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ABSTRACT  

Colloidal crystal engineering with DNA is a powerful way of generating a wide variety of crystals 

spanning over 90 different symmetries.  However, in many cases, crystals with well-defined habits 

are difficult, if not impossible, to make, in part due to rapid crystal defect formation and 

propagation. This is especially true in the case of face-centered cubic (FCC) structures.  Herein, 

we report a strategy that uses formamide as a chemical modulator to slow down colloidal crystal 

growth, which decreases defect formation and yields higher-quality crystals.  Formamide forms 

hydrogen bonds with DNA bases and destabilizes the DNA duplex; in the context of colloidal 

crystallization, formamide leads to the disassembly of undercoordinated particles (defect 

architectures) and facilitates their reassembly into structures with the maximum number of nearest-

neighbor contacts and DNA bonds. When targeting an FCC lattice comprised of DNA-modified 

spherical 20 nm particles, formamide promotes the formation of its Wulff polyhedron (a truncated 

octahedron), never observed before in colloidal crystal engineering with DNA. Importantly, 

kinetic habits, including octahedra, icosahedra, and decahedra, are also observed depending on 

formamide concentration. 
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Due to their tunable chemical composition and duplex formation characteristics that are 

sensitive to their dielectric environment, nucleic acids are powerful programmable, stimuli-

responsive surface ligands that can be used to direct the assembly of nanoparticles into well-

defined colloidal crystals (CCs).1, 2 Within this framework, colloidal nanoparticles (“atoms”) 

coated with a dense shell of oligonucleotides (programmable “bonding elements”) function as 

“programmable atom equivalents” (PAEs).  Hybridization events between adjacent PAEs induce 

“bond formation” and crystallization.3 By changing the oligonucleotide sequence and particle 

types, superlattices can be realized that span over 90 different symmetries and multiple crystal 

habits.4-8 Particle spacing can be controlled over the 5-100 nm length scale with sub-nm 

precision.9-11 Furthermore, since these programmable interactions or bonding characteristics are 

independent of the particle core (a key difference when compared to traditional atoms), different 

core compositions can be employed to realize structures with unusual photonic, catalytic, and 

mechanical properties.12-16  

While in certain cases, it is possible to obtain DNA-engineered crystals with well-defined 

habits and, in fact, ones that are the thermodynamic Wulff construction,5, 6, 17 in many others it has 

been difficult or thus far impossible via solution-phase slow cooling approaches.18-20 The face-

centered cubic (FCC) structure is a prime example. While polycrystalline forms have been known 

since the seminal days of colloidal crystal engineering with DNA,3, 6, 21-27 no one has prepared it 

in single crystal form and in particular realized the truncated octahedral Wulff polyhedron, which 

comprises eight (111) and six (100) facets.28-31 This is presumably due to competition with the 

kinetic HCP phase,32 as well as a similarity in surface energies for its exposed facets.19, 33, 34 This 

lowers the energy barrier for crystal defects, including stacking faults and twinning, thereby 

resulting in different (or undefined) habits and/or amorphous aggregates. 



In this regard, we hypothesized that a DNA denaturing agent such as formamide could be 

used as a modulator35 to slow down crystal growth and realize higher-quality macroscopic crystals. 

Formamide’s ability to interfere with DNA base pairing (by competing with hydrogen bonding 

sites) has often been used in the context of DNA origami to realize higher-quality architectures.36-

38 Herein we show that under the appropriate conditions it can also be used in the context of 

colloidal crystal engineering with DNA to dramatically increase crystal quality and, even in the 

case of an FCC structure, realize the truncated octahedral Wulff construction.  By studying its role 

both experimentally and through molecular dynamics (MD) simulations, we have devised a 

strategy to realize kinetic habits as well.

RESULTS AND DISCUSSION 
 

To test this hypothesis, we formed FCC-structured CCs with 20-nm spherical Au particles 

and a self-complementary DNA linker sequence (Table S1) with formamide concentrations (CF; 

measured in wt%) ranging from 0 to 30%. Scanning electron microscopy images show that 

increasing CF (below a threshold value of 20%) yields FCC single crystals. These structures have 

similar morphologies to those previously observed via slow-drying16, 31 and covalent linkages30, 39, 

40 to drive colloidal crystallization (additional images are provided in the Supporting 

Information). At 0%, we observed agglomerated CCs with irregular habits, while maintaining 

FCC crystallinity, as evidenced by FCC{111} surface planes (Figs. 1a, S1). However, at 15-20%, 

a diverse array of tetrahedral, octahedral and hexagonal CCs was observed with varying degrees 

of truncation (Figs. 1b, 1d). These superlattices possess a mixture of (111) and (100) facets 

indicating a tendency towards the FCC Wulff constructions for single and planar-twinned crystals 

(Figs. 1ci-ii, S2-S4).41 The presence of truncated tetrahedra (a lower symmetry Td product 

compared to the Oh symmetries usually observed for FCC crystals) is rather unusual, suggesting 



kinetic control over the formation of these colloidal single crystals.31, 42, 43 However, while 

octahedral CCs solely possessing (111) facets,  fivefold twinned decahedra, and 20-fold twinned 

icosahedra (i.e., kinetic products) are occasionally observed at 30%, other irregularly-shaped 

byproducts predominate (Fig. 1e-f, S5-S6). 

 

Figure 1: Scanning electron microscopy images of FCC-structured colloidal crystals with CF. (a) 
CF = 0%, scale bar = 1 µm. The inset indicates surface FCC crystallinity, with overlay showing 
FCC(111) configuration. (b) A variety of (i) truncated tetrahedral (kinetic, single-crystalline Wulff 
polyhedron) (ii) truncated triangular (kinetic, planar-twinned Wulff polyhedron), and (iii) 
truncated octahedral (thermodynamic Wulff polyhedron) structures with CF = 15%. Scale bar = 1 
µm. (c) Zoomed-in and tilt images of (3b-i) in the regions demarcated by colored boxes, revealing 
(i) FCC(111) and (ii) FCC(100) planes, respectively. Crystal stacking is shown in the inset. Scale 
bars are 100 nm. (d) Truncated tetrahedron with CF = 20% and (e) representative octahedral CC 
with CF = 30 %; scale bars = 1 µm.

Interestingly, these crystals exhibit layer-by-layer terracing (Fig. 1c, S2d). In atomic 

crystallization, terraces form when fluctuations in temperature or supersaturation lead to uneven 

layering as the crystal grows.44-46 In a previous study, we hypothesized that colloidal crystallization 

initiates from the living polymerization and rearrangement of aggregated clusters to form larger 

microcrystals.47 These observations indicate that formamide could promote the reversible 

hybridization of aggregated clusters on the CC surface. Any steps on the edges of such terraces 

should serve as sites for further growth.30, 44, 48 Moreover, in our experiments, the CCs qualitatively 



 7

exhibit less (111) truncation than in those predicted from previously reported surface enthalpy 

calculations, which, together, suggests the significant role of surface entropy in this particular 

system.19 

From these observations, we hypothesized that formamide slows down the rate of CC 

formation, thereby leading to faceted architectures. To study the kinetics of PAE hybridization in 

these mixed organic-aqueous solutions, we obtained melting hysteresis curves in solutions of 

varying CF (Fig. 2a). The denaturation temperature (TD) reflects the stability of the DNA duplex, 

while the renaturation rate provides insight into the DNA rehybridization kinetics as the 

temperature is slowly cooled.49, 50 From these melting curves, as CF increases, we observe a 

monotonic decrease in melting temperature, with the renaturation temperature (TR) going below 

room temperature at 30% formamide. This trend agrees with prior reports for free DNA, where 

melting temperatures are observed to decrease by ~0.6 ºC per wt% formamide.51, 52 

 

Figure 2. Hybridization thermodynamics of 20 nm PAEs with varying CF. (a) Normalized UV-
vis PAE melting curves and (b) corresponding denaturation and renaturation temperatures (TD 
and TR), alongside hysteresis width. 
 

Notably, as CF increases, the hysteresis width concomitantly broadens (Fig. 2b). This effect 

is more pronounced at lower CF, where the width broadens by nearly 6 ºC between 0 and 10%. 
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However, increasing formamide content beyond 10% has diminishing contributions towards this 

broadening. A wider hysteresis implies a greater disparity between the conditions required for PAE 

denaturation and renaturation (i.e., thermodynamic irreversibility), as the denatured, single-

stranded DNA is now thermodynamically stabilized.49, 50, 53, 54 As increasing CF leads to a wider 

hysteresis, we hypothesize that formamide promotes lattice reorganization as the CC grows when 

cooled, thereby yielding FCC single crystals. Analogous processes include oxidative etching in 

canonical NP syntheses and coordination modulation in the metal-organic framework realm, 

whereby kinetically-trapped dangling bonds between building blocks are readjusted through 

iterative dissolution and reprecipitation, leading to faceted, single-crystalline architectures.55-57 

Indeed, a similar dynamic modulation approach has been demonstrated through the use of 

oligoanions to electrostatically modulate colloidal crystallinity in Au nanoparticle superlattices.58 

While formamide denaturation has been widely studied for their linear, free counterparts, the 

collective nature of DNA hybridization in PAEs renders this system prone to kinetic traps, wherein 

each PAE does not maximize the number of hybridization events with its nearest neighbors.59, 60 

In these dynamically arrested states, the PAE cannot disassemble and settle into its closest-packed 

configuration.61-63 In contrast, these data suggest that denaturation events could 

thermodynamically control PAE hybridization by prolonging duplex renaturation at low 

temperatures. Supporting this mechanistic picture, we find that increasing CF both slows the 

renaturation rate and increases its full width-half maximum (FWHM; Fig. S5). This extended 

renaturation transition, then, confers more time for each PAE to equilibrate into its minimum 

energy configuration, thus promoting the formation of well-ordered structures. 

The thermodynamics of surface-immobilized DNA markedly differs from that of free DNA 

in solution, primarily due to constraints on its conformational degrees of freedom – a phenomenon 
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common to all surface-tethered polymers.64-66 Consequently, to gain a molecular-level insight into 

formamide effects on PAE binding, a series of all-atom MD simulations were performed. 

Computational scalability limits the extent to which a full PAE can be simulated for such all-atom 

calculations; thus, this model involved four DNA strands tethered onto two 24 nm2 planar surfaces 

(a grafting density consistent with previous reports6, 67) with identical sequences to those used 

experimentally. Analysis of a 2D contact map of these Au-tethered DNA strands indicates that the 

base pair contact number decreased with increasing formamide content (Figs. 3a, S7). At 30% 

formamide, the number of base pair contacts neighboring the flexible hexa(ethylene glycol) spacer 

is lower than those under purely aqueous conditions (Fig. 3a). This observation suggests that 

duplex denaturation by formamide originates and propagates (“unzips”) adjacent to the particle 

surface and the sticky ends governing contacts between PAEs. 

 

Figure 3. Molecular dynamics simulations of Au-tethered DNA with the formamide weight 
percentage (CF) listed. (a) Representative snapshots of (i) water and (ii) formamide Au NP/DNA 
configurations after a 300 ns trajectory, and 2D contact maps for (iii) water and (iv) 30 wt% 
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formamide. Interstrand base pairs form a contact if their interatomic separation is shorter than 0.45 
nm. Dashed lines indicate the hexa(ethylene glycol) spacer S. (b) Average hydrogen bond number 
per base pair between base pairs, base pairs and water, and base pairs and formamide (F).  A pair 
of N/O–H···O=C (or N/O) groups is considered to form a hydrogen bond if the distance between 
donor and acceptor atoms is less than 0.35 nm and the donor-acceptor angle is greater than 120º.  
(c) Radial distribution function g(r) of formamide-base pairs per CF. (d) Average formamide-base 
pair hydrogen bond number per CF, broken down by base. 
 

Further examination of the average number of hydrogen bonds per base pair (Fig. 3b) 

shows that while bonds between base pairs remain invariant between CF = 0 to 20%, the number 

of DNA bonds with formamide increases at the expense of those with water. This indicates that at 

reduced CF, formamide preferentially displaces water from the DNA solvation shell while 

minimally, if not transiently, interfering with base pairing. While formamide and water can both 

form three hydrogen bond contacts, nucleic acid hydration is necessary to maintain DNA’s double 

helix; formamide destabilizes DNA duplexes by displacing loosely bound water molecules.68, 69 

However, at 30%, the number of hydrogen bonds between base pairs begins to decrease, showing 

that above a threshold concentration, formamide non-selectively displaces not only water-DNA 

hydrogen bonds but also those between DNA bases. 

Formamide is known to preferentially interact with GC-rich regions in the DNA strand, as 

AT-specific regions have tightly-bound immobilized water bridges that support the helix within 

the minor groove.51 This is further shown in the radial distribution function, where, at low CF, 

formamide concentrates mostly in G-rich regions as both can form three hydrogen bonds (Fig. 3c). 

Nevertheless, this GC-selectivity diminishes at elevated CF, where each base has a roughly equal 

chance of formamide coordination above 20% (Figs. 3cii-iii, 3d). Furthermore, Eichinger and 

Fixman hypothesize that an increase in hysteresis width can be attributed to increased 

conformational entropy (in this case, induced by favorable DNA-formamide interactions) and a 

resultant heterogeneity in interstrand correlations.53, 70 This rationale concurs with the increase in 
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DNA-formamide hydrogen bond number at the expense of those between base pairs (Fig. 3b) and 

the large increase in hysteresis width with CF (vide supra; Fig. 2b). 

Superlattices in each case show well-resolved small-angle X-ray reflections characteristic 

of FCC ordering (Fig. 4a). Increasing CF shows slight, though non-monotonic, shifts to higher 

scattering wavevectors in the first peak position (q0), suggesting negligible changes in lattice 

parameter with CF (Table S3; Supplementary Text). Moreover, analysis of peak width in SAXS 

spectra gives insight into lattice strain as well as CC size and polydispersity.71-73 Initially, the 

SAXS data show a FWHM narrowing from 0 to 15% CF, indicating a decrease in diffuse scattering 

events concomitant with increasing crystallite homogeneity (Fig. 4b). However, if too much 

formamide is added, DNA binding between PAEs is weakened to the extent that long-range 

ordering is inhibited. Indeed, the SAXS FWHM broadens beyond 15% to greater than 0.015 Å-1 

at 30%, suggesting a combination of increased crystallite strain arising from defect formation 

concurrent with decreasing (111) domain size.  

 

Figure 4:  SAXS spectra of CCs synthesized with increasing CF (0 to 30%) and indexed reflection 
planes. The inset shows the FWHM associated with the (111) reflection (at q0) per CF.  
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CONCLUSIONS 

Taken together, relative CC homogeneity occurs at moderate (i.e., 10-20%) CF. 

Formamide, then, provides another handle to modulate the DNA interaction strength and barriers 

to PAE reorganization within a lattice. However, if TR is too low, then even cooling to room 

temperature is insufficient to form ordered structures, leading to kinetically arrested states without 

distinct faceting. Indeed, assembly processes can generally be seen as a tradeoff between 

thermodynamic and kinetic driving forces. As the system is cooled below a characteristic kinetic 

crossover temperature, the equilibrium ordered state becomes increasingly probable, though at the 

expense of the assembly rate.74-77 Formamide can then be understood to modulate both TR and the 

kinetic crossover temperature. Thus, while increasing CF to 30% (where TR is approximately room 

temperature) enables occasional octahedral, decahedral, and icosahedral habits, the binding 

between particles is too weak to lead to stable structures on average, resulting in increased 

polydispersity and irregularities in crystal habit. 

This work shows that molecular additives can be used as kinetic control elements to guide 

colloidal crystal assembly with DNA. Consistent with some of the conclusions drawn herein, 

Macfarlane and coworkers recently reported using formamide to increase the size of colloidal 

crystals in the context of BCC structures.78   Herein, we demonstrate it to be an effective strategy 

to form difficult-to-realize crystal habits (due to surface and stacking energy similarities) and 

promote long-range crystallinity. Moreover, we show that an optimum CF is essential for 

maximizing these effects; too much formamide weakens the DNA bond strength to the point that 

ordered structures do not form.  Therefore, this should not be confused with post-synthetic 

“stapling strategies” which increase bond strength following crystal formation.79-81 Finally, this 
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modulator strategy not only provides a route towards engineering crystal habit but also more 

generally extends our understanding of nanoparticle systems as models of atomic materials. 
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METHODS 

All precursors were purchased from Sigma-Aldrich and used without further purification unless 

otherwise stated. Spherical, cetylpyridinium-stabilized 20 nm gold nanoparticles were synthesized 

via an iterative growth/dissolution process as previously reported.55 These particles were then 

centrifuged twice (3180 rpm) and redispersed in 0.1 M trisodium citrate prior to DNA 

functionalization. Alternatively, 20 nm spherical gold nanoparticles were purchased from Ted 

Pella. To inhibit interference of decarbonylative products (i.e. carbon monoxide and ammonia), 

deionized formamide solutions were sparged with N2 for at least 30 minutes prior to usage (Figure 

S13). Detailed synthetic protocols and analytical procedures are discussed in the Supporting 

Information. 

DNA Synthesis and Purification 

Gold nanoparticles were functionalized with a single-stranded 3ʹ-thiol-modified “anchor” 

sequence. A second self-complementary “linker” strand was then hybridized to each anchor strand, 

causing aggregation of the particles. Oligonucleotides were synthesized on an automated 

MerMade 12 synthesizer with phosphoramidites purchased from Glen Research. The DNA design 

used in this work was taken from the literature (Table S1).19  

 

Table 1. DNA sequences used in this work.  

Structure Description DNA Sequence (5ʹ to 3ʹ) 

Face-centered 

Cubic (FCC) 

Anchor DNA TCA ACT ATT CCT ACC TAC (Sp18)2 SH 

Self-complementary 
linker DNA GTA GGT AGG AAT AGT TGA (Sp18) GCGC 
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Controlled pore-glass (CPG) beads with a 3’ propylthiol group were used to synthesize 

“anchor” DNA strands for Au nanoparticle functionalization. Universal CPG beads were used to 

synthesize linker DNA sequences. After cleavage from the CPG support via immersion in 30% 

v/v aqueous ammonia, strands bearing a 5’ dimethoxytrityl (DMT) group were purified via 

reverse-phase high-performance liquid chromatography (HPLC; Agilent), on a C18 column with 

0.03 M triethylammonium acetate at pH 7 and a 1% per minute gradient prior to removal of the 

DMT group in acid. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-ToF-MS) was used to confirm the molecular weight of the HPLC-purified 

oligonucleotides. The OligoAnalyzer tool from Integrated DNA Technologies was used to 

determine the extinction coefficient of each DNA strand (available free of charge at 

https://www.idtdna.com/pages/tools/oligoanalyzer), and UV-vis spectroscopy was used to 

determine DNA concentrations. 

Nanoparticle Functionalization with DNA 

Spherical gold nanoparticles were functionalized with 3′ thiolated oligonucleotides to form 

programmable atom equivalents (PAEs), as previously reported.3, 19 Briefly, thiolated 

oligonucleotides were treated with either a 100 mM solution of dithiothreitol (DTT) in 170 mM 

sodium phosphate buffer (pH = 7.4) for 1 h, or 50 mM tris(carboxyethyl)phosphine hydrochloride 

(TCEP-HCl) in neutral DI water. Residual DTT or TCEP-HCl was removed using NAP-5 size 

exclusion columns (GE Healthcare). Concurrently, 1 mL of the nanoparticles (~1 OD) were 

centrifuged at 3200 rpm, the supernatant was removed, and the particles were resuspended in fresh 

deionized water. The particles were centrifuged a second time at 3180 rpm, the supernatant was 

removed, and the DNA was added directly to the pellet of nanoparticles (1 OD of DNA was added 

per mL of nanoparticle solution). Sodium phosphate buffer (1 M, pH = 7.4) and 1 wt% sodium 
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dodecyl sulfate (SDS) were added to the nanoparticle solution to make the concentration 0.1 M 

and 0.01 wt% respectively, the solutions were briefly sonicated and then placed on a shaker for 2 

h. After this, 2 M NaCl (aq) was added to the nanoparticle solutions every half hour such that the 

final concentration of each solution was 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 M NaCl after each 

successive addition. The nanoparticle solutions were briefly sonicated after each addition. 

Following the last NaCl addition, the nanoparticles were placed on a shaker at 1,000 rpm for at 

least 12 h to ensure a dense loading of oligonucleotides. After this time, each nanoparticle solution 

was centrifuged three times to remove excess DNA, with the supernatant removed each time and 

replaced with a solution of 0.5 M NaCl, 0.01 M sodium phosphate buffer (pH = 7.4), and 0.01 wt 

% SDS.  

Nanoparticle Assembly with DNA 

A stock solution was prepared by combining concentrated PAEs with the self-

complementary linker and PBS buffer containing 0.5 M NaCl and 0.01% SDS (to prevent 

heterogeneous nucleation) in a 200 µL PCR tube. The final concentration of nanoparticles and 

linker strands were 10 OD and 40 OD, respectively, in a total volume of 100 µL. Upon addition of 

the self-complementary linker, the solution changed from red to purple to grey, indicating 

nanoparticle aggregation. Next, varying amounts of formamide (0 wt%, 15 wt%, 20 wt% and 30 

wt%) were added such that the total volume of each sample remained at 100 µL. To grow the 

colloidal crystals, the aggregated NPs were heated to 68 ºC using a Veriti Thermal Cycler 96-well 

instrument (Life Technologies), under which conditions the solution changed back to red, 

indicating full dispersion and melting of the aggregates. The solution was left to cool at a rate of 

0.1 ºC/10 min to 24 ºC to promote superlattice formation. We additionally attempted to grow 
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faceted FCC single crystals using a slower cooling rate of 0.1 ºC/20 min at 0% CF, though no 

faceted FCC single crystals were observed (Figure S14). 

Silver Embedding of CCs 

Nanoparticle superlattices were transferred to the solid state via Ag+ ion intercalation 

according to a previously-reported method.82 Briefly, the SLs were transferred to a 1.5-mL 

Eppendorf tube containing 1 mL of fresh 0.5 M NaClO4 containing 0.01 wt% sodium dodecyl 

sulfate, allowing for the crystals to sediment at the bottom of the tube. This procedure was repeated 

three times with a 15-minute interval between each washing step, after which the particulates were 

then transferred into a solution containing 1 mL of 0.5 M aqueous AgNO3, and the mixture was 

left to incubate overnight. The sample was then washed 3x with fresh deionized water, and then 2 

μL of solution containing the assemblies was drop cast on a silicon wafer for subsequent imaging. 

Scanning Electron Microscopy Characterization 

SEM images of nanoparticle superlattices were taken with a JEOL JSM-7900 field 

emission SEM with a 15 kV acceleration voltage and a current of 20 µA. 

Small-angle X-ray Scattering Measurements 

Small-angle X-ray scattering experiments were carried out at Sector 5 of the Advanced 

Photon Source at Argonne National Laboratory in the DuPont-Northwestern-Dow Collaborative 

Access Team (DND-CAT) beamline. An X-ray wavelength of 1.23 Å (10 keV) was used for 

experiments, and the detector was calibrated using silver behenate and a silicon diffraction grating 

sample. Two sets of slits were used to collimate and define the beam. Approximately 40 µL of 

each sample was aliquoted into 1.5 mm Charles Supper quartz capillary tubes. Typical exposure 

times for the experiments ranged from 0.1 to 0.5 s. Scattered radiation was measured using a CCD 
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detector. 2D diffraction data was azimuthally averaged to generate a 1D SAXS data plot with 

scattering intensity I(q) as a function of the scattering parameter q, where q is: 

ݍ                                                                  =  ସగ ୱ୧୬ (஘)
஛

;                                               

in this equation, λ is the wavelength of the X-ray radiation and θ is the scattering angle.  

The scattering measurement includes the buffer, DNA, structure factor, form factor, and 

the capillary tubes. The structure factor was determined using the relationship 

(ݍ)ܫ =
(ݍ)ܵ
 ,(ݍ)ܨ

where I(q) is the measured scattering intensity, S(q) is the structure factor arising from colloidal 

ordering, and F(q) is the form factor intrinsic to the individually dispersed particles. The form 

factor can either be simulated or experimentally determined for a suspension of free particles (as 

was done in this work).72, 83 

 The nearest neighbor distance d (in nm) between particles in an FCC superlattice can be 

calculated from the position of the first scattering peak q0 in a SAXS spectrum from 

݀ =
6√ߨ

଴ݍ 10
. 

Once this nearest neighbor distance is calculated, the lattice parameter a can be determined from 

a trigonometric relationship for the FCC unit cell; that is, 

ܽ =  ݀√2. 

The relationship between grain size and peak width is governed by the Scherrer equation, or 
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௛௞௟ߦ = ௄ఒ
ఉ೓ೖ೗ ୡ୭ୱ(ఏ೓ೖ೗) = ଶగ௄

୼௤೓ೖ೗
. 

In this equation, ߦ௛௞௟ is the orientational correlation length for the crystal plane of interest, over 

which the lattice directionality is roughly preserved, λ is the X-ray wavelength (1.23 Å), βhkl is the 

peak width (FWHM) associated with a particular reflection, and θhkl is the corresponding scattering 

angle. The shape factor K takes on different values depending on the grain shape, grain size 

distribution and how the peak width is defined. For the spherical particles used in this work, we 

define it as ܭ = 2ට୪୬(ଶ)
గ

≈ 0.9.84  

To determine these values, the structure factor S(q) was fit to a Pearson type VII function, such 

that 

(ݍ)ܵ = ෍ ܯ ∗ ቈ1 +
(q − μ)ଶ

݉ܽଶ ቉
ି௠

,
௤

 

where M is the peak height, μ is the peak center, a is proportional to the peak full width at half 

maximum (FWHM), and m denotes the rate at which the tail of the peak profile falls. Simulated 

curves were generated using the Irena extension to Igor Pro (available free of charge at 

https://usaxs.xray.aps.anl.gov/software/irena).85 These simulated patterns were then compared to 

experimental curves to determine lattice parameters and symmetries. 

UV-vis melt experiments 

UV-vis melt experiments were carried out at different conditions using an Agilent Cary 

5000 UV-vis spectrophotometer. To measure the melting transitions, 1 OD of PAEs and 4 OD of 

linker were diluted to 1 mL of 1 OD nanoparticle solution using water (912 µL, 823 µL, and 735 

µL), formamide (88 µL, 177 µL, and 265 µL), and NaCl such that the total salt concentration 
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added to 0.5 M NaCl. Samples were then placed in cuvettes with magnetic stir bars. The extinction 

of the solution was monitored at 520 nm near the excitation wavelength of the plasmonic 

nanoparticles. For melt experiments, the samples were heated from 15 °C to 70 °C at a rate of 0.1 

°C/min, and then cooled back down to 15 °C at the same rate.  

Molecular Dynamics Simulations 

All-atom MD simulations were performed to study the interactions between 

formamide/water mixtures and Au-tethered self-complementary DNA strands. Here, we modeled 

a small section of the two gold nanoparticle surfaces connected by 4 single strands of B-type DNA 

(each DNA linker consists of two double-stranded fragments that are connected by sticky ends; 

see Figure S8). We used identical DNA sequences (Table 1) to those used in our experiments. 

The initial helical parameters of the ds-DNAs are adapted from the canonical B-DNA structure 

and are built using web 3DNA.86 To model the PAE surfaces, we used Avogadro87 to build two 

flat Au(111) slabs with dimensions of 55.05 Å × 55.05 Å × 4.08 Å. The distance between the DNA 

axes is taken to be 28.5 Å, which is comparable to the experimental value for small (∼10 nm) gold 

particles.67 Each DNA strand was attached to a single gold surface atom using a thiol-(sp18)2 

anchor. Parameters were taken from Heinz et al. for the gold surface.88 We used the CHARMM36 

force field for DNA89 and CHARMM general force field for formamide and thiol-(sp18)2.90 The 

two Au surfaces with 4 DNA strands were placed in a rectangular box of size 60 Å × 60 Å × 230 

Å and solvated with 100% TIP3P water or a mixture of 90% to 70% TIP3P and 10% to 30% 

formamide, respectively (see Table 2 for the number of water and formamide molecules added in 

each system). We additionally performed simulations using 80% formamide to compare against 

previous observations made using low-dielectric solvents (c.f. Supplementary Text) We reserved 

a 5 Å gap between the unfunctionalized gold surfaces (i.e., between their periodic images) to allow 
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the free passage of solvents and ions. 308 Na+ ions were added to neutralize the system. For each 

simulation, we also added 249 Na+ and 249 Cl– ions for consistency with the 0.5 M salt 

concentrations used experimentally. 

CF 0%  10%  20%  30%  

NH2O 22158 19942 17726 15511 

NF 0 1001 2001 3002 

Table 2. Number of water (NH2O) and formamide (NF) molecules added to the simulations per CF. 

We used NAMD v. 2.13 to perform our all-atom MD simulations.91 All systems were 

subject to a 15000 step energy minimization scheme followed by a 1 ns NVT ensemble with both 

the gold surface and DNA positionally constrained at 300K using the Langevin piston as 

implemented in NAMD.92 Afterwards, we slowly relaxed the constraints and conducted another 5 

ns simulation using the NPT ensemble at 300K and 1 atm using the Langevin piston92 and the 

Nose-Hoover method93 as implemented in NAMD. The temperature was maintained with a 

damping coefficient of 5 ps-1 using Langevin dynamics while the pressure was kept at 1 atm with 

a Langevin piston period of 400 fs and a damping time constant of 200 fs. The particle mesh Ewald 

method94 was employed to calculate electrostatic interactions with a short-range cutoff of 1.2 nm. 

Periodic boundary conditions were employed with a simulation time step of 2 fs using the SHAKE 

algorithm. Each production run consisted of a 300 ns simulation using the NVT ensemble. 
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