence time of water in the first hydration shell 

of divalent cations than that of monovalent cations that we observed in Chapter 3. Consequently, 

divalent cations carry with themselves their strongly bound water cage29,62,63, as they move around 

in the hydration shell of negatively charged DND–COOH. Thereby, it entails the exertion of 

hydrodynamic frication by the surrounding water molecules. Thus, it eventually leads to 

significant reduction in the overall mobility of the interfacial water surrounded by Ca2+ or Mg2+ 

cations. 

We now turn into summarizing our important findings in regard to rotational dynamics of 

DNDs’ interfacial water. For this purpose, we have presented reorientational correlation functions 

(RCF) for water’s dipole and OH orientations in three hydration layers around DNDs. These 

hydration layers are defined based on the minima of density plots that we presented in Chapter 3. 

Reorientational dynamics of water in the first two hydration layers are distinct from that of the last 

one, which is closer to the bulk region. In the former, we have observed that RCFs for both water 

orientations display three distinct reorientational relaxation modes. The three relaxations modes 
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involve a fast sub-picosecond decay followed by relaxation on ~ 1-3 picosecond time scale and 

subsequently a slower relaxation on 10s-100s of picoseconds time scale. However, the RCF in the 

third hydration layer only displayed the aforementioned first and second relaxation modes, which 

is similar to what has been reported for bulk water51. 

We have employed the extended wobbling-in-a-cone (EWIC) model to characterize RCF 

decays in the two closest hydration layers to DNDs’ surfaces and thereby to elucidate the 

mechanism governing the rotational dynamics of the interfacial water. In this model, the first and 

second RCF relaxations correspond to liberational and wobbling diffusion in hypothetical cones 

and the last slower relaxation is related to the rotational diffusion of the whole frame of water, 

which leads to the complete orientational randomization. Our results show that positively charged 

DND–NH2 and negatively charged DND–COOH more substantially influence the orientational 

dynamics of water in their first hydration layers, compared with other DNDs. In general, in the 

first hydration layer, the former more predominantly retards the rotational dynamics of water’s 

dipole, while the latter has dominant effects on slowing down the dynamics of water’s OH rotation. 

We attribute these effects to HBs that NH45 on DND–NH2 and COO– on DND–COOH form with 

the interfacial water. The former is a hydrogen donor and hence lock in the rotation of water’s 

dipole, whereas the latter is a hydrogen acceptor and thus constrains the reorientation of water’s 

OH bond. 

 Similar to the translational dynamics, we have also observed specific cation effects on the 

rotational dynamics of both water’s orientations in hydration layers of negatively charged DND–

COOH. In this regard, we have learned that cations can be ranked as Na+ < K+ < Ca2+ < Mg2+ and 

Na+ < Ca2+ < K+ < Mg2+. These rankings reflect the degree of slowdown in the orientational 

dynamics of, respectively, dipole and OH vectors of water in the first hydration layer of charged 

DND–COOH. Since water is relatively weakly bound to K+ compared with other cations, it can 

form HBs with neighboring moieties (either water or functional groups on DND–COOH). Thus, 

it explains why water’s OH reorientation is more constrained in the presence of K+ than that of 

Na+ and Ca2+ cations. It also agrees well with experimental observations6 that small charge density 

cations are structure-makers outside of their first hydration shell.  However, Mg2+ binds water so 

tightly to its hydration shell that both water orientations are substantially constrained.  

Our observations have led us to put forward a model for the reorientational dynamics of 

water hydrating charged DNDs that are surrounded by oppositely charged ions. In this model, 
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which has been depicted in Figure 4.10, water hydrates charged DNDs in cooperation with 

adsorbed counterions. Thereby, charged and polar functional groups on DNDs lock in either of 

water’s dipole or OH orientations and counterions constrain the other orientation which has been 

pushed away from DNDs’ surfaces. We suggest that the effect of the charged DND–counterion 

cooperative hydration on the dynamics of the interfacial water depends on three factors. These 

factors, which have also been reported in other studies9,30, are the charge density of counterions, 

the concentration of counterions, and the strength of DND–water HB. We have observed the 

manifestations of the first two factors in both translational and reorientational dynamics of the 

interfacial water around negatively charged DND–COOH, surrounded by positively charged 

counterions. In particular, Mg2+ with its strongly bound and highly immobilized hydration shells, 

imparted the slowest dynamics in the interfacial water, compared with other cations.  Interestingly, 

higher concentration of Mg2+ reinforced this effect. The role of the third factor can be explained 

by energy cost associated with breaking the HB between the interfacial water and the DND’s 

surface polar groups. We particularly observed the effect of this factor in the substantially retarded 

dipolar reorientational dynamics of water close to the DND covered with 84 NH45 groups. 

In summary, we have found that DNDs in cooperation with solvated ions have substantial 

impacts on both translational and rotational dynamics of DNDs’ interfacial water. These results 

have implications for the dynamics of hydrogen bonding network of water around DNDs, which 

have significant impacts on performance of DNDs as fluorescent agents in bioimaging 

applications44. In addition, our study paves the way to further investigate how the slowdown of the 

interfacial water’s translational and rotational dynamics play a role in the colloidal stability of 

aqueous solution of DNDs.   
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CHAPTER 5 

5 Atomistic insights into hydrogen bonds of water around detonation nanodiamonds: 

effects of surface chemistry and solvated ions  

5.1 Introduction 

The interactions of water molecules with solid surfaces are ubiquitous in many 

environments such as the aqueous solution of proteins1–4, DNAs5,6, or nanoparticles (NP)7–11. 

These interactions, which can be modulated by some co-solvents and solvated ions12, are shown 

to have mutual effects on both solute and water.13 The mutual effects involve the functioning of 

the solute such as conformational changes and the solubility of biomolecules14–16, on the one hand, 

and the physical properties of the aqueous solution such as the viscosity12,17, diffusion18, heat 

capacity19, and freezing/melting point20,21 on the other hand.  

Numerous studies have shown that the aforementioned coupling effects manifest through 

modifications in hydrogen bond (HB) network of water induced by solute-water interactions.22–27 

Detonation Nanodiamond (DND) particle has been the subject of such studies,28–34 due to its 

promising performance in some biomedical applications,35–42 where DND-water interactions are 

inevitable.32 Furthermore, some post-synthesis purification techniques–to improve the colloidal 

stability of DNDs and also to tune their surface chemistry for specific applications–take place in 

aqueous environments.43–45 Colloidal stability of DNDs and their fluorescent properties in aqueous 

solutions are among the most investigated characteristics of DNDs that have been unequivocally 

related to strengths of HBs in water around DNDs.28,29,32,46–52  

However, to the best of our knowledge, effects of ions on HBs of water around DNDs have 

not been investigated, although the adsorption of different ions on carboxylated DNDs have been 

studied53–56 before. Indeed, there is a wealth of research on effects of dissolved ions on the HB 

network of water with concomitant consequences on physical and thermodynamical properties of 

aqueous solutions such as viscosity, solubility, and enthalpy of solution.57–65 Depending on their 

weakening or strengthening effects on the HB network of water, ions are conventionally 

categorized into “structure-breaker” (chaotrope) or “structure-maker” (kosmotrope) species, 

respectively.66,67 The first group of ions are characterized as relatively low charge density (usually 

large, monovalent) ions such as Cs+, K+ or Cl–, whereas the second group comprises ions of 

opposite characteristics, that is, small, multivalent ions such as Mg2+, Ca2+, or polyatomic ions 
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such as CO4B_ or SO`B_.68 Thus, “structure-maker” ions can attract water molecules closer to 

themselves and exert stronger electrostatic forces on them than “structure-breaker” ions do.69 

Consequently, as opposed to the latter, remarkably higher structured water with extremely retarded 

dynamic features is organized around the former with respect to bulk water’s organization.70–72 

However, some ions such as Na+ are considered as a borderline case.66 Because, although they can 

impart a moderately ordered structure in their first hydration shell, they fail to extend it to their 

second hydration shell and beyond.73,74 Nevertheless, there is still a contentious debate over 

whether effects of ions on HBs of water extend from their hydration shells to bulk water.73,75–81 

Effects of various surface functional groups of DNDs on the strength of water HBs around 

them are also not clear. Two earlier studies28,29 proposed DND–H > DND–COOH > DND–

polyFunc > DND–OH ordering in terms of weakening effects of surface functional groups (–H, –

COOH, –polyFunc, –OH) on the strength of water HBs around DNDs. In contrast, a recent study82 

conducted by Laptinskiy et al. offered a completely different ordering as DND–H > DND–

polyFunc > DND–OH > DND–COOH. Here, –polyFunc refers to a mixture of surface functional 

groups such as –OH, –COOH, –H, and so on.  In all of these three studies as well as Ref.28–30,32,46–

52, the strength of water HBs have been inferred by identifying changes in the shape and position 

of features in the OH stretch band of the Raman spectroscopy of the DND aqueous suspensions. 

The low-frequency and high-frequency features of this band correspond to environments in the 

solution with, respectively, strong and weak HBs. Stehlick el al.52 used the OH stretch band in the 

Infrared (IR) spectroscopy instead of Raman spectroscopy as their main characterization tool. They 

predicted that the strength of HBs between water and oxidized DNDs is weaker than that of bulk 

water-water HBs, although the exact type of oxygen containing functional groups in their study is 

unknown. 

All abovementioned studies except Ref.82 presented their conclusions for HBs of water 

based on qualitative trends in features of the OH stretch band against some other parameters such 

as concentration of DNDs or temperature. In contrast, Ref.82 supported its claims based on the 

enthalpy change of HBs that were calculated from the van’t Hoff equation. To carry out these 

calculations, they decomposed the OH stretch band into Gaussian-shaped components in order to 

quantify contributions of water OH groups with weak and strong HBs to the OH stretch band. 

Nevertheless, all of these studies suffer from a common shortcoming. None of them have made 

any clear distinctions among three main categories of HBs of water, namely, water-water HBs in 
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the bulk region (HB(b)), water-water HBs in the hydration shells of the DND (HB(h)), and HBs of 

water with surface functional groups of DNDs (HB(s)). On the contrary, what they have presented 

is an average over contributions of these three types of water to the vibrational modes of water in 

Raman/IR spectroscopy. In fact, prior studies have provided some predictions for the strength of 

water-site HBs, which are mostly based on some heuristics such as the electronegativity of 

functional groups28,46 or the amount of water adsorbed onto DND’s surface52. The quantification 

of water-site HBs becomes particularly imperative in the light of the current theory for the 

relationship between the DND’s fluorescent intensity and the strength of DND-water HBs. 

The assignment of features in the OH stretch band recorded by Raman/RI spectroscopy to 

water molecules in different environments (in our case, bulk, hydration shell, and interface with 

surface functional groups of DND) with distinct HB strengths is not straightforward. First of all, 

this band contains vibrational responses from intermolecular coupling, intramolecular coupling 

(known as Fermi resonance), and HB interactions of liquid water.83,84 To turn off the inter-/intra-

coupling, the isotopic dilution of water is usually used.85,86 Second, the OH stretch band of the 

aqueous solution of any solute needs to be processed to unveil contributions from water molecules 

with different strengths of HBs in hydration shells of solutes and in the bulk region. For this 

purpose, solute-correlated and bulk-correlated spectra are obtained by using such methods as 

multivariate curve resolution or peak fitting (with a presumed fitting functional form such as 

Gaussian).82,87–89 However, each of these methods is subject to some kind of assumptions.85 

Another way to blur the effect of bulk water on the OH stretch band in order to obtain the spectra 

features of the solute’s hydrating water is to disperse high concentrations of the solutes in water.83 

But this method is problematic for the aqueous solution of DNDs, as they are prone to 

aggregate.28,46 Finally, it is possible that a certain vibrational frequency of the solute (here, DND) 

interferes with that of water in the Raman/IR spectra, which needs to be taken care of.51 

In this paper, we set forth a journey to obtain a molecular-level understanding about how 

following factors affect HBs of water around a single cuboctahedral DND particle: 1) the type of 

functional groups on facets of the DND, 2) the amount of DND’s net surface charges, and 3) the 

type of dissolved ions with different charge densities. To this end, we have employed all-atom 

Molecular Dynamics (MD) simulations with explicit water, as an alternative approach to 

Raman/IR spectroscopic techniques. 
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MD simulations afford us not only the distinctions among HB(s), HB(h), and HB(b), but also 

a molecular picture of the underlying mechanism through which DNDs modify their nearby 

water’s HBs. In the pursuit of this mechanism, we characterize the dynamics of different categories 

of HBs using time-dependent autocorrelation functions of two state variables.90 The integrations 

of these two functions yield the lifetime of HBs before breaking (hence, a measure of HB’s 

strength) and the structural relaxation time of the HB network.91,92 The latter is related to the 

collective rearrangements of the HB network, resulting from coupled reorientational-translational 

motions of its constituent species.92–97 

The rest of this paper is organized as follows. Section 5.2 provides the details of the model 

system for MD simulations, along with the computational methods for characterizing HBs. Then, 

Section 5.3 presents some statistics about number of HBs per water molecules. Dynamic 

characteristics of water-water, water-site, and water-anion HBs constitute the subject of Section 

5.4. Finally, our concluding remarks are presented in Section 5.5. 

5.2 Models and Methods 

In our studies, the DND has a cuboctahedral shape with ca. 4.4 nm diameter that is solvated 

in a 0.1M aqueous solution of an inorganic salt M:Cl– (M = K+, Na+, Ca2+, Mg2+). We have 

considered four different types of surface functionalizations: fully hydrogenated (DND–H), 

hydroxylated (DND–OH), carboxylated (DND–COOH), and aminated (DND–NH2). The last three 

types of DNDs also have hydrogen atoms in addition to the designated polar groups on their facets. 

Furthermore, except for DND–OH, other three types of DNDs exist with four different amounts 

of net charge with absolute values of 0, 28, 56, 84, where charged DND–H and charged DND–

NH2 have positive charges and charged DND–COOH has negative ones. Negative charges of 

DND–COOH and positive charges of DND–NH2 result from the deprotonation of –COOH and the 

protonation of –NH2 groups, respectively. Thus, charged DND–COOH and charged DND–NH2 

have, respectively, additional –COO– and –NH3+ groups, with respect to their corresponding 

uncharged counterparts. The net positive charges of DND–H are obtained from modification of 

partial charges (hence, the electronegativity) of surface C and H atoms through a computational 

procedure explained elsewhere.98 

5.3 Statistics of HBs’ population 

Figure 4.3 shows the average number of water-water HBs (N2()) per each water molecule 

in the whole hydration shell of various DNDs that are solvated in different salt solutions. The 
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numerical values of all statistics related to the number of HBs are listed in Appendix C, Table C.1. 

to Table C.6.  The whole hydration shell of a DND is defined as a 1.0 nm thick spherical shell with 

an inner radius of ca. 1.8 nm that is centered at the centroid of the DND. We have determined the 

whole hydration shell’s thickness from the Perpendicular Number Density (PND) plots provided 

elsewhere56. For comparison, Figure 4.3 also includes N2() values for bulk water. Throughout this 

study, bulk water refers to water molecules in the outside region of the whole hydration shell of 

the neutral DND–H in each of salt solutions– that is, far away from the influence of DNDs’ 

surfaces. 

 

Figure 5.1. The average number of water-water HBs per each water molecule (N�ep / water) in the whole hydration 
shell of different DNDs with various surface charges (differentiated by different line styles) in different salt solutions. 
Black, blue, red, and green lines represent DND–H, DND–NH2, DND–COOH, and DND–OH particles, respectively, 
and the cyan line shows the values of bulk water. Solid, dashed, dash-dotted, and dotted lines correspond to 0, 28, 56, 
and 84 absolute charges on DNDs, respectively. DND–H and DND–NH2 assume any of these charges with the positive 
sign, so does DND–COOH but with the negative sign. However, DND–OH only exists as a neutral particle in our 
study. Disclaimer: the lines are just included for visual aid, as there is no continuity between categories on the x-axis! 

We can see in Figure 5.1 that N2() values of bulk water in all salt solutions are almost 

identical and equal to 3, which is slightly smaller than the reported value of 3.3 for pure water.66 

We attribute the difference to the effect of solvated ions, which disrupt the HB network of water.66 

Compared with all other DNDs, corresponding N2() values to DND–H with 0 and +28 charges in 

all salt solutions are the closest to those of bulk water. This can be explained by the hydrophobic 

nature of DND–H, where the interfacial water does not form any HBs with facets of the DND. 

However, as DND–H acquires more positive charges, N2() decreases. In the extreme case of DND–

H with +84 charges, N2() drops below that of the neutral DND–H by 11%. The reduction in N2() 

can be explained by positive charges of DND–H that have a twofold bearing. First, the positively 

charged DND–H attracts water oxygen closer to and repel water hydrogens away from its facets.56 

It results in the loss of two HBs that the water oxygen could have accepted from neighboring water 

molecules. Second, Cl– anions are adsorbed onto facets of the positively charged DND–H, each of 

which can accept an HB from the interfacial water. As a reminder, a Cl– anion is hydrated by at 
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most seven water molecules with one of their OH bonds oriented toward the anion.56 Thus, an 

adsorbed Cl– can cause at most seven water molecules at the interface with the positively charged 

DND–H to each lose one HB.  

|q| = 0 |q| = 28 |q| = 56 |q| = 84 

    

Figure 5.2. The distribution of number of water-water HBs per each water molecule in the whole hydration shell of 
different DNDs with various surface chemistries in MgCl2 aqueous solution, where |q| represent the absolute charges 
on DNDs as described in Figure 5.1. Black, blue, and red solid lines and the green dotted line (part (a)) represent 
DND–H, DND–NH2, DND–COOH, and DND–OH particles, respectively, while the cyan solid line corresponds to 
bulk water. 

Both aforementioned effects, which are also reflected in Figure 5.2, are more pronounced 

in the case of DND–H with +84 charges.56 Indeed, Figure 5.2 reveals that 33%, 33%, 25%, and 

20% of water molecules in the whole hydration shell of DND–H with, respectively, 0, +28, +56, 

and +84 charges have 4 water-water HBs. Thus, we observe that the relative population of 

tetrahedrally coordinated water molecules drops by 13%, as the neutral DND–H obtains +84 net 

charges. We ascribe this effect to adsorbed Cl– anions onto facets of the latter, which in turn disrupt 

water’s HB network as we described above. On the other hand, DND–H with +84 charges is 

associated with 11% and 31% of water molecules with, respectively, 1 and 2 water-water HBs, 

indicating 5% and 8% jumps with respect to the corresponding values of the neutral DND–H. The 

5% boost is indicative of the combined effect of the adsorbed Cl– anions and the preferential 

orientation of water’s OH bonds around DND–H with +84 charges. Furthermore, Figure 5.2 shows 

that 40% of water molecules in the whole hydration shell of DND–H with +56 charges have 3 

water-water HBs, which is the highest percentage compared with other DND–H particles. It points 

to an enhancement in water-water HB formation in the first hydration layer of DND–H with +56 

charges; it results from those water molecules having one of their OH bonds almost parallel to a 

facet in order to donate a HB to a neighboring water. 

Interestingly, Figure 5.1 reveals almost equal values of N2() for both DND–OH and the 

neutral DND–NH2. We also observe in Figure 5.2(a) almost identical percentages of water with a 

specific number of water-water HBs in the whole hydration shell of these DNDs. It suggests that 

(b) (c) (d) (a) 
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there exists a similar hydrogen bonding mechanism in water nearby DND–OH and the neutral 

DND–NH2. Based on our previous observations,56 we note that both –OH group on the former and 

–NH2 group on the latter induce almost identical preferential orientations in the respective DND’s 

interfacial water. More specifically, there are two groups of water, W1 and W2, at the interface 

with these DNDs that exhibit different orientations as follows: 1) W1 water orients one of its OH 

bonds toward its nearby facet to donate a HB to –OH or –NH2 groups, 2) W2 water points its 

oxygen toward and its OH bonds away from the facet to accept a HB from aforementioned groups. 

The second orientation is more prevalent on {111} facets than it is on {100} facets. Thus, W1 and 

W2 water lose one and two water-water HBs, respectively, which is also reflected in Figure 5.2(a). 

That is, we observe 4% increase in the percentage of water molecules with either 2 or 3 water-

water HBs nearby DND–OH and the neutral DND–NH2, with respect to those in bulk water. In 

contrast, the percentage of water molecules with 4 HBs declines from 36% in bulk water to 26% 

in the whole hydration shell of either of these DNDs.  

Positively charged DND–NH2, whose facets are decorated with −NH45 group in addition 

to –NH2 and –H groups, exhibits some disruptions in abovementioned HB patterns of its neutral 

counterpart. In particular, water surrounding DND–NH2 with +84 charges has, on average, 7% 

less water-water HBs than that nearby the neutral DND–NH2 (see Figure 5.1). Figure 5.2(d) gives 

a clue about the origins of the aforementioned difference. The percentages of water molecules with 

1 and 2 water-water HBs in the whole hydration shell of DND–NH2 with +84 charges have 

increased by, respectively, 6% and 5% with respect to those of the neutral DND–NH2. We ascribe 

the increase in water molecules with 2 water-water HBs to the preferential orientations of water, 

induced by −NH45 groups, in the immediate vicinity of DND–NH2 with +84 charges. −NH45 

groups push OH bonds of the interfacial water away from and instead attract its oxygen toward a 

nearby facet in order to donate a HB to it.56 Thus, it leads to a loss of 2 water-water HBs for water 

molecules in the vicinity of DND–NH2 with +84 charges. In addition, adsorbed Cl– anions can 

cause some of these water molecules to lose a third water-water HB through a similar mechanism 

we described previously for DND–H with +84 charges. Thus, it explains the aforementioned 6% 

boost in the parentage of water molecules with 1 water-water HB around DND–NH2 with +84 

charges. 

Last but not least, we address water-water HB statistics in the whole hydration shell of 

DND–COOH. In this regard, we identify two interesting features in Figure 5.1. First, N2() values 
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of DND–COOH are smaller than those of other DNDs, for each specific net absolute charge (|q|) 

of the DND and the type of the salt solution. For instance, water in the whole hydration shell of 

the neutral DND–COOH has, on average, 11%, 7%, and 7%, less water-water HBs than that of the 

neutral DND–H, the neutral DND–NH2, and DND–OH, respectively. Moreover, water in the 

whole hydration shell of DND–COOH with –84 charges solvated in either of CaCl2 or MgCl2 salt 

solutions has, on average, 2.4 HBs with neighboring water molecules. It is the smallest number in 

our study, which is 20% less than N2() in bulk water. Second, we observe the specific cation effect 

on N2() values of charged DND–COOH, particularly for those of the DND with –56 and –84 

charges. That is, N2() variations depend on the type of the solvated cation in the solution. We 

expand on each of these features below. 

Figure 5.2, which is for MgCl2 solution, helps us dig deeper to find out why N2() values of 

DND–COOH are lower than those of other DNDs with the same amount of absolute charges. It 

shows for various values of |q| that percentages of water molecules with 1 and 2 water-water HBs 

in the surrounding of DND–COOH are larger than those of other DNDs. The reverse trend is true 

for percentages of water molecules having 3 (except for |q| = 0) and 4 water-water HBs. In the 

extreme case of |q| = 84, there exist water molecules, making up around 4% of the whole hydration 

shell’s population, that do not have any HBs with other water molecules in the surrounding of 

DND–COOH. This number amounts to roughly 1% and 2% for, respectively, DND–H and DND–

NH2 with +84 charges on each.  

We ascribe abovementioned trends for DND–COOH to disruptions in water-water HBs 

that are made by –COOH and –COO– on the one hand and adsorbed cations (for charged DND–

COOH) on the other hand. Water in the immediate vicinity of the neutral DND–COOH, that has 

only –COOH and –H groups on its facets, adopts two different orientations.56 Water near the 

hydroxyl part of –COOH group orients its dipole away from the nearby facet in order to accept a 

HB from the hydroxyl. It leads to a loss of at least two water-water HBs for each of these water 

molecules. On the other hand, the doubly bonded oxygen in –COOH (hereafter, O2) attracts the 

nearby water’s hydrogen, which forces water to orient one of its OH bonds and thereby its dipole 

moment toward the associated facet. Although O2 atom does not form a strong HB with the 

interfacial water (as we will see later), it causes its approaching water to lose at least 1 water-water 

HB. However, the deprotonation of sufficiently large number (ca. 56 groups or more) of –COOH 

groups on facets of the neutral DND–COOH leads to the domination of the second type of 
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aforementioned orientations over the first one.56 In other words, the resulting –COO– groups on 

the negatively charged DND–COOH are greedy to accept HBs from the interfacial water. Thus, 

they entice water molecules to orient their OH bonds toward their nearby facets to donate HBs to 

oxygens of –COO– groups. 

Cations that are adsorbed near –COO– groups on the charged DND–COOH can have a 

compound effect on hydrogen bonding behavior of the interfacial water. We found in our previous 

work56 that different cations exhibit distinct adsorption behavior, which depends on their charge 

density and hence their water affinity. Among four cations, Na+ has the highest affinity for –COO– 

anion and predominantly forms the Contact Ion-Pair (CIP) association with it. The majority of 

adsorbed K+ cations also form CIP associations with –COO– group, although their interaction 

strengths are weaker than those of Na+–COO–. In contrast, the Solvent-shared Ion-Pair (SIP) is the 

dominant complexation between Mg2+ and –COO– anion. Adsorbed Ca2+ cations predominantly 

form CIP complexations with –COO– anion, although their SIP associations become gradually 

noticeable on DND–COOH with –56 and –84 charges. In the CIP association, a cation and an 

anion shed some of their hydrating water and come to a close contact. In contrast, the SIP 

association arises from oppositely charged particles sharing a water molecule in their respective 

first hydration shells.  

q = 0 q = –28 q = –56 q = –84 

    

Figure 5.3. The distribution of number of water-water HBs per each water molecule in the whole hydration shell of 
DND–COOH with various charges (q), solvated in each of KCl (dashed green line), NaCl (solid blue line), CaCl2 
(dotted red line), and MgCl2 (dash-dotted black line) aqueous solutions. Solid cyan line represents similar values but 
for bulk water. 

As we can see in Figure 5.3(d), COOH–DND with –84 charges in solutions containing 

divalent cations are associated with slightly higher percentages of water molecules with 0 and 1 

water-water HBs than solutions with monovalent cations. Conversely, we observe a reverse trend 

for the percentage of water molecules with 3 water-water HBs. Figure 5.3(d) also reveals similar 

trends for COOH–DND with –56 charges, yet with lesser intensities. We attribute the first trend 

(b) (c) (d) (a) 
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to the CIP complexation of each of Mg2+ and Ca2+ cations with –COO– surface-bound anion. The 

second trend arises from more strongly bound first hydration shell of Mg2+ and Ca2+ cations than 

that of Na+ and K+ cations. Thus, water in the first hydration shell of the monovalent cations have 

more rotational freedom to form HBs with water in their second hydration shell.56,66,68,71,96 We will 

expand more on this topic later in the present work. 

   
Figure 5.4. Statistics of water-water HBs in the whole hydration shell (i.e. the combined first and second shells) of 
solvated ions in four different aqueous salt solutions of the neutral DND–H; (a) the distribution of number of water-
water HBs per each water molecule, (b) the average number of water-water HBs per each water molecule. In part (a), 
solid blue, red, and black lines represent, respectively, Na+, Ca2+, and Mg2+; dash-dotted green and dotted orange lines 
correspond to K+ and Cl– (of MgCl2 salt) ions, respectively. In part (b), black line with diamond markers and cyan line 
with circle markers represent, respectively, values around ions and values corresponding to the bulk water.  

We have also calculated N()/water distributions and N2() values for water in the whole 

hydration shell (i.e. the combined first and second shells) of solvated ions, which are shown in 

Figure 5.4. The results in this figure are obtained from the aqueous solution of the neutral DND–

H data, where ions are less likely to adsorb onto facets of the DND. Strikingly, water around Mg2+ 

has the least average number of HBs with its neighboring water molecules, compared with that 

around other ions (see Figure 5.4(b)). It is the signature of the remarkably high charge density of 

Mg2+, which leads to pronounced restrictions on reorientations of its first hydration shell water’s 

dipole and OH bonds.56,96 Thus, water in the first hydration shell of Mg2+ forms fewer HBs with 

water in its second hydration shell, which is also evident from the distribution of HBs in Figure 

5.4(a). A similar effect, yet to a lesser degree, takes place in water around Ca2+. On the other hand, 

owing to smaller charge densities of other three ions, their surrounding water is much less restricted 

and thus can form more HBs with nearby water molecules. Furthermore, smaller N2() values 

corresponding to Ca2+ and Mg2+ relative to K+ and Na+ can explain the smaller N2() values for 

water-water HBs in the whole hydration shell of DND–COOH with –84 charges in CaCl2 and 

MgCl2 solution (see Figure 5.1). 

(b) (a) 
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5.4 Dynamics of HBs 

In this section, we investigate the dynamics of HBs that water molecules form with other 

water molecules (water–water), Cl– anion (water–anion), and polar functional groups on DNDs 

(water–site HB). The first one corresponds to water molecules that reside in hydration shells of 

DNDs, cations, and Cl– anion. To this end, we have employed two correlation functions that we 

introduced in Chapter 2. These are the Continuous Time Correlation Function (CTCF) and the 

Intermittent Time Correlation Function (ITCF), which are denoted as, respectively, 𝐶*(𝑡) and 

𝐶'(𝑡). 

5.4.1 Water–Water HBs 

In Figure 5.5 and Figure 5.6, we have shown the CTCF and ITCF plots for water in the 

whole hydration shell of various DNDs that are solvated in different solutions. The former only 

includes results for NaCl solution of either of DND–H, DND–NH2, or DND–OH particles, as plots 

for their other salt solutions display almost identical behavior. However, Figure 5.6 reports 

corresponding plots of DND–COOH for all salt solutions, where we can readily observe the 

specific cation effect on the decay behavior of correlation functions. Corresponding plots for water 

in the bulk region of the neutral DND–H solutions are also shown in Figure 5.5 and Figure 5.6. 

 DND–H DND–NH2 DND–OH 
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Figure 5.5. The CTCF and ITCF plots of water-water HBs in the whole hydration shell (black lines) of (a)-(b) DND–
H, (c)-(d) DND–NH2, (e)-(f) DND–OH, each solvated in MgCl2 aqueous solution. For comparison, corresponding 
plots of bulk water (cyan solid line) are also shown. Black solid, dashed, dash-dotted, and dotted lines represent DNDs 
with 0, +28, +56, and +84 charges, respectively. 

We can qualitatively identify in Figure 5.5 and Figure 5.6 that the ITCF’s decay rates are 

slower than CTCF’s. The difference in decay rates is rooted in different dynamic characteristics 

of HBs that these time correlation functions measure. As we pointed out in Chapter 2, the latter 

(a) (c) (e) 

(b) (d) (f) 
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considers a HB pair correlated at 𝑡8 and 𝑡8 + 𝑡 times, only if the donor–acceptor pair maintains its 

HB throughout the “𝑡” interval. In contrast, the former allows the HB between the pair to break 

and reform during the time 𝑡. Thus, the time integrations of CTCF and ITCF give the average 

lifetime (𝜏(*)) and the structural relaxation time (𝜏(')) of HBs, respectively. We have demonstrated 

these characteristic times of HBs in Figure 5.7, and listed them in Appendix C, Table C.7 to Table 

C.11. 

 KCl NaCl CaCl2 MgCl2 

C
T

C
F 

        

IT
C

F 

    

Figure 5.6. Same as Figure 5.5 but for DND–COOH of various charges in four different salt solutions: KCl, NaCl, 
CaCl2, and MgCl2. Black solid, dashed, dash-dotted, and dotted lines represent DNDs with 0, –28, –56, and –84 
charges, respectively. 

  

Figure 5.7. (a) The lifetime and (b) the structural relaxation time of water-water HBs in the whole hydration shell of 
different DNDs with various surface chemistries, solvated in different salt solutions. Line styles and colors represent 
the same things as those in Figure 5.1. 

We note couple of interesting observations in Figure 5.7, which are discussed below. 

1) Values of 𝜏(') are larger than those of 𝜏(*), where the trend is congruent with the 

abovementioned ITCF’s slower decay rates than CTCF’s. Depending on the surface 

chemistry of the DND and in some cases the type of the solvated salt, the ratio of 

𝜏(') to 𝜏(*) ranges from 3 to 5. 

(b) (a) 

(a) (c) (e) 

(b) (d) (f) 

(g) 

(h) 
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2) Among the uncharged DNDs, water-water HBs in the whole hydration layer of 

DND–NH2 experience the longest average lifetime and also structural relaxation 

time. In this regard, we can sort the neutral DNDs as follows: 
 

Smallest 
  𝜏(&) or 𝜏(_) 

DND–H » DND–COOH < DND–OH < DND–NH2  
 Largest 
𝜏(&) or 𝜏(_) 

Interestingly, we also observed in our previous study96 a similar ordering for the 

relaxation time of the reorientational dynamics of water’s OH bonds (𝜏*:!!:= ) in the 

first hydration layer of the neutral DNDs, although 𝜏*:!!:=  corresponding to the 

neutral DND–COOH was almost 30% higher than that of the neutral DND–H. This 

difference between the ordering of the current study and that of our previous study 

can be attributed to the fact that 𝜏(') or 𝜏(*) values, as opposed to the aforementioned 

𝜏*:!!:=  values, are obtained for the whole hydration shell of DNDs. Nevertheless, the 

overall resemblance between the two orderings suggests that there is an association 

between the degree to which the reorientations of water’s OH bonds are constrained 

in the first hydration layer of the neutral DNDs and water-water HB lifetimes in 

DNDs’ whole hydration shell. 

3) We observe an interesting pattern for the case of DND–H. On the one hand, the 

lifetime of HBs between water molecules in the whole hydration layer of the 

uncharged DND–H is almost identical to that in the bulk water (see Figure 5.7(a)). 

This can be attributed to the hydrophobic nature of DND–H, where the interfacial 

water does not form any HBs with facets of the DND. On the other hand, the 

aforementioned lifetime jumps by 31% and 38% in the case of DND–H with +28 

and +56 net charges, respectively. It is quite fascinating to note that DND–H with 

+28 and +56 charges have, respectively, the first and second largest 𝜏(*) values 

among all DNDs with different surface chemistries and in various salt solutions. 

This trend is in accord with enhancements in water-water HBs around DND–H with 

+56 charges that we observed earlier in Figure 5.2. As the DND–H obtains 

additional +28 charges with respect to that with +56 charges, its surrounding water-

water HB lifetime drops by %16. However, it is still longer than the bulk water-

water HB lifetime. As we noted in Section 5.2, we attribute this effect to disruptions 

in water-water HBs induced by Cl– anions, which are adsorbed onto facets of DND–
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H with +84 charges in higher concentrations than they do in the case of DND–H 

with +28 and +56 charges.  

4) The specific cation effect that we noted in Figure 5.6 is also reflected in values of 

both 𝜏(*) and 𝜏(') for water in the whole hydration layer of the negatively charged 

DND–COOH. While 𝜏(*) values corresponding to DND–COOH with all amounts 

of surface charges in NaCl and KCl solutions are equal to or smaller than those of 

bulk water, CaCl2 and MgCl2 solutions of the negatively charged DND–COOH 

exhibit improved 𝜏(*) values. In particular, we observe 25% and 60% increases in, 

respectively, 𝜏(*) and 𝜏(') of water in the whole hydration shell of DND–COOH 

with –84 charges solvated in MgCl2 solution with respect to those of water 

surrounding the neutral DND–COOH. Corresponding improvements in CaCl2 

solution are 8% and 35%, respectively. Thus, solutions of the charged DND–

COOH containing divalent cations, particularly Mg2+, are associated with 

remarkably higher correlation times than those bearing monovalent cations. This 

effect can be attributed to higher charge densities of Ca2+ and Mg2+ cations than 

those of K+ and Na+ cations, which results in impacting the HB dynamics of water 

in two ways. First, adsorbed Mg2+ cation on the charged DND–COOH together 

with –COO– surface-bound anion significantly slow down the reorientational 

dynamics of water through a cooperative mechanism.56,96 In other words, the former 

constrains the reorientations of water’s dipole moment, while the latter restricts the 

rotational motion of OH bond of the same water by forming a HB with it. The effect 

of the cooperative slowdown can extend beyond the first hydration shell of strongly 

hydrated ions, which leads to locking in the HB network of water in multiple 

directions.99–102 Ca2+ cation also exhibits a similar, yet to a lesser degree, behavior. 

Second, the strength of water-water HBs in the whole hydration shell of Mg2+ cation 

is significantly enhanced, compared with those around other cations and also bulk 

water. It is supported by the trends in CTCF and ITCF plots and their associated 

relaxation times for water in the whole hydration shell of solvated ions that are 

shown in Figure 5.8. More specifically, Figure 5.8(c-d) show that 𝜏(*) and 𝜏(') 

values (also, listed in Appendix C, Table C.12.) corresponding to Mg2+ cation are, 

respectively, 2 and 2.6 times as large as those of bulk water. Both of these 
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correlation times for water around Ca2+ cation are very close to those of bulk water, 

although 𝜏(') corresponding to the former is almost 8% larger than that of the latter. 

In contrast, water-water HBs in the whole hydration shell of K+ and Na+ cations 

have noticeably shorter lifetimes and smaller structural relaxation times than those 

in the bulk region. 
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Figure 5.8. (a)-(b) CTCF and ITCF plots, (c) the lifetime, and (d) the structural relaxation time of water-water HBs 
in the whole hydration shell of solvated ions in four different aqueous salt solutions of the neutral DND–H. **Cl– and 
*Cl– refer to chloride anions in MgCl2 and NaCl salts, respectively. Line styles and colors represent the same things 
as what described in Figure 5.4. 

5) We identify in Figure 5.7 an anomalous behavior for water around DND–NH2 

having +84 charges with respect to that around the same DND but with lower 

charges. Both 𝜏(*) and 𝜏(') values gradually decrease as the neutral DND–NH2 

obtains +28 and +56 charges. However, this trend gets reverse in the case of DND–

NH2 with +84 charges. Particularly, its corresponding 𝜏(') values are almost 5% and 

11% larger than those of water around the neutral DND–NH2 and DND–NH2 with 

+56 charges, respectively. We attribute this behavior to the same abovementioned 

cooperative slowdown of water’s reorientational dynamics, yet with different 

players here. That is, the surface-bound −NH45 group restricts the rotational motion 

of the interfacial water’s dipole moment, whereas adsorbed Cl– anion constrains its 

OH bond’s reorientations through an established HB. However, the cooperative 

slowdown is only effective in the case of DND–NH2 with +84 charges, where there 

are sufficient oppositely charged ions at the interface between the DND and water. 

(a) 

(d) (b)

 

(c) 
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We wrap up this section by adding some noteworthy comments about the trends we 

observed in Figure 5.8(c-d). The remarkably enhanced and weakened water-water HBs around, 

respectively, Mg2+ and K+ cations are congruent with their strong structure-making and structure-

breaking characteristics, which are well-documented in the literature.66,71 On the other hand, Ca2+ 

exhibits some moderate structure-making behavior, which is consistent with reported behavior in 

prior studies.66 Although some studies68 have categorized Na+ as a structure-maker, we have found 

the opposite behavior for it. Our finding is based on our calculated values for the lifetime and 

structural relaxation time of water-water HBs around Na+ cation, which are smaller than those of 

bulk water. Indeed, Marcus has considered Na+ as a borderline case in his categorization of ions 

as water structure-maker or structure-breaker.66 Compared with K+, Na+ imparts more order in its 

first hydration shell water by imposing stronger restrictions on reorientations of water’s dipole 

moment in its immediate vicinity.96 However, the less restricted first hydration shell water of K+ 

forms more HBs than that of Na+ with surrounding water molecules or even other polar moieties. 

It is consistent with our calculated number of water-water HBs around ions in the present work 

and also findings of previous studies.56,73  

5.4.2 Water–Site HBs 

Figure 5.9 shows CTCF and ITCF plots for HBs between the interfacial water and various 

oxygen atoms (introduced in the caption of Figure 5.9) of –COOH and –COO– surface functional 

groups of DND–COOH in MgCl2 solution. The decay characteristics of CTCF plots reveal that 

there are primarily two types of water-site HBs for DND–COOH as follows: 1) water’s oxygen 

(OW) accepts a HB from the hydroxyl part of –COOH group, 2) water donates a HB to the oxygen 

of –COO– group (only for charged DND–COOH). ITCF plots in Figure 5.9(b, d, f, h) show that 

water molecules attempt to donate HBs to the doubly-bonded oxygen (O2) and the oxygen (OH) 

of the hydroxyl part of –COOH group. However, as we can see in corresponding CTCF plots 

(Figure 5.9(a, c, e, g)), these HBs are very unstable and quickly break. 

The calculated lifetimes and structural relaxation times of water-site HBs for DND–COOH 

system are shown in Figure 5.10., and also presented in Appendix C, Table C.13. Values of 𝜏(*) 

in Figure 5.10(a, c) reflect stronger water-site HBs (i.e. OW–O and OH–OW) than water-water 

HBs in either the whole hydration shell of DND–COOH or in the bulk region. Particularly, we 

note the relatively large values for 𝜏(*) and 𝜏(') corresponding to HBs donated by –COOH groups 

to the interfacial water of the neutral DND–COOH. It provides an additional evidence for lower 
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number of water-water HBs in the whole hydration shell of this DND, as we observed in Figure 

5.1 and Figure 5.2. Furthermore, the HB lifetimes in Figure 5.10(e) agree well with the 

abovementioned point about the weak and unstable HBs between water and O2 atom. 

 D: OW, A: O D: OH, A: OW D: OW, A: O2 D: OW, A: OH 
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Figure 5.9. The CTCF and ITCF plots of different water-site HBs for water near DND–COOH with various charges 
in MgCl2 aqueous solution: (a)-(b) water as HB donor to –COO–, (c)-(d) –COOH as HB donor to water, (e)-(f) water 
as HB donor to O2 of –COOH, and (g)-(h) water as HB donor to O of –COOH. The heavy atoms of HB donor (D) 
and HB acceptor (A) of each of these water-site HBs are introduced in the header. OW, O, O2, and OH represent, 
respectively, water oxygen, oxygen in –COO–, doubly-bonded oxygen of –COOH and oxygen in the hydroxyl part of 
–COOH. Solid, dashed, dash-dotted, and dotted lines represent DNDs with 0, –28, –56, and –84 charges, respectively. 

D: OW, A: O D: OH, A: OW D: OW, A: O2 

   

   

Figure 5.10. The lifetime (𝜏(_)) and the structural relaxation time (𝜏(&)) of different water-site HBs (as introduced in 
Figure 5.9) for water near DND–COOH with various charges in different aqueous salt solutions. Solid, dashed, dash-
dotted, and dotted lines represent DNDs with 0, –28, –56, and –84 charges, respectively. 

(a) (c) (e) 

(b) (d) (f) 

(a) (c) (e) 

(b) (d) 

(g) 

(h) (f) 
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An association between the type of the solvated cation and correlation times of water–

COO– HBs emerges in Figure 5.10(a-b) that piques our interest. In fact, the order in which their 

𝜏(*) and 𝜏(') both increase with regard to the type of the cation follows Na+ < K+ < Ca2+ < Mg2+, 

for each specific amount of charges on DND–COOH. However, there are two exceptions–that is, 

𝜏(*) values corresponding to DND–COOH with –84 charges in NaCl and KCl solutions and 𝜏(') 

values corresponding to DND–COOH with –28 charges in KCl and CaCl2 solutions are almost 

identical. Nonetheless, we find this ordering as similar to what we observed in our previous work96 

for the relaxation time of the reorientational dynamics of water’s dipole moment in the first 

hydration layer of the charged DND–COOH. Thus, this indicates the role of cations in the 

cooperative mechanism, which we described in part 4 of Section 5.4.1, in regulating the dynamics 

of water–COO– HBs. 

 D: N3, A: OW D: OW, A: NT D: NT, A: OW 
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Figure 5.11. Same as Figure 5.9 but for water near DND–NH2: (a)-(b) water as HB acceptor from −NH3+ (HBst
())  

type), (c)-(d)  water as HB donor to –NH2 (HBst
(*)  type), and (e)-(f) water as HB acceptor from –NH2 (HBst

($)  type). 
Heavy atoms of HB donor (D) and HB acceptor (A) of each of these water-site HBs, as introduced in the header, are: 
OW: water oxygen, N3: N atom in −NH3+, and NT: N atom in –NH2. Solid, dashed, dash-dotted, and dotted lines 
represent DNDs with 0, +28, +56, and +84 charges, respectively. 

We now turn our attention to water-site HB’s dynamics of DND–NH2. The correlation 

functions and their associated correlation times are shown in Figure 5.11 and Figure 5.12, 

respectively. We are concerned with three types of water-site HBs, denoted as HB@A
(%) , HB@A

(B) , and 

HB@A
(4) . The first one is related to HBs donated by −NH45 groups on the charged DND to the nearby 

water, whereas the second and third ones represent HBs of water, respectively, donated to and 

(a) (c) (e) 

(b) (d) (f) 
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accepted from –NH2 groups. The numerical values for the corresponding 𝜏(*) and 𝜏(') are presented 

in Appendix C, Table C.14. 

D: N3, A: OW D: OW, A: NT D: NT, A: OW 

   

   

Figure 5.12. The lifetime (𝜏(_)) and the structural relaxation time (𝜏(&)) of different water-site HBs (as introduced in 
Figure 5.11) for water near DND–NH2 with various charges in different aqueous salt solutions. Solid, dashed, dash-
dotted, and dotted lines represent DNDs with 0, +28, +56, and +84 charges, respectively. 

Some interesting patterns emerge in the lifetime of the aforementioned HBs, as the neutral 

DND–NH2 acquires increasing amounts of positive charges via the protonation of its –NH2 groups 

(see Figure 5.12(a, c, e)). While 𝜏(*) values of HB@A
(%)  and HB@A

(4)  increase, those of HB@A
(B)  decrease 

with only one exception–that is, 𝜏(*) values of HB@A
(B)  for DND–NH2 with +84 charges are larger 

than those of DND–NH2 with +56 charges. Nonetheless, we infer that HB@A
(B)  is the dominant type 

of water-site HB for the neutral DND–NH2. In other words, –NH2 groups on this DND primarily 

act as HB acceptors from the interfacial water. However, as the number of −NH45 groups on the 

DND increases, –NH2 groups gradually switch their role from being a primarily HB acceptor to a 

HB donor. We ascribe this effect to the change induced by −NH45 groups in the preferential 

orientation of the first hydration layer water of the charged DND–NH2, which we described in 

Section 5.2.  

We note relatively high values of 𝜏(*) and 𝜏(') (on average, around 4.5 and 105 ps 

respectively) for HB@A
(%)  of DND–NH2 with +84 charges in Figure 5.12(a-b), which are 

approximately 4 and 30 times larger than those of bulk water-water HBs. It implies that the HB of 

a specific water−NH45 pair breaks, on average, after 4.5 ps of its formation. However, the water 

(a) (c) (e) 

(b) (d) (f) 
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sojourns nearby its partner (i.e. −NH45) for approximately 105 ps during which their initial HB 

undergoes intermittent reformation and breakage. Thus, the water molecule’s oxygen atom and its 

dipole moment are remarkably restricted in the immediate vicinity of DND–NH2 with +84 charges. 

This observation corroborates the relatively long mean residence time56 and the relaxation time of 

the dipolar reorientational dynamics96 of water in the closest water layer to DND–NH2 with +84 

charges. 

 𝐇𝐁𝐖𝐎𝐇
(𝟏)  (D: OW, A: O) 𝐇𝐁𝐖𝐎𝐇

(𝟐)  (D: O, A: OW) 
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Figure 5.13. The CTCF and ITCF plots and their related correlation times (i.e. lifetime 𝜏(_) and structural relaxation 
time 𝜏(&)) of different water-site HBs for water near DND–OH: (a)-(d) water as HB donor to –OH (HBsue

())  type), (e)-
(h) water as HB acceptor from –OH (HBsue

(*)  type). Heavy atoms of HB donor (D) and HB acceptor (A) of each of 
these water-site HBs, as introduced in the header, are: OW: water oxygen, O: in –OH. Plots in (a)-(b) and (e)-(f) 
correspond to MgCl2 aqueous solution of DND–OH. 

We wrap up this section by looking into the dynamics of HBs between water and –OH 

groups on DND–OH. Figure 5.13 demonstrates CTCF and ITCF plots of these HBs as well as their 

associated correlation times. There exist two types of water-site HBs at the interface with DND–

OH, referred to as HB@+(
(%)  and HB@+(

(B) . The former is formed as a result of the hydrogen donation 

by water to –OH group, whereas the reverse takes place to form the latter. Our previous 

investigations on the preferential orientation of the interfacial water showed to us that HB@+(
(B)  are 

more prevalent on {111} facets of DND–OH than on its {100} facets.56  

Despite their narrow ranges of values, 𝜏(*) and 𝜏(') of both HB@+(
(%)  and HB@+(

(B)  exhibit 

some noteworthy patterns in Figure 5.13. (see Table C.15 for numerical values). First of all, both 

𝜏(*) and 𝜏(') values of HB@+(
(B)  appear to be larger than those of HB@+(

(%)  by approximately 0.3 and 

(a) 

(b) 

(c) (e) (g) 

(d) (f) (h) 
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7.0 ps, respectively. Second, we identify Na+ < K+ < Ca2+ < Mg2+ ordering for solvated cations 

with respect to which 𝜏(*) values of HB@+(
(%)  appear to increase (see Figure 5.13(c)). Interestingly, 

it is the same ordering we observed for 𝜏(*) of water–COO– HBs in Figure 5.10(a). Conversely, 

the reverse ordering emerges in Figure 5.13(g) for 𝜏(*) values of HB@+(
(B) . Just as water–COO– 

HBs, the cooperative mechanism can also explain the aforementioned ordering for HB@+(
(%) , 

although its effect on the latter is much less pronounced than that on the former. This mechanism 

particularly becomes pertinent here, when we take into account the adsorption behavior of cations 

on DND–OH that are reported elsewhere.56 In other words, cations adsorb more predominantly 

onto {100} facets of this DND than they do on its {111} facets, where the monovalent and divalent 

cations form, respectively, CIP and SIP associations with –OH groups. In contrast, Cl– anions 

primarily adsorb on {111} facets of DND–OH.  

5.4.3 Water–Anion HBs 

Figure 5.14 demonstrates plots of CTCF and ITCF along with their associated correlation 

times for HBs between water molecules and Cl– in different salt solutions of various DNDs. 

Corresponding correlation times of bulk water in four different salt solutions of the neutral DND–

H are also shown in Figure 5.14(e-f)  for comparison. First of all, we observe that 𝜏(*) and 𝜏(') of 

water–Cl– HBs (which are listed in Table C.16 to Table C.19) are larger than those of bulk water 

by, on average, 1.8 and 4 factors, respectively. Differences between monovalent cation–chloride 

and divalent cation–chloride solutions arise from different forcefield parameters used for Cl– 

anions in the respective salts. Second, lifetimes and structural relaxation times of water–Cl– HBs 

in solutions of DND–H and DND–NH2 with +56 and +84 charges markedly differ from those of 

other DND solutions (see Figure 5.14(e-f)). We attribute this effect to an interplay between 

positive charges of aforementioned DNDs and adsorbed Cl– anions onto their surfaces. On the one 

hand, DND–H and DND–NH2 with +56 and especially +84 charges adsorb higher concentrations 

of Cl– anions than other DNDs do. On the other hand, as we found in our previous study,96 the 

concentrated Cl– anions markedly slow down the reorientation of their hydrating water’s OH bond, 

which subsequently hinders water–Cl– HB breakage. It corroborates the results reported by 

Stirnemann et al., where they observed weakly hydrated ions, in our case Cl–, at high 

concentrations significantly retard the dynamics of their nearby water.81  



   
 

130 
 
 

C
T

C
F 

   

IT
C

F  

   

Figure 5.14. The CTCF and ITCF plots and their related correlation times (i.e. lifetime 𝜏(_) and structural relaxation 
time 𝜏(&)) of water–Cl– HB in different chloride salt solutions of various DNDs. Plots in (a)-(b) and (c)-(d) correspond 
to NaCl and MgCl2 aqueous solutions of various DNDs. Line styles and colors are the same as those in Figure 5.1. 

5.5 Conclusion 

Both the average number of HBs per water and their dynamic characteristics in the 

hydration shell of various DNDs and solvated ions in the aqueous solution have been determined 

through MD simulations. Our main focus has been on obtaining a microscopic picture of how 

different factors impact the HBs of water near a single DND particle, which has important 

implications for its fluorescent property and colloidal stability.28–30,32,46–50 The studied factors 

include hydrophobic vs. hydrophilic and uncharged vs. charged surface chemistries of the DND 

on the one hand and solvated ions of differing charge densities on the other hand.  

We have found –NH2 group on the neutral DND–NH2 as a strong HB acceptor from water, 

whereas –COOH group on the neutral DND–COOH appears as a strong HB donor to water. 

However, –OH group on DND–OH exhibit both HB donor and acceptor tendencies toward water, 

although the former result in relatively stronger HBs with water and is more prevalent on {111} 

facets.56 Nevertheless, both kinds of HBs established by –OH groups are weaker than the 

aforementioned HBs created by –NH2 and –COOH groups. On the other hand, the hydrophobic 

neutral DND–H promotes some dangling water’s OH in the immediate vicinity of its facets. Thus, 

these different DND-water interactions induce distinct preferential orientations, as we had 

identified in our pervious study,56 in the interfacial water that leads to the formation of water-water 

HBs with differing strengths. Indeed, we have found that the average lifetime and hence the 

strength of water-water HBs in the whole hydration shell of neutral DNDs and that of bulk water 

(c) (e) 

(d) (f) 

(a) 

(b) 
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grows according to bulk water » DND–H » DND–COOH < DND–OH < DND–NH2 ordering in 

all different salt solutions. The observed ordering for the structural relaxation time of 

aforementioned HBs is bulk water < DND–H < DND–COOH < DND–OH < DND–NH2. 

Interestingly, the average number of HBs of water with its neighboring water molecules in the 

bulk region and also near neutral DNDs increase in the order of DND–COOH < DND–OH < 

DND–NH2 < DND–H < bulk water. 

The abovementioned behavior changes in certain ways with the addition of some charges 

to DNDs. Strikingly, we have observed the longest water-water HB’s lifetime (hence, the strongest 

water-water HB) in the whole hydration shell of DND–H with +56 charges, compared with bulk 

water and also with that of DNDs having different surface chemistries in various salt solutions. 

We ascribe this observation to the promotion of water-water HBs in the closest layer of water to 

facets of DND–H with +56 charges. It results from the repulsion of water’s OH bonds from the 

DND’s positively charged facets that would otherwise have been dangling on facets of the natural 

DND–H. The reduction of dangling water’s OH population in the vicinity of positively charged 

hydrophobe has also been reported elsewhere84. However, the water-water HB lifetime drops by 

the addition of +28 charges to DND–H with +56 charges. We attribute this effect to two factors. 

First, the positively charged facets of the resulting DND (i.e. DND–H with +84 charges) push the 

immediate nearby water’s OH bonds too far away from its facets. Second, DND–H with +84 

charges adsorbs more Cl– anions, which are water-water structure-breaker, to its facets than DND–

H with lower charges does. Thus, water-water HB is not promoted as much as what we mentioned 

in the case of DND–H with +56 charges. This disruption in water-water HBs around DND–H with 

+84 charges might be related to the formation of micro-sized aggregates of DND–H with positive 

zeta potential in aqueous solution containing 10-20 mM HCl acid.103 

The effect of the charged DND–COOH, whose surface is covered by certain amounts of –

COO– groups, on the interfacial water’s HBs depends on the charged density of adsorbed cations. 

Upon the adsorption of either of K+ and Na+ cations on the charged DND–COOH, the DND’s 

nearby water-water HBs have the shortest lifetime compared with all other DNDs of different 

surface chemistries. Their lifetimes are even slightly shorter than that of bulk water and also that 

of the neutral DND–COOH. These effects, to some extent, can be explained in terms of the 

structure-breaking nature of these cations, which we have explained before. However, strongly 

hydrated Ca2+ and more prominently Mg2+, whose charge densities are both higher than that of 
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either K+ or Na+, appear as game-changers. In other words, water-water HB’s average lifetime 

near the charged DND–COOH in either CaCl2 or MgCl2 solutions increases with the increasing 

number of –COO– groups on the DND’s surface. In the extreme case of 84 –COO– groups on 

DND–COOH in MgCl2 solution, the water-water HB lifetime tends to that around the neutral 

DND–NH2.Furthermore, the multiply charged cations, especially Mg2+, are associated with the 

highest lifetime for water–COO– HB for the case of DND–COOH with –84 charges, compared 

with all other types of HBs in this study.  

The abovementioned effects of Ca2+ and Mg2+ can be explained in terms of the cooperative 

hydration mechanism, implemented by either of these cations and the surface-bound –COO– anion. 

We proposed this mechanism in our previous work96, where we investigated the translational and 

orientational dynamics of water around the same DNDs as those of the current study. In particular, 

our previous study96 revealed the significant influence of Ca2+ and Mg2+ cations on slowing down 

the translational and orientational dynamics of the interfacial water of DND–COOH with –84 

charges. The present study also shows that the adsorption of either Ca2+ or Mg2+ (particularly the 

latter) on facets of DND–COOH with –84 charges leads to the longest structural relaxation time 

of water-water HBs in the whole hydration shell of this DND, in comparison to all other DNDs 

and bulk water. Thus, these two observations together point to the collective reorganization of 

water’s HB network that results from the coupled translational-rotational motions of its constituent 

molecules.92–97 

The addition of positive charges (through –NH3+ surface groups) to the neutral DND–NH2 

gradually causes the DND to switch from a predominantly HB acceptor from water to a HB donor 

to water. In the extreme case of DND with +84 charges, we have observed relatively high lifetimes 

and structural relaxation times for both water–water and water–NH3+ HBs. We explain this effect 

in terms of a similar cooperative hydration mechanism96 that we mentioned above but implemented 

here by Cl– anion and surface-bound –NH3+ cation. 

In summary, we have been able to obtain a molecular-level understanding of how various 

surface chemistries of DNDs and different solvated ions impact HBs of water with other water 

molecules and also with surface functional groups of DNDs. We estimated the strength of HBs 

and environmental constraints on their restructuring by calculating the lifetime and structural 

relaxation time of HBs.91,92 However, it would be beneficial to carry out further investigations to 
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quantitatively assess the enthalpic and entropic contributions of aforementioned factors into HBs 

of DNDs’ interfacial water.21 
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CHAPTER 6 

6 Conclusions and further research 

6.1 Summary and Conclusions 

In this dissertation I studied interactions of water and ions with a single 4.4 nm detonation 

nanodiamond (DND) particle, but with various surface chemistries, in 0.1 M aqueous solution of 

any of KCl, NaCl, CaCl2, or MgCl2 salts. I investigated effects of surface functional groups, surface 

charges, and ions with various charge densities on the structure, dynamics, and hydrogen bonds 

(HBs) of water in hydration layers of DNDs. This study was based on the theoretical and statistical 

analysis of atomic trajectories obtained from all-atom Molecular Dynamics (MD) simulations.   

A common theme in my observations is that the adsorption of cations on the charged DND–

COOH and their subsequent modulation of DND–water interactions conspicuously depend on the 

charge density of cations (aka. specific cation effect). Mg2+ predominantly forms Solvent-shared 

Ion-Pair (SIP) with –COO– surface-bound anion, whereas K+, Ca2+, and Na+ (arranged in the order 

of their affinity) mainly form Contact Ion-Pair (CIP) with this anion. The high affinity of Na+ to 

form CIP association with –COO– explains why DND–COOH as a drug delivery agent carries 

excessive Na+ into a living cell with detrimental consequences.1 The law of matching water 

affinity2 generally explains well these adsorption patterns, except for the case of Mg2+ adsorption 

at relatively high concentrations on the surface of DND–COOH having 84 –COO– groups. In this 

extreme condition some Mg2+–COO– CIP associations are observed, which are also reported in 

previous studies.3–6 According to my hypothesis,7 the relatively high energy that is spent to detach 

some of strongly bound water molecules to the first hydration shell of Mg2+ is compensated by an 

entropy gain upon Mg2+–COO– CIP association.  

Mg2+ and, to a lesser degree, Ca2+ cations significantly slow down the translational and 

reorientational dynamics of water molecules around charged DND–COOH. I attribute these effects 

to the high water-affinity of these cations and also a cooperative hydration mechanism, 

implemented by either Mg2+ or Ca2+ and –COO– surface-bound anion.8 On the one hand the cation, 

particularly Mg2+, remarkably constrains the reorientations of water’s dipole, and on the other hand 

–COO– anion restricts the reorientations of the same water’s OH bond that is hydrogen bonded to 

it. Thus, their combined effect leads to locking in the HB network of the interfacial water in 

multiple directions,9 as manifested in markedly high structural relaxation time of the HB network 
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and also high lifetime of water–COO– HBs.10 The cooperative slowdown is also manifested in 

significantly high residence time of water, hence slow exchange dynamics of water between 

hydration shells, around the charged DND–COOH.7 Similar effects on dynamics and HBs of water 

around DND–NH2 having 84 –NH3+ surface groups were observed, which I attribute to the 

abovementioned cooperative slowdown mechanism. Here, –NH3+ surface-bound cation and 

adsorbed Cl– anion on the charged DND–NH2 replace the aforementioned roles of the adsorbed 

Mg2+ or Ca2+ cation and –COO– surface-bound anion, respectively. 

Among all DNDs with various surface chemistries, water–water HBs around DND–H with 

+56 charges in any of different salt solutions are found to have the longest average lifetime and 

hence highest average strength.10 This effect originates from the positively charged facets of this 

DND pushing up water’s OH bonds toward the bulk water, which would have otherwise been 

dangling at the interface with the neutral DND–H. It thereby leads to promoting water–water HBs 

in the closest water layer to facets of DND–H with +56 charges. However, the average lifetime of 

these HBs drops for water around DND–H with +84 charges, even lower than that around the same 

DND but with +28 charges. It implies that water–water HBs are weaker around DND–H with +84 

charges than those around the same DND but with +28 or +56 charges. Indeed, two factors 

contribute to disruptions in water–water HBs around DND–H with +84 charges. On the one hand, 

facets of this DND push the interfacial water’s OH bonds further away, compared with DND–H 

having +56 charges. On the other hand, each of Cl– anions, which more pronouncedly adsorb onto 

DND–H with +84 charges than that with lower positive charges, orients either OH bonds of a 

handful of water molecules toward itself.  

The orientation of water in the first hydration shell of DND–H with +56 and +84 charges 

concurs with what recently reported by Chaux-jukic et al.11, whereas it is in stark contrast with 

that proposed earlier by Petit et al.12. The proposed orientations by Ref.11 and Ref.12 are inferred 

from changes in the OH bending modes in the Raman and FTIR spectra, respectively. The density 

functional theory (DFT) calculations of Manelli et al.13 shed some light on these differences. They 

observed that molecularly adsorbed water molecules orient their OH bonds away and toward, 

respectively, fully and partially hydrogenated diamond (001) surfaces. Interestingly, the former is 

similar to what the present study and Ref.11 have reported, while the latter resembles to the 

proposed orientation by Ref.12. The partially hydrogenated diamond surface in Ref.13 has one or 

two unsaturated carbons, each with one dangling bond. Thus, I hypothesize that the dangling OH 
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bond of water at the interface with DND–H, as reported by Ref.12, might have arisen from the 

existence of unsaturated carbons on the DND surface. According to Ref.13, some of these water 

molecules dissociate into (–OH, –H) and thereby chemisorb (i.e., form covalent bonds) onto the 

diamond surface, depending on the concentration of the unsaturated carbons. Interestingly, Ref.12 

assigned a peak around 1589 cm−1 vibrational frequency in the IR spectrum of DND–H, which 

was exposed to overnight drying, to strongly adsorbed water molecules. 

Despite the abovementioned similarity between the present work and Ref.11 in terms of the 

orientation of the interfacial water molecules of DND–H, my findings about HBs of these 

molecules differ from what Ref.11 has reported. Based on the negligible lifetime of the HB, I 

inferred that water does not form any HBs with –CH groups on the positively charged DND–H;10 

rather, the partial positive charges of –H atoms on the DND exert some weak electrostatic 

attractions on the oxygen of the interfacial water. In contrast, Ref.11 claims that water does form 

some weak HBs with –CH groups, which they deduced from a series of phase exchange 

experiments. In these experiments, they observed that the suspension of DND–H (alone or with 

another co-solute) in water did not cross some aqueous-aliphatic or aqueous-perfluoroalkane 

interfaces. Thus, they concluded that a durable hydration shell is formed around DND–H as a result 

of the aforementioned HBs. Quite the contrary, I hold an opposite view. That is, I ascribe the 

formation of such a hydration shell to the promotion of water-water HBs around the positively 

charged DND–H (particularly, the one with +56 charges), as mentioned earlier. 

Overall, MD simulations enabled us to provide original atomistic insights into adsorption 

of ions onto DNDs with various surface chemistries as well as effects of adsorbed ions on the 

structure, dynamics, and HBs of water around these nanoparticles. I identified the strengths and 

the limitations of the law of matching water affinity for the adsorption behavior of ions onto DNDs. 

Furthermore, I was able to distinctively characterize HBs of water in three different regions, 

namely, the bulk region, the hydration layers of DNDs, and the interface with DNDs. The 

distinction among these regions have been overlooked in prior studies of aqueous suspensions of 

DNDs, where the information about the HBs of water have been mainly derived from Raman/IR 

spectra.  

6.2 Limitations and Suggestions for Future Research 

Despite abovementioned novel insights revealed in this dissertation, I acknowledge some 

limitations, as listed below, in the present research that need to be addressed in the future studies. 
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6.2.1 The forcefield of MD simulations 

The OPLS-AA forcefield14 that was used in this study to describe forces between atoms in 

MD simulations does not allow bond-breaking/bond-formation of molecules in the system. Thus, 

it was not possible to model the dissociative adsorption (aka. chemisorption) of water molecules 

onto the surface of DNDs. Instead, water experienced molecular adsorption (aka. physisorption) 

in all MD simulations. As mentioned before, Ref.13 predicted that water, under certain conditions, 

chemisorbs onto a diamond (001) surface containing unsaturated carbons, which results in various 

reaction products. Furthermore, Kasahara et al. recently reported the deprotonation of the hydroxyl 

groups on the surface of a boron-doped diamond dipped in a basic KOH aqueous solution, which 

results in the formation of C–O– + K+ complexes on the surface.15 The appearances of –COO– on 

DND–COOH and –NH3+ on DND–NH2 have also been thought of resulting from, respectively, 

the deprotonation and the protonation of –COOH and –NH2 groups in aqueous solutions at certain 

pH values.16  

One approach to model the chemisorption of water is to use ab initio MD (AIMD) instead 

of the classical MD.17 In AIMD the interatomic forces are calculated from first principles; thus, 

one does not need to worry about selecting the right forcefield.18 But, owing to its high 

computational cost, AIMD is limited to small systems containing 1000 atoms. Thus, this method 

can afford to model the chemical and physical interactions of water with only a fraction of DND 

whose primary particle size is 4-5 nm (~ 6000 atoms). AIMD method is also plagued with other 

limitations in modeling liquid electrolytes, which are thoroughly addressed by Pham19.  

An alternative approach, which is computationally more efficient than AIMD, is to use a 

reactive forcefield such as ReaxFF20 or Mahadevan−Garofalini forcefield (MGFF)21. While the 

former has been extensively used in MD simulations to model chemical reactions in different 

environments,22–28 the latter has been mainly developed for Silica interfaces. Thus, MGFF needs 

to be retrained to model the chemisorption of water at DND interfaces, which is a less daunting 

task compared with retraining ReaxFF owing to fewer tuning parameters in the former.29 

Furthermore, the results of a recent study reveal the poor performance of ReaxFF compared with 

non-reactive forcefields in reproducing experimental values for the self-diffusion coefficient of 

ions in relatively high concentrated aqueous solutions.30 This issue can be particularly problematic 

in the case of the highly negatively charged DND–COOH that adsorbs relatively high 

concentrations of cations onto its surface.7 Nevertheless, some efforts have been lately invested in 
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improving the performance of the ReaxFF to model the chemical and the physical properties of 

water, especially in acidic and basic environments (e.g., see Ref.31).  

6.2.2 Surface charges of DNDs 

The results of this dissertation revealed the significant impacts of surface charges of DNDs 

in cooperation with adsorbed ions on the structure and dynamics of water around DNDs. However, 

a link between these surface charges and an experimental observable is missing. Therefore, the 

generalization of the aforementioned effects to the real-world applications of DNDs is not 

straightforward. Several studies have reported the zeta potential of DNDs in aqueous solutions as 

a function of the surface functional group of the DND and also the pH level of the solution.32–36 

Nevertheless, the zeta potential is not equal to the surface electrical potential, but rather the 

electrical potential at the slipping plane, which is located in the solution, farther away from the 

charged solid surface. The slipping plane contains a net electrical charge that results from the net 

surface charges of the solid as well as the accumulated ions around the solid surface.37 To the best 

of my knowledge, Ge et la.38 are the only ones who have attempted to find a relationship between 

the surface charges of DNDs and their zeta potential. But, their proposed approach, based on 

Gouy−Chapman theory and the harmonic restraint method implemented via MD simulations, is 

only applicable to DNDs with sizes larger than 100 nm. Furthermore, they had considered –COO– 

as the only source of surface charges on DNDs, while Therefore, the question of how the surface 

charge of small DNDs can be related to an experimental observable such as the zeta potential still 

remains open.  

6.2.3 Surface functional groups of DNDs 

Although a great deal of attention has been paid to characterize the chemical composition 

of DND surfaces using various techniques such as FTIR,39–45 the exact number of a specific 

functional group (e.g., –COOH or –OH) on these surfaces is still unknown.38 Thus, I created the 

atomic structure of all functionalized DNDs in this dissertation by placing the functional groups 

somewhat arbitrarily on the facets of DNDs.  

One reason for the aforementioned uncertainty is that the commercially available DNDs 

that are produced by different vendors go through different purification schemes.39,46 As a result, 

it is rather difficult to come up with a universal formula for the number of a specific functional 

group on the surface of DNDs. For instance, Ref.16 reported that two different batches of DNDs, 

each of which functionalized with –COOH groups via a distinct purification process, exhibited 
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different zeta potentials. The authors of Ref.16 attributed this effect to different number of –COO– 

groups on the surface of DNDs of the first batch than that of the second batch. Furthermore, they 

adopted the Boehm titration method to quantify the number of –COOH surface groups from the 

number of moles of NaCHCO3 that react with those surface groups in the aqueous solution of 

DND–COOH. The result of this reaction is the creation of –COO– + Na+ complexes on the surface 

of the DND. However, it is not guaranteed that all –COOH groups would react with NaCHCO3 

molecules. Thus, this method cannot determine exactly how many –COOH groups exist on a given 

DND. 
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A Appendix A 

In this appendix, the average values of the residence time of water (as introduced in Section 

3.4 of Chapter 3) in three hydration layers of various DNDs solvated in different salt solutions are 

tabulated. The average values are obtained from five independent MD trajectories. Furthermore, 

the 95% confidence interval (CI) for each average value is also calculated using the bootstrap 

percentile method1. The bootstrap distribution was generated by resampling the sample data 

10,000 times with replacement. 

Table A.1.  The average values of the residence time of water, 𝜏()*
(") , 𝜏()*

(#) , and 𝜏()*
($)  that correspond to, respectively, 

the first, the second, and the third hydration layers of DND–H. Numbers in parentheses denote the bootstrapped CI. 

DND’s  
Charge Dissolved Salt 𝝉𝒓𝒆𝒔

(𝟏)  / ps 𝝉𝒓𝒆𝒔
(𝟐)  / ps 𝝉𝒓𝒆𝒔

(𝟑)  / ps 

q = 0 

KCl 8.7696 4.3709 2.5937 
(8.5960, 8.9140) (4.3068, 4.4349) (2.5751, 2.6242) 

NaCl 8.6404 4.3713 2.3184 
(8.5138, 8.7172) (4.3256, 4.4242) (2.3005, 2.3461) 

CaCl2 
8.9213 4.0952 2.5923 

(8.7988, 9.0787) (4.0369, 4.1510) (2.5697, 2.6199) 

MgCl2 8.9794 3.8813 2.6496 
(8.8511, 9.1110) (3.8386, 3.9263) (2.6012, 2.6976) 

q = +28 

KCl 11.6849 4.5726 2.8968 
(11.3893, 11.9547) (4.5185, 4.6303) (2.8706, 2.9175) 

NaCl 11.2576 4.7121 2.7635 
(11.0724, 11.4112) (4.6189, 4.8245) (2.7355, 2.7849) 

CaCl2 11.4406 4.9959 2.5649 
(11.3277, 11.5607) (4.9546, 5.0408) (2.5349, 2.5977) 

MgCl2 11.309 4.7721 3.194 
(10.9504, 11.5034) (4.6851, 4.8331) (3.1591, 3.2224) 

q = +56 

KCl 11.5568 5.442 3.2729 
(11.3113, 11.7732) (5.3403, 5.5962) (3.2471, 3.3063) 

NaCl 12.6958 5.1584 3.4409 
(12.4971, 13.0002) (5.1308, 5.1886) (3.3863, 3.4955) 

CaCl2 12.2903 5.0665 3.3431 
(12.0663, 12.5287) (4.9431, 5.1608) (3.2788, 3.4026) 

MgCl2 12.6374 5.3834 3.2239 
(12.4446, 12.8126) (5.2563, 5.5686) (3.1770, 3.2931) 

q = +84 
KCl 13.9161 6.5041 3.3132 

(13.8005, 14.0281) (6.4167, 6.6123) (3.2864, 3.3434) 

NaCl 13.3079 6.4493 3.2572 
(13.0472, 13.5090) (6.3928, 6.5138) (3.1942, 3.3203) 
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Table A.1 (continued). 

q = +84 
CaCl2 

13.6533 5.8335 3.6162 
(13.4218, 13.9765) (5.7669, 5.9001) (3.5559, 3.6747) 

MgCl2 12.0859 6.1387 3.4676 
(11.8199, 12.4444) (6.0788, 6.1897) (3.4308, 3.5043) 

Table A.2. Same as Table A.1, but for the case of DND–NH2. 

DND’s  
Charge Dissolved Salt 𝝉𝒓𝒆𝒔

(𝟏)  / ps 𝝉𝒓𝒆𝒔
(𝟐)  / ps 𝝉𝒓𝒆𝒔

(𝟑)  / ps 

q = 0 

KCl 19.8886 3.9361 3.5662 
(19.4640, 20.3830) (3.8815, 3.9933) (3.5251, 3.6073) 

NaCl 19.5192 4.1178 3.8353 
(19.0366, 20.1512) (4.0819, 4.1570) (3.8035, 3.8681) 

CaCl2 
19.0089 4.3169 3.4211 

(18.7191, 19.2187) (4.2690, 4.3543) (3.3574, 3.4692) 

MgCl2 20.7124 4.1171 3.2454 
(19.6620, 21.6841) (4.0066, 4.2430) (3.1740, 3.3355) 

q = +28 

KCl 19.4758 5.3662 2.7967 
(19.2335, 19.7300) (5.3128, 5.4064) (2.7705, 2.8361) 

NaCl 19.4442 5.0541 3.8464 
(18.8315, 20.1200) (4.9851, 5.1231) (3.7955, 3.9014) 

CaCl2 20.3721 5.0627 3.3804 
(19.8922, 20.7787) (5.0159, 5.1268) (3.3415, 3.4158) 

MgCl2 19.6553 5.2496 3.1219 
(19.0637, 20.1341) (5.1763, 5.3445) (3.0896, 3.1492) 

q = +56 

KCl 34.5115 5.9188 2.8769 
(33.5170, 35.4007) (5.8091, 6.0438) (2.8533, 2.9031) 

NaCl 33.2447 5.4421 3.1159 
(32.0979, 34.4506) (5.3435, 5.5613) (3.0719, 3.1662) 

CaCl2 34.276 5.9863 3.4104 
(33.0005, 35.6497) (5.8654, 6.1173) (3.3265, 3.4815) 

MgCl2 33.9984 5.5821 3.7502 
(32.7877, 35.7208) (5.4438, 5.7227) (3.7375, 3.7660) 

q = +84 

KCl 65.7183 9.9659 3.3775 
(58.9919, 70.9438) (9.8466, 10.1265) (3.3480, 3.4211) 

NaCl 66.9624 9.5798 3.795 
(61.6642, 72.8107) (9.4816, 9.7022) (3.7449, 3.8336) 

CaCl2 70.221 8.9746 4.1496 
(67.1431, 73.0547) (8.8735, 9.0869) (4.1184, 4.1829) 

MgCl2 75.8178 9.2409 3.7241 
(72.3780, 79.9321) (9.1403, 9.3701) (3.7003, 3.7503) 
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Table A.3. Same as Table A.1, but for the case of DND–COOH. 

DND’s  
Charge Dissolved Salt 𝝉𝒓𝒆𝒔

(𝟏)  / ps 𝝉𝒓𝒆𝒔
(𝟐)  / ps 𝝉𝒓𝒆𝒔

(𝟑)  / ps 

q = 0 

KCl 22.4753 6.4011 2.9629 
(21.7155, 23.0924) (6.3443, 6.4768) (2.9452, 2.9805) 

NaCl 22.5284 6.3382 3.5139 
(22.1581, 23.0570) (6.3006, 6.3884) (3.4873, 3.5386) 

CaCl2 
24.7294 6.6171 3.8564 

(23.5696, 25.6512) (6.5422, 6.6912) (3.7855, 3.9249) 

MgCl2 23.2814 6.6087 3.5202 
(22.7015, 24.0326) (6.5736, 6.6409) (3.4479, 3.6096) 

q = –28 

KCl 22.2157 6.7708 4.0625 
(21.3730, 23.2283) (6.6802, 6.8982) (4.0386, 4.0854) 

NaCl 25.8 6.3876 4.088 
(24.6611, 26.7899) (6.2737, 6.5015) (4.0288, 4.1434) 

CaCl2 29.8023 7.4163 4.0446 
(29.2486, 30.3588) (7.3188, 7.5016) (4.0278, 4.0614) 

MgCl2 30.2519 9.3696 3.2749 
(29.2700, 31.1416) (9.1769, 9.5622) (3.1985, 3.3344) 

q = –56 

KCl 26.5493 7.2768 4.0805 
(25.5549, 27.8003) (7.1896, 7.3567) (4.0557, 4.1064) 

NaCl 27.9387 6.386 3.7467 
(26.9087, 28.7888) (6.2810, 6.5107) (3.7124, 3.7797) 

CaCl2 33.6438 8.1101 4.3028 
(32.9433, 34.4457) (7.7494, 8.4095) (4.2337, 4.3571) 

MgCl2 33.4188 11.6672 3.4274 
(32.0399, 35.0134) (11.5100, 11.7895) (3.3716, 3.4832) 

q = –84 

KCl 27.9886 8.9632 3.9673 
(26.5494, 29.9288) (8.8758, 9.0459) (3.9390, 3.9942) 

NaCl 34.8591 7.2222 3.1382 
(32.6337, 36.6374) (7.0323, 7.4388) (3.0916, 3.1961) 

CaCl2 53.261 10.5079 4.005 
(50.8361, 56.0259) (10.0197, 10.9478) (3.9661, 4.0488) 

MgCl2 51.2375 14.0457 4.0671 
(47.8200, 55.1412) (13.6343, 14.4077) (4.0148, 4.1203) 

Table A.4. Same as Table A.1, but for the case of DND–OH. 

DND’s  
Charge Dissolved Salt 𝝉𝒓𝒆𝒔

(𝟏)  / ps 𝝉𝒓𝒆𝒔
(𝟐)  / ps 𝝉𝒓𝒆𝒔

(𝟑)  / ps 

q = 0 

KCl 14.5962 5.0529 3.4329 
(14.4948, 14.6976) (4.9973, 5.1318) (3.3877, 3.4768) 

NaCl 13.4393 5.2695 2.9836 
(13.1881, 13.6539) (5.1494, 5.4089) (2.9467, 3.0252) 
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Table A.4. (continued) 

q = 0 
CaCl2 

13.7912 5.4795 3.6808 
(13.4245, 14.1818) (5.2767, 5.6842) (3.6367, 3.7296) 

MgCl2 15.248 4.8799 3.1115 
(14.9581, 15.5379) (4.8133, 4.9640) (3.0121, 3.1981) 
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B Appendix B 

This appendix contains tables of parameters introduced in Chapter 4 for the translational 

and the reorientational motion of water around various detonation nanodiamonds (DNDs) and ions 

in aqueous solutions. In Section B.1, the 95% confidence interval (CI) for the average diffusion 

coefficient of water in the whole hydration shell of each distinct DND in a specific salt solution is 

presented. We have calculated the CI using the bootstrap percentile method1, where the bootstrap 

distribution was obtained by resampling the initial sample data 10,000 times with replacement. We 

have computed the average value of all parameters in this appendix from five independent MD 

trajectories. Thus, the sample data for each distinct DND in a particular salt solution have five data 

points. 

B.1 Translational dynamics 

As it was mentioned in Section 4.2 of Chapter 4, the self-diffusion coefficient D is obtained 

from the slope of the Mean Square Displacement (MSD) vs. time plot. We estimated this slope 

from a linear regression model fitted to the plot. The Standard Error (SE) is provided in Table B.1–

Table B.5. for the estimate of D corresponding to each of five independent MD trajectories. 

Table B.1. The self-diffusion coefficient D of water in the whole hydration shell of DND–H with various surface 
chemistries. Di (i=1,2,…,5) corresponds to the ith MD trajectory and Dmean is the average value. Values of D, SE, and 
CI are expressed in 10-9 m2.sec-1.  

DND’s  
Charge Dissolved Salt D1 

(SE) 
D2 

(SE) 
D3 

(SE) 
D4 

(SE) 

D5 

(SE) 
Dmean 

(CI) 

q = 0 

KCl 
2.45 2.44 2.46 2.46 2.44 2.45 

(4.98E-3) (3.71E-3) (4.33E-3) (4.52E-3) (3.87E-3) (2.442, 2.458) 

NaCl 
2.45 2.38 2.41 2.41 2.44 2.418 

(4.29E-3) (3.71E-3) (4.08E-3) (3.61E-3) (3.75E-3) (2.398, 2.438) 

CaCl2 
2.32 2.39 2.39 2.4 2.37 2.374 

(2.78E-3) (3.37E-3) (3.38E-3) (3.75E-3) (3.86E-3) (2.346, 2.394) 

MgCl2 
2.37 2.37 2.34 2.37 2.39 2.368 

(2.88E-3) (3.44E-3) (4.07E-3) (3.34E-3) (3.50E-3) (2.352, 2.382) 

q = +28 

KCl 
2.23 2.22 2.2 2.21 2.2 2.212 

(4.75E-3) (4.76E-3) (4.30E-3) (4.83E-3) (5.44E-3) (2.202, 2.222) 

NaCl 
2.21 2.25 2.21 2.19 2.2 2.212 

(4.94E-3) (5.21E-3) (5.70E-3) (4.76E-3) (4.98E-3) (2.198, 2.232) 

CaCl2 
2.18 2.16 2.19 2.17 2.24 2.188 

(4.59E-3) (4.49E-3) (4.93E-3) (4.93E-3) (5.11E-3) (2.168, 2.214) 

MgCl2 
2.18 2.14 2.15 2.23 2.2 2.18 

(4.24E-3) (4.48E-3) (4.27E-3) (5.21E-3) (4.40E-3) (2.152, 2.208) 
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Table B.1. (continued). 

q = +56 

KCl 
2.14 2.15 2.15 2.15 2.17 2.152 

(4.97E-3) (6.08E-3) (6.13E-3) (5.50E-3) (6.64E-3) (2.144, 2.162) 

NaCl 
2.13 2.19 2.13 2.12 2.13 2.14 

(5.60E-3) (5.66E-3) (5.07E-3) (5.19E-3) (5.23E-3) (2.124, 2.166) 

CaCl2 
2.11 2.1 2.11 2.1 2.11 2.106 

(4.61E-3) (4.54E-3) (4.63E-3) (4.76E-3) (4.49E-3) (2.102, 2.110) 

MgCl2 
2.09 2.14 2.13 2.13 2.1 2.118 

(4.60E-3) (5.33E-3) (5.02E-3) (5.24E-3) (5.62E-3) (2.100, 2.134) 

q = +84 

KCl 
2.03 2.05 2 2.03 1.99 2.02 

(6.13E-3) (5.43E-3) (5.79E-3) (5.48E-3) (5.39E-3) (2.000, 2.038) 

NaCl 
2.04 2.02 2 2.02 2.04 2.024 

(5.41E-3) (5.82E-3) (5.00E-3) (5.74E-3) (5.88E-3) (2.012, 2.036) 

CaCl2 
2.01 2.03 2.06 2.02 2 2.024 

(5.44E-3) (5.41E-3) (5.52E-3) (6.19E-3) (5.48E-3) (2.008, 2.044) 

MgCl2 
2 1.98 2 2.05 2.02 2.01 

(4.99E-3) (4.87E-3) (5.39E-3) (5.13E-3) (5.03E-3) (1.992, 2.032) 

Table B.2. Same as Table B.1, but for the case of DND–NH2. 

DND’s  
Charge Dissolved Salt D1 

(SE) 
D2 

(SE) 
D3 

(SE) 
D4 

(SE) 

D5 

(SE) 
Dmean 

(CI) 

q = 0 

KCl 
1.95 1.93 1.94 1.98 1.98 1.956 

(5.85E-03) (6.26E-03) (5.47E-03) (6.16E-03) (6.36E-03) (1.938, 1.974) 

NaCl 
1.94 1.93 1.97 1.91 1.93 1.936 

(7.02E-03) (5.90E-03) (6.56E-03) (5.51E-03) (5.51E-03) (1.920, 1.954) 

CaCl2 
1.91 1.92 1.95 1.95 1.93 1.932 

(5.94E-03) (6.04E-03) (6.23E-03) (6.41E-03) (6.00E-03) (1.918, 1.946) 

MgCl2 
1.87 1.92 1.87 1.9 1.89 1.89 

(6.09E-03) (5.91E-03) (5.37E-03) (5.38E-03) (6.15E-03) (1.874, 1.906) 

q = +28 

KCl 1.99 1.93 1.94 1.94 1.93 1.946 
(7.38E-03) (6.12E-03) (5.96E-03) (6.89E-03) (5.78E-03) (1.932, 1.968) 

NaCl 
1.96 1.96 1.95 1.93 1.91 1.942 

(6.15E-03) (5.94E-03) (5.82E-03) (6.13E-03) (6.11E-03) (1.924, 1.958) 

CaCl2 
1.92 1.93 1.91 1.9 1.88 1.908 

(5.56E-03) (6.41E-03) (5.88E-03) (6.34E-03) (4.89E-03) (1.892, 1.922) 

MgCl2 
1.91 1.89 1.92 1.94 1.9 1.912 

(6.36E-03) (5.74E-03) (6.24E-03) (5.41E-03) (5.33E-03) (1.898, 1.928) 

q = +56 
KCl 1.85 1.85 1.81 1.87 1.83 1.842 

(6.51E-03) (5.86E-03) (5.29E-03) (6.80E-03) (4.90E-03) (1.826, 1.858) 

NaCl 1.87 1.85 1.85 1.84 1.82 1.846 
(6.15E-03) (6.39E-03) (5.78E-03) (5.52E-03) (5.75E-03) (1.832, 1.860) 
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Table B.2. (continued). 

 
CaCl2 

1.88 1.86 1.81 1.84 1.85 1.848 
(6.36E-03) (5.21E-03) (5.09E-03) (5.76E-03) (6.03E-03) (1.828, 1.868) 

MgCl2 
1.83 1.81 1.83 1.81 1.84 1.824 

(5.49E-03) (5.31E-03) (6.33E-03) (5.31E-03) (5.65E-03) (1.814, 1.834) 

q = +84 

KCl 1.68 1.71 1.66 1.65 1.68 1.676 
(6.62E-03) (6.30E-03) (6.40E-03) (5.67E-03) (6.29E-03) (1.658, 1.694) 

NaCl 1.67 1.65 1.7 1.71 1.68 1.682 
(6.03E-03) (5.11E-03) (4.85E-03) (6.10E-03) (6.87E-03) (1.664, 1.700) 

CaCl2 
1.66 1.66 1.69 1.67 1.66 1.668 

(5.76E-03) (5.62E-03) (6.38E-03) (5.19E-03) (5.53E-03) (1.660, 1.680) 

MgCl2 
1.67 1.68 1.65 1.66 1.66 1.664 

(5.42E-03) (5.22E-03) (5.65E-03) (5.73E-03) (5.42E-03) (1.656, 1.674) 

Table B.3. Same as Table B.1, but for the case of DND–COOH. 

DND’s  
Charge Dissolved Salt D1 

(SE) 
D2 

(SE) 
D3 

(SE) 
D4 

(SE) 

D5 

(SE) 
Dmean 

(CI) 

q = 0 

KCl 1.9 1.9 1.87 1.91 1.85 1.886 
(7.34E-03) (8.11E-03) (7.26E-03) (6.81E-03) (6.29E-03) (1.866, 1.904) 

NaCl 1.86 1.86 1.84 1.88 1.88 1.864 
(6.97E-03) (6.45E-03) (5.99E-03) (6.49E-03) (6.60E-03) (1.852, 1.876) 

CaCl2 
1.84 1.81 1.82 1.82 1.86 1.83 

(7.30E-03) (6.65E-03) (7.27E-03) (6.06E-03) (7.57E-03) (1.816, 1.848) 

MgCl2 
1.84 1.8 1.83 1.82 1.84 1.826 

(6.36E-03) (6.99E-03) (6.93E-03) (6.28E-03) (6.43E-03) (1.812, 1.838) 

q = –28 

KCl 1.94 1.92 1.91 1.89 1.85 1.902 
(6.73E-03) (6.85E-03) (6.64E-03) (6.12E-03) (6.48E-03) (1.874, 1.926) 

NaCl 1.82 1.86 1.85 1.9 1.87 1.86 
(5.99E-03) (6.90E-03) (6.53E-03) (6.77E-03) (6.65E-03) (1.836, 1.882) 

CaCl2 
1.72 1.73 1.73 1.74 1.74 1.732 

(6.06E-03) (6.46E-03) (6.06E-03) (5.97E-03) (6.31E-03) (1.726, 1.738) 

MgCl2 
1.6 1.6 1.62 1.58 1.6 1.6 

(5.52E-03) (5.76E-03) (6.04E-03) (5.61E-03) (6.17E-03) (1.588, 1.612) 

q = –56 

KCl 
1.83 1.85 1.83 1.8 1.84 1.83 

(6.44E-03) (7.76E-03) (6.75E-03) (6.06E-03) (8.00E-03) (1.814, 1.842) 

NaCl 1.8 1.78 1.81 1.81 1.77 1.794 
(6.61E-03) (7.22E-03) (6.48E-03) (6.42E-03) (6.72E-03) (1.780, 1.808) 

CaCl2 
1.61 1.53 1.57 1.54 1.56 1.562 

(6.57E-03) (6.55E-03) (5.70E-03) (6.04E-03) (6.17E-03) (1.540, 1.588) 

MgCl2 
1.34 1.32 1.31 1.34 1.36 1.334 

(5.74E-03) (4.95E-03) (5.05E-03) (4.83E-03) (5.55E-03) (1.318, 1.348) 
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Table B.3. (continued) 

q = –84 

KCl 
1.76 1.8 1.76 1.79 1.76 1.774 

(6.23E-03) (7.21E-03) (6.56E-03) (6.88E-03) (6.81E-03) (1.760, 1.790) 

NaCl 
1.69 1.68 1.7 1.67 1.7 1.688 

(6.60E-03) (5.35E-03) (6.95E-03) (6.27E-03) (6.73E-03) (1.678, 1.698) 

CaCl2 
1.39 1.39 1.37 1.38 1.41 1.388 

(5.69E-03) (5.57E-03) (5.32E-03) (6.33E-03) (5.78E-03) (1.376, 1.400) 

MgCl2 
1.2 1.19 1.18 1.21 1.19 1.194 

(5.01E-03) (4.80E-03) (4.68E-03) (5.37E-03) (5.03E-03) (1.186, 1.204) 

Table B.4. Same as Table B.1, but for the case of DND–OH. 

DND’s  
Charge Dissolved Salt D1 

(SE) 
D2 

(SE) 
D3 

(SE) 
D4 

(SE) 

D5 

(SE) 
Dmean 

(CI) 

q = 0 

KCl 
2.01 2.07 2.05 2.01 2.02 2.032 

(5.89E-03) (7.01E-03) (5.41E-03) (4.80E-03) (5.92E-03) (2.012, 2.054) 

NaCl 
2.04 2 2 2 2.01 2.01 

(6.37E-03) (5.72E-03) (5.81E-03) (5.18E-03) (5.89E-03) (2.000, 2.026) 

CaCl2 
2.02 2 1.98 1.98 1.98 1.992 

(5.29E-03) (6.45E-03) (6.59E-03) (5.73E-03) (5.40E-03) (1.980, 2.008) 

MgCl2 
1.93 1.99 1.98 1.92 1.96 1.956 

(4.99E-03) (5.89E-03) (6.30E-03) (5.34E-03) (6.05E-03) (1.932, 1.980) 

Table B.5. Same as Table B.1, but for the case of the bulk water, which corresponds to the region outside the whole 
hydration shell of the neutral DND–H in different salt solutions. 

Dissolved Salt D1 

(SE) 
D2 

(SE) 
D3 

(SE) 
D4 

(SE) 

D5 

(SE) 
Dmean 

(CI) 

KCl 
2.68 2.67 2.65 2.66 2.65 2.662 

(1.26E-03) (1.56E-03) (1.56E-03) (1.47E-03) (1.46E-03) (2.652, 2.672) 

NaCl 
2.65 2.63 2.62 2.63 2.65 2.636 

(1.22E-03) (1.50E-03) (1.66E-03) (1.32E-03) (1.52E-03) (2.626, 2.646) 

CaCl2 
2.61 2.56 2.6 2.59 2.58 2.588 

(1.61E-03) (1.55E-03) (1.38E-03) (1.44E-03) (1.60E-03) (2.572, 2.602) 

MgCl2 
2.53 2.57 2.58 2.56 2.57 2.562 

(1.59E-03) (1.38E-03) (9.97E-04) (1.20E-03) (1.64E-03) (2.546, 2.574) 
 
B.2 Reorientational dynamics 

In this section parameters of the Extended Wobble-In-Cone (EWIC) model for the 

reorientational dynamics of the dipole moment and OH bonds of water in the two closest hydration 

layers to the facets of DNDs as well as the first hydration shell of ions are presented. We defined 

the EWIC model in Chapter 2 and employed in Chapter 4 to study the reorientational dynamics of 
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water. The values throughout this section are averaged over the five independent MD trajectories. 

Due to the space limit, the bootstrapped CI for these point estimates are not presented here. 

B.2.1 First hydration layer of DNDs 

B.2.1.1 Water’s dipole reorientation parameters 

Table B.6. The EWIC parameters for the dipole reorientations of water in the first hydration layer of DND–H with 
various surface chemistries. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

KCl 0.10364 3.86686 13.10119 4.16814 55.81 0.05085 0.01297 
NaCl 0.10806 4.07464 14.35162 4.22332 57.75 0.05024 0.0118 
CaCl2 0.10728 3.97407 13.2983 4.20704 55.97 0.0496 0.01287 
MgCl2 0.10925 3.97346 15.67982 4.40647 58.14 0.05204 0.0107 

q = +28 

KCl 0.09897 4.0275 14.2902 7.86731 38.64 0.02842 0.01176 
NaCl 0.0783 3.79346 14.28877 8.0469 37.69 0.02906 0.01173 
CaCl2 0.0997 4.4814 16.065 8.39383 40.43 0.02751 0.01044 
MgCl2 0.07724 3.57976 14.06563 8.14519 36.60 0.0294 0.01188 

q = +56 

KCl 0.09886 3.89898 17.83693 10.07563 37.17 0.0275 0.0094 
NaCl 0.10035 3.98535 18.4576 10.21093 37.85 0.02768 0.00909 
CaCl2 0.10198 4.09401 18.99653 10.61264 37.42 0.02665 0.00884 
MgCl2 0.06058 3.4492 18.57953 10.65996 36.00 0.02988 0.00913 

q = +84 

KCl 0.0833 3.85082 29.19301 14.01016 41.08 0.03287 0.00573 
NaCl 0.10213 4.02185 30.79973 14.5868 41.45 0.03183 0.00542 
CaCl2 0.1043 4.01204 28.93855 14.16938 40.63 0.03089 0.00577 
MgCl2 0.07845 3.66457 28.57006 14.40992 39.54 0.03251 0.0059 

Table B.7. Same as Table B.6, but for the case of DND–NH2. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

KCl 0.09803 3.82421 13.53894 7.2417 39.76 0.03131 0.01238 
NaCl 0.10015 4.00659 15.435 7.96411 40.67 0.03116 0.01086 
CaCl2 0.10065 3.88216 15.48775 8.07627 40.16 0.03142 0.01083 
MgCl2 0.09974 3.98522 15.19604 7.88507 40.59 0.03112 0.01099 

q = +28 

KCl 0.08331 3.86859 31.98036 14.88264 41.61 0.03348 0.00525 
NaCl 0.10222 4.09615 34.64087 15.3588 42.93 0.03308 0.00483 
CaCl2 0.10453 4.01266 32.37021 14.63898 42.34 0.03301 0.00521 
MgCl2 0.08194 3.89342 33.47322 15.56957 41.64 0.03327 0.00502 

q = +56 

KCl 0.0751 3.49801 78.85178 41.216 37.22 0.03066 0.00214 
NaCl 0.08006 3.54086 88.90453 44.52133 37.97 0.03148 0.00207 
CaCl2 0.05796 3.475 82.16318 43.40347 36.92 0.03044 0.00207 
MgCl2 0.0948 3.45173 81.15085 42.16081 37.38 0.03127 0.00207 
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Table B.7. (continued) 

q = +84 

KCl 0.07861 3.2298 331.2225 218.31221 29.70 0.02225 0.00052 
NaCl 0.07866 3.25566 413.62591 270.05705 29.83 0.02232 0.00049 
CaCl2 0.06179 3.11535 377.14295 247.59176 29.78 0.02323 0.00048 
MgCl2 0.06224 3.04579 368.90627 241.75343 29.74 0.02383 0.0005 

Table B.8. Same as Table B.6, but for the case of DND–COOH. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

KCl 0.0848 3.82421 22.39306 8.62504 47.06 0.04443 0.00756 
NaCl 0.08127 4.00659 20.06443 7.95922 46.73 0.0456 0.00833 
CaCl2 0.08073 3.88216 18.87747 8.06852 44.82 0.04384 0.00888 
MgCl2 0.10074 3.98522 20.22526 7.95827 47.01 0.04391 0.00828 

q = –28 

KCl 0.10496 3.86859 35.51699 14.11705 44.98 0.04012 0.00487 
NaCl 0.10283 4.09615 30.75229 12.39242 45.15 0.04064 0.0055 
CaCl2 0.09758 4.01266 45.49722 19.87256 42.48 0.03851 0.00368 
MgCl2 0.09316 3.89342 51.12286 23.88304 40.53 0.03525 0.00336 

q = –56 

KCl 0.09957 3.49801 44.89813 21.65666 40.00 0.03351 0.00373 
NaCl 0.10076 3.54086 43.15506 19.56906 41.61 0.03529 0.0039 
CaCl2 0.08986 3.475 77.60349 40.90907 37.06 0.02933 0.00217 
MgCl2 0.05823 3.45173 88.38432 50.54925 34.48 0.02579 0.00196 

q = –84 

KCl 0.08581 3.2298 77.15366 43.78132 34.88 0.02739 0.0022 
NaCl 0.07846 3.25566 60.41896 30.98359 37.87 0.03163 0.00288 
CaCl2 0.07862 3.11535 140.95671 89.58144 31.01 0.02495 0.00124 
MgCl2 0.07809 3.04579 164.48044 111.97313 28.74 0.02023 0.00102 

Table B.9. Same as Table B.6, but for the case of DND–OH. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

KCl 0.09979 4.13937 12.67506 5.95401 44.87 0.03504 0.0132 
NaCl 0.09902 4.1569 12.61647 5.98507 44.66 0.03472 0.01322 
CaCl2 0.0982 4.10773 13.58546 6.2971 44.82 0.03525 0.01239 
MgCl2 0.07922 4.04983 12.83891 5.89379 45.54 0.03666 0.01303 

B.2.1.2 Water’s OH reorientation parameters 

Table B.10. The EWIC parameters for the OH reorientations of water in the first hydration layer of DND–H with 
various surface chemistries. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 
KCl 0.12142 3.11636 15.37138 3.19053 64.32 0.07364 0.01089 
NaCl 0.1201 3.03949 18.24148 3.32216 65.20 0.07629 0.00939 
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Table B.10. (continued). 

q = 0 
CaCl2 0.12391 3.15439 16.08699 3.18378 64.92 0.07325 0.0106 
MgCl2 0.12711 3.11379 20.01955 3.33645 66.54 0.07573 0.00861 

q = +28 

KCl 0.10575 4.71667 11.24145 5.91147 42.65 0.02846 0.01498 
NaCl 0.10829 4.97156 12.01114 6.07143 43.90 0.0281 0.01411 
CaCl2 0.10084 4.48225 11.42689 6.14744 41.33 0.02836 0.01475 
MgCl2 0.082 4.29991 11.21921 6.18347 40.52 0.02874 0.01488 

q = +56 

KCl 0.10062 4.05743 12.94021 7.58367 37.12 0.02636 0.01307 
NaCl 0.08448 4.29602 12.79358 7.44502 37.91 0.02585 0.01313 
CaCl2 0.10051 4.08629 12.95827 7.96991 35.53 0.02427 0.01289 
MgCl2 0.10107 4.21205 14.05662 8.28868 36.95 0.02523 0.01195 

q = +84 

KCl 0.11139 4.38285 16.18658 7.74503 43.50 0.03151 0.01061 
NaCl 0.0887 4.21055 15.13697 7.72799 41.93 0.03105 0.01104 
CaCl2 0.10479 4.11304 15.89739 8.21487 41.11 0.03072 0.01054 
MgCl2 0.10641 4.26319 16.26784 8.42471 40.89 0.02948 0.01045 

Table B.11. Same as Table B.10, but for the case of DND–NH2. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

KCl 0.06099 3.52571 11.44787 6.51489 38.40 0.03211 0.01458 
NaCl 0.10326 4.08567 12.78403 6.86232 40.56 0.03025 0.0131 
CaCl2 0.10136 3.98114 13.35112 7.09269 40.62 0.0312 0.01255 
MgCl2 0.10457 4.2332 12.95901 6.86546 41.10 0.02985 0.01293 

q = +28 

KCl 0.0857 3.83243 14.00856 7.02776 42.13 0.03452 0.01201 
NaCl 0.11085 4.23908 15.50304 7.03958 45.30 0.0348 0.01087 
CaCl2 0.11049 4.26547 14.75362 6.86632 44.71 0.03382 0.01146 
MgCl2 0.10784 4.05986 15.1 7.23756 43.46 0.03399 0.01117 

q = +56 

KCl 0.11217 3.92972 18.36015 8.44096 43.80 0.03556 0.00914 
NaCl 0.10896 3.8354 17.855 8.11723 43.94 0.03657 0.00953 
CaCl2 0.10863 3.9424 18.29714 8.47359 43.60 0.03519 0.0092 
MgCl2 0.11672 4.03992 19.01531 8.52197 44.46 0.0355 0.00885 

q = +84 

KCl 0.10504 4.03736 29.75869 15.24394 39.34 0.02909 0.00563 
NaCl 0.08581 4.03548 31.19988 15.76293 39.64 0.0297 0.00536 
CaCl2 0.10229 3.92536 28.07036 14.0723 39.79 0.03049 0.00609 
MgCl2 0.10577 4.04257 28.04591 14.27144 39.58 0.02942 0.006 

Table B.12. Same as Table B.10, but for the case of DND–COOH. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

KCl 0.10894 3.25256 12.64887 4.48624 51.89 0.05509 0.01333 
NaCl 0.11073 3.29675 12.25895 4.23531 53.01 0.05599 0.01367 
CaCl2 0.11541 3.4871 12.46019 4.31982 53.14 0.05305 0.01346 
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Table B.12. (continued). 

q = 0 MgCl2 0.1136 3.41655 12.49947 4.30965 53.10 0.05412 0.01344 

q = –28 

KCl 0.11545 3.50032 20.04581 7.401 48.86 0.04706 0.00833 
NaCl 0.1148 3.45982 16.96733 6.17414 49.88 0.04907 0.00986 
CaCl2 0.11005 3.40945 18.14813 6.67398 49.28 0.04897 0.00922 
MgCl2 0.10978 3.47664 26.68515 10.69415 45.83 0.04319 0.00626 

q = –56 

KCl 0.11415 3.99713 32.73922 14.16831 43.57 0.03482 0.00516 
NaCl 0.11057 3.64795 25.13019 10.57239 44.77 0.03972 0.0067 
CaCl2 0.10822 3.62789 29.98238 12.91461 43.71 0.03842 0.00563 
MgCl2 0.0982 3.67278 43.12943 22.6804 37.76 0.02989 0.00391 

q = –84 

KCl 0.07335 3.42389 47.1118 26.72868 35.36 0.02863 0.00355 
NaCl 0.10961 3.65285 37.01562 17.04516 41.62 0.03531 0.00457 
CaCl2 0.09511 3.49052 42.96813 22.48444 37.86 0.03156 0.00393 
MgCl2 0.0733 3.54145 58.97455 35.07482 33.49 0.02531 0.0029 

Table B.13. Same as Table B.10, but for the case of DND–OH. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

KCl 0.11006 4.38607 11.18679 5.18982 46.84 0.03525 0.01498 
NaCl 0.08085 3.87792 10.22838 5.15341 43.81 0.03625 0.01633 
CaCl2 0.10231 4.16797 11.11882 5.26219 45.86 0.03599 0.0151 
MgCl2 0.09713 3.79553 9.92295 4.97572 43.94 0.03697 0.0169 

B.2.2 Second hydration layer of DNDs 

B.2.2.1 Water’s dipole reorientation parameters 

Table B.14. The EWIC parameters for the dipole reorientations of water in the second hydration layer of DND–H 
with various surface chemistries. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

KCl 0.11166 2.69776 55.91193 4.53673 70.83 0.09131 0.00303 
NaCl 0.11181 2.69807 70.18191 5.05595 71.12 0.09152 0.00258 
CaCl2 0.11766 2.70751 185.57519 10.16271 71.40 0.09144 0.00099 
MgCl2 0.11428 2.77626 55.82115 5.21227 68.91 0.08724 0.00318 

q = +28 

KCl 0.11659 3.03506 38.75697 4.49298 67.95 0.07898 0.0046 
NaCl 0.11625 3.06894 31.97003 4.25949 66.97 0.07724 0.00551 
CaCl2 0.11491 3.04128 42.56867 4.73459 66.89 0.0778 0.00555 
MgCl2 0.12195 3.0783 56.03799 5.37553 68.08 0.07789 0.00395 

q = +56 

KCl 0.11639 3.2741 21.53006 4.14283 63.35 0.06904 0.00793 
NaCl 0.11668 3.29336 21.38162 4.13761 63.06 0.06832 0.0082 
CaCl2 0.09577 3.19266 24.5558 4.2908 63.99 0.07139 0.00714 
MgCl2 0.11576 3.31228 21.50806 4.11936 63.61 0.06852 0.00793 
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Table B.14. (continued). 

q = +84 

KCl 0.09333 3.47179 19.09064 4.67155 59.27 0.06084 0.00893 
NaCl 0.11789 3.52715 19.97241 4.6794 59.54 0.06003 0.00892 
CaCl2 0.11972 3.48526 22.06182 4.53486 62.13 0.06367 0.00775 
MgCl2 0.09026 3.4093 18.21596 4.29187 60.11 0.06281 0.00965 

Table B.15. Same as Table B.14, but for the case of DND–NH2. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

KCl 0.11553 3.24452 22.7759 3.65373 66.82 0.07299 0.00756 
NaCl 0.09292 3.1725 25.81392 3.84306 66.89 0.07462 0.00685 
CaCl2 0.11499 3.2577 23.73944 3.98874 65.32 0.07131 0.00733 
MgCl2 0.11997 3.31055 26.34426 4.05523 65.92 0.07065 0.00708 

q = +28 

KCl 0.1168 3.37811 19.28684 4.18067 61.58 0.06503 0.00908 
NaCl 0.11896 3.3954 20.15383 4.27448 61.46 0.06447 0.0089 
CaCl2 0.11027 3.27678 17.61771 4.02729 60.87 0.0662 0.00985 
MgCl2 0.11261 3.36678 17.7135 4.0532 61.15 0.06479 0.0097 

q = +56 

KCl 0.11666 3.49294 20.21763 5.1975 57.75 0.05872 0.0083 
NaCl 0.1117 3.3706 19.71152 5.13757 57.20 0.06015 0.00871 
CaCl2 0.11369 3.42455 17.00113 4.72925 56.95 0.05895 0.00988 
MgCl2 0.11491 3.42383 21.13236 5.06547 58.99 0.06139 0.00798 

q = +84 

KCl 0.1152 3.55162 22.5721 7.27609 51.78 0.05032 0.00744 
NaCl 0.11335 3.54414 20.72253 6.77191 51.89 0.0506 0.00807 
CaCl2 0.11756 3.59272 21.17412 6.65114 52.66 0.05085 0.00795 
MgCl2 0.11527 3.57153 20.57189 6.37947 53.20 0.05188 0.00816 

Table B.16. Same as Table B.14, but for the case of DND–COOH.  

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

KCl 0.09194 3.26783 16.81392 3.42549 64.44 0.07019 0.01029 
NaCl 0.11381 3.2675 16.67022 3.31789 65.48 0.07133 0.01006 
CaCl2 0.11976 3.36206 20.09611 3.62296 65.80 0.06951 0.00861 
MgCl2 0.11407 3.35238 16.75072 3.42015 64.24 0.06826 0.0108 

q = –28 

KCl 0.09455 3.27842 14.13868 3.33623 62.29 0.06768 0.0124 
NaCl 0.11442 3.30771 15.18724 3.50863 62.53 0.06748 0.01111 
CaCl2 0.11258 3.26397 22.42847 4.71541 60.85 0.06646 0.00771 
MgCl2 0.1201 3.42888 35.70922 7.94023 57.62 0.05967 0.00478 

q = –56 

KCl 0.11517 3.3366 13.3467 3.55792 60.10 0.06435 0.01253 
NaCl 0.06963 3.09128 16.31849 3.91419 59.69 0.0687 0.01081 
CaCl2 0.11379 3.3617 23.32952 6.39689 55.08 0.05763 0.00733 
MgCl2 0.09227 3.35022 35.28489 10.33152 51.85 0.05341 0.005 
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Table B.16. (continued). 

q = –84 

KCl 0.11405 3.38643 13.90751 3.8241 56.73 0.06197 0.01205 
NaCl 0.11498 3.31587 15.98029 3.86546 57.42 0.0649 0.01087 
CaCl2 0.11545 3.41586 32.02352 9.14168 49.07 0.05383 0.00528 
MgCl2 0.11709 3.58314 45.13216 13.72688 48.33 0.04846 0.00386 

Table B.17. Same as Table B.14, but for the case of DND–OH.  

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

KCl 0.11619 3.14839 25.16275 3.55633 68.42 0.07651 0.00686 
NaCl 0.11282 3.21427 19.62693 3.39522 66.77 0.07355 0.00868 
CaCl2 0.11214 3.22398 25.15029 3.98545 65.97 0.0727 0.00706 
MgCl2 0.09594 3.15611 34.31474 4.42988 65.84 0.07384 0.00688 

B.2.2.2 Water’s OH reorientation parameters 

Table B.18. The EWIC parameters for the OH reorientations of water in the second hydration layer of DND–H with 
various surface chemistries. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

KCl 0.12169 2.54351 136.15496 6.88057 72.79 0.09827 0.00126 
NaCl 0.11899 2.46407 70.15369 4.8824 71.49 0.10069 0.00245 
CaCl2 0.11833 2.52006 74.73188 5.31104 71.08 0.09795 0.00223 
MgCl2 0.12603 2.60936 163.37722 9.0606 71.54 0.09495 0.00108 

q = +28 

KCl 0.12604 2.78015 52.00507 4.50472 70.60 0.08846 0.00323 
NaCl 0.12184 2.76796 59.58466 4.93594 70.20 0.08852 0.00306 
CaCl2 0.12801 2.80236 69.25819 5.11338 71.09 0.08811 0.0027 
MgCl2 0.12728 2.80126 65.20207 5.27144 69.96 0.08726 0.00313 

q = +56 

KCl 0.12615 3.0623 28.78902 3.94791 67.62 0.07796 0.00605 
NaCl 0.12518 3.07253 26.95326 3.80498 66.91 0.07715 0.00719 
CaCl2 0.1294 2.99448 32.39585 4.1205 67.75 0.07984 0.0056 
MgCl2 0.12318 3.03606 31.9619 4.07838 68.04 0.07907 0.00548 

q = +84 

KCl 0.12529 3.49355 20.27677 4.09844 63.95 0.06533 0.00829 
NaCl 0.11995 3.50863 16.84356 3.92253 61.96 0.06305 0.01032 
CaCl2 0.12525 3.45744 19.46282 3.85753 64.76 0.06671 0.00862 
MgCl2 0.12303 3.39793 23.4116 4.08345 65.29 0.06832 0.00759 

Table B.19. Same as Table B.18, but for the case of DND–NH2. 

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 
KCl 0.1256 2.97739 44.97235 4.15747 70.60 0.0826 0.00435 
NaCl 0.1252 2.95322 67.93402 4.97107 71.23 0.08373 0.00324 
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Table B.19. (continued). 

q = 0 
CaCl2 0.12397 3.03407 36.78822 3.93837 69.81 0.0805 0.0051 
MgCl2 0.12396 2.99647 53.49448 4.63889 70.29 0.08187 0.00383 

q = +28 

KCl 0.12611 3.29119 23.74634 3.68855 67.35 0.07233 0.00757 
NaCl 0.12374 3.27334 20.44107 3.58883 66.44 0.07199 0.0084 
CaCl2 0.12244 3.23722 22.52328 3.705 66.08 0.07248 0.00842 
MgCl2 0.12343 3.31093 20.00539 3.61084 66.40 0.07117 0.00836 

q = +56 

KCl 0.11609 3.53709 13.93016 3.84488 59.77 0.06023 0.01206 
NaCl 0.12102 3.53613 15.38809 3.78538 61.86 0.06246 0.01098 
CaCl2 0.12183 3.42606 16.45334 3.71484 61.32 0.06343 0.01188 
MgCl2 0.11913 3.45071 16.54705 3.76459 62.71 0.06475 0.01046 

q = +84 

KCl 0.11869 3.79764 13.93567 4.68234 54.27 0.04995 0.01228 
NaCl 0.12002 3.74762 13.26919 4.6145 53.84 0.05024 0.01274 
CaCl2 0.11984 3.86104 13.379 4.41672 55.68 0.05086 0.01248 
MgCl2 0.11141 3.74014 12.68319 4.25642 55.43 0.05218 0.01321 

Table B.20. Same as Table B.18, but for the case of DND–COOH.  

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

KCl 0.12117 3.17328 21.37023 3.35495 68.41 0.07589 0.00805 
NaCl 0.11983 3.13419 21.62062 3.26128 69.18 0.07754 0.00788 
CaCl2 0.12445 3.18099 28.15779 3.55743 69.39 0.07645 0.00688 
MgCl2 0.12113 3.27945 19.81092 3.29788 68.10 0.07326 0.00896 

q = –28 

KCl 0.12233 3.17748 20.51327 3.26178 68.66 0.07604 0.00838 
NaCl 0.12157 3.16474 19.43331 3.27376 67.85 0.07567 0.00877 
CaCl2 0.11847 3.30643 18.31617 3.58878 64.84 0.06977 0.00963 
MgCl2 0.12685 3.60622 17.4081 4.22293 61.27 0.06071 0.00959 

q = –56 

KCl 0.1209 3.29344 13.10035 3.08562 64.55 0.06982 0.01279 
NaCl 0.12228 3.17842 17.60842 3.29891 66.25 0.07397 0.00977 
CaCl2 0.12148 3.5258 15.03365 3.85385 61.08 0.06189 0.01109 
MgCl2 0.1197 3.65213 14.48403 4.7125 54.96 0.05291 0.01159 

q = –84 

KCl 0.12031 3.46558 11.82026 3.2452 61.78 0.06364 0.01417 
NaCl 0.09493 3.19332 13.13413 3.13321 63.32 0.07058 0.01312 
CaCl2 0.12045 3.60725 15.54391 4.50789 57.23 0.05625 0.0109 
MgCl2 0.11406 3.6089 16.1861 5.59508 52.25 0.0501 0.01049 

Table B.21. Same as Table B.18, but for the case of DND–OH.  

DND’s  
Charge 

Dissolved 
Salt 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

KCl 0.12246 2.94594 37.54282 3.71859 71.10 0.08379 0.00475 
NaCl 0.12487 2.97815 38.57316 3.73137 71.28 0.08306 0.00478 
CaCl2 0.12189 3.07883 23.98606 3.49739 68.39 0.07817 0.00727 
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Table B.21. (continued). 

q = 0 MgCl2 0.12571 3.01141 54.38633 4.53826 70.19 0.08131 0.00455 

B.2.3 First hydration shell of ions (dissolved in aqueous solutions of the neutral DND–H) 

B.2.3.1 Water’s dipole reorientation parameters 

Table B.22. The EWIC parameters for the dipole reorientations of water in the first hydration shell of different ions 
that are dissolved in the aqueous solution of the neutral DND–H. 

Dissolved 
Ion 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

K+ 0.0829 2.3039 7.42977 3.49639 44.71 0.06301 0.02249 
Na+ 0.09689 2.05955 13.18624 6.49247 40.60 0.06011 0.01264 
Ca2+ 0.05882 1.18104 20.78416 16.82372 21.55 0.03372 0.00802 
Mg2+ 0.07922 1.43321 39.42366 34.28938 17.47 0.01858 0.00423 

Cl– (KCl) 0.10111 4.30518 6.46691 3.31861 47.73 0.03701 0.02583 
Cl– (NaCl) 0.1012 4.13089 6.52057 3.35873 46.67 0.037 0.02595 
Cl– (CaCl2) 0.08199 4.05019 7.43666 3.48517 49.18 0.04087 0.02307 
Cl– (MgCl2) 0.08274 4.11281 8.06629 3.66594 50.41 0.04193 0.02069 

B.2.3.2 Water’s OH reorientation parameters 

Table B.23. Same as Table B.22, but for the case of OH reorientations. 

Dissolved 
Ion 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

K+ 0.08561 2.6476 4.37994 2.30627 45.67 0.05758 0.03858 
Na+ 0.11331 2.9056 6.71265 2.74688 52.27 0.06225 0.02491 
Ca2+ 0.08728 4.02615 10.40717 4.61461 49.23 0.04135 0.01611 
Mg2+ 0.09371 5.94729 13.9436 8.73747 36.79 0.01763 0.01198 

Cl– (KCl) 0.07496 2.19878 5.25782 3.9301 27.26 0.03213 0.03186 
Cl– (NaCl) 0.06072 2.42466 5.33355 3.95745 27.98 0.03627 0.03151 
Cl– (CaCl2) 0.07567 2.74527 5.1646 3.87307 27.65 0.02497 0.03234 
Cl– (MgCl2) 0.06571 3.102 5.49449 3.97053 29.89 0.02774 0.03066 

B.2.4 First hydration shell of Cations (dissolved in aqueous solutions of different DNDs) 

The results of this sub-section differ from those of Section B.2.3 in the sense that the EWIC 

parameters here are presented for water in the first hydration shell of cations dissolved in the 

aqueous solutions of various DNDs with a distinct surface chemistry. As a reminder, only one 

DND particle is solvated in the solution. 
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B.2.4.1 Water’s dipole reorientation parameters 

Table B.24. The EWIC parameters for the dipole reorientations of water in the first hydration shell of different cations 
that are dissolved in the aqueous solutions of DND–H with various surface chemistries. 

DND’s  
Charge 

Dissolved 
Cation 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

K+ 0.0829 2.3039 7.42977 3.49639 44.71 0.06301 0.02249 
Na+ 0.09689 2.05955 13.18624 6.49247 40.60 0.06011 0.01264 
Ca2+ 0.05882 1.18104 20.78416 16.82372 21.55 0.03372 0.00802 
Mg2+ 0.07922 1.43321 39.42366 34.28938 17.47 0.01858 0.00423 

q = +28 

K+ 0.10374 2.40738 7.29096 3.47959 44.52 0.05954 0.02289 
Na+ 0.07619 1.9397 12.63357 6.37409 39.87 0.06209 0.0132 
Ca2+ 0.04724 1.12702 20.68639 16.73477 21.57 0.03631 0.00806 
Mg2+ 0.07979 1.56517 39.20475 34.01707 17.62 0.01796 0.00426 

q = +56 

K+ 0.10508 2.47426 7.88289 3.5578 45.92 0.06082 0.02138 
Na+ 0.09899 2.08028 12.92148 6.38736 40.54 0.05942 0.0129 
Ca2+ 0.04551 1.01164 20.55899 16.69122 21.38 0.03877 0.00811 
Mg2+ 0.08164 1.67836 40.72044 35.27044 17.73 0.01725 0.0041 

q = +84 

K+ 0.10437 2.47504 7.49595 3.5 45.27 0.05964 0.02226 
Na+ 0.09817 2.07532 12.9712 6.38938 40.60 0.05979 0.01288 
Ca2+ 0.04778 1.14513 21.07545 17.0369 21.61 0.03647 0.00791 
Mg2+ 0.0766 1.3072 39.46178 34.33365 17.45 0.02031 0.00422 

Table B.25. Same as Table B.24, but for the case of DND–NH2. 

DND’s  
Charge 

Dissolved 
Cation 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

K+ 0.10781 2.56877 8.28298 3.70633 46.25 0.05917 0.02018 
Na+ 0.10087 2.19523 14.03397 6.81992 40.95 0.05721 0.01189 
Ca2+ 0.05709 1.09998 20.86294 16.88738 21.53 0.03592 0.00799 
Mg2+ 0.08061 1.69753 41.65024 36.04191 17.78 0.01692 0.00401 

q = +28 

K+ 0.1018 2.38184 7.52371 3.50642 45.12 0.06159 0.02219 
Na+ 0.07964 2.01229 12.91599 6.39736 40.42 0.06151 0.01292 
Ca2+ 0.05788 1.15195 20.79339 16.83256 21.54 0.03507 0.00802 
Mg2+ 0.07846 1.4283 40.27604 34.96305 17.59 0.019 0.00414 

q = +56 

K+ 0.08983 2.54325 7.88044 3.53479 46.38 0.0605 0.0213 
Na+ 0.09815 2.11124 13.1076 6.44505 40.69 0.0589 0.01273 
Ca2+ 0.04523 0.97869 20.43708 16.59763 21.35 0.04109 0.00816 
Mg2+ 0.08057 1.53559 39.44362 34.26602 17.55 0.01771 0.00423 

q = +84 

K+ 0.1046 2.4729 7.5373 3.48915 45.50 0.05999 0.02216 
Na+ 0.09965 2.11818 13.38417 6.51263 40.95 0.05956 0.01246 
Ca2+ 0.05576 1.06158 20.66181 16.75036 21.45 0.03729 0.00807 
Mg2+ 0.07908 1.43758 39.74972 34.54095 17.53 0.01918 0.0042 
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Table B.26. Same as Table B.24, but for the case of DND–COOH.  

DND’s  
Charge 

Dissolved 
Cation 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

K+ 0.12026 2.81633 11.28367 4.18538 50.42 0.06114 0.01504 
Na+ 0.09876 2.13954 13.72261 6.70414 40.81 0.0584 0.01215 
Ca2+ 0.05595 1.10087 21.20264 17.16102 21.54 0.03683 0.00786 
Mg2+ 0.0797 1.62684 40.51071 35.07157 17.77 0.01764 0.00412 

q = –28 

K+ 0.12337 2.86127 17.12025 5.67332 51.28 0.06166 0.00982 
Na+ 0.10431 2.33108 15.90806 7.52812 41.52 0.05515 0.0105 
Ca2+ 0.0644 1.59551 23.89434 19.05123 22.33 0.02663 0.00698 
Mg2+ 0.08111 1.81068 45.13935 39.07959 17.75 0.01535 0.0037 

q = –56 

K+ 0.10259 2.88231 26.00231 8.04311 51.28 0.06136 0.00646 
Na+ 0.10479 2.39186 17.01082 8.01448 41.57 0.05377 0.0098 
Ca2+ 0.07342 2.40611 27.62062 21.53628 23.49 0.01939 0.00604 
Mg2+ 0.08171 2.18812 51.71268 44.50497 18.13 0.01329 0.00323 

q = –84 

K+ 0.12602 2.93766 33.94203 10.61855 50.36 0.05854 0.00493 
Na+ 0.08752 2.5616 22.12357 10.14302 41.90 0.05122 0.00757 
Ca2+ 0.07173 2.39859 31.56679 24.64478 23.39 0.01951 0.00528 
Mg2+ 0.08208 2.47971 56.26651 48.3798 18.18 0.01239 0.00297 

Table B.27. Same as Table B.24, but for the case of DND–OH. 

DND’s  
Charge 

Dissolved 
Cation 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

K+ 0.10823 2.57418 8.55948 3.71305 47.08 0.06062 0.01952 
Na+ 0.09595 2.08316 13.50571 6.63965 40.61 0.05954 0.01235 
Ca2+ 0.03429 0.94298 20.90945 16.96591 21.39 0.04212 0.00797 
Mg2+ 0.08414 1.87546 40.99642 35.48122 17.80 0.01478 0.00407 

B.2.4.2 Water’s OH reorientation parameters 

Table B.28. The EWIC parameters for the OH reorientations of water in the first hydration shell of different cations 
that are dissolved in the aqueous solutions of DND–H with various surface chemistries. 

DND’s  
Charge 

Dissolved 
Cation 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

K+ 0.08561 2.6476 4.37994 2.30627 45.67 0.05758 0.03858 
Na+ 0.11331 2.9056 6.71265 2.74688 52.27 0.06225 0.02491 
Ca2+ 0.08728 4.02615 10.40717 4.61461 49.23 0.04135 0.01611 
Mg2+ 0.09371 5.94729 13.9436 8.73747 36.79 0.01763 0.01198 

q = +28 

K+ 0.10831 3.0176 4.49228 2.31145 47.88 0.05307 0.03718 
Na+ 0.11209 2.92592 6.43637 2.73114 51.43 0.0605 0.02595 
Ca2+ 0.10774 4.07014 10.09485 4.60654 48.53 0.04005 0.01656 
Mg2+ 0.09186 5.36433 12.96585 8.4724 34.71 0.01773 0.01289 
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Table B.28. (continued). 

q = +56 

K+ 0.10652 2.99128 4.61418 2.3244 48.59 0.05479 0.03616 
Na+ 0.11231 2.91551 6.46461 2.70885 51.85 0.0614 0.02584 
Ca2+ 0.08671 3.97347 10.11479 4.63034 48.23 0.04074 0.01654 
Mg2+ 0.07034 5.64109 13.89368 8.73885 36.36 0.01826 0.01204 

q = +84 

K+ 0.10971 3.12665 4.86287 2.33356 50.70 0.05553 0.03437 
Na+ 0.1123 2.93538 6.75996 2.72377 52.94 0.06273 0.02471 
Ca2+ 0.1119 4.234 10.61605 4.65831 49.82 0.03999 0.01576 
Mg2+ 0.11455 5.85812 13.6981 8.68274 36.20 0.01743 0.01222 

Table B.29. Same as Table B.28, but for the case of DND–NH2. 

DND’s  
Charge 

Dissolved 
Cation 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

K+ 0.11064 2.99682 5.37772 2.43437 51.22 0.05838 0.03152 
Na+ 0.11594 3.02245 7.41656 2.85511 53.93 0.06242 0.02249 
Ca2+ 0.10749 4.06692 10.56723 4.66731 49.34 0.04106 0.0158 
Mg2+ 0.11348 5.6313 13.71199 8.79784 35.48 0.01757 0.0122 

q = +28 

K+ 0.11071 3.11902 4.92157 2.30477 51.24 0.05598 0.03457 
Na+ 0.11467 2.96315 6.80025 2.73977 52.95 0.06213 0.02457 
Ca2+ 0.09093 4.06027 10.60568 4.6282 49.44 0.04116 0.016 
Mg2+ 0.09442 5.65596 13.29246 8.60366 35.32 0.01736 0.01255 

q = +56 

K+ 0.10461 2.8119 4.52582 2.31847 47.31 0.05585 0.03703 
Na+ 0.1151 3.00857 6.83476 2.74446 53.19 0.06154 0.02445 
Ca2+ 0.10774 4.05987 10.10527 4.60275 48.61 0.04026 0.01651 
Mg2+ 0.11649 5.67856 13.08744 8.53452 35.05 0.01701 0.01274 

q = +84 

K+ 0.10306 2.76817 4.39148 2.29673 46.21 0.05448 0.03848 
Na+ 0.09009 2.71314 6.54478 2.73721 51.10 0.06484 0.02566 
Ca2+ 0.08921 4.01065 10.52938 4.64781 49.19 0.04141 0.01596 
Mg2+ 0.1154 6.06067 13.98069 8.67218 37.19 0.01763 0.01199 

Table B.30. Same as Table B.28, but for the case of DND–COOH.  

DND’s  
Charge 

Dissolved 
Cation 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

K+ 0.11516 2.95992 6.49016 2.51658 54.76 0.06469 0.02652 
Na+ 0.11622 3.01206 7.18212 2.80619 53.60 0.06209 0.02327 
Ca2+ 0.10767 4.02656 10.33512 4.68678 48.47 0.04045 0.01617 
Mg2+ 0.1153 5.59997 13.81202 8.8038 35.73 0.01784 0.01209 

q = –28 

K+ 0.13503 2.95695 13.95883 3.39718 60.94 0.07353 0.0122 
Na+ 0.11568 2.87198 8.43444 3.12732 53.20 0.06446 0.01991 
Ca2+ 0.08666 3.88429 11.68916 5.09349 48.49 0.04196 0.01434 
Mg2+ 0.11597 5.98671 16.47864 9.93664 37.45 0.01805 0.01018 
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Table B.30. (continued). 

q = –56 

K+ 0.13682 2.90394 19.73639 4.60185 58.98 0.07233 0.00856 
Na+ 0.12316 3.0124 10.2809 3.42259 55.20 0.06448 0.01628 
Ca2+ 0.11182 4.03976 13.75981 5.63476 49.49 0.04152 0.01219 
Mg2+ 0.11633 6.02653 18.37792 10.99922 37.41 0.01791 0.00908 

q = –84 

K+ 0.13628 2.8651 32.59284 7.22947 57.42 0.07115 0.00515 
Na+ 0.12395 3.05397 13.85178 4.30218 54.85 0.0631 0.01207 
Ca2+ 0.11001 4.05022 16.6068 6.68035 48.85 0.04065 0.01006 
Mg2+ 0.11463 6.07132 20.78753 12.17721 37.65 0.01798 0.00805 

Table B.31. Same as Table B.28, but for the case of DND–OH. 

DND’s  
Charge 

Dissolved 
Cation 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

K+ 0.11203 2.99982 5.07244 2.38171 50.10 0.05659 0.03353 
Na+ 0.11029 2.85722 6.59047 2.78359 51.18 0.06165 0.02533 
Ca2+ 0.1076 4.06457 10.39022 4.66934 48.87 0.04058 0.01606 
Mg2+ 0.12017 6.24464 14.70689 8.9684 37.83 0.01759 0.01139 

B.2.5 First hydration shell of Cl– anion (dissolved in aqueous solutions of different DNDs) 

B.2.5.1 Water’s dipole reorientation parameters 

Table B.32. The EWIC parameters for the dipole reorientations of water in the first hydration shell of Cl– anions of 
different salts that are dissolved in the aqueous solutions of DND–H with various surface chemistries. 

DND’s  
Charge 

Dissolved 
Anion 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

Cl– 
(KCl) 0.10111 4.30518 6.46691 3.31861 47.73 0.03701 0.02583 

Cl– 
(NaCl) 0.1012 4.13089 6.52057 3.35873 46.67 0.037 0.02595 

Cl– 
(CaCl2) 

0.08199 4.05019 7.43666 3.48517 49.18 0.04087 0.02307 

Cl– 
(MgCl2) 0.08274 4.11281 8.06629 3.66594 50.41 0.04193 0.02069 

q = +28 

Cl– 
(KCl) 0.06195 3.73992 6.29004 3.37229 44.63 0.03894 0.02676 

Cl– 
(NaCl) 0.10432 4.3642 7.35205 3.46001 50.00 0.03874 0.02308 

Cl– 
(CaCl2) 0.102 4.27495 7.45701 3.58841 49.01 0.0387 0.02242 

Cl– 
(MgCl2) 0.10733 3.99629 12.9181 4.32059 56.03 0.04948 0.01297 
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Table B.32. (continued). 

q = +56 

Cl– 
(KCl) 0.10436 4.17102 9.18871 3.9197 51.48 0.04243 0.01825 

Cl– 
(NaCl) 0.10564 4.159 9.09119 3.94701 50.88 0.04193 0.0184 

Cl– 
(CaCl2) 0.10241 4.12893 9.07887 3.96554 50.69 0.04204 0.01837 

Cl– 
(MgCl2) 0.08546 3.91666 12.00458 4.49783 52.94 0.04703 0.01393 

q = +84 

Cl– 
(KCl) 0.10467 4.06102 11.20408 4.41476 52.23 0.04454 0.0149 

Cl– 
(NaCl) 0.10694 4.07264 11.71443 4.53969 52.25 0.04438 0.01432 

Cl– 
(CaCl2) 0.10687 4.17126 10.85512 4.23582 53.10 0.04431 0.01537 

Cl– 
(MgCl2) 0.10925 4.03769 13.90305 4.76069 54.51 0.04733 0.0121 

Table B.33. Same as Table B.32, but for the case of DND–NH2.  

DND’s  
Charge 

Dissolved 
Anion 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

Cl– 
(KCl) 0.10095 4.30464 6.47757 3.33038 47.61 0.03681 0.02582 

Cl– 
(NaCl) 0.10371 4.49074 7.14219 3.40639 50.48 0.03836 0.02346 

Cl– 
(CaCl2) 

0.10075 4.33328 7.19086 3.48013 49.33 0.03848 0.02329 

Cl– 
(MgCl2) 0.10987 4.13048 12.25587 4.10686 56.58 0.04837 0.01391 

q = +28 

Cl– 
(KCl) 0.06435 3.80757 7.06922 3.51827 46.68 0.04049 0.02405 

Cl– 
(NaCl) 0.10195 4.17747 7.36069 3.54923 48.77 0.03924 0.02276 

Cl– 
(CaCl2) 0.10535 4.28422 8.67251 3.71062 52.14 0.04198 0.01945 

Cl– 
(MgCl2) 0.10532 4.11865 9.99276 3.9426 53.45 0.04525 0.01675 

q = +56 

Cl–  
(KCl) 0.10974 4.18946 12.73189 4.23439 56.85 0.04807 0.01317 

Cl– 
(NaCl) 0.1103 4.21056 12.56465 4.20909 56.21 0.04707 0.01378 

Cl– 
(CaCl2) 0.10616 4.1493 11.05887 4.10435 54.49 0.04601 0.01521 

Cl– 
(MgCl2) 0.10893 3.97426 15.84387 4.82973 56.79 0.05059 0.01054 
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Table B.33. (continued). 

q = +84 

Cl– 
(KCl) 0.09093 3.74782 27.82691 7.00459 56.82 0.05368 0.00614 

Cl– 
(NaCl) 0.09095 3.74982 31.68966 7.73457 56.83 0.05367 0.00538 

Cl– 
(CaCl2) 0.11227 3.85677 23.57192 6.04767 57.69 0.05312 0.00712 

Cl– 
(MgCl2) 0.11359 3.79735 31.30362 7.36536 57.57 0.0538 0.0055 

Table B.34. Same as Table B.32, but for the case of DND–COOH.  

DND’s  
Charge 

Dissolved 
Anion 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

Cl– 
(KCl) 0.10287 4.4629 7.34205 3.34511 52.22 0.04042 0.02288 

Cl– 
(NaCl) 0.10317 4.4915 6.79874 3.35595 49.47 0.03727 0.02462 

Cl– 
(CaCl2) 

0.10426 4.45876 7.84523 3.53992 51.88 0.0402 0.02126 

Cl– 
(MgCl2) 0.10738 4.05563 12.66128 4.18742 56.72 0.04955 0.01331 

q = –28 

Cl– 
(KCl) 0.10427 4.32519 6.84537 3.33346 49.31 0.03812 0.02476 

Cl– 
(NaCl) 0.08157 4.10978 7.22297 3.41528 49.59 0.04071 0.02341 

Cl– 
(CaCl2) 0.07835 4.02917 7.33266 3.52546 48.27 0.03991 0.02322 

Cl– 
(MgCl2) 0.10591 4.09227 10.52254 3.97368 54.46 0.04666 0.01588 

q = –56 

Cl– 
(KCl) 0.10165 4.3766 6.95712 3.31491 49.93 0.0384 0.02461 

Cl– 
(NaCl) 0.10409 4.43739 7.43004 3.3662 51.66 0.03983 0.02303 

Cl– 
(CaCl2) 0.1003 4.15173 7.28211 3.53722 48.60 0.03936 0.02293 

Cl– 
(MgCl2) 0.10882 4.16289 11.54029 4.06613 56.06 0.04755 0.01446 

q = –84 

Cl– 
(KCl) 0.1017 4.40215 6.96218 3.33738 50.27 0.03897 0.02412 

Cl–  
(NaCl) 0.09927 4.15825 6.47393 3.36329 46.74 0.03708 0.02583 

Cl– 
(CaCl2) 0.10017 4.19963 7.59406 3.56701 49.72 0.04017 0.02205 

Cl– 
(MgCl2) 0.10552 3.97389 13.03641 4.32569 56.16 0.04992 0.01286 
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Table B.35. Same as Table B.32, but for the case of DND–OH. 

DND’s  
Charge 

Dissolved 
Anion 𝝉𝒊𝒏

𝒅𝒊𝒑 / ps 𝝉𝒄
𝒅𝒊𝒑 / ps 𝝉𝒎

𝒅𝒊𝒑 / ps 𝝉𝒄𝒐𝒓𝒓
𝒅𝒊𝒑  / ps 𝜽𝒕𝒐𝒕

𝒅𝒊𝒑 / ° 𝒅𝒄
𝒅𝒊𝒑 / ps-1 𝒅𝒎

𝒅𝒊𝒑 / ps-1 

q = 0 

Cl– 
(KCl) 0.10273 4.35392 6.85163 3.34214 49.60 0.0385 0.02448 

Cl– 
(NaCl) 0.10215 4.33332 6.92401 3.36584 49.41 0.03844 0.02433 

Cl– 
(CaCl2) 

0.10169 4.28269 7.74529 3.54251 50.57 0.04025 0.02183 

Cl– 
(MgCl2) 0.08681 4.10702 10.85455 3.93843 55.45 0.04752 0.01557 

B.2.5.2 Water’s OH reorientation parameters 

Table B.36. The EWIC parameters for the OH reorientations of water in the first hydration shell of Cl– anions of 
different salts that are dissolved in the aqueous solutions of DND–H with various surface chemistries. 

DND’s  
Charge 

Dissolved 
Anion 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

Cl– 
(KCl) 0.07496 2.19878 5.25782 3.9301 27.25958 0.03213 0.03186 

Cl– 
(NaCl) 0.06072 2.42466 5.33355 3.95745 27.97642 0.03627 0.03151 

Cl– 
(CaCl2) 

0.07567 2.74527 5.1646 3.87307 27.64849 0.02497 0.03234 

Cl– 
(MgCl2) 0.06571 3.102 5.49449 3.97053 29.88851 0.02774 0.03066 

q = +28 

Cl– 
(KCl) 0.05929 1.8652 5.30959 4.00335 26.50711 0.03509 0.03149 

Cl– 
(NaCl) 0.08124 2.82702 5.50849 4.0569 28.5682 0.02438 0.03029 

Cl– 
(CaCl2) 0.07408 2.51962 5.29185 3.95694 27.55377 0.02727 0.03159 

Cl– 
(MgCl2) 0.06963 4.47112 6.22991 4.14595 35.78006 0.0232 0.02691 

q = +56 

Cl– 
(KCl) 0.07348 4.65896 7.40723 4.57301 38.84231 0.02468 0.02264 

Cl– 
(NaCl) 0.0907 4.59397 7.10931 4.5421 37.28642 0.02348 0.02349 

Cl– 
(CaCl2) 0.06931 4.62422 6.6516 4.33672 36.69061 0.02263 0.02511 

Cl– 
(MgCl2) 0.07034 4.79916 7.34505 4.50463 39.44549 0.02457 0.02283 

q = +84 

Cl– 
(KCl) 0.09219 4.86263 8.50258 5.0041 40.57234 0.02541 0.01966 

Cl– 
(NaCl) 0.09135 4.72841 8.37236 4.99535 39.80806 0.02532 0.01999 
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Table B.36. (continued). 

q = +84 

Cl– 
(CaCl2) 0.08892 5.2318 7.5464 4.55496 40.76633 0.0238 0.02213 

Cl– 
(MgCl2) 0.09239 5.47368 8.63565 4.72704 44.61895 0.02612 0.01951 

Table B.37. Same as Table B.36, but for the case of DND–NH2. 

DND’s  
Charge 

Dissolved 
Anion 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

Cl–  

(KCl) 0.08089 3.01486 5.43968 3.97258 29.28 0.02407 0.03075 

Cl– 
(NaCl) 0.06551 2.56759 5.33065 3.98216 27.67 0.02659 0.03127 

Cl– 
(CaCl2) 

0.06293 2.62912 5.17598 3.90302 27.25 0.0284 0.03223 

Cl– 
(MgCl2) 0.08721 4.96601 6.27592 4.1197 37.13 0.02175 0.02666 

q = +28 

Cl– (KCl) 0.08155 2.89874 5.75035 4.16029 29.51 0.02607 0.02909 
Cl– 

(NaCl) 0.06477 2.73257 5.65733 4.13556 28.86 0.02551 0.02948 

Cl– 
(CaCl2) 0.082 3.98649 5.74785 4.06664 32.00 0.02152 0.02904 

Cl– 
(MgCl2) 0.06839 4.10656 6.06432 4.1617 33.70 0.02228 0.0275 

q = +56 

Cl– 
(KCl) 0.07537 4.47183 7.35601 4.55179 38.42 0.02574 0.02283 

Cl– 
(NaCl) 0.09306 5.11155 7.69901 4.54368 41.25 0.02476 0.02196 

Cl– 
(CaCl2) 0.0871 5.21988 6.61923 4.23616 38.53 0.02177 0.02524 

Cl– 
(MgCl2) 0.09204 5.66075 7.71749 4.44123 43.80 0.02465 0.02162 

q = +84 

Cl– 
(KCl) 0.10006 5.0739 13.68711 5.86106 49.85 0.0334 0.01229 

Cl– 
(NaCl) 0.09757 4.98022 14.84992 6.10119 50.26 0.03437 0.01145 

Cl– 
(CaCl2) 0.07504 5.16016 10.24247 4.91232 48.20 0.03111 0.01659 

Cl– 
(MgCl2) 0.09363 5.19919 11.87598 5.23552 50.18 0.03281 0.01426 

Table B.38. Same as Table B.36, but for the case of DND–COOH. 

DND’s  
Charge 

Dissolved 
Anion 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 
Cl–  

(KCl) 0.08017 3.17152 5.46387 3.9653 29.86 0.02437 0.03059 
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Table B.38. (continued). 

q = 0 

Cl– 
(NaCl) 0.06838 3.11458 5.45194 3.98589 29.32 0.02458 0.03063 

Cl– 
(CaCl2) 

0.07746 2.75905 5.19926 3.90777 27.47 0.02364 0.03208 

Cl– 
(MgCl2) 0.08575 4.7025 6.05898 4.0806 35.31 0.02091 0.02768 

q = –28 

Cl– (KCl) 0.08465 3.93567 5.57838 3.9706 31.85 0.02462 0.03006 
Cl– 

(NaCl) 0.08114 3.50291 5.68098 4.01304 31.68 0.02602 0.02951 

Cl– 
(CaCl2) 0.07164 2.1316 5.03584 3.87014 25.75 0.03167 0.03312 

Cl– 
(MgCl2) 0.08186 3.89672 5.9299 4.09012 33.27 0.02299 0.02822 

q = –56 

Cl– (KCl) 0.07893 3.11591 5.38601 3.95653 29.23 0.02696 0.03103 
Cl– 

(NaCl) 0.09174 5.08129 6.40576 3.98448 40.01 0.02332 0.02689 

Cl– 
(CaCl2) 0.07368 2.18292 5.10083 3.87894 26.33 0.02762 0.0327 

Cl– 
(MgCl2) 0.07009 4.24562 5.94324 4.08192 33.93 0.02235 0.02812 

q = –84 

Cl– (KCl) 0.08434 3.38336 5.45375 3.97924 29.69 0.02143 0.0306 
Cl– 

(NaCl) 0.07915 2.51967 5.36294 4.00315 27.62 0.02594 0.03112 

Cl– 
(CaCl2) 0.07777 2.93266 5.36266 3.95985 28.59 0.02331 0.03112 

Cl– 
(MgCl2) 0.08632 4.77948 6.22799 4.12085 36.34 0.02155 0.02692 

Table B.39. Same as Table B.36, but for the case of DND–OH. 

DND’s  
Charge 

Dissolved 
Anion 𝝉𝒊𝒏𝒐𝒉 / ps 𝝉𝒄𝒐𝒉 / ps 𝝉𝒎𝒐𝒉 / ps 𝝉𝒄𝒐𝒓𝒓𝒐𝒉  / ps 𝜽𝒕𝒐𝒕𝒐𝒉  / ° 𝒅𝒄𝒐𝒉 / ps-1 𝒅𝒎𝒐𝒉 / ps-1 

q = 0 

Cl– (KCl) 0.07422 1.89694 5.09847 3.92837 25.41 0.03056 0.03271 
Cl– 

(NaCl) 0.06327 2.49872 5.32979 3.97883 27.66 0.03382 0.03141 

Cl– 
(CaCl2) 

0.06349 3.11982 5.41132 3.92411 30.27 0.03001 0.03107 

Cl– 
(MgCl2) 0.08629 4.77373 6.04898 4.07268 35.59 0.02076 0.02767 

 

 

 



   
 

176 
 
 

References  

1.         Efron, B. & Tibshirani, R. An Introduction to the Bootstrap. (Chapman and Hall, 1993). 
  



   
 

177 
 
 

C Appendix C 

In this appendix we have presented the tabulated values of parameters associated with HBs 

of water that we studied in Chapter 5. The mean values of these parameters as well as their 95% 

confidence interval (CI) are given. The aforementioned statistics have been obtained from five 

independent MD trajectories. Due to the limited sample size, we have employed the bootstrap 

percentile method1, where the bootstrap distribution of a specific statistic was generated by 

resampling the initial sample data 10,000 times with replacement. 

Throughout this document “bulk” water represents the region outside the whole hydration 

layer of the neutral DND–H that has been solvated in different aqueous salt solutions. Furthermore, 

the net charge of DNDs is shown with “q”. 

C.1 Statistics of HBs’ population  

C.1.1 Whole hydration shell of DNDs 

Table C.1. Different statistics related to the number of water-water HBs for water in the whole hydration shell of 
DND–H with various surface chemistries and in different salt solutions. N�ep Denotes the average number of HBs per 
each water molecule and Nep

(&)  represents the proportion of water molecules with “i” number of water-water HBs per 
each molecule. The CIs of these statistics are enclosed in parentheses. 

 Salt 𝐍�𝐇𝐁 𝐍𝐇𝐁
(𝟎) 𝐍𝐇𝐁

(𝟏) 𝐍𝐇𝐁
(𝟐)

 𝐍𝐇𝐁
(𝟑) 𝐍𝐇𝐁

(𝟒) 

q 
= 

0  

KCl 2.977 0.50% 6.10% 22.26% 37.40% 33.72% 
(2.9744, 2.9800) (0.50%, 0.50%) (6.04%, 6.16%) (22.20%, 22.34%) (37.34%, 37.46%) (33.62%, 33.82%) 

NaCl 2.9734 0.50% 6.16% 22.32% 37.38% 33.60% 
(2.9704, 2.9760) (0.50%, 0.50%) (6.08%, 6.20%) (22.22%, 22.46%) (37.34%, 37.40%) (33.44%, 33.74%) 

CaCl2 
2.9724 0.52% 6.14% 22.34% 37.34% 33.60% 

(2.9650, 2.9788) (0.50%, 0.56%) (6.02%, 6.28%) (22.26%, 22.44%) (37.26%, 37.44%) (33.38%, 33.80%) 

MgCl2 
2.9624 0.52% 6.36% 22.60% 37.16% 33.30% 

(2.9542, 2.9706) (0.50%, 0.56%) (6.16%, 6.56%) (22.40%, 22.80%) (37.06%, 37.26%) (33.02%, 33.58%) 

q 
= 

+2
8  

KCl 2.9888 0.52% 6.14% 21.08% 38.22% 33.98% 
(2.9806, 2.9942) (0.50%, 0.56%) (6.06%, 6.24%) (20.96%, 21.24%) (38.20%, 38.26%) (33.66%, 34.20%) 

NaCl 2.9888 0.52% 6.12% 21.10% 38.24% 33.96% 
(2.9810, 2.9962) (0.50%, 0.56%) (6.02%, 6.22%) (20.90%, 21.32%) (38.16%, 38.34%) (33.64%, 34.22%) 

CaCl2 
2.9694 0.58% 6.32% 21.66% 38.22% 33.16% 

(2.9640, 2.9742) (0.54%, 0.60%) (6.24%, 6.42%) (21.54%, 21.84%) (38.20%, 38.26%) (32.92%, 33.32%) 

MgCl2 
2.9738 0.56% 6.32% 21.58% 38.10% 33.40% 

(2.9666, 2.9802) (0.52%, 0.60%) (6.22%, 6.46%) (21.42%, 21.74%) (37.94%, 38.24%) (33.22%, 33.58%) 

q 
= 

+5
6  KCl 

2.8458 0.70% 7.30% 24.90% 40.68% 26.36% 
(2.8384, 2.8532) (0.70%, 0.70%) (7.22%, 7.38%) (24.68%, 25.10%) (40.58%, 40.76%) (26.10%, 26.64%) 

NaCl 2.855 0.70% 7.18% 24.70% 40.68% 26.72% 
(2.8476, 2.8632) (0.70%, 0.70%) (7.08%, 7.28%) (24.44%, 24.96%) (40.54%, 40.78%) (26.46%, 27.00%) 
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Table C.1. (continued). 
q 

= 
+5

6  CaCl2 
2.825 0.70% 7.46% 25.82% 40.36% 25.58% 

(2.8164, 2.8332) (0.64%, 0.76%) (7.30%, 7.62%) (25.60%, 26.08%) (40.14%, 40.54%) (25.36%, 25.80%) 

MgCl2 
2.8266 0.70% 7.52% 25.70% 40.26% 25.74% 

(2.8200, 2.8360) (0.70%, 0.70%) (7.32%, 7.74%) (25.38%, 25.90%) (40.10%, 40.40%) (25.54%, 26.08%) 

q 
= 

+8
4 

KCl 2.6732 1.06% 10.08% 30.00% 37.80% 20.96% 
(2.6646, 2.6808) (1.02%, 1.10%) (9.94%, 10.22%) (29.70%, 30.32%) (37.64%, 37.94%) (20.66%, 21.22%) 

NaCl 2.6708 1.10% 10.10% 30.20% 37.74% 20.84% 
(2.6614, 2.6802) (1.04%, 1.16%) (9.92%, 10.28%) (30.02%, 30.38%) (37.58%, 37.90%) (20.60%, 21.08%) 

CaCl2 
2.6518 1.10% 10.42% 30.80% 37.32% 20.30% 

(2.6432, 2.6618) (1.04%, 1.16%) (10.18%, 10.64%) (30.60%, 31.02%) (37.14%, 37.48%) (20.04%, 20.60%) 

MgCl2 
2.6472 1.12% 10.50% 30.94% 37.26% 20.14% 

(2.6428, 2.6528) (1.10%, 1.16%) (10.38%, 10.62%) (30.82%, 31.00%) (37.22%, 37.30%) (20.00%, 20.34%) 

Table C.2. Same as Table C.1, but for the case of DND–NH2. 

 Salt 𝐍�𝐇𝐁 𝐍𝐇𝐁
(𝟎) 𝐍𝐇𝐁

(𝟏) 𝐍𝐇𝐁
(𝟐)

 𝐍𝐇𝐁
(𝟑) 𝐍𝐇𝐁

(𝟒) 

q 
= 

0  

KCl 2.8516 0.54% 6.92% 25.88% 40.00% 26.62% 
(2.8492, 2.8534) (0.50%, 0.58%) (6.86%, 6.98%) (25.78%, 25.98%) (39.92%, 40.08%) (26.56%, 26.68%) 

NaCl 2.8498 0.58% 6.96% 25.88% 39.90% 26.64% 
(2.8434, 2.8566) (0.54%, 0.60%) (6.82%, 7.08%) (25.68%, 26.08%) (39.82%, 39.98%) (26.40%, 26.88%) 

CaCl2 
2.841 0.60% 7.20% 26.04% 39.66% 26.46% 

(2.8364, 2.8470) (0.60%, 0.60%) (7.08%, 7.32%) (25.86%, 26.20%) (39.52%, 39.82%) (26.32%, 26.64%) 

MgCl2 
2.8386 0.62% 7.18% 26.14% 39.68% 26.34% 

(2.8326, 2.8430) (0.60%, 0.66%) (7.10%, 7.30%) (26.10%, 26.18%) (39.58%, 39.76%) (26.22%, 26.44%) 

q 
= 

+2
8  

KCl 
2.8108 0.70% 7.82% 26.78% 38.78% 25.84% 

(2.8018, 2.8198) (0.64%, 0.76%) (7.68%, 7.98%) (26.56%, 27.02%) (38.68%, 38.90%) (25.54%, 26.12%) 

NaCl 2.8156 0.68% 7.72% 26.80% 38.88% 25.90% 
(2.8110, 2.8206) (0.64%, 0.70%) (7.60%, 7.82%) (26.66%, 26.94%) (38.80%, 38.96%) (25.76%, 26.08%) 

CaCl2 
2.791 0.76% 8.16% 27.38% 38.54% 25.14% 

(2.7810, 2.8008) (0.72%, 0.80%) (7.94%, 8.38%) (27.22%, 27.60%) (38.24%, 38.78%) (24.80%, 25.42%) 

MgCl2 
2.789 0.76% 8.24% 27.38% 38.42% 25.16% 

(2.7830, 2.7966) (0.72%, 0.80%) (8.10%, 8.34%) (27.28%, 27.50%) (38.36%, 38.48%) (24.94%, 25.42%) 

q 
= 

+5
6  

KCl 
2.7052 1.00% 10.02% 29.62% 36.02% 23.30% 

(2.7000, 2.7108) (0.94%, 1.06%) (9.88%, 10.14%) (29.54%, 29.72%) (35.86%, 36.14%) (23.10%, 23.50%) 

NaCl 
2.71 0.98% 9.88% 29.62% 36.04% 23.44% 

(2.7020, 2.7158) (0.92%, 1.04%) (9.76%, 10.04%) (29.48%, 29.78%) (35.86%, 36.22%) (23.24%, 23.64%) 

CaCl2 
2.694 1.02% 10.10% 29.94% 36.02% 22.84% 

(2.6872, 2.7032) (1.00%, 1.06%) (9.88%, 10.30%) (29.86%, 30.04%) (35.86%, 36.20%) (22.64%, 23.04%) 

MgCl2 
2.6864 1.10% 10.34% 30.04% 35.78% 22.72% 

(2.6722, 2.6986) (1.04%, 1.16%) (10.02%, 10.66%) (29.78%, 30.30%) (35.62%, 35.92%) (22.28%, 23.04%) 
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Table C.2. (continued). 
q 

= 
+8

4 

KCl 
2.593 1.56% 12.62% 31.04% 34.20% 20.50% 

(2.5832, 2.6016) (1.46%, 1.66%) (12.42%, 12.88%) (30.90%, 31.20%) (34.10%, 34.28%) (20.20%, 20.76%) 

NaCl 
2.5962 1.64% 12.68% 30.62% 34.38% 20.64% 

(2.5838, 2.6074) (1.52%, 1.76%) (12.44%, 12.92%) (30.46%, 30.86%) (34.22%, 34.56%) (20.34%, 20.92%) 

CaCl2 
2.571 1.66% 13.06% 31.44% 33.96% 19.82% 

(2.5642, 2.5772) (1.62%, 1.70%) (12.86%, 13.22%) (31.32%, 31.56%) (33.76%, 34.12%) (19.68%, 19.98%) 

MgCl2 
2.5758 1.64% 13.06% 31.18% 34.00% 20.04% 

(2.5680, 2.5826) (1.60%, 1.68%) (12.82%, 13.30%) (31.12%, 31.24%) (33.94%, 34.06%) (19.80%, 20.26%) 

Table C.3. Same as Table C.1, but for the case of DND–COOH. 

 Salt 𝐍�𝐇𝐁 𝐍𝐇𝐁
(𝟎) 𝐍𝐇𝐁

(𝟏) 𝐍𝐇𝐁
(𝟐)

 𝐍𝐇𝐁
(𝟑) 𝐍𝐇𝐁

(𝟒) 

q 
= 

0  

KCl 
2.6368 0.82% 10.02% 31.80% 39.14% 18.16% 

(2.6316, 2.6430) (0.80%, 0.86%) (9.90%, 10.10%) (31.60%, 31.96%) (39.02%, 39.28%) (18.02%, 18.34%) 

NaCl 
2.6504 0.84% 9.78% 31.34% 39.50% 18.52% 

(2.6456, 2.6560) (0.80%, 0.88%) (9.68%, 9.88%) (31.22%, 31.40%) (39.38%, 39.66%) (18.40%, 18.62%) 

CaCl2 
2.6366 0.94% 10.18% 31.36% 39.08% 18.38% 

(2.6250, 2.6458) (0.86%, 1.04%) (9.96%, 10.44%) (31.22%, 31.48%) (38.90%, 39.26%) (18.14%, 18.58%) 

MgCl2 
2.655 0.78% 9.68% 31.32% 39.62% 18.58% 

(2.6470, 2.6638) (0.74%, 0.80%) (9.50%, 9.84%) (31.16%, 31.48%) (39.46%, 39.82%) (18.38%, 18.78%) 

q 
= 

– 2
8  

KCl 
2.6058 1.04% 10.86% 32.32% 37.88% 17.86% 

(2.6012, 2.6102) (1.00%, 1.08%) (10.80%, 10.94%) (32.16%, 32.44%) (37.78%, 37.96%) (17.74%, 17.98%) 

NaCl 
2.6186 1.08% 10.76% 31.78% 37.74% 18.58% 

(2.6122, 2.6244) (1.02%, 1.14%) (10.56%, 10.96%) (31.70%, 31.86%) (37.54%, 37.94%) (18.48%, 18.70%) 

CaCl2 
2.5878 1.36% 11.86% 31.62% 36.72% 18.38% 

(2.5802, 2.5954) (1.26%, 1.44%) (11.72%, 11.98%) (31.46%, 31.76%) (36.58%, 36.84%) (18.18%, 18.58%) 

MgCl2 
2.5664 1.48% 12.00% 32.34% 36.52% 17.60% 

(2.5610, 2.5706) (1.38%, 1.56%) (11.84%, 12.16%) (32.20%, 32.48%) (36.42%, 36.62%) (17.42%, 17.74%) 

q 
= 

–5
6  

KCl 2.5374 1.38% 12.68% 33.42% 35.78% 16.72% 
(2.5312, 2.5424) (1.32%, 1.44%) (12.56%, 12.82%) (33.26%, 33.54%) (35.62%, 35.92%) (16.60%, 16.80%) 

NaCl 
2.5842 1.30% 11.82% 32.42% 36.08% 18.38% 

(2.5776, 2.5908) (1.22%, 1.38%) (11.68%, 11.98%) (32.40%, 32.46%) (35.92%, 36.22%) (18.26%, 18.50%) 

CaCl2 
2.4964 2.24% 14.08% 32.60% 33.72% 17.30% 

(2.4874, 2.5038) (2.12%, 2.36%) (13.82%, 14.42%) (32.52%, 32.68%) (33.54%, 33.88%) (17.12%, 17.48%) 

MgCl2 
2.4606 2.66% 14.14% 33.78% 33.08% 16.28% 

(2.4588, 2.4626) (2.56%, 2.74%) (13.88%, 14.38%) (33.64%, 33.94%) (32.98%, 33.20%) (16.18%, 16.36%) 

q 
= 

– 8
4 KCl 2.4938 1.80% 13.72% 33.62% 34.78% 16.02% 

(2.4862, 2.5014) (1.68%, 1.92%) (13.62%, 13.86%) (33.60%, 33.66%) (34.62%, 34.96%) (15.88%, 16.14%) 

NaCl 2.5216 1.82% 13.20% 33.14% 34.44% 17.34% 
(2.5144, 2.5280) (1.72%, 1.96%) (13.04%, 13.32%) (33.10%, 33.18%) (34.32%, 34.58%) (17.22%, 17.44%) 
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Table C.3. (continued). 
q 

= 
– 8

4 CaCl2 
2.4094 3.46% 15.64% 33.24% 31.42% 16.14% 

(2.3982, 2.4200) (3.26%, 3.64%) (15.42%, 15.98%) (33.14%, 33.38%) (31.14%, 31.64%) (15.98%, 16.30%) 

MgCl2 
2.4072 3.68% 15.04% 33.84% 31.44% 15.92% 

(2.4024, 2.4124) (3.62%, 3.74%) (14.96%, 15.14%) (33.66%, 33.98%) (31.32%, 31.50%) (15.78%, 16.04%) 

Table C.4. Same as Table C.1, but for the case of DND–OH. 

 Salt 𝐍�𝐇𝐁 𝐍𝐇𝐁
(𝟎) 𝐍𝐇𝐁

(𝟏) 𝐍𝐇𝐁
(𝟐)

 𝐍𝐇𝐁
(𝟑) 𝐍𝐇𝐁

(𝟒) 

q 
= 

0  

KCl 2.8332 0.58% 7.26% 26.60% 39.22% 26.30% 
(2.8264, 2.8400) (0.54%, 0.60%) (7.12%, 7.40%) (26.44%, 26.76%) (39.16%, 39.28%) (26.06%, 26.54%) 

NaCl 2.8364 0.58% 7.22% 26.46% 39.14% 26.52% 
(2.8314, 2.8410) (0.54%, 0.60%) (7.12%, 7.32%) (26.32%, 26.56%) (39.06%, 39.20%) (26.32%, 26.68%) 

CaCl2 
2.8256 0.66% 7.52% 26.64% 38.80% 26.34% 

(2.8178, 2.8364) (0.62%, 0.70%) (7.24%, 7.72%) (26.46%, 26.80%) (38.60%, 39.08%) (26.16%, 26.58%) 

MgCl2 
2.8252 0.60% 7.48% 26.84% 38.88% 26.18% 

(2.8154, 2.8334) (0.60%, 0.60%) (7.34%, 7.62%) (26.62%, 27.14%) (38.70%, 39.06%) (25.88%, 26.40%) 

C.1.2 Bulk water 

Table C.5. Same as Table C.1, but for the case of bulk water. 

Salt 𝐍�𝐇𝐁 𝐍𝐇𝐁
(𝟎) 𝐍𝐇𝐁

(𝟏) 𝐍𝐇𝐁
(𝟐)

 𝐍𝐇𝐁
(𝟑) 𝐍𝐇𝐁

(𝟒) 

KCl 
3.017 0.50% 5.80% 21.50% 35.50% 36.60% 

(3.0170, 3.0170) (0.50%, 0.50%) (5.80%, 5.80%) (21.50%, 21.50%) (35.50%, 35.50%) (36.60%, 36.60%) 

NaCl 
3.016 0.50% 5.90% 21.60% 35.50% 36.50% 

(3.0160, 3.0160) (0.50%, 0.50%) (5.90%, 5.90%) (21.60%, 21.60%) (35.50%, 35.50%) (36.50%, 36.50%) 

CaCl2 
3.002 0.50% 6.10% 21.90% 35.30% 36.10% 

(3.0020, 3.0020) (0.50%, 0.50%) (6.10%, 6.10%) (21.90%, 21.90%) (35.30%, 35.30%) (36.10%, 36.10%) 

MgCl2 
3.005 0.50% 6.00% 21.90% 35.30% 36.20% 

(3.0050, 3.0050) (0.50%, 0.50%) (6.00%, 6.00%) (21.90%, 21.90%) (35.30%, 35.30%) (36.20%, 36.20%) 

C.1.3 Whole hydration shell of ions 

Table C.6. Same as Table C.1, but for the case of ions that are dissolved in the aqueous solution of the neutral DND–
H. 

Ion 𝐍�𝐇𝐁 𝐍𝐇𝐁
(𝟎) 𝐍𝐇𝐁

(𝟏) 𝐍𝐇𝐁
(𝟐)

 𝐍𝐇𝐁
(𝟑) 𝐍𝐇𝐁

(𝟒) 

K+ 
2.0446 3.02% 23.32% 42.96% 27.58% 3.12% 

(2.0362, 2.0522) (2.94%, 3.12%) (23.06%, 23.62%) (42.82%, 43.06%) (27.30%, 27.82%) (3.10%, 3.16%) 

Na+ 
1.918 3.48% 26.64% 46.16% 22.12% 1.62% 

(1.9126, 1.9244) (3.44%, 3.50%) (26.46%, 26.78%) (46.06%, 46.26%) (21.98%, 22.28%) (1.56%, 1.68%) 

Ca2+ 
1.7232 3.48% 32.20% 53.48% 10.28% 0.58% 

(1.7178, 1.7282) (3.42%, 3.54%) (31.98%, 32.42%) (53.28%, 53.68%) (10.18%, 10.38%) (0.54%, 0.60%) 
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Table C.6. (continued). 

Mg2+ 
1.529 2.96% 44.62% 49.14% 3.20% 0.10% 

(1.5220, 1.5350) (2.86%, 3.08%) (44.34%, 44.90%) (48.74%, 49.52%) (3.14%, 3.26%) (0.10%, 0.10%) 

Cl– (NaCl) 
2.1018 2.38% 21.88% 42.40% 29.78% 3.54% 

(2.0948, 2.1088) (2.32%, 2.44%) (21.70%, 22.06%) (42.34%, 42.46%) (29.58%, 29.98%) (3.46%, 3.64%) 

Cl– (MgCl2) 
2.137 2.40% 21.12% 41.24% 30.70% 4.50% 

(2.1320, 2.1426) (2.34%, 2.46%) (20.98%, 21.28%) (41.20%, 41.28%) (30.54%, 30.86%) (4.44%, 4.56%) 

C.2 Dynamics of HBs  

This section presents the characteristic times 𝜏(*) and 𝜏(') for HBs of water with different 

species. The former and the latter represent the lifetime and the structural relaxation time of HBs. 

C.2.1 Water–Water HBs  

C.2.1.1 Whole hydration shell of DNDs 

Table C.7. The average values of 𝜏(_) and 𝜏(&)of water-water HBs for water in the whole hydration layer of DND–H 
with various surface chemistries and in different salt solutions. The CIs of the mean values are enclosed in parentheses. 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

q 
= 

0  

KCl 
1.179 4.1941 

q 
= 

+2
8  

KCl 
1.5276 5.4951 

(1.1756, 1.1825) (4.1758, 4.2124) (1.5060, 1.5454) (5.3728, 5.6113) 

NaCl 
1.1735 4.1842 

NaCl 
1.5427 5.5554 

(1.1674, 1.1800) (4.1461, 4.2284) (1.5358, 1.5478) (5.5312, 5.5723) 

CaCl2 
1.1823 4.2084 

CaCl2 
1.5389 5.5438 

(1.1725, 1.1917) (4.1556, 4.2622) (1.5318, 1.5456) (5.4788, 5.6088) 

MgCl2 
1.187 4.2475 

MgCl2 
1.5474 5.5661 

(1.1841, 1.1910) (4.2216, 4.2800) (1.5227, 1.5704) (5.4388, 5.6665) 

 

 

 

q 
= 

+5
6  

KCl 
1.6237 5.4113 

q 
= 

+8
4 

KCl 
1.3716 4.7576 

(1.6132, 1.6345) (5.3374, 5.4790) (1.3633, 1.3791) (4.7014, 4.8139) 

NaCl 1.6054 5.3529 
NaCl 

1.3637 4.7558 
(1.5949, 1.6171) (5.2917, 5.4141) (1.3537, 1.3755) (4.7118, 4.7998) 

CaCl2 
1.6268 5.4323 

CaCl2 
1.3637 4.7101 

(1.6142, 1.6393) (5.3298, 5.5257) (1.3555, 1.3720) (4.6457, 4.7948) 

MgCl2 
1.6355 5.5089 

MgCl2 
1.3757 4.7879 

(1.6175, 1.6577) (5.4036, 5.6393) (1.3636, 1.3877) (4.7182, 4.8576) 

Table C.8. Same as Table C.7, but for the case of DND–NH2. 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 
 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

q = 0 KCl 
1.4894 5.5469 

q = +28 KCl 
1.4719 5.5684 

(1.4779, 1.5030) (5.4679, 5.6502) (1.4527, 1.4884) (5.4767, 5.6459) 



   
 

182 
 
 

Table C.8. (continued). 

q 
= 

0  
NaCl 

1.5007 5.6845 

 
q 

= 
+2

8 

NaCl 
1.4587 5.478 

(1.4885, 1.5133) (5.6234, 5.7572) (1.4473, 1.4697) (5.4071, 5.5452) 

CaCl2 
1.496 5.6576 

CaCl2 
1.4568 5.481 

(1.4849, 1.5091) (5.6093, 5.7169) (1.4514, 1.4618) (5.4508, 5.5166) 

MgCl2 
1.5206 5.7582 

MgCl2 
1.4657 5.5358 

(1.5123, 1.5294) (5.6861, 5.8392) (1.4516, 1.4821) (5.4665, 5.6303) 
 

 

 

q 
= 

+5
6  

KCl 1.4106 5.3969 

q 
= 

+8
4 

KCl 
1.4545 6.1344 

(1.4012, 1.4225) (5.3352, 5.4722) (1.4425, 1.4671) (6.0784, 6.1975) 

NaCl 1.405 5.3751 
NaCl 

1.4551 6.0668 
(1.4002, 1.4100) (5.3328, 5.4110) (1.4519, 1.4602) (6.0254, 6.0987) 

CaCl2 
1.4102 5.3974 

CaCl2 
1.4329 5.9192 

(1.4026, 1.4228) (5.3328, 5.4640) (1.4219, 1.4463) (5.8334, 5.9992) 

MgCl2 
1.4067 5.4024 

MgCl2 
1.4265 5.9349 

(1.4053, 1.4082) (5.3662, 5.4359) (1.4136, 1.4370) (5.8652, 6.0221) 

Table C.9. Same as Table C.7, but for the case of DND–COOH. 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

q 
= 

0  

KCl 
1.1702 4.6293 

q 
= 

– 2
8 

KCl 
1.1718 4.5959 

(1.1652, 1.1750) (4.5931, 4.6751) (1.1603, 1.1834) (4.5371, 4.6547) 

NaCl 
1.1643 4.5747 

NaCl 
1.177 4.6133 

(1.1538, 1.1743) (4.5106, 4.6387) (1.1746, 1.1792) (4.5717, 4.6519) 

CaCl2 
1.1892 4.7352 

CaCl2 
1.2061 4.8574 

(1.1834, 1.1966) (4.6708, 4.7996) (1.1951, 1.2159) (4.7416, 4.9596) 

MgCl2 
1.1835 4.699 

MgCl2 
1.3031 5.5023 

(1.1751, 1.1903) (4.6407, 4.7436) (1.2877, 1.3211) (5.4213, 5.6017) 

 

 

 

q 
= 

–5
6  

KCl 1.1567 4.7287 

q 
= 

–8
4  

KCl 
1.1748 5.0137 

(1.1504, 1.1621) (4.6757, 4.7835) (1.1661, 1.1840) (4.9867, 5.0408) 

NaCl 1.1531 4.7688 
NaCl 

1.1695 5.1167 
(1.1498, 1.1556) (4.7419, 4.7957) (1.1653, 1.1739) (5.0309, 5.1965) 

CaCl2 
1.2359 5.4636 

CaCl2 
1.2976 6.383 

(1.2304, 1.2441) (5.4044, 5.5362) (1.2880, 1.3065) (6.2551, 6.5024) 

MgCl2 
1.408 6.5311 

MgCl2 
1.4894 7.5095 

(1.3925, 1.4233) (6.4284, 6.6272) (1.4692, 1.5082) (7.3017, 7.6813) 

Table C.10. Same as Table C.7, but for the case of DND–OH. 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

q = 0 KCl 1.3623 4.9277 
(1.3552, 1.3693) (4.8891, 4.9662) 
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Table C.10. (continued). 

q 
= 

0  

NaCl 
1.3653 4.9406 

(1.3512, 1.3794) (4.8693, 5.0228) 

CaCl2 
1.3809 5.0364 

(1.3754, 1.3854) (4.9881, 5.0753) 

MgCl2 
1.3819 5.0263 

(1.3756, 1.3875) (4.9591, 5.0842) 
C.2.1.2 Bulk water 

Table C.11. Same as Table C.7, but for the case of bulk water. 

Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

KCl 
1.1757 3.4587 

(1.1757, 1.1757) (3.4587, 3.4587) 

NaCl 
1.1735 3.4516 

(1.1735, 1.1735) (3.4516, 3.4516) 

CaCl2 
1.1893 3.5355 

(1.1893, 1.1893) (3.5355, 3.5355) 

MgCl2 
1.1948 3.5554 

(1.1948, 1.1948) (3.5554, 3.5554) 

C.2.1.3 Whole hydration shell of ions 

Table C.12. Same as Table C.7, but for water in the whole hydration shell of ions dissolved in different aqueous 
solutions of the neutral DND–H. 

Ion 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

K+ 
0.7825 2.2724 

(0.7778, 0.7864) (2.2562, 2.2841) 

Na+ 0.786 2.5256 
(0.7843, 0.7879) (2.4966, 2.5443) 

Ca2+ 
1.125 3.8266 

(1.1170, 1.1317) (3.7982, 3.8552) 

Mg2+ 2.0152 7.6806 
(2.0011, 2.0303) (7.5842, 7.7960) 

Cl– (NaCl) 
0.9465 2.8155 

(0.9428, 0.9505) (2.8033, 2.8284) 

Cl– (MgCl2) 
0.9819 2.9685 

(0.9793, 0.9858) (2.9550, 2.9828) 

C.2.2 Water–Site HBs 

Water–Site HBs refer to HBs that are formed between water and the surface functional 

groups of DNDs. 
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Table C.13. The average values of 𝜏(_) and 𝜏(&)of water-site HBs for water at the interface with DND–COOH with 
various surface chemistries and in different salt solutions. The CIs of the mean values are enclosed in parentheses. 
“D” and “A” represent, respectively, the donor and acceptor heavy atoms of the hydrogen bonded species. OW, O, 
OH, and O2 denote, respectively, the oxygen of water, the oxygen in –COO– functional group, the oxygen in the 
hydroxyl portion of –COOH functional group, and the oxygen doubly bonded to carbon in –COOH functional group. 
As a reminder, –COO– only exists on the surface of charged DND–COOH. Thus, the rows for “D: OW, A: O” water-
site HBs corresponding to q = 0 are empty. 

 Salt 
D: OW, A: O D: OH, A: OW D: OW, A: O2 

𝝉(𝒄) / ps 𝝉(𝒊) / ps 𝝉(𝒄) / ps 𝝉(𝒊) / ps 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

q 
= 

0  

KCl – – 
6.2554 60.9587 0.6566 7.6083 

(6.1568, 6.4003) (59.3187, 
63.1638) 

(0.6397, 
0.6734) (6.9373, 8.1339) 

NaCl – – 
5.6904 55.2355 0.6525 7.768 

(5.5607, 5.8058) (53.4002, 
58.1633) 

(0.6358, 
0.6693) (7.5640, 8.0558) 

CaCl2 – – 
5.867 57.0286 0.6695 8.2936 

(5.7577, 5.9673) (54.0367, 
60.4559) 

(0.6602, 
0.6792) (8.0279, 8.6114) 

MgCl2 – – 
5.748 55.9675 0.6493 7.9572 

(5.5973, 5.8922) (53.9342, 
57.9166) 

(0.6262, 
0.6780) (7.7794, 8.1560) 

q 
= 

–2
8  

KCl 
4.1481 52.4732 4.6627 63.9869 0.6536 7.6592 

(2.7592, 4.9736) (40.8760, 69.0682) (4.5344, 4.8073) (60.0948, 
68.6317) 

(0.6354, 
0.6711) (7.4564, 7.8791) 

NaCl 
3.9684 38.0356 4.5322 71.9804 0.6316 7.6087 

(3.7725, 4.1867) (34.9225, 41.3216) (4.4440, 4.6276) (66.0041, 
79.2162) 

(0.6192, 
0.6443) (7.4290, 7.7928) 

CaCl2 
6.0555 52.3046 6.8945 61.4525 0.6844 8.3544 

(4.5873, 7.1607) (42.0766, 62.5327) (6.8059, 6.9822) (59.9560, 
63.3446) 

(0.6701, 
0.6960) (7.5221, 9.0308) 

MgCl2 
6.6595 79.4422 4.5202 65.2776 0.6787 8.6872 

(4.4462, 8.2693) (67.0850, 91.7664) (4.4734, 4.5830) (63.8613, 
67.3591) 

(0.6666, 
0.6908) (8.2819, 9.0116) 

q 
= 

–5
6  

KCl 
5.6125 65.5674 9.1785 58.4427 0.6475 8.9538 

(3.7073, 6.7303) (55.1356, 77.3841) (8.8538, 9.6245) (55.8715, 
61.5088) 

(0.6336, 
0.6614) (8.3993, 9.5083) 

NaCl 
5.3633 50.9315 8.4042 58.2372 0.6206 9.4464 

(4.8595, 5.7485) (48.2547, 52.9542) (8.0836, 8.7231) (55.2256, 
61.4507) 

(0.5695, 
0.6526) (9.1491, 9.8214) 

CaCl2 
7.2378 77.4147 8.3513 55.1474 0.6706 11.0813 

(5.7222, 8.3568) (69.4963, 89.1954) (8.1041, 8.6199) (52.7008, 
57.9725) 

(0.6573, 
0.6832) 

(10.6434, 
11.4709) 

MgCl2 
9.5284 87.87 8.6447 57.2006 0.696 11.7207 
(7.9229, 
10.4630) (69.4632, 103.2553) (8.4432, 8.8573) (54.8042, 

59.0575) 
(0.6615, 
0.7174) 

(11.2088, 
12.2326) 

q 
= 

– 8
4 

KCl 
6.5195 84.7992 9.9685 68.5238 0.6168 8.5679 

(5.3556, 7.2827) (77.1514, 94.6755) (9.7708, 
10.1693) 

(66.8968, 
70.7398) 

(0.6064, 
0.6270) (8.1469, 9.1672) 

NaCl 
6.5764 74.9043 9.3943 62.3884 0.6514 9.652 

(6.3042, 6.8416) (69.0488, 79.8206) (9.0160, 9.7641) (61.3758, 
63.4010) 

(0.6352, 
0.6673) (8.8259, 10.5480) 

CaCl2 
9.1539 116.9819 10.1961 64.7911 0.7395 14.5795 

(8.7066, 9.6013) (102.9789, 
137.0931) 

(9.7573, 
10.7227) 

(59.7072, 
69.1977) 

(0.7024, 
0.7766) 

(13.4572, 
15.2955) 
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Table C.13. (continued). 

q = –84 MgCl2 
9.6119 129.5118 8.6328 64.7021 0.7277 13.8588 
(9.0457, 
10.2022) 

(115.5461, 
143.4776) 

(8.4138, 
8.8580) 

(58.4640, 
70.9403) 

(0.6926, 
0.7674) 

(12.9300, 
14.8444) 

Table C.14. Same as Table C.13, but for water at the interface with DND–NH2. Here, N3 and NT denote, respectively, 
the N atoms in –NH3+ and –NH2 functional groups. Since –NH3+ only exist on the surface of the charged DND–NH2, 
the rows corresponding to “D: N3, A: OW” for the neutral DND are empty. 

 Salt 
D: N3, A: OW D: OW, A: NT D: NT, A: OW 

𝝉(𝒄) / ps 𝝉(𝒊) / ps 𝝉(𝒄) / ps 𝝉(𝒊) / ps 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

q 
= 

0  

KCl – – 
3.1576 22.9346 0.6806 11.9155 
(2.9537, 
3.3616) 

(22.4786, 
23.3905) 

(0.6703, 
0.6941) 

(11.3980, 
12.4330) 

NaCl – – 
3.1535 24.9361 0.6691 12.3371 
(3.1220, 
3.1850) 

(24.1611, 
25.7111) 

(0.6461, 
0.6901) 

(11.5255, 
13.0838) 

CaCl2 – – 
3.1009 22.2862 0.664 11.6609 
(3.0968, 
3.1050) 

(21.6988, 
22.8736) 

(0.6360, 
0.6843) 

(11.1503, 
12.0730) 

MgCl2 – – 
3.2406 23.8578 0.6869 11.7599 
(3.2104, 
3.2708) 

(21.7801, 
25.9356) 

(0.6578, 
0.7109) 

(10.8020, 
12.5434) 

q 
= 

+2
8  

KCl 
2.1581 65.6359 2.9005 22.7869 0.7265 11.8357 
(1.8684, 
2.4588) (56.2120, 79.0211) (2.8329, 

2.9680) 
(22.6239, 
22.9498) 

(0.7098, 
0.7446) 

(11.1768, 
12.3888) 

NaCl 
2.1182 69.2047 2.8703 20.2854 0.7414 11.9231 
(1.7827, 
2.4537) (57.8494, 83.9703) (2.8502, 

2.8904) 
(20.0751, 
20.4957) 

(0.7291, 
0.7553) 

(11.3743, 
12.4791) 

CaCl2 
1.9257 51.833 2.7149 19.1908 0.7251 11.5716 
(1.7593, 
2.2132) (25.9587, 71.4394) (2.6701, 

2.7596) 
(19.1908, 
19.1908) 

(0.7168, 
0.7336) 

(10.5190, 
12.4564) 

MgCl2 
2.3365 62.5673 2.7804 19.7415 0.7264 12.1836 
(2.0661, 
2.5486) (54.9457, 74.1639) (2.6771, 

2.8838) 
(19.1166, 
20.3664) 

(0.7171, 
0.7326) 

(11.9338, 
12.4333) 

q 
= 

+5
6  

KCl 
2.7957 95.82 1.3755 9.4693 0.8112 14.1781 
(2.7171, 
2.8753) (91.0693, 100.1977) (1.2566, 

1.4943) (9.2426, 9.6961) (0.7950, 
0.8273) 

(13.8470, 
14.7213) 

NaCl 
2.7082 95.8875 1.4083 9.3313 0.8029 13.9824 
(2.5197, 
2.8968) (89.1353, 106.8857) (1.2069, 

1.6097) (8.1037, 10.5590) (0.7888, 
0.8155) 

(13.6639, 
14.3009) 

CaCl2 
2.9714 118.6321 1.5759 10.1844 0.8012 13.982 
(2.8570, 
3.0858) 

(103.0158, 
135.5785) 

(1.5021, 
1.6497) (9.3036, 11.0651) (0.7814, 

0.8226) 
(13.6621, 
14.2827) 

MgCl2 
2.8685 103.6073 1.3864 10.0991 0.8209 14.6591 
(2.7447, 
2.9619) (98.6521, 108.5625) (1.2345, 

1.5384) (9.1305, 11.0677) (0.8046, 
0.8305) 

(14.0207, 
15.3026) 

q 
= 

+8
4 KCl 
4.5155 129.7083 1.697 10.3173 0.9398 20.0134 
(4.3215, 
4.6720) 

(109.8845, 
149.5321) 

(1.6509, 
1.7431) (9.5958, 11.0388) (0.9237, 

0.9531) 
(19.0663, 
20.9605) 

NaCl 
4.7015 99.1042 2.1374 11.5272 0.9559 20.0456 
(4.5246, 
4.8739) (83.0675, 115.9073) (2.0789, 

2.1959) 
(11.3555, 
11.6989) 

(0.9235, 
0.9789) 

(18.7176, 
21.3779) 
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Table C.14. (continued). 
q 

= 
+8

4  CaCl2 
4.392 95.8375 1.8861 11.6317 0.951 20.1153 

(4.2956, 
4.5074) 

(85.1195, 
108.0425) 

(1.7614, 
2.0108) 

(11.0070, 
12.2563) 

(0.9328, 
0.9691) 

(19.4754, 
20.9137) 

MgCl2 
4.3942 105.177 1.6938 11.7574 0.9389 20.2107 
(4.2380, 
4.6046) 

(94.2862, 
119.3721) 

(1.6554, 
1.7323) 

(10.6414, 
12.8733) 

(0.9251, 
0.9584) 

(19.7418, 
20.9024) 

Table C.15. Same as Table C.13, but for water at the interface with DND–OH. Here, O denote the oxygen atom in 
the hydroxyl surface functional group.  

 Salt 
D: OW, A: O D: O, A: OW 

𝝉(𝒄) / ps 𝝉(𝒊) / ps 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

q 
= 

0  

KCl 
1.5118 11.3479 1.8255 18.3784 

(1.4482, 1.5771) (10.7762, 11.8065) (1.6698, 1.9407) (17.6499, 19.1068) 

NaCl 1.5566 11.2382 1.8345 18.2279 
(1.4838, 1.6053) (10.6543, 11.6885) (1.7060, 1.9632) (17.4729, 19.1564) 

CaCl2 
1.4806 11.6775 1.8142 18.4761 

(1.4327, 1.5619) (10.9559, 12.2790) (1.7220, 1.8784) (17.6639, 19.0749) 

MgCl2 
1.5811 10.9101 1.7588 17.9888 

(1.5099, 1.6406) (10.5423, 11.2258) (1.6171, 1.9006) (17.3088, 18.7929) 

C.2.3 Water–Anion HBs 

The results for HBs that are donated by water molecules to Cl– anion in different aqueous 

salt solutions of various DNDs are presented. 

Table C.16. The average values of 𝜏(_) and 𝜏(&)of water-anion HBs for water in different aqueous salt solutions of 
DND–H with various surface chemistries. The CIs of the mean values are enclosed in parentheses. 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

q 
= 

0  

KCl 
2.2625 10.3821 

q 
= 

+2
8 

KCl 
2.2985 10.9938 

(2.2543, 2.2707) (10.3530, 10.4111) (2.2766, 2.3173) (10.7795, 11.1438) 

NaCl 
2.276 10.6177 

NaCl 
2.3053 10.8195 

(2.2664, 2.2860) (10.5237, 10.7200) (2.2909, 2.3209) (10.6595, 10.9461) 

CaCl2 
1.7419 9.4547 

CaCl2 
1.7587 9.7 

(1.7365, 1.7474) (9.3311, 9.5447) (1.7549, 1.7622) (9.6082, 9.8055) 

MgCl2 
1.7535 9.6237 

MgCl2 
1.7584 9.8941 

(1.7505, 1.7568) (9.5171, 9.7254) (1.7493, 1.7684) (9.7292, 10.1252) 

 

 

 

q 
= 

+5
6  

KCl 2.4888 12.1131 

q 
= 

+8
4  

KCl 
2.5637 12.9305 

(2.4607, 2.5106) (11.9218, 12.3005) (2.5356, 2.5887) (12.6435, 13.2986) 

NaCl 2.4895 11.9343 
NaCl 

2.5799 13.0737 
(2.4680, 2.5105) (11.7345, 12.1722) (2.5514, 2.6053) (12.8194, 13.3270) 

CaCl2 
1.8741 10.6524 

CaCl2 
1.9015 10.987 

(1.8700, 1.8781) (10.5100, 10.7718) (1.8918, 1.9120) (10.9060, 11.0881) 
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Table C.16. (continued). 

q = +56 MgCl2 
1.8819 10.6579 

 q = +84 MgCl2 
1.9327 11.2805 

(1.8623, 
1.8976) 

(10.4874, 
10.8363) 

(1.9152, 
1.9504) 

(11.1499, 
11.4110) 

Table C.17. Same as Table C.16, but for the case of DND–NH2. 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

q 
= 

0  

KCl 
2.286 10.4313 

q 
= 

+2
8 

KCl 
2.3238 11.0572 

(2.2834, 2.2886) (10.3399, 10.5228) (2.3046, 2.3456) (10.9666, 11.2258) 

NaCl 
2.2925 10.7986 

NaCl 
2.3119 10.9867 

(2.2771, 2.3047) (10.6321, 11.0312) (2.2992, 2.3214) (10.8061, 11.1444) 

CaCl2 
1.7362 9.5468 

CaCl2 
1.7707 9.8773 

(1.7290, 1.7438) (9.4784, 9.6224) (1.7632, 1.7766) (9.8107, 9.9412) 

MgCl2 
1.7543 9.6061 

MgCl2 
1.7821 10.003 

(1.7478, 1.7591) (9.2989, 9.8174) (1.7723, 1.7927) (9.9203, 10.0621) 

 

 

 

q 
= 

+5
6  

KCl 2.3687 11.7944 
q 

= 
+8

4 
KCl 

2.5004 13.7065 
(2.3470, 2.3905) (11.7216, 11.9098) (2.4887, 2.5109) (13.3743, 14.0386) 

NaCl 2.3755 11.8577 
NaCl 

2.485 14.72 
(2.3571, 2.3971) (11.5739, 12.1612) (2.4518, 2.5183) (14.3417, 15.0983) 

CaCl2 
1.7953 10.343 

CaCl2 
1.8355 11.434 

(1.7881, 1.8043) (10.2374, 10.4452) (1.8283, 1.8435) (11.2581, 11.6049) 

MgCl2 
1.8127 10.4953 

MgCl2 
1.8521 11.6365 

(1.8068, 1.8186) (10.3531, 10.6376) (1.8408, 1.8632) (11.5435, 11.7261) 

Table C.18. Same as Table C.16, but for the case of DND–COOH. 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 

q 
= 

0  

KCl 
2.2803 10.8194 

q 
= 

–2
8  

KCl 
2.2784 10.4739 

(2.2559, 2.3061) (10.5260, 11.3353) (2.2652, 2.2894) (10.3223, 10.6408) 

NaCl 
2.2966 10.7663 

NaCl 
2.2776 10.7999 

(2.2850, 2.3061) (10.6478, 10.8915) (2.2722, 2.2840) (10.6108, 10.9891) 

CaCl2 
1.7377 9.5262 

CaCl2 
1.7475 9.6252 

(1.7304, 1.7469) (9.4047, 9.6478) (1.7431, 1.7525) (9.5160, 9.7121) 

MgCl2 
1.7465 9.6349 

MgCl2 
1.7527 9.6198 

(1.7387, 1.7535) (9.4540, 9.7689) (1.7440, 1.7638) (9.4847, 9.7333) 

 

 

 

q 
= 

–5
6  KCl 2.2609 10.6699 

q 
= 

–8
4  KCl 

2.2903 10.2784 
(2.2131, 2.2954) (10.3367, 10.9008) (2.2886, 2.2919) (10.1875, 10.3694) 

NaCl 2.2786 10.6328 
NaCl 

2.2649 10.6159 
(2.2654, 2.2927) (10.3468, 10.9226) (2.2532, 2.2750) (10.4875, 10.7086) 
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Table C.18. (continued). 
q 

= 
– 5

6 CaCl2 
1.7458 9.504 

 
q 

= 
–8

4 CaCl2 
1.7375 9.5664 

(1.7388, 1.7515) (9.4366, 9.5749) (1.7276, 1.7465) (9.5205, 9.6170) 

MgCl2 
1.7428 9.668 

MgCl2 
1.7506 9.5821 

(1.7378, 1.7468) (9.5687, 9.7794) (1.7442, 1.7580) (9.5246, 9.6386) 

Table C.19. Same as Table C.16, but for the case of DND–OH. 

 Salt 𝝉(𝒄) / ps 𝝉(𝒊) / ps 
q 

= 
0  

KCl 2.2873 10.4815 
(2.2701, 2.3045) (10.4699, 10.4931) 

NaCl 
2.2713 10.5693 

(2.2536, 2.2885) (10.4172, 10.6794) 

CaCl2 
1.7424 9.555 

(1.7290, 1.7554) (9.4417, 9.6683) 

MgCl2 
1.7496 9.7228 

(1.7406, 1.7623) (9.6525, 9.7976) 
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