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ABSTRACT 

 

The strong dimerization, high selectivity, and directionality of self-complementary 2-

ureido-4-pyrimidone (UPy) groups can lead to the formation of novel organic-inorganic hybrid 

nanostructure assemblies and provide a deeper understanding into the role of hydrogen 

bonding (HB) on programmable self-assembly at the nanoscale. The present work focuses on 

probing quadruple hydrogen bonding (QHB) ligand-ligand interactions between AuNPs 

through quartz crystal microbalance with dissipation monitoring (QCM-D), comparing these 

to Van der Waals (VdW) forces between NPs. Several NP functionalization combinations using 

UPy-containing ligands and ligands with no specific interacting groups (mPEG) are used in a 

sequence of experiments that provide the means for a quantitative comparison between van 

der Waals forces and QHB interactions in nanoparticles. Our results show comparable degrees 

of interaction between QHB and VdW interactions, with trends that suggest that QHB 

between AuNPs are slightly stronger as seen through changes in frequency and changes in 

energy dissipation data. 
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INTRODUCTION 

Understanding and directing the assembly of nanomaterials into higher-order 

superstructures presents many scientifically intriguing and technologically relevant research 

challenges. In recent years, significant effort has been directed towards the controllable assembly 

of inorganic nanoparticles (NPs) into multi-dimensional structures and functional macroscopic 

materials1-3. Nanomaterials possess unique size-dependent properties that differ from their bulk 

counterparts such as quantum confinement in semiconductor NPs, surface plasmon resonance 

in some metal particles, and superparamagnetism in magnetic materials4-5. We can directly tune 

these properties through controllable changes in NP size, morphology, and composition to yield 

functional materials and devices that can be used for applications in optics, catalysis, and 

biology6-9. To fully exploit the potential of NP assemblies in technological applications and ensure 

optimal scale-up, a high degree of direction and control over the assembly process is required10. 

Important progress has been achieved with multi-component inorganic NP systems leading to 

the formation of different crystal binary systems11 and symmetric crystal packing architectures12. 

However, our understanding of and control over the directed self-assembly of inorganic 

molecular systems into any desired complex superstructures remains relatively primitive.  

Nature provides a compelling vision for the complexity of self-assembled superstructures 

that are possible through its design principle: self-assembly13-14. Self-assembly is a fundamental 

process inherent to biological systems in which organized systems are built from smaller building 

units14-15. Beyond the simple self-assembled structures for inorganic building blocks reported 

thus far, natural systems have evolved to perfect the complex and dynamic assembly of proteins 

into enzymes16, cells17 and full organisms18. The ability of natural systems to self-assemble 
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provides a powerful motivator to investigate how similar concepts can be applied to assemble 

the growing library of inorganic nanomaterial building blocks. Initial steps with DNA 

(oligonucleotide-oligonucleotide interactions) are impressive but limiting in terms of chemical 

compatibility and scalability19-21.  

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of sequence-defined oligomeric ligand onto AuNPs and 

subsequent binding through quadruple hydrogen bonding (QHB). 

 

Significant strides have been made towards the assembly of complex nanoscale 

architectures by utilizing DNA. Oligonucleotide-oligonucleotide interactions are highly selective 

due to the intrinsic complementary nature of the DNA bases and intrinsic sequencing nature22. 

These properties have been extensively explored and have led to the creation of DNA origami 

wherein the folding and interactions of selected DNA strands resembles the connectivity of 

“Lego” pieces at the nanoscale23. Nanomaterials with impressively precise architectures have 

been formed through this technique such as 2D artistic arrays that portray a Mona Lisa frame24 
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and a 3D structure of a teddy bear25. DNA interactions have also been explored in the context of 

NP self-assembly. In 1996, Chad Mirkin and coworkers discovered a rational DNA-mediated 

method for the assembly of colloidal NP26, a process that has resulted on impressive 

enhancement control over the final resulting architectures27-29. More recently, efforts have 

focused on the manipulation of polyhedral structures with NPs and polymers as coating ligands 

through regioselective encoding30. Even though new nanoscale structures have emerged, such 

as spherical NPs attached by the vertex to cubic building blocks, the use of DNA is still a necessity, 

without which the ligand encoding could not take place. Though elegant, the use of DNA as the 

connector ligand limits the scalability of these materials and their use limited and expensive. 

In the realm of supramolecular chemistry, UPy was first deemed as a molecule with 

promising features31. Supramolecular structures are multi-component molecular assemblies that 

are held together by several weaker non-covalent bond interactions such as hydrogen bonding 

(HB) and π-π stacking interactions32. HB is appealing due to its reversible bonding nature, high 

directionality, and specificity33-34. In 1998, Meijer and coworkers built the first self-

complementary QHB array based on UPy units formed in a two-step synthesis from β-keto 

esters31. The UPy unit acts through an acceptor(A)-donor(D) mechanism in an AADD 

configuration35. Kinetics of UPy units have been carefully examined in ensuing years, and the 

association constant of UPy dimers has been measured in aqueous and organic solvents with the 

highest values in the order of 107 M-1 in CDCl3 and CH2Cl235. Detailed quantitative studies of 

binding strength of UPy units have been led by Julius Vancso et al. using atomic force microscopy 

(AFM) single molecule force spectrometry to pull UPy units with different organic backbones and 

configurations in a variety of solvents, and at various loading rates36-38.  
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However, very little has been explored in the context of directed colloidal NP self-

assembly using UPy groups as ligands. The combination of UPy and NPs was initially made in 2006 

in electrochemical studies39 lead by Kido Yasushi et al. In 2009, for the first time, Celiz et al. used 

UPy motifs as coating ligands of AuNPs to trigger programmable self-assembly40. While their 

study shows NP aggregation due to UPy ligands through transmission electron microscopy (TEM), 

there is little to no control over the final configuration of the NPs. Most recently, directed self-

assembly of Au nanorods into 1D and 2D arrays through QHB of UPy groups has provided insight 

into the dependence of assembly control in crosslinking ligand concentration41. However, 

delineating the role of QHB bonding from more general van der Waals interactions remains an 

ongoing challenge. Thus far, TEM has been the only method of detection for these NP assemblies. 

Drawing inspiration from these studies on UPy units, and DNA-mediated assembly, this 

project aims to create a DNA-like molecular oligomeric ligand to trigger programmable self-

assembly between inorganic NP building blocks. Figure 1 depicts the long-term vision of NP 

assemblies using QHB supramolecular oligomers. This work explores the fundamental forces 

governing the interactions of UPy coated gold NP (AuNPs), focusing on the ligand-ligand 

interactions through which NPs interact with each other. Through studies with quartz crystal 

microbalance (QCM) and theoretical considerations of interparticle potentials, we aim to 

correlate a model that can describe and explain experimental QCM signals of changes of mass 

with a theoretical model for interparticle potentials that shows evidence of the extent of 

interaction between UPy-UPy NPs ligands (specific interactions) and non-specific interactions 

with PEG-PEG ligands that interact through van der Waals forces. 
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CHAPTER 1 

Synthesis and Characterization of The Supramolecular Self-Complementary Oligomeric Ligand 

OPSS-PEG(2K)-UPy 

Introduction 

Our fundamental study into the self-assembly of AuNPs interacting through QHB of self-

complementary oligomeric ligands takes into consideration the simplest of cases: two 

nanoparticles with core spherical morphology (particle A and particle B) coated with oligomeric 

ligands that have a single UPy moiety. In the works of Celiz et al., spherical Au-NPs are used with 

ligands that contain single UPy moieties at the peripheries. These NPs are prepared with various 

UPy-containing ligand loadings with consistent ligand exchange treatments to compare the effect 

of increasing UPy loading in the resulting assembly of the particles40. Similarly, the works of Zhai 

et al. use Au nanorods coated with ligands containing a single UPy moiety in their molecular 

structure at the peripheries41. These building blocks vary in the core NP morphology, which leads 

to differences in the resulting assemblies. In the first study in which spherical AuNPs were used, 

upon full functionalization of the AuNPs with UPy-containing ligands, there is a NP agglomerate 

formed with no specific structure or organizational assembly. When Au nanorods are used, end-

to-end and side-by-side assemblies were formed. The arguments given for the formation of these 

assemblies did not provide quantitative data that could effectively support UPy-UPy QHB 

interactions as the main driving force for the NP interactions. Instead, a qualitative argument is 

given using the distance between particles from TEM images as the matching distance between 

UPy-UPy ligand-ligand pairings when two UPy-functionalized Au nanorods interact with each 

other.  
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Here, we consider the case of spherical AuNPs to remove the variable of assemblies due 

to different morphologies. Similarly, our oligomeric ligands structurally contain a single UPy 

moiety to focus on single UPy-UPy ligand-ligand interactions and to establish the background for 

the simplest of cases (i.e., without interactions of multiple UPy groups in the same molecular 

backbone). This chapter details the synthesis and characterization of the ligand OPSS-PEG(2K)-

UPy containing three different functionalities in its structure: an ortho pyridyl disulfide (OPSS) 

moiety that can bind to the surface of AuNPs, a polyethylene glycol (PEG) backbone (size 2 KDa) 

that allows for the dispersion of AuNPs in aqueous protic solvents and gives length to the 

resulting oligomeric ligand, and a UPy supramolecular moiety that gives the AuNPs the ability to 

interact with other AuNPs through QHB. 

 

Experimental 

Conjugation of OPSS-PEG(2K)-UPy. OPSS-PEG(2K)-UPy (3), in Figure 2A, was synthesized by 

reacting 1 equivalent (8.82 µmol) of OPSS-PEG(2K)-NHS (1) with 3 equivalents (26.46 µmol) of 

UPy-Am (2) in the presence of 10 equivalents (88.21 mmol) of TEA in 0.5 equivalents (4.41 mmol, 

313.8 μL) of DMSO. The mixture was stirred overnight at 1000 rpm. The resulting solution was 

separated in a Jupiter® 5 μm C18 300 A LC Column 150 × 21.2 mm column. The purified product 

was obtained in a mixture of acetonitrile and H2O. The solvent mixture was removed by vacuum 

centrifuge (SpeedVac) overnight, and the yield of the desired product was calculated as ~55%. 

The final product OPSS-PEG(2K)-UPy was re-dispersed in 1 mL of a 0.1 mM PBS solution and 

stored at -4 °C. 
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Figure 2. (A) Schematic representation of OPSS-PEG(2K)-UPy reaction. (B) HPLC traces of the 

product (OPSS-PEG(2K)-UPy) and starting materials (UPyAm, OPSS-PEG(2K)-NHS). (C) MALDI MS 

distribution for OPSS-PEG(2K)-UPy and starting materials UPyAm and OPSS-PEG(2K)-NHS. 

 

Results and Discussion 

Figure 2B includes the HPLC traces at a wavelength of 254 nm of compounds 1, 2, and 3 

run in the same column. Figure 2C shows the MALDI and LCMS mass-spec distribution for 

hydrolyzed compound 1, starting material 1, and product 3. We can observe from the HPLC traces 

at 254 nm that the final ligand OPSS-PEG(2K)-UPy and the starting material OPSS-PEG(2K)-NHS 

have the same retention time between 18.2 min. and 22 min. The starting precursor OPSS-

PEG(2K)-NHS used for the synthesis of the oligomeric ligand containing a single UPy moiety is of 

size 2000 Da. From the literature, it is accepted that for a PEG 2000, 45 PEG monomeric units are 

contained in the backbone42. With this estimate on the number of monomeric units of the 

+ 

2 1 3 
(1 eq.) (3 eq.) 

TFA, DMSO 

12 hr. 

B C 
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backbone of our oligomeric ligand, we can make estimates of exact masses for MALDI MS 

analysis. The estimated exact masses for OPSS-PEG(2K)-NHS is 2262.17 Da and that of OPSS-

PEG(2K)-UPy is 2430.31 Da. From the MALDI MS data (Figure 2C), there is no significant shift in 

the exact mass of the desired product OPSS-PEG(2K)-UPy compared to the starting material 

OPSS-PEG(2K)-NHS. 

Here, it is argued that the polydispersity of the oligomer used as the starting material 

(OPSS-PEG(2K)-NHS), in addition to its exact mass being close to the exact mass of the desired 

product OPSS-PEG(2K)-UPy, are reasons that would prevent us from observing a shift in the exact 

masses of the starting materials and final product through this technique. To test this, we first 

hydrolyzed the starting material OPSS-PEG(2K)-NHS into OPSS-PEG(2K)-COOH. Because of the 

polydispersity and close proximity of the exact masses of these two compounds, 2262.17 Da 

compared to 2165.16 Da, we first verified that there is no significant difference that can be 

observed in their MALDI MS spectra (see Figure S1). We then compared the MALDI MS data from 

both OPSS-PEG(2K)-NHS and OPSS-PEG(2K)-COOH with that of the product OPSS-PEG(2K)-UPy. 

We can see from Figure 2C that there is no significant shift appreciated from these results. 

Therefore, MALDI MS was not suitable to confirm the successful synthesis of the final product.  

To verify the successful synthesis of the desired product OPSS-PEG(2K)-UPy, 1H-NMR was 

used. Figure 3 shows the 1H-NMR data of OPSS-PEG(2K)-UPy in d-DMF. The 1H-NMR spectra of 

UPyAm (Figure S2) and OPSS-PEG(2K)-NHS (Figure S3), both in d-DMF, were obtained and fully 

interpreted for comparison purposes. Furthermore, a 1:1 molar mixture of UPyAm and OPSS-

PEG(2K)-NHS was subject to 1H-NMR analysis (Figure S4) to study relevant peaks that correspond 

to UPyAm and to OPSS-PEG(2K)-NHS and to determine the integration ratios between relevant 



 9 

chemical groups in the product OPSS-PEG(2K)-UPy. Therefore, the later sample was used as a 

calibration curve when integrating relevant peaks. For UPyAm (Figure S2), the 1H-NMR data 

shows characteristic peaks between 1-2 ppm, corresponding to -CH2- groups adjacent to the UPy 

moiety. These -CH2- groups are also visible in the 1H-NMR of OPSS-PEG(2K)-UPy. Similarly, the 

proton from the urea group -NH- (labeled as ‘5’ in Figure 3) was located around 5.8 ppm in the 

1H-NMR of both OPSS-PEG(2K)-UPy and UPyAm. In the region between 7-9 ppm we appreciate 

protons characteristic of the OPSS moiety, which appear in both the spectra of OPSS-PEG(2K)-

UPy and OPSS-PEG(2K)-NHS. The characteristic PEG peak around 3.5 ppm is readily appreciated 

from the 1H-NMR spectra in Figures 3 and S3. In Figure S3, at 2.94 ppm, the peak labeled as ‘12’ 

corresponds to the protons in the NHS group of the starting material. These peaks are not visible 

in Figure 3, which is supporting information that we do not have any NHS groups in the spectra 

of the final product. Furthermore, from the 1:1 molar mixture calibration spectrum obtained in 

Figure S4, we were able to determine the purity of the desired product OPSS-PEG(2K)-UPy, which 

did not show the presence of any unreacted OPSS-PEG(2K)-NHS or a mixture with possible 

hydrolyzed starting material OPSS-PEG(2K)-COOH. From these results we were able to 

successfully verify the synthesis of the desired oligomeric ligand OPSS-PEG(2K)-UPy. 

In the synthetic protocol for this compound, it is recommended that by changing the 

amount of DMSO in the reaction mixture and by increasing the reaction temperature, it is 

possible to improve the yield of the desired product. We can gradually reduce the solvent of the 

reaction mixture to prompt the starting materials to interact with each other more vigorously, 

allowing for more collisions and better reactivity. By increasing the reaction temperature, we can 

also trigger a similar effect. It is recommended that instead of carrying out the reaction at room 
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temperature, we can perform the reaction at either 35 °C as a starting point, and perhaps 

increase the temperature to up to 40 °C. It is predicted that under these conditions, a higher yield 

can result for the desired oligomeric ligand OPSS-PEG(2K)-UPy. 

 

 

 

 
 
 
 
 
 
 
 
Figure 3. 1H-NMR spectrum of OPSS-PEG(2K)-UPy in d-DMF. 

 
 
Conclusion 

In this chapter, we detailed the reaction protocol used to synthesize the oligomeric ligand 

OPSS-PEG(2K)-UPy. A ~55% yield of OPSS-PEG(2K)-UPy was calculated using the experimental 

conditions discussed. We conclude that this product can be purified using a C18 HPLC column 

(prep or semi-prep). Furthermore, MALDI MS analysis is not suitable to verify the successful 

synthesis of OPSS-PEG(2K)-UPy. Instead, 1H-NMR is an effective technique for the verification of 

the successful synthesis of this compound. Suggestions that can improve the yield of the product 

are also given. Briefly, these include reducing the amount of DMSO used in the reaction and 

increasing the reaction temperature to 35 °C. 
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CHAPTER 2 

Formation of Nanocomposite Tectons: AuNP Ligand Exchange with OPSS-PEG(2K)-UPy 

Introduction: Nanocomposite Tectons (NCTs) 

The combination of two or more nanoscale components with the purpose of giving rise 

to physical characteristics that cannot be possible with single nanoscale building blocks, gives rise 

to an important class of materials known as nanocomposites. These targeted properties are 

dictated by the chemical composition and structural arrangement of the composites. For 

materials at the nanoscale, self-assembly is a bottom-up scalable approach that can provide a 

great extent of structural control over the individual building blocks that form nanocomposite 

materials.43 Nanocomposite tectons (NCTs) are a class of nanoscale building blocks that consist 

on an inorganic NP core that dictates the size and morphology of the composite structure and a 

set of polymeric ligands that passivate the surface of the metallic NP core. A unique feature of 

NCTs is that the ligands on their surface possess supramolecular binding groups that can give rise 

to reversible programmable interactions, providing a sophisticated level of control over the 

structures that can be possibly made through other polymer-grafted NPs.43 Recently, Santos et 

al. developed macroscopic solids at gram-scales of faceted NP superlattice crystallites using NCTs 

as the building blocks and a novel processing approach that allows the fundamental nanoscale 

interactions to be preserved as the macroscopic composites are formed.44 This work positions 

NCTs as a class of building blocks with great potential for the development of new classes of 

programmable materials with properties by design at large scales.  

The proposed building blocks in this work consist on a spherical AuNP core passivated 

with supramolecular self-complementary oligomeric ligands. Due to the polymeric and 
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supramolecular nature of the OPSS-PEG(2K)-UPy ligands, these building blocks are one kind of 

NCTs. In this Chapter, we focus on the formation of these NCTs through the ligand exchange of 

OPSS-PEG(2K)-UPy with 10 nm spherical tannic acid AuNPs. We discuss the corresponding 

protocols and characterization of the ligand exchange process as well as challenges that need to 

be addressed. 

  

Experimental 

Ligand Exchange. Tannic acid (TA) AuNPs (Sigma-Aldrich, 6.0×1012 nanoparticles/mL, 

485.1 μg Au/mL) were functionalized with a mixture of previously synthesized OPSS-PEG(2K)-UPy 

and commercial OPSS-mPEG(2K) at different ratios to produce AuNPs with UPy loadings of 0%, 

5%, 10%, and 50%. The term loading in this case refers to percentage surface coverage of each 

AuNP that corresponds to UPy-containing ligands. In this context, the remaining surface of the 

AuNPs is functionalized with the OPSS-mPEG(2K) ligands containing no UPy moiety. The ligand 

amounts needed for full surface coverage was estimated theoretically through calculations 

discussed in section S2 in the Supporting Information (SI). The resulting quantity of ligands 

needed to achieve full surface coverage per nanoparticle were then increased ten-fold (10×) and 

used in the actual experiments. Detailed information on the amounts used to carry out these 

ligand exchange experiments is included below. 

For each ligand exchange experiment, 1.5 mL (corresponding to 9.0×1012 nanoparticles, 

727.6 µg of Au) of the commercial TA-AuNPs were used. For AuNPs with UPy loadings of 0%, 

13.37 μL of a 10 mM OPSS-mPEG(2K) solution were added. For AuNPs with UPy loadings of 5%, 

0.58 μL of a 12.13 mM OPSS-PEG(2K)-UPy stock solution were added (corresponding to 5% OPSS-
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PEG(2K)-UPy ligands on the surface of AuNPs) together with 13.39 μL of a 10 mM OPSS-mPEG(2K) 

(corresponding to 95% OPSS-mPEG(2K) ligands on the surface of AuNPs). For AuNPs with UPy 

1.16 μL of a 12.13 mM OPSS-PEG(2K)-UPy stock solution were added (corresponding to 10% 

OPSS-PEG(2K)-UPy ligands on the surface of AuNPs) together with 12.69 μL of a 10 mM OPSS-

mPEG(2K) (corresponding to 90% OPSS-mPEG(2K) ligands on the surface of AuNPs). For AuNPs 

with UPy 5.8 μL of a 12.13 mM OPSS-PEG(2K)-UPy stock solution were added (corresponding to 

50% OPSS-PEG(2K)-UPy ligands on the surface of AuNPs) together with 7.05 μL of a 10 mM OPSS-

mPEG(2K) (corresponding to 50% OPSS-mPEG(2K) ligands on the surface of AuNPs). 

The ligand exchange reactions were allowed to sit overnight. The NPs were then 

centrifuged for two hours using an ultracentrifuge at 42,000 rpm. The supernatant was carefully 

removed. The particles were then re-dispersed in 1 mL of a 0.1 mM PBS solution. A second wash 

was performed repeating the previous step. The particles were finally re-dispersed in 1 mL of a 

0.1 mM PBS solution and stored at 4°C. 

 

Results and Discussion 

A qualitative look into the resulting functionalized NPs with UPy-ligands (Figure 4B) shows 

that for UPy loadings between 0% - 50%, there is change in the optical properties of the AuNPs. 

However, for UPy loadings of 100% there are physical and chemical changes in the AuNPs as there 

is not only a color change but also precipitation of the particles as observed in the bottom of the 

vial. Therefore, we can state that in the presence of only OPSS-PEG(2K)-UPy ligands passivating 

the NP surface, AuNPs present changes on their physical and chemical properties.  
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The UV-Vis spectra for all the samples was obtained. Figure 4C shows the normalized 

absorption for TA-AuNPs and for UPy-AuNPs with loadings of 0%, 5%, 10%, 50%, and 100%. There 

is a very small shift in the plasmon resonance peak of each functionalized NP sample. TA-AuNPs 

absorb at 219 nm. UPy-AuNPs and mPEG-AuNPs absorb at 221 nm and 224 nm respectively. We 

can observe that the absorbance of UPy-AuNPs with 100% loading is notably lower compared to 

the rest of the UPy-AuNPs samples and control TA-AuNPs. Because of the physical and chemical 

changes of the UPy-AuNPs with 100% loading, most of the particles precipitated and less particles 

from the same sample remained dispersed in solution. Thus, the AuNP count of the sample was 

less compared to the remaining UPy-AuNPs with loadings between 0% and 50%, in which most 

of the AuNPs dispersed more vigorously in solution, thereby presenting higher NPs counts.  

There is a difference observed in the zeta potential of the functionalized AuNPs compared 

to TA-AuNPs. The zeta potential of commercial TA-AuNPs was measured to be -30.9 ± 8.33 mV. 

The AuNPs prepared with 0% UPy loading presented a zeta potential of -10.40 ± 4.43 mV. The 

AuNPs with UPy loadings of 5%, 10%, and 50% presented zeta potentials of -9.47 ± 4.75 mV, -

13.4 ± 5.02 mV, and -14.3 ± 6.49 mV respectively. Because AuNPs with UPy loadings of 100% 

showed precipitation, the zeta potential measurements of this sample were not performed. Due 

to the lack of dispersion of the sample in solution, 100% UPy-AuNPs is not suitable for QCM-D 

experiments. The zeta potential measurement results are summarized in Table 1. The zeta 

potential of the functionalized AuNPs range between -9 and -14 mV within error compared to 

the zeta potential of control TA-AuNPs. This is indicative that UPy-AuNPs with various loadings 

presented a similar and comparable change in the surface chemistry of the NPs. The zeta 

potential raw measurement plots for each sample described can be found in section S4 in the SI. 
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Table 1. Zeta potential measurements of AuNPs functionalized with various UPy loadings. 

AuNP Sample Zeta Potential (mV) 

Tannic Acid AuNPs -30.9 ± 8.33 

UPy-AuNPs (0% loading) -10.40 ± 4.43 

UPy-AuNPs (5% loading) -9.47 ± 4.75 

UPy-AuNPs (10% loading) -13.4 ± 5.02 

UPy-AuNPs (50% loading) -14.3 ± 6.49 

 

TEM images were obtained for TA-AuNPs and for NPs with UPy loadings of 0%, 5%, 10%, 

and 50%. For each corresponding sample, these images can be found in section S4 in the SI. The 

images show no NP aggregation consistent with our observations that UPy-AuNPs with loadings 

A 

B 

C 

Figure 4. (A) Schematic representation of ligand exchange with various UPy loadings from 0% to 

100%. (B) AuNPs samples after ligand exchange with UPy ligands at loadings of 0%, 5%, 10%, 50%, 

and 100% respectively. (C) UV-Vis spectra of AuNPs samples with UPy loadings of 0%, 5%, 10%, 

50%, and 100%. Control TA-AuNPs are also included. 
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between 0% and 50% disperse well in the 0.1 mM PBS solution. These results are consistent with 

what has been previously reported by Celiz et al.40 Since UPy-AuNPs with a 50% UPy loading 

disperses well in solution and possesses similar properties as particles with lower UPy loadings, 

it was chosen as the sample to be used for QCM-D experiments as it also possesses a higher 

number of UPy groups on their surface. 

For experiments with QCM-D, UPy-AuNPs of 50% UPy loading and equal concentrations 

were prepared using optical density. The concentration of these particles was 4.67 × 1011 

particles/mL. Through UV-Vis measurements of TA-AuNPs with known concentrations, we 

derived the relationship in Equation S1 in the SI. The functionalized AuNPs with various UPy-

containing ligands did not show a significant red-shift compared to TA-AuNPs (519 nm vs 523 

nm). Therefore, the relationship in Equation S1 was assumed as valid for UPy-functionalized 

AuNPs. 

UV-Vis and zeta potential measurements provide means for characterizing physical and 

chemical changes of functionalized AuNPs with UPy ligands. Fourier transform infrared 

spectroscopy (FTIR) is another widely accepted technique for the characterization of AuNPs 

functionalized with desired ligands as it gives out signals that are “fingerprints” unique to organic 

molecules. It is recommended to concentrate UPy-AuNPs samples for this technique as the 

concentrations used for QCM-D experiments are too low to obtain a distinctive signal. At least 

5X higher concentration samples should be used. The use of an ultracentrifuge with 42,000 rpm 

can help in pelleting down AuNPs. The AuNPs should be concentrated in about 10 – 15 µL of 

solvent. Furthermore, the AuNPs should be carefully deposited onto the ATR-crystal, and the 

solvent should be allowed to dry out fully to use vacuum in the measurement of the sample for 
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higher sensitivity measurements. A combination of more complex NMR techniques can also 

confirm the attachment of ligands onto the AuNP surface in accordance to the literature.45 These 

measurements might require more careful experimentation planning and a higher degree of 

complexity compared to FTIR alone. However, the results can be more accurate. 

 

Conclusion 

In this chapter, we provided details on the ligand exchange reaction protocols to produce 

NCTs with various degrees of UPy loadings using a mixture of OPSS-PEG(2K)-UPy and OPSS-

mPEG(2K) with AuNPs. Through zeta potential measurements, we observe a similar level of 

surface chemistry change between the samples functionalized with UPy ligands compared to TA-

AuNPs. The zeta potential of the resulting UPy-AuNP NCTs ranged between -9 and -14 mV, 

showing similar levels of surface chemistry changes compared to control TA-AuNPs. Through 

qualitative observations using TEM images and UV-Vis measurements, we observed no degree of 

aggregation for NPs with UPy loadings of 0%, 5%, 10% and 50%. For AuNPs with 100% UPy 

loading, optical and physical properties of the resulting sample indicated that aggregation takes 

place when only OPSS-PEG(2K)-UPy ligands are present on the surface of AuNPs. It was also 

established that 50% UPy-AuNPs are suitable for QCM-D experiments as they do not aggregate, 

and possess the highest content of UPy loading from the samples explored. In principle, UPy-

AuNPs with 50% UPy loading can enhance the QHB interactions between NPs and ligands on the 

surface of the QCM sensor. Suggestions are given for future measurements that can be 

performed with FTIR to confirm the attachment of ligands onto the AuNP surface. 
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CHAPTER 3 

Quadruple Hydrogen Bonding Interactions of Nanocomposite Tectons Through Quartz Crystal 

Microbalance with Dissipation Monitoring 

Introduction: The Principle of QCM-D 

Colloidal nanoparticle interactions are important in a variety of applications from biology 

to materials science and industry. Different techniques with various levels of complexity have 

been developed throughout the years to study the interactions between colloidal NPs. For 

multicomponent systems where NPs present different surface charge characteristics, zeta 

potential distribution measurements are used to study their interactions. For NPs with similar 

surface charge and chemistry characteristics, quartz crystal microbalance with dissipation 

monitoring (QCM-D) is deemed as an effective and promising technique able to provide 

qualitative and quantitative data on the specific colloidal NP interactions of interest.46 

QCM-D uses a piezoelectric material (quartz crystal) in between conducting metal films 

that are deposited on each side of the crystal, serving as electric contacts. In response to an 

applied voltage, the quartz crystal oscillates at a resonant frequency, which is ultrasensitive to 

the mass of the crystal. Under the application of voltage in a special configuration, the oscillation 

of the quartz crystal is dependent on the thickness of the crystal and the mass added on its 

surface. 

In 1959, Sauerbrey demonstrated a linear relationship between the change in resonant 

frequency of the crystal sensor and the change of mass added onto its surface as shown in 

Equation 1 below, where 𝐶 is the mass sensitivity constant of -17.7 ng cm-2 Hz-1 for a 5 MHz quartz 

resonator and n (=1,3,5,…) is the number of overtones. 
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∆𝑚𝑓 = −𝐶
∆𝑓

𝑛
(1) 

Experimental Methodology 

To probe the fundamental interactions between UPy-coated NCTs, we used the working 

principle of QCM-D by depositing oligomeric ligand mixtures onto the QCM sensor crystal surface 

coated with gold and allowing these to interact with NCTs coated with UPy-containing ligands at 

various loadings. The overall QCM-D based methodology for experiments designed to probe 

specific quadruple hydrogen bonding (QHB) interactions, described herein, is presented in 

Figures 5 and 6. The general sequence of steps consists of the following: (1) functionalization of 

the QCM sensor surface by conjugated PEG(2K)-based oligomers, and (2) exposure to AuNPs 

functionalized with binding (UPy-containing) and non-binding (PEG-only) ligands. The detailed 

steps used in the sequential QCM-D experiments is detailed in this section. Details on the 

preparation of the coating monolayer solutions to form the self-assembled monolayer (SAM) on 

the QCM sensor surface are given in section S5 in the SI. 

AuNPs functionalized with OPSS-mPEG(2K), hereby mPEG-AuNPs, and a mixture of OPSS-

mPEG(2K)/OPSS-PEG(2K)-UPy (50% UPy loading), hereby UPy-AuNPs, were compared with two 

different QCM sensor surfaces that were coated with mPEG-only ligands and a mixture of 50% 

UPy-containing ligands and 50% mPEG ligands. Self-complementary UPy groups have a strong 

affinity to interact through QHB. These interactions are assessed by exposing the prepared UPy-

AuNPs (Chapter 2) with the UPy-containing groups on the QCM surface from the self-assembled 

monolayer. The interactions are then compared with a series of QCM sensor and AuNP 

functionalization combinations. These experiments, summarized in Figure 7, include: (1) mPEG-

QCM substrate interacting with mPEG-AuNPs, (2) mPEG-QCM substrate interacting with UPy-
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AuNPs, (3) UPy-QCM substrate interacting with mPEG-AuNPs, and (4) UPy-QCM substrate 

interacting with UPy-AuNPs. Experiments (1) and (2) use the same self-assembled monolayer on 

the QCM surface. For this reason, the exposure of AuNPs functionalized with mPEG and UPy-

containing ligands, respectively, was performed sequentially on the same QCM sensor. Similarly, 

experiments (3) and (4) were performed sequentially on the same UPy-coated QCM surface. 

In each set of sequential experiments, we start with a clean Au-coated QCM sensor that 

is pretreated with 2% SDS for 30 min. and throughoughly rinsed with milliQ H2O with a resistivity 

18.2 MΩ-cm (25°C). The sensors are dried carefully using N2. Then we place the sesnors on a UV 

plasma cleaner for 15 min before placing them on the QCM-D chamber.  

Figure 5 shows a detailed schematic for experiments (1) and (2). The flow rate of all QCM-

D experiments was kept constant at 0.3 mL/min. The clean Au-coated QCM sensor is first exposed 

to PBS and allowed to equilibrate until the change in frequency and energy dissipation signals (𝑛 

= 3) do not fluctuate significantly (Fig. 5A). The sensor is then exposed for 5 min. to the coating 

monolayer solution containing only OPSS-mPEG(2K) ligands until a complete monolayer is 

formed (Figure 5B,C). PBS is then flown through the system for 10 min. until equilibrium is 

reached again (Figure 5D). Until this point, the QCM sensor surface contains a self-assembled 

monolayer with the ligands of interest for the experiment. The next sequence of steps is related 

solely to NP exposure.  

The system is first exposed to mPEG-AuNPs for 15 min. and allowed to interact with the 

mPEG(2K) ligands on the QCM surface (Figure 5E). Background solvent PBS is introduced in the 

system to allow for particle desorption for a duration of 8 min. After this, a combination of PBS 

and DMSO (0.5% by volume) are introduced into the system for 4 min to disrupt any hydrogen 
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bonding interaction that was not broken by PBS alone. The system is re-exposed to PBS alone for 

the remaining 3 min. to allow for equilibration prior to the next nanoparticle exposure. The total 

duration of this solvent exposure step was 15 min (Figure 5F). Finally, UPy-AuNPs are flown 

through the system for 15 min. and allowed to interact with the mPEG(2K) ligands on the QCM 

surface. The last step is background solvent exposure alternating between PBS alone and PBS 

(0.5% DMSO by volume) like before for a duration of 15 min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. QCM-D experiment steps to probe non-specific Van der Waals  interactions: (A) Starting 

clean Au-QCM sensor exposed to PBS, (B) formation of self-assembled monolayer containing 

OPSS-mPEG(2K) ligands only, (C) exposure of the system to PBS solvent, disrupting ligand weak 

A B C D 

E F G H 
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Van der Waals and single HB interactions, (D) functionalized QCM sensor available for weak-force 

interactions, (E) mPEG(2K)-AuNPs exposure, (F) PBS solvent exposure and AuNP desorption, (G) 

UPy-AuNP exposure, and (H) DMSO/PBS solvent exposure and AuNP desorption. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6. QCM-D experiment steps to probe specific QHB interactions: (A) Starting clean Au-QCM 

sensor exposed to PBS, (B) formation of self-assembled monolayer containing a mixture of OPSS-

PEG(2K)-UPy & OPSS-mPEG(2K) ligands, (C) exposure of the system to PBS solvent, disrupting 

ligand UPy-UPy QHB interactions, (D) functionalized QCM sensor available for UPy-UPy QHB 

A B C D 

E F G H 
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interactions, (E) mPEG(2K)-AuNPs exposure, (F) DMSO/PBS solvent exposure and AuNP 

desorption, (G) UPy-AuNPs exposure, and (H) DMSO/PBS solvent exposure and AuNP desorption. 

 

 

Figure 6 shows a pictorial representation of experiments (3) and (4) in Figure 7.  The 

sequence of steps is like those explained in Figure 5. The difference lies in the ligands that form 

the self-assembled monolayer on the surface of the sensor. For these experiments, we use a 

mixture of 50% OPSS-PEG(2K)-UPy and 50% mPEG(2K) ligands to coat the surface. The flow rates, 

NP exposure times and background solvent exposure times remained the same. Theoretically, a 

lower bound of 12.5% UPy-ligand coverage would not cause nearest neighbor QHB between UPy-

containing ligands (see section S6 in the SI). The QCM sensor coating with 50% UPy-containing 

ligands was taken from the observation that UPy-AuNPs do not aggregate among each other in 

our prepared particles (Chapter 2) and in previous studies40 considering that a higher number of 

UPy groups on the surface could amplify any specific ligand-ligand interactions between UPy 

groups on the NPs and on the ligands of the self-assembled monolayer.  

 

 

 

 

Figure 7. QCM-D Experiments with various functionalization combinations in the Au-QCM sensor 

and in the AuNPs. (1) mPEG-QCM sensor interacting with mPEG-AuNPs (2) mPEG-QCM sensor 

interacting with UPy-AuNPs. (3) UPy-QCM sensor interacting with mPEG-AuNPs. (4) UPy-QCM 

substrate interacting with UPy-AuNPs. 

(1) (2) 
 

(3) 
 

(4) 
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The hypothesis behind the designed experiments in Figure 7 is that different levels of 

interaction will take place between the combinations of experiments just described. In principle, 

case (1) would show the weakest level of interaction since the only dominant forces are mainly 

Van der Waals forces. Hydrogen bonding can also be present through the PEG backbone of the 

ligands, but this level of interaction would be weaker than specific UPy-UPy ligand-ligand 

interactions. Cases (2) and (3) are hypothesized to show a similar level of interaction since they 

involve the combination of non-specific PEGylated ligands with ligands containing UPy moieties, 

which could interact strongly with the PEG backbone of the ligands through HB. In case (4), the 

UPy-UPy interaction between the functionalized QCM substrate and AuNPs would present the 

strongest interaction due to the self-complementary, specific, and relatively strong nature of 

QHB compared to both Van der Waals forces and single HB. 

Results and Discussion 

The changes in frequency (∆𝐹) and energy dissipation (∆𝐷) from the exposure of mPEG-

AuNPs and UPy-AuNPs with the QCM sensors coated with mPEG (only) ligands and 50% UPy 

ligands are detailed in Figures 8 and 9 respectively. The changes in mass per surface area (∆𝑚) 

calculated using the Sauerbrey equation (Equation 1) for the deposition of the SAMs onto the 

QCM surfaces, interaction of mPEG-AuNPs with the QCM SAMs, and interaction of UPy-AuNPs  

with the QCM SAMs are summarized in Figures 8B-D and 9B-D.  

For the case when the SAM of the QCM sensor comprises mPEG-only ligands, we observe 

a ∆𝐹 of -9.735 ± 0.032 Hz corresponding to a ∆𝑚 of 57.44 ± 0.19 ng/cm2 and a total of 2.664 × 

1013 ligands deposited onto the QCM sensor.  Upon exposure of mPEG-AuNPs, we see a ∆𝐹 of -

10.765 ± 0.009 Hz corresponding to 75.68 ± 0.06 ng/cm2 and a total of 11.65 × 108 mPEG-AuNPs 



 25 

absorbed onto the QCM sensor SAM. The mass desorption (increase in ∆𝐹) oberved in the 

deposition of the monolayer in Figure 8 is explained by dynamic equilibrium between free ligands 

in solution and the background solvent. The coating monolayer solution was re-circulated into 

the system for a more efficient use of sample, which caused this effect to be observed more 

readily (see section S7 in SI for a more detailed explanation). Upon exposure with PBS, the ∆𝐹 

decreases indicating free ligands in solution leaving the surface as they diffuse and interact with 

the background solvent molecules and other free ligands. When the mPEG-AuNPs are exposed 

to the background solvent PBS and a combination of PBS and DMSO (0.5% by volume), the ∆𝐹 

signal increases only slightly for a total change per surface area of 0.933 ± 0.027 Hz corresponding 

to a ∆𝑚 of -5.50 ± 0.16 ng/cm2 and a total number of 1.01 × 108 mPEG-AuNPs desorbed from the 

surface of the QCM sensor and SAM. After exposure to UPy-AuNPs, we see a ∆𝐹 of -11.741 ± 

0.032 Hz corresponding to a ∆𝑚 of 69.27 ± 0.18 ng/cm2 and a total number of 12.71 × 108 50% 

UPy-AuNPs absorbed onto the surface of the QCM sensor. Following exposure of the system to 

background solvent and PBS/DMSO (0.5% DMSO by volume), we see a ∆𝐹 of 0.345 ± 0.042 Hz, 

corresponding to a ∆𝑚 of -2.04 ± 0.25 ng/cm2 and a total of 0.374 × 108 50% UPy-AuNPs desorbed 

from the QCM sensor surface. 

The percent of mPEG-AuNPs desorbed from the QCM surface is about ~8.67% and that of 

UPy-AuNPs 2.94%, which is not as significant as there is >90% of the particles on the surface of 

the QCM sensor and SAM. Thus, the desorption data is not considered further for our analysis. 

We notice that there is a very similar level of absorption of mPEG-AuNPs and UPy-AuNPs onto 

the QCM sensor surface with only ~9.1% more of the UPy-AuNPs absorbed on the sensor 

compared to mPEG-AuNPs. This larger percent of absorption suggests that while there is a higher 
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affinity for the UPy-AuNPs to the SAM with mPEG ligands only, it is not as dramatically different 

compared to mPEG-AuNPs which interact only through Van der Waals forces and single HB with 

the mPEG SAM. Since the SAM has PEG-based ligands, the oxygen groups in the PEG backbone 

may interact with other PEG-based ligands, especially in an aqueous protic solvent. Therefore, 

this sequence of experiments show a similar level of interaction of mPEG-AuNPs and UPy-AuNPs 

with a SAM comprising mPEG ligands only.  The absorption slopes summarized in Table 3 are also 

comparable. The slighly higher value of -1.589 for mPEG-AuNPs interacting with the mPEG-QCM 

SAM compared to -1.388 for that of UPy-AuNPs interacting with the mPEG-QCM SAM indicated 

that mPEG-AuNPs initially interact at a slightly higher rate with the QCM sensor and SAM. 

However, no further information can be concluded from this as the ∆𝐹 shows that the 

equilibrium reached for the mPEG-AuNPs is lower than that of UPy-AuNPs when interacting with 

the QCM sensor, meaning that the initial rate of absoprtion is independent from the total affinity 

of one kind of AuNPs over the other. Particles with different surface functionalities could have a 

higher extent of interaction with the same sensor regardless of how steep the initial absorption 

value of the slope may be.47  

For the case when the SAM of the QCM sensor comprises a 1:1 UPy/mPEG ligand ratio, 

we observe a ∆𝐹 of -5.093 ± 0.039 Hz corresponding to a ∆𝑚 of 30.05 ± 0.36 ng/cm2 and a total 

of 1.312 × 1013 ligands deposited onto the QCM sensor.  Upon exposure of mPEG-AuNPs, we see 

a ∆𝐹 of -6.824 ± 0.046 Hz corresponding to 40.26 ± 0.42 ng/cm2 and a total of 7.39 × 108 mPEG-

AuNPs absorbed onto the QCM sensor surface and SAM. When the mPEG-AuNPs are exposed to 

the background solvent PBS and a combination of PBS and DMSO (0.5% by volume), the ∆𝐹 signal 

increases lightly for a total change per surface area of 1.144 ± 0.042 Hz corresponding to a ∆𝑚 of 
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B C D 

A 

-6.75 ± 0.38 ng/cm2 and a total number of 1.24 × 108 mPEG-AuNPs desorbed from the surface of 

the QCM sensor and mPEG/UPy SAM. After exposure to UPy-AuNPs, we see a ∆𝐹 of -8.405 ± 

0.120 Hz corresponding to a ∆𝑚 of 49.59 ± 1.19 ng/cm2 and a total number of 9.10 × 108 UPy-

AuNPs absorbed onto the surface of the QCM sensor. Following exposure of the system to 

background solvent and PBS/DMSO (0.5% DMSO by volume), we see a ∆𝐹 of 0.421 ± 0.054 Hz, 

corresponding to a ∆𝑚 of -2.48 ± 0.50 ng/cm2 and a total of 0.456 × 108 UPy-AuNPs desorbed 

from the QCM sensor surface. 
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Figure 8. (A) Frequency change signals from QCM-D experiments performed with the OPSS-

mPEG(2K) coated sensor. Mass change calculated from the Sauerbrey equation for (B) the mPEG 

SAM deposited onto the QCM surface, (C) the absorption and desorption of mPEG-AuNPs in the 

system, and (D) the absorption and desorption of UPy-AuNPs in the system. 

 
Table 2. Parameters calculated from the QCM-D ∆𝐹 data for the mPEG-QCM sensor and 

sequential runs with mPEG-AuNPs and UPy-AuNPs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3. Absorption and desorption slopes from the QCM-D ∆𝐹 signals for the mPEG-QCM sensor 

and sequential runs with mPEG-AuNPs and UPy-AuNPs 
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Comparing the absoprtionn of mPEG-AuNPs and UPy-AuNPs with the UPy-coated QCM 

sensor surface, we see there is ~23.1% higher number of particles absorbed onto the surface for 

the UPy-AuNPs case. There is a slightly more significant level of interaction between the UPy-

coated sensor and the UPy-functionalized AuNPs. By considering the previous experiments with 

the mPEG ligands olnly on the SAM, we also observe that there is a trend of UPy-AuNPs 

interacting stronger with the surface of the QCM whether mPEG only or mPEG/UPy ligands coat 

the surface of the QCM sensor.  

The extent of coating of the QCM sensor for the mPEG/UPy SAM is less than that of the 

mPEG-only SAM ligands. There is about half as many ligands absorbed onto the QCM surface on 

the second set of sequential experiments than that of the first set where mPEG-only ligands are 

used. We see that the total number of particles absorbed onto the surface for the second set of 

experiments is also about half than that of the first sequence of experiments. The trends 

observed are still consistent. mPEG-AuNPs absorbed less in both cases compared to UPy-AuNPs. 

Further experimental replicates must be carried out to establish if this small difference is 

statistically significant.  
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Figure 9. (A) Frequency change signals from QCM-D experiments performed with the 50% OPSS-

mPEG(2K) and 50% OPSS-PEG(2K)-UPy coated sensor. Mass change calculated from the 

Sauerbrey equation for (B) the mPEG/UPy SAM deposited onto the QCM surface, (C) the 

absorption and desorption of mPEG-AuNPs in the system, and (D) the absorption and desorption 

of UPy-AuNPs in the system. 

The ∆𝐷 signals offer additional insight into the comparison between QHB and Van der 

Waals forces. Figure 10 shows the ∆𝐷 plots from the set of experiments performed with the 

mPEG-only coated sensor (Figure 10A,B) and the UPy-coated sensor (Figure 10C,D). For the first 

B C D 
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set of sequential experiments (Figure 6A,B), we observe similar ∆𝐷 values between mPEG ligands 

in the QCM surface interacting with mPEG-AuNPs (1.051 ± 0.006 × 10-6) and with UPy-AuNPs 

(0.797 ± 0.005 × 10-6). The higher value in the ∆𝐷 signal of mPEG-AuNPs compared to UPy-AuNPs 

indicates that mPEG-AuNPs interact slightly stronger with the mPEG ligands on the SAM from the 

QCM surface sensor. These two values, however, are comparable, and the stronger level of 

interaction from ∆𝐷 is not by a large difference. For the second set of sequential experiments 

(Figure 6C,D), we observe a larger difference in the ∆𝐷 values between mPEG/UPy ligands in the 

QCM surface interacting with mPEG-AuNPs (0.208 ± 0.010 × 10-6) and with UPy-AuNPs (0.664 ± 

0.014 × 10-6). The higher value in the ∆𝐷 signal of UPy-AuNPs compared to mPEG-AuNPs indicates 

that the UPy-UPy interactions are stronger than mPEG-UPy interactions. From these ∆𝐷 signals, 

we observe that the mPEG-mPEG interactions are stronger than mPEG-UPy interactions when 

mPEG ligands are on the QCM surface as the value of the ∆𝐷 is ~32% higher for the former case. 

Additionally, we observe that the UPy-UPy interactions are higher than mPEG-UPy interactions 

when mPEG ligands are on the surface of the AuNPs as the value of the ∆𝐷 is ~319% higher for 

the UPy-UPy case. The much larger value in the ∆𝐷 signal for UPy-UPy interactions is supporting 

evidence that these QHB interactions are more specific and stronger compared to mPEG-mPEG 

and mPEG-UPy interactions which are due to Van der Waals forces and single HB forces. 
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Table 4. Parameters calculated from the ∆𝐹 data for the UPy-QCM sensor and sequential runs 

with mPEG-AuNPs and UPy-AuNPs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5. Absorption and desorption slopes from the QCM-D ∆𝐹 signals for the UPy-QCM sensor 

and sequential runs with mPEG-AuNPs and UPy-AuNPs 
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Figure 10. Change in energy dissipation signals for the sequential experiments with mPEG-AuNPs 

and UPy-AuNPs interacting with a (A) mPEG-only coated QCM sensor and (C) UPy-coated QCM 

sensor. (B), (D) bar graph summaries of the energy dissipation changes observed. 

 
From the extent of coating of the SAM onto the surface of the QCM sensor, we must 

consider the interactions that arise between the ligands on the AuNPs and the bare Au sensor 

surface. Irreversible interactions (Au-Au, Au vs HB, etc.) can be amplified and factor in into the 

QCM-D signals we observe. To study this further, we first consider the interaction of “free” 

mPEG(2K) ligands on a QCM sensor that has been functionalized with OPSS-mPEG(2K) ligands. 

Since mPEG(2K) ligand-ligand interactions are due to Van der Waals forces and single HB forces, 

they are reversible, and this can be explored using QCM-D. To calculate an initial concentration 

of free ligands, for this study, it was assumed that the theoretical number of ligands from the 
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C D 
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mPEG-AuNPs samples previously prepared were stripped off from the particles and allowed to 

be freely in solution. The resulting ligand concentration from this hypothesis is 0.73 μM. 

mPEG(2K)-MAL (maleimide) was used for this series of experiments as the “free” ligand. Two 

additional concentrations of mPEG(2K)-MAL were prepared with concentrations of 7.3 μM (10X) 

and 73 μM (100X) to study concentration limits where reversible interactions could be overcome 

by surface charge and steric effects.  

Figure 11 shows the QCM-D ∆𝐹 and ∆𝐷 resulting signals from this study. We notice how 

with concentrations of 0.73 μM mPEG(2K)-MAL and 7.3 μM mPEG(2K)-MAL the theoretical 

reversible behavior is reflected. For the lowest concentration (0.73 μM) of mPEG(2K)-MAL ligands 

interacting with the mPEG(2K)-QCM SAM, we calculate an absorbed ∆𝑚 of 2.88 ± 0.13 ng/cm2 

and a desorbed ∆𝑚 of -2.50 ± 0.15 ng/cm2. The similarity in the absorbed and desorbed ∆𝑚 

values suggests that at a concentration of 0.73 μM the reversible behavior of PEG ligand-ligand 

interactions is observed since ~86.8% of ligands desorbed from the surface. Similarly, for a 

concentration of 7.3 μM of mPEG(2K)-MAL, we calculate an absorbed ∆𝑚 of 13.67 ± 0.21 ng/cm2 

and a desorbed ∆𝑚 of -10.73 ± 0.46 ng/cm2. About 78.5% of mPEG(2K)-MAL ligands desorbed 

from the surface of the sensor. This result, indicates that there is mostly a reversible behavior 

observed through QCM-D between mPEG-MAL and the mPEG SAM. Additonal interactions such 

as charge (between the carbonyl and amine groups in the ligands and the bare Au surface) and 

steric interactions (such as free ligands hitting the surface in equilibrium) with the bare Au QCM 

surface start playing a larger effect. For the concentration of 73 μM mPEG(2K)-MAL ligands, we 

calculate an absorbed ∆𝑚 of 53.96 ± 0.42 ng/cm2 and a desorbed ∆𝑚 of -6.81 ± 0.14 ng/cm2. 

Only ~12.6% of the ligands desorb from the functionalized surface of the QCM sensor. In this 
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case, the reversible nature of the PEG-PEG ligands is overcome by surface charge and steric 

effects. The dissipation signals also show similar trends (Figure 11C,D). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. (A) Change in frequency signal from the QCM-D experiments between mPEG(2K)-MAL 

and mPEG(2K) SAM on the QCM surface. (B) Calculated mass changes per surface area based on 

the ∆𝐹 signals. (C) Change in energy dissipation signals from the QCM-D experiments between 

mPEG(2K)-MAL and mPEG(2K) SAM on the QCM surface. (D) Bar plot summary of ∆𝐷 signals. 

 
Since the quantity of functionalized AuNPs used in our experiments and ensuing 

concentration of ligands on their surface falls in the range of 0.73 μM and 7.3 μM, the interactions 

between the ligands and the bare Au QCM surface should also follow a reversible behavior. This 

indicates that the trends observed from the ∆𝐹 and ∆𝐷 signals are mostly interactions between 

the SAM and the functionalized AuNPs. Furthermore, in the additional control experiments, the 

extent of the coating of the surface of the sensor is less than in our previous set of sequential 
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experiments, which further supports our observations based on the data analysis from the QCM-

D experiments. Additional control experiments can be performed using mPEG-AuNPs and UPy-

AuNPs interacting with a bare Au QCM surface. The AuNPs are assumed to be fully coated by the 

mixtures of ligands described (mPEG-only or 50% UPy/PEG). However, if the AuNPs are not fully 

coated, then irreversible Au-Au interactions can emerge in this additional proposed control 

experiment, and the degree of irreversibility can be carefully looked at.  

Even if the AuNPs are fully functionalized, the nature of the Au-thiol bond has a degree of 

reversibility with exchanges taking place between thiol groups in the presence of Au. Ligands 

attached on the surface of the AuNPs can exchange with the Au surface of the QCM sensor 

causing an increase in the mass added on the surface due to ligand deposition via thiol-Au bonds 

and due to Au-Au irreversible interactions as the AuNPs would have more bare surface area 

exposed to the Au-coated QCM sensor.  

This phenomenon of thiol-Au stability under a bare Au QCM sensor could be studied 

under the following conditions. A set of mPEG(2K)-AuNPs with the same concentrations as those 

used in our experiments can be flown through a clean Au QCM sensor. The experiment can be 

repeated at varying temperatures within the QCM chamber. At a temperature of around 40 °C, 

it is hypothesized that the irreversible behaviors due to Au-Au interactions would be observed as 

the thiol-Au bond would be more readily prompted to undergo dynamic equilibrium and stripped 

off from the AuNPs surface. 

One of the main observations from the experiments performed is the absence of a 

desorption behavior of the functionalized AuNPs from the QCM sensor and SAM. This could be 

explained by potential irreversible interactions between the functionalized AuNPs and the QCM 
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sensor surface. There was a low degree of ligand attachment from the SAM on the QCM sensor 

surface. The particle samples flown most likely interacted with the bare Au-QCM surface, and 

some irreversible interactions previously discussed (Au-Au, Au-thiol exchange, etc.) might have 

taken place. It is important to ensure that the OPSS moiety from the ligands is functional to form 

a SAM on the surface of the sensor. The addition of a cleaving agent is also suggested for this 

purpose. Another explanation for the lack of desorption behavior observed is due to the nature 

of the sequential experiments. If mPEG-AuNPs are stuck onto the SAM from the first NPs 

exposure to the system, then the UPy-AuNPs in the second sequence of experiments would 

interact more with mPEG-AuNPs as opposed to interacting with the ligands on the surface of the 

QCM sensor. QHB interactions are shielded in this scenario. Ensuring desorption of NPs flown 

into the system is therefore of extreme importance. 

Desorption behavior can provide invaluable insight into the kinetics of attachment and 

degree of QHB ligand-ligand interactions. Experiments with competitive interacting behavior 

could be designed with ligands such as mPEG(2K)-UPy to allow for the desorption of particles 

assuming all the particles are interacting with ligands in a SAM on the QCM surface. The degree 

of interaction through QHB can be further explored by varying the concentration of interacting 

AuNPs and competing ligand solutions. Thus, a constant of proportionality from absorption and 

desorption behaviors can be obtained and used to study the kinetics of the system.  

Variations in the flow rate are an important parameter that can be looked at in our 

system. The rate used for our experiments is 0.300 mL/min, which is a high rate that can 

introduce some bulk flow and solvent sheer effects preventing the interaction of ligands and 

functionalized AuNPs with the QCM sensor. By decreasing the flow rate, we decrease the bulk 
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flow and sheer solvent effects, allowing for a greater interaction between the ligands and/or 

particles introduced into our system and the QCM sensor surface. A drawback from this 

proposition is longer experimental times which is compensated with more reliable data outputs 

and a larger degree of accuracy when studying the resulting QCM-D signals (since those results 

will more confidently be due to the interaction between introduced species into the system as 

opposed to solvent effects). Proposed rates of 0.100 mL/min or 50 μL/min are suggested. 

Finally, it is possible to amplify the degree of UPy-UPy QHB interactions by means of re-

designing our UPy-AuNPs. The size of the counter-ligands used in our AuNPs is 2000 Da like the 

size of the coating PEG(2K)-UPy ligands. The coiling from the PEG backbone can make it a strong 

possibility for the UPy groups to be immersed into a forest of adjacent PEG chains. We want the 

UPy moiety of the ligands to be readily available for interaction with another self-complementary 

UPy moiety. Therefore, by decreasing the size of the adjacent counter ligands (PEG-only), to a 

size of 1000 Da or 1500 Da, it can allow the UPy groups to stand out and more readily interact 

with peripheral chemical groups of other ligands. This would allow for the design of experiments 

that can probe the QHB interactions between UPy groups in a more focused approach. 

 

Conclusions 

In this chapter, we report the findings from our QCM-D experiments into probing the 

fundamental forces of AuNPs interacting through QHB of UPy-UPy groups. Our results suggest a 

similar level of interaction, when looking at the changes of frequency signals, of specific UPy-UPy 

QHB forces as compared with van der Waals and single HB forces from mPEG-mPEG and mPEG-

UPy ligand-ligand interactions. The changes in energy dissipation signals suggest stronger 
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interactions between UPy-UPy groups compared to UPy-PEG or PEG-PEG groups, supporting our 

original hypothesis. The desorption behavior of the AuNPs from the QCM surface and SAM was 

absent as seen through both changes in frequency and energy dissipation. Suggestions for the 

design of future experiments that can provide further insight into QHB are also given. 
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Outlook 

In this project, we aimed to probe the fundamental interactions between AuNPs coated 

with self-complementary oligomeric ligands that interact through QHB and compare those to 

AuNPs interacting through Van der Waals forces. Our goal was to contribute to the body of 

fundamental knowledge in NP self-assembly using supramolecular self-complementary ligands 

to later build upon that understanding and apply it towards the creation of programmable NCTs 

with sequence-defined ligands containing UPy groups and attached to specific facets of NPs with 

various morphologies. With our QCM-D experiments, we were able to investigate and gain insight 

into such fundamental NP ligand-ligand interactions for the simplest of cases, having a spherical 

AuNPs with ligands containing a single UPy group. 

Our results using QCM-D suggest a similar level of interaction strength between Van der 

Waals forces and QHB ligand-ligand interactions in AuNPs. There are some promising trends in 

both changes in frequency and changes in energy dissipation that suggest that UPy-UPy ligand-

ligand QHB interactions are stronger than Van der Waals interactions. It was discussed how 

replicates on the experiments performed, further experimental controls, and experiments with 

variable parameters are needed to draw further conclusions on the extent of QHB strength 

compared to Van der Waals forces between NPs. 

We also discussed challenges present in the characterization of the UPy-AuNP building 

blocks and proposed ways to resolve them. Specifically, on confirming the successful attachment 

of UPy-containing ligands to the surface of AuNPs, it is mentioned how FTIR or a combination of 

more intricate NMR techniques could be used to perform a full NP-ligand characterization that 

can determine successful attachment of ligands to the NP surface. 
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With the successful synthesis of the OPSS-PEG(2K)-UPy ligand, there are exciting 

opportunities that are present beyond the scope of this work. In this project, we specifically 

investigate the simplest of cases with spherical NPs and ligands that contain a single UPy moiety. 

In future work, we can immediately build upon our framework and explore parameters such as 

varying the NP morphology, size, and composition, extending the use of our ligands to a broader 

class of NPs that are soluble in organic solvents.  

A unique feature in our “big picture” vision is the creation of a new class of NP building 

blocks that comprises facet specific, sequence defined oligomers that can behave similar to 

oligonucleotide ligands with the potential of being produced at a larger scale for a cheaper cost. 

We can further investigate the kinetics and binding strength of multiple UPy groups located in 

sequence within the same oligomeric backbone. The most optimal programmable combination 

between two different sequences could lead to surprising results where ligands with the exact 

same sequence might not be desired for binding as opposed to different sequences of multiple 

UPy groups. 

In turn, we have a vast library of available NPs that can be explored in the creation of 

novel NCTs with the sequence defined ligands. Specifically, faceted inorganic transition metal NPs 

possess different thermodynamically favorable sites for ligand attachment that can trigger the 

formation of self-assembled structures of interest with sequence defined ligands with multiple 

UPy groups. The study of binary 2D structures is a natural next step in the exploration of 

programmable self-assembled structures with ligands containing either single or multiple UPy 

groups. The paths for exploration are exciting and plentiful. 
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SUPPORTING INFORMATION 

S1. Characterization data for relevant compounds described in Chapter 1. 

 

 

 

 

 

 

 

 

Figure S1. MALDI spectra of the starting material OPSS-PEG(2K)-NHS and its hydrolyzed version 

OPSS-PEG(2K)-COOH. 

 

 

 

 

 

 

 

 

Figure S2. 1H-NMR spectrum of UPyAm in d-DMF. 
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Figure S3. 1H-NMR spectrum of OPSS-PEG(2K)-NHS in d-DMF. 

 

 

 

 

 

 

 

 

 

 

Figure S4. 1H-NMR spectrum of a 1:1 molar ratio of UPyAm and OPSS-PEG(2K)-NHS in d-DMF. 
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Figure S5. 1H-NMR spectra layout in d-DMF of (A) UPyAm, (B) OPSS-PEG(2K)-NHS, (C) 1:1 molar 

mixture of UPyAm and OPSS-PEG(2K)-NHS, and (D) OPSS-PEG(2K)-UPy. 

 

S2. AuNP Full Functionalization Ligand Coverage Calculation. 

10 nm AuNPs (Sigma Aldrich), 6.0×1012 particles/mL, OD 1, stabilized in TA were used. The 

calculation assumes 3 ligands/nm2. For an individual spherical AuNP, the surface area is 

calculated according to 𝑆𝐴𝑢𝑁𝑃 = 4𝜋𝑟𝐴𝑢𝑁𝑃
2 , with 𝑟𝐴𝑢𝑁𝑃 = 5 nm. The resulting 𝑆𝐴𝑢𝑁𝑃 = 314.16 nm2. 

With the assumption of 3 ligands/nm2, we have that ~942 ligands are needed per spherical AuNP 

for full surface coverage. 

For each prepared sample, 9.0×1012 particles/mL (1.5 mL, Sigma-Aldrich) were used. 

Since ~942 ligands/AuNP are needed for full surface coverage, 8.48×1015 ligands are needed for 

each sample with 9.0×1012 particles/mL. For 100% surface coverage of AuNPs, the corresponding 

mass associated with 8.48×1015 OPSS-mPEG(2K) ligands is calculated as follows. 
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(
8.48 × 1015 𝑂𝑃𝑆𝑆 − 𝑚𝑃𝐸𝐺(2𝐾)𝑙𝑖𝑔𝑎𝑛𝑑𝑠

9.0 × 1012 𝐴𝑢𝑁𝑃𝑠
) (

2 𝑘𝐷𝑎

1 𝑂𝑃𝑆𝑆 − 𝑚𝑃𝐸𝐺(2𝐾) 𝑙𝑖𝑔𝑎𝑛𝑑
) (

1.66 × 10−24𝑔

1 𝐷𝑎
) (

1000 𝑚𝑔

1 𝑔
) = 0.02816 𝑚𝑔 𝑂𝑃𝑆𝑆 − 𝑚𝑃𝐸𝐺(2𝐾) 

 

A 10 mM OPSS-mPEG(2K) stock solution is then prepared with 20 mg of OPSS-mPEG(2K) 

dissolved in 1 mL of a 0.1 mM PBS solution. The corresponding volume needed from a 10 mM 

OPSS-mPEG(2K) stock solution for full AuNP surface coverage is 1.41 μL as calculated below. 

(0.02816 𝑚𝑔 𝑂𝑃𝑆𝑆 − 𝑚𝑃𝐸𝐺(2𝐾)) (
1000 𝜇𝐿 𝑜𝑓 10 𝑚𝑀 𝑂𝑃𝑆𝑆 − 𝑚𝑃𝐸𝐺(2𝐾) 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

20 𝑚𝑔 𝑂𝑃𝑆𝑆 − 𝑚𝑃𝐸𝐺(2𝐾)
) = 1.41 𝜇𝐿 𝑜𝑓 10 𝑚𝑀 𝑂𝑃𝑆𝑆 − 𝑚𝑃𝐸𝐺(2𝐾) 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

For the actual experimental ligand exchange, a ten-fold excess amount is used (i.e., 14.1 μL of a 

10 mM OPSS-mPEG(2K) solution) for full surface coverage. 

The functionalization of AuNPs with 5% OPSS-PEG(2K)-UPy requires a 95% OPSS-

mPEG(2K) surface coverage counterbalance. From previous calculations, for a ten-fold excess 

amount, 13.4 μL of a 10 mM OPSS-mPEG(2K) solution are needed (corresponding to 8.06×1015 

ligands). The corresponding amount of OPSS-PEG(2K)-UPy ligands needed for a 5% surface 

coverage on a ten-fold excess amount is 4.24×1015 ligands. This amount corresponds to 0.01595 

mg OPSS-PEG(2K)-UPy as calculated below. 

(
4.24 × 1015 𝑂𝑃𝑆𝑆 − 𝑃𝐸𝐺(2𝐾) − 𝑈𝑃𝑦 𝑙𝑖𝑔𝑎𝑛𝑑𝑠

9.0 × 1012 𝐴𝑢𝑁𝑃𝑠
) (

2.267 𝑘𝐷𝑎

1 𝑂𝑃𝑆𝑆 − 𝑃𝐸𝐺(2𝐾) − 𝑈𝑃𝑦 𝑙𝑖𝑔𝑎𝑛𝑑
) (

1.66 × 10−24𝑔

1 𝐷𝑎
) (

1000 𝑚𝑔

1 𝑔
) = 0.01595 𝑚𝑔 𝑂𝑃𝑆𝑆 − 𝑃𝐸𝐺(2𝐾) − 𝑈𝑃𝑦 

A 12.13 mM OPSS-PEG(2K)-UPy stock solution is prepared with 27.5 mg of OPSS-PEG(2K)-

UPy dissolved in 1 mL of a 0.1 mM PBS solution. From this solution, according to the calculation 

below, 0.58 μL are needed to obtain 4.24×1015 OPSS-PEG(2K)-UPy ligands and obtain 5% UPy 

loading AuNPs. 

(0.01595 𝑚𝑔 𝑂𝑃𝑆𝑆 − 𝑃𝐸𝐺(2𝐾) − 𝑈𝑃𝑦) (
1000 𝜇𝐿 𝑂𝑃𝑆𝑆 − 𝑃𝐸𝐺(2𝐾) − 𝑈𝑃𝑦 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

27.5 𝑚𝑔 𝑂𝑃𝑆𝑆 − 𝑃𝐸𝐺(2𝐾) − 𝑈𝑃𝑦
) = 0.58 𝜇𝐿 𝑜𝑓 12.13 𝑚𝑀 𝑂𝑃𝑆𝑆 − 𝑃𝐸𝐺(2𝐾) − 𝑈𝑃𝑦 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

Similar calculations can be performed to coat the surface of AuNPs with a UPy loading of 10% 

and 50%. 
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S3. AuNPs Optical Density Calculations. The AuNP concentrations were calculated using optical 

density measurements. We performed an absorption scan to determine the excitation peaks of 

the particles and correlate them with their corresponding particle concentration according to the 

following relationship derived from a serial dilution of tannic acid (TA) passivated AuNPs used 

prior to PEG-based ligand functionalization. The value of 𝐶0 = 6.0×1012 as given by the 

commercially available TA-AuNP precursor from Sigma. 

 

Figure S6. (A) Absorbance scan and (B) linear correlation of tannic acid-AuNPs in serial dilutions 

at known concentrations. 

𝐶 = 𝐶0(2.354𝑥 − 0.08420) (𝑆1) 
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S4. TEM Images and Zeta Potential Measurements of AuNP Samples Prepared with Various UPy 

Loadings. 

 

 

 

 

 

Figure S7. TEM images of commercial TA-AuNPs. 

 

 

 

 

 

Figure S8. TEM images of UPy-AuNPs with % of UPy-containing ligand loading (mPEG-AuNPs). 

The scale bars are 0.5 µm, 100 nm and 50 nm respectively for (A), (B), and (C). 

 

 

 

 

 

Figure S9. TEM images of UPy-AuNPs with 5% of UPy-containing ligand loading. The scale bars 

are 0.5 µm, 100 nm and 50 nm respectively for (A), (B), and (C). 

A B C 

A B C 



 48 

 

 

 

 

 

Figure S10. TEM images of UPy-AuNPs with 10% of UPy-containing ligand loading. The scale bars 

are 0.5 µm, 100 nm and 50 nm respectively for (A), (B), and (C). 

 

 

 

 

 

 

Figure S11. TEM images of UPy-AuNPs with 50% of UPy-containing ligand loading. The scale bars 

are 0.5 µm, 100 nm and 50 nm respectively for (A), (B), and (C). 
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Figure S12. Zeta potential measurements for UPy-AuNPs with loadings of (A) 0%, (B) 5%, (C) 10%, 

(D) 50%. Zeta potential measurements for TA-AuNPs. 

 

 

S5. QCM Sensor Coating Monolayer Solution. For the specific UPy-UPy interaction QCM-D 

experiment (Figure 9), a mixture of OPSS-PEG(2K)-UPy/OPSS-mPEG(2K) was prepared in a 1:1 

ratio with 0.5 µmol of OPSS-mPEG(2K) (50 µL of 10 mM OPSS-mPEG(2K) stock solution) and 0.5 

A 

C 

B 

D 

E 
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µmol of OPSS-PEG(2K)-UPy (41.22 µL of a 12.13 mM OPSS-PEG(2K)-UPy stock solution). The 

mixture was dispersed in a 0.1 mM PBS solution for a total volume of 500 µL. The resulting 

monolayer coating solution is used in each QCM-D experiment to fully coat the surface of a 

commercial Au-coated QCM sensor at the beginning of each experiment. The surface coverage 

of OPSS-PEG(2K)-UPy ligands on the monolayer formed on the QCM sensor corresponds to 50%.  

A similar monolayer coating solution was prepared for the formation of the monolayer in the 

non-specific QCM-D interaction experiment (Figure 8). The solution is prepared with 100% OPSS-

mPEG(2K) ligands on the surface of QCM sensors using 1 mmol of OPSS-mPEG(2K) (100 µL of 10 

mM OPSS-mPEG(2K) stock solution) dispersed in a 0.1 mM PBS solution for a total volume of 500 

µL. 

S6. Estimates of optimal ligand ratio for QCM sensor surface coating.  

Consider a surface region to be coated with the OPSS-PEG(2K)-UPy and OPSS-mPEG(2K) 

ligands. We desire to obtain case A from Fig. S13 below, which depicts the optimal scenario of 

having one UPy-containing ligand surrounded by non-QHB PEG(2K) ligands (i.e., no near 

neighbors can bind through QHB due to UPy-UPy interactions). 

 

 

 

 

Figure S13. Nearest neighbor scenarios for QCM surface covering with OPSS-PEG(2K)-UPy and 

OPSS-mPEG(2K). 

 

 

A B 

OPSS-PEG(2K)-UPy OPSS-mPEG(2K) 

Case to 
prevent 

Desired outcome 



 51 

From the literature, we have that  

𝑅ℎ = (
3[𝜂]𝑀

10𝜋𝑁
)

1
3⁄

(𝑐𝑚) (𝑆2) 

where 𝑀 = polymer molecular weight (g/mol), 𝑁 = Avogadro’s number, and [𝜂] = intrinsic 

viscosity (mL/g). The intrinsic viscosity, [𝜂], can be estimated by the following relation derived 

from the Huggins and Einstein equations. 

[𝜂] = 2.5 100𝜌𝑝⁄ (𝑆3) 

where 𝜌𝑝 = density of the polymer. At 20°C, for PEG(2K), 𝜌𝑝 =1.21 g/cm3. Using Eq. (S3), we 

have that [𝜂] = 0.0206. The polymer molecular weight, 𝑀, is estimated to be 2000 g/mol for 

OPSS-mPEG(2K) and 2267 g/mol for OPSS-PEG(2K)-UPy (accounting for the UPy moiety with 

𝑀𝑈𝑃𝑦 = 267 g/mol). Using Eq. (1), we have that 𝑅ℎ = 0.186 nm for OPSS-mPEG(2K) and 𝑅ℎ = 

0.195 nm for OPSS-PEG(2K)-UPy. 

The number of nearest non-UPy containing ligands around an OPSS-PEG(2K)-UPy ligand 

is estimated considering the calculated hydrodynamic radii.  

 

 

 

 

 

 

Figure S14. Geometrical schematic showing (A) the sum of the hydrodynamic radii of OPSS-

PEG(2K)-UPy and OPSS-mPEG(2K) and (B) co-centric angle generated by adjacent OPSS-mPEG(2K) 

molecules to a central OPSS-PEG(2K)-UPy. 
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From Figure S14A, the angle 𝜃 can be expressed as follows. 

𝜃 = sin−1 (
𝑟

𝑟 + 𝑅
) (𝑆4) 

The number of circles, 𝑁𝑐, of radius 𝑟 that can be drawn around a central circle of radius 𝑅, can 

be expressed as the ratio of the perimeter of the central circle of radius 𝑅 and the arc within the 

centric circle covered by the smaller circle of radius 𝑟. This is 

𝑁 =
2𝜋𝑅

2𝜃𝑅
=

𝜋

𝜃
(𝑆5) 

With Eq. (S4) we have 

𝑁 =
𝜋

sin−1 (
𝑟

𝑟 + 𝑅)
(𝑆6) 

Let 𝑘 = 𝑟/𝑅, Eq. (S6) becomes 

𝑁 =
𝜋

sin−1 (
𝑘

𝑘 + 1
)

(𝑆7)
 

with 𝑟 = 0.186 nm, and 𝑅 = 0.195 nm, we have that 𝑘 = 0.954. Using Eq. (S7), we obtain that 

𝑁 = 6.16. A value of 𝑁 = 7 is used to ensure no near neighbor is a UPy-containing ligand. Thus, 

for the coating of the QCM sensor, we use a ratio of 1:7 OPSS-PEG(2K)-UPy to OPSS-mPEG(2K).  
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S7. QCM Setup Supporting Figures.  

In Figure S15, there is a small increase in the ∆𝐹 in the coating monolayer solution step 

that shows around 6.5 min. This effect is observed in our experimental data as well. It is explained 

by the recirculation of the coating monolayer solution into the system, which causes dynamic 

equilibrium between the free ligands in solution and the background solvent. Free ligands 

interact more readily with background solvent molecules either through single HB or diffusion as 

the ligands deposited onto the QCM sensor surface cause an overall decrease in the ligand 

concentration in the coating monolayer solution. 

 

 

 

 

 

Figure S15. Re-circulation of coating monolayer solution into system. 

 

S8. Characterization 

NMR Spectroscopy. All NMR spectroscopy was conducted on a Bruker 500 MHz NMR 

spectrometer equipped with a cryoprobe. 
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