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Abstract

The predictive synthesis of metal nanocrystals with desired structures relies on the precise control
of the crystal formation process. Using a capping ligand is an effective method to affect the
reduction of metal ions and the formation of nanocrystals. However, predictively synthesizing
nanostructures has been difficult to achieve using conventional capping ligands. DNA, as a class
of the promising biomolecular capping ligands, has been used to generate sequence-specific
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morphologies in various metal nanocrystals. However, mechanistic insight into the DNA-mediated
nanocrystal formation remains elusive due to the lack of quantitative experimental evidence.
Herein, we quantitatively analyzed the precise control of DNA over Ag* reduction and the
structures of resulting Au—Ag core—shell nanocrystals. We derived the equilibrium binding
constants between DNA and Ag*, the kinetic rate constants of sequence-specific Ag* reduction
pathways, and the percentage of active surface sites remaining on the nanocrystals after DNA
passivation. These three synergistic factors influence the nucleation and growth process both
thermodynamically and kinetically, which contributed to the morphological evolution of Au-Ag
nanocrystals synthesized with different DNA sequences. This study demonstrates the potential
of using functional DNA sequences as a versatile and tunable capping ligand system for the
predictable synthesis of metal nanostructures.
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INTRODUCTION

Metal nanocrystals have found wide applications in catalysis,! electronics,? sensing,3
imaging,* and medicine.® The structures of nanocrystals play important roles in determining
their physical and chemical properties, which dictate their functions.®~11 The predictive
synthesis of metal nanocrystals toward desired structures thus holds the key to successful
applications of nanomaterials. Despite the promise, predictive control over the structures of
nanomaterials in solution-based synthesis is challenging. In a typical wet chemical synthesis,
ion precursors are reduced by reductants to yield metal atoms to form nanocrystals. The
choice of reagents and experimental conditions are largely empirical because it is difficult
to quantify the outcome for each synthetic protocol. To achieve predictable synthesis of
metal nanocrystals with desired structures, it is essential to attain quantitative understanding
and then control the metal ion reduction process at the molecular level. Among various
strategies, using a capping ligand is a versatile and proven method. Capping ligands may
affect metal ion reduction in two different ways. On the one hand, the ligands can interact
with the metal ion precursors through metal-ion-ligand complexation,12:13 which directly
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alters the electronic structure of the metal ion and changes their reduction potentials and
kinetics.14 On the other hand, the ligands may interact with the surface of the crystals,
altering the deposition and diffusion rate of adatoms, which changes the growth rates of
different facets.15-17 Despite many studies that explored different conditions, we are still
far from comprehensive understanding of the role of the capping ligands in nanocrystal
formation. Systematically tunable capping ligands that have predictable interactions with
both the precursor and the surface of the nanocrystals!8 are indispensable for precisely
controlling metal ion reduction and nanocrystal formation.

DNA is an especially promising class of capping ligands because of its well-defined
molecular structures and conformations that are predictable from the sequences composed
of the four-letter genetic codes. Single stranded DNA (ssDNA) with the same nucleotides

or mixed nucleotides have been used in the synthesis of Au,19-22 Ag,23 and Pd-Au
bimetallic nanocrystals.24 Nanocrystals with different morphologies formed when different
DNA molecules were applied to the synthesis. To realize the full potential of DNA in

the predictive synthesis of nanostructures, one needs to understand the mechanism for
DNA-controlled metal ion reduction and nanocrystal formation process.?122.24 There is,
however, a general lack of quantitative experimental data, which is crucial in parameterizing
the nanocrystal formation process. Quantitative description of the nanocrystal formation

is challenging in not only DNA-mediated but also peptide-mediated and other biomolecule-
mediated processes.2>:26 Such a challenge is largely due to the complexity of the interactions
between biomolecules and nanocrystals, as well as the limited characterization techniques
available for probing the kinetic and thermodynamic parameters of the biomolecular—
inorganic interface.8:18.27 Therefore, quantitative experimental data and the corresponding
theoretical frameworks are crucial in interpreting the mechanisms for the biomolecule-
controlled formation of nanocrystals.

DNA interacts with metal ions in definable binding modes. Metal cations generally interact
with DNA either through electrostatic interaction of the negatively charged phosphodiester
backbone or the nitrogen and oxygen atoms on the nucleo bases.282% Ag* is one of

the few metal ions that interact with DNA exclusively through the nucleobases.30-33
Therefore, DNA-controlled Ag* reduction and nanocrystal formation is an ideal model
system to achieve quantitative understanding, because it eliminates possible interferences
from the non-specific interactions with the phosphodiester backbones. Therefore, by using
the DNA-controlled formation of Au—Ag core—shell nanocrystals as a model system, we
report herein quantitative analysis of the interaction between DNA and Ag* precursors, the
reduction pathways of Ag*, and the interaction between DNA and nanocrystal surfaces.
We used the mechanistic insight of DNA-controlled Ag* reduction kinetics to elucidate

the morphological evolution of the resulting nanocrystals. This study demonstrated the
predictive power of DNA-sequence-specific control on the formation of metal nanocrystals.

RESULTS AND DISCUSSION

To understand the DNA-mediated growth of silver on gold nanoparticles (Au NPs) and
their effects on the resulting morphologies, we chose to use Au decahedra with an average
diameter of 74.8 + 3.4 nm (Figure S1) as the seed, on the basis of a protocol reported
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previously.3* There are several advantages of selecting Au decahedra as the seed crystals.
First, Au atoms have minimal lattice mismatch with that of Ag atoms.3° Therefore, using
Au NPs as the seed avoided lattice strain, which could result in complications in elucidating
the mechanism of seed-mediated growth. Second, Au and Ag exhibit a large contrast under
transmission electron microscopy (TEM), making it easier to differentiate between the Au
core and Ag shell of the hybrid or core—shell NPs. Finally, decahedra has a unique penta-
twinned structure3® that is expected to produce interesting defect-induced morphologies.3’

To elucidate the effect of DNA molecules on the morphological growth of the NPs, ssSDNA
made of 20 units of all four nucleotides (C20, A20, T20, and G20) were used in the
synthesis of Au—Ag core—shell NPs, while ascorbic acid was employed as the reducing
agent and silver acetate (AgOAC) as the silver precursor. An overgrowth of Ag shells was
found when C20, A20, or T20 was used as the DNA capping ligand, whereas no obvious
overgrowth of the Ag shell was detected when G20 was used (Figure S2), which could be
due to the effect of Ag* sequestering by a G-quadruplex.23

Figure 1 shows the scanning electron microscope (SEM) images and TEM micrographs

of Au-Ag core—shell nanostructures synthesized with different DNA sequences. The SEM
image shows uniform Ag shells grown on the decahedral Au seeds in the presence of

C20 (Figure 1a). The TEM images of Au—Ag NPs at representative time points were

taken by sampling the NPs by centrifugation to analyze their morphological evolution.

The morphological evolution of the Ag shell grown with C20 followed the same shape as
that of the Au decahedra core at all sampling time points (Figure 1 b—e), which resulted

in a decahedral shell that shared a common 5-fold symmetrical axis with the core in the

final structure (Figure 1e). A20-mediated Ag* reduction generated a 5-fold symmetrical

face protruded structure (Figure 1f). The 10 {111} facets of the decahedra core were
symmetrically deposited with Ag, whereas the lateral growth along the equatorial plane was
mostly restricted (Figure S3). The overgrowth of the Ag shell in the presence of A20 initially
took place on all five domains of the decahedron structure (Figure 1g,h), followed by a
protrusion of each face (Figure 1i), which resulted in the rounded particle morphology as
viewed from the 5-fold symmetrical axis (Figure 1j). More interestingly, the T20-mediated
growth of Au—Ag NPs exhibited asymmetrical protrusions (Figure 1k). The time-dependent
TEM showed that the T20-mediated growth of the Ag shell selectively favored one of the
five domains of the 5-fold twin structure inherited from the Au decahedra seed (Figure 11-
n), which led to the asymmetrical protrusion in the final structure (Figure 10). The automatic
symmetry breaking in the T20-mediated nanostructure has rarely been reported previously.

To elucidate the role of DNA in controlling the growth of the Au-Ag NPs toward different
morphologies, we investigated these systems from three aspects. We first studied the
interaction between DNA and Ag™ precursors by quantifying the complexation between Ag*
and DNA using electrochemical analysis. We then quantitatively analyzed the reduction of
Ag™ in the presence of DNA and derived the rate equations for different reduction pathways.
Finally, we characterized the percentage of active surface sites remaining on the nanocrystals
after DNA passivation. Our quantitative analyses suggest that DNA molecules of different
sequences directly affect the kinetics and thermodynamics of Ag* reduction and nanocrystal
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formation processes, which lead to the sequence-specific atom deposition and NP formation
that result in different morphologies.

Interaction between DNA and the Ag Precursor.

Silver cation binds to the DNA nucleobases mostly by bridging two bases to function
similarly to the hydrogen bonding interaction in a Watson—Crick base pair.32:38-41 The
silver-mediated bridging of base pairs can also take place in the presence of ssDNA
containing the same nucleobases, particularly C-C.42 Herein, the interaction between Ag*
and the nucleobases in sSDNA can be described using a one-to-two binding model:

[Ag(base)2+]

Agt + 2base 2 Ag(base), ", Kog = L —— =1
- e [Ag+] [base]2

The reduction of Ag* in the presence of DNA could be described in the context of a
metal-ligand equilibrium 2,43 followed by a reduction reaction 3.44 We propose that the Ag*
reduction went through the following reaction steps:

Ag(base),t = Ag* + 2base )]

Agt+e— Ag0 ®

The reduction of Ag* in the reaction 3 can be described using the Nernst equation:

E=E"+ %ln[AgJ“] @

An effect of a metal-ligand complexation from reaction 2 is to decrease the effective
concentration of [Ag*] in eq 4. Thus, the potential (£) of Ag* in eq 4 is lower than that
without the perturbation from DNA.44

To test the proposed model, we added solutions of A20, C20, and T20, respectively, into

a 20 M AgOAc solution and measured its open circuit potential (OCP) as an indicator of

E in eq. 4 using a polycrystalline Ag working electrode (Figure 2). The addition for each
sequence was repeated three times, and the error bar represents the standard deviation of

the triplicated experiments. The final concentration of the DNA strands was 20 ¢M. The
concentration of the DNA nucleobases was 400 1M, because each DNA strand contains 20
nucleobases. The concentration of nucleobases was in large excess (20 times) compared with
that of the AgOAc solution. As shown in Figure 2, the OCP in the presence of C20 dropped
the most significantly (276 +- 8 mV). A20 also caused a drop of the OCP by 148 +- 8 mV,
whereas the OCP only dropped by 3 +— 1 mV in the presence of the T20 sequence.

The drop in the £ of the Ag*/AgP redox pair strongly suggests the complexation between
Ag™ and bases equilibrium 2. The degree of complexation varied between the DNA
molecules of different sequences, which could be ascribed to the different binding abilities
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between DNA nucleotides and Ag*+.32:41.42 Furthermore, the OCP could be converted into
the concentration of &, using the following Nernst equation:

0 RT
Eocp = Epg+/pg0 + 510 Cagtiree ®)

where Cagtiree is the effective concentration of Ag* (unbound Ag™) participating in the
redox reaction and Egg+ /g0 Was determined experimentally using the OCP of 20 xM

AgOAc solution without DNA. Using eq 5, the calculated Ag* concentrations after DNA
complexation were 4.37 x 1074 1M for C20, 6.36 x 1072 1M for A20, and 17.8 1M for T20.
Because the total Ag™ concentration in the solution was 20 M, the remaining unbound Ag*
concentration indicated that A20 and C20 sequestered more Ag™ than T20 did. If we assume
that the concentration of free Ag* equals the equilibrium concentration of Ag* ([Ag*]eq),
the equilibrium constants between Ag* and DNA molecules of different sequences could be
calculated as Keq (C20) = 0.286 M2, Keq (A20) = 0.195 M2, and Keq (T20) =7.72 %
1077 1MM~2 (see the Supporting Information (SI), Note 4 for details of calculation). The Keq
for T20 is 6 orders of magnitude smaller than those of A20 and C20, which indicates a weak
binding between thymine and Ag*.42 An assumption of our model is that if the oxidized
form of a redox couple is stabilized by a ligand, the free energy of the initial state of

the reduction reaction is lowered; hence, the metal-ligand complex becomes difficult to be
reduced. We also assumed that the DNA adsorption on the silver metal did not significantly
affect the reduction potential of the Ag*. We treated the DNA-complexed Ag* reduction as
the dissociation of the complex and release of unbound Ag* followed by the reduction of
the free Ag*, which might not be the exact case if a concerted reduction of the DNA-Ag*
complex to free DNA and AgP occurs. However, because the model only concerns the
thermodynamic driving force of the reaction, the exact mechanistic path does not affect the
conclusions drawn from the experimental result.44

DNA-Mediated Ag* Reduction Pathways.

The pathways of metal ion reduction determine the site and rate for metal atom generation
and deposition. Hence, studying the reduction pathways of precursors is essential in a
mechanistic understanding of the growth pattern of metal nanocrystals. In seed-mediated
synthesis, metal ion precursors could be reduced in two different pathways.*® In the solution
reduction pathway, metal ions are directly reduced by the reductant molecules in the
solution. The corresponding reaction equation and rate expression of Ag* reduced by the
reductant (Red), ascorbic acid, are as follows (SI Note 2):

k
Ag® +Red = Ag + Ox (®)
d[Ag+] +
—— = ki|Ag"|[Red] )

where £ is the rate constant for the solution reduction.
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In the surface reduction pathway, metal ions are first adsorbed onto the surface of the
growing crystals and then reduced.*>47

Agno +Ag" +Red 2 Agn+10 + Ox ®)
dlAg*
i dtg I ko[ AgT][Red][Ag,| ©

where k> is the rate constant for surface reduction and Ag,? is the concentration of surface
atoms on the nanocrystals. The total rate for Ag* reduction should include the contribution
from both pathways:

dAg”]
di

= ki[Ag*|[Red] + ko[ Ag*|[Red][Ag,’| (10)

As shown in the previous section, DNA binds to Ag™ in a sequence-specific manner, thus
certainly affecting the reduction kinetics by changing [Ag*] in the rate expression.

[Ag +]total

E—— (11)
1 + Keglbase]eq

[Ag"]eq =

Herein, the rate expression for the DNA-controlled Ag* reduction reaction could be
modified into the following equation:

dlagt
[d; | kgt glRed + A Rec A%
(12)
ky ka
kll = —29 k2 - —2
1+ Keq[base]eq 1+ Keq[base]eq

total

’

To follow the DNA-mediated Ag* reduction kinetics, we used a UV-vis spectroscopy-based
method4>47 to monitor the concentration of the reductant remaining in the solution at
different time points (see Figures S4 and S5 and Sl Note 1 for experimental details). We
conducted two parallel experiments in both the absence and presence of preformed seed
nanocrystals. While we focused on seed-mediated synthesis in this work, reduction kinetics
without the preformed seeds provide important information on the solution reduction
pathway, because without the preexisting surface of the seeds, the solution reduction is
dominant.*>46 Furthermore, the sequence-specific reduction pathways in response to the
absence and presence of seed also shed light on the interaction between DNA ligands and
the surface of the crystals.

Kinetic Analyses of the DNA-Mediated Ag*™ Reduction Pathways in the
Absence of Presynthesized Seed.—Parts a, ¢, and e of Figure 3 show the remaining
concentration of the reductant during the Ag* reduction process without seeds. The
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reduction reaction in the presence of T20 (Figure 3a) proceeded much faster than those
with A20 (Figure 3c) and C20 (Figure 3e). Moreover, only the curve with T20 exhibited a
self-catalyzed behavior.46

On the basis of the above analyses, the model for the T20-mediated Ag* reduction without
preformed seeds could be described using a two-step model (SI Note 3):

Agt +Red il Ag’ + 0x (13)
nAg’ — Ag,’ (14)
Agn0 +Agt +Red 2 Agn+10 + Ox (15)
- d[Rdfd] = 2k;'[Red]* + 4k, [Red]*([Red] — [Red])

[

, ki ko (16)
k' = 5, ko' = >
1 + Keglbase]eq 1 + Keqlbase]eq

Equation 13 describes the solution reduction, and eq 15 describes the autocatalytic surface
reduction?>-47 on the formed nuclei (Ag,° represents the concentration of surface atoms

on the just-formed nuclei). The homogeneous nucleation step (eq 14) was excluded when
considering the reduction rate of Ag® because the process is much faster compared with the
rate for Ag* reduction.*8

This model was used to analyze the growth curve with T20 (Figure 3a) (see SI Note 3 for
derivation of the equations). The rate constants ;" and k»” were derived from the fitting

to be 4.02 x 1077 s71 zM~1 and 6.96 x 1078 s71 M2, respectively. On the basis of these
kinetic parameters, we came up the rates for solution reduction and surface reduction as

a function of time. As shown in Figure 3b, the rate for surface reduction was slower than
that of solution reduction in the first 200 s, which could be ascribed to the limited surface
sites on the newly generated nucleus (Ag,%). As the reaction progressed, the rate for surface
reduction increased until it surpassed the rate for solution reduction.

The kinetic model needs to be further developed to be applied to A20- and C20-mediated
Ag™* reduction reactions, because these two DNA strands bind stronger to Ag* than T20.
By using the Keq derived from the OCP measurements, we calculated the concentrations
of unbound [Ag™] at given times during the reduction process (see SI Note 4). The
average concentrations of unbound [Ag*] were 0.57 M * 0.46% with C20 and 6.83

UM = 1.65% with A20 within the time scale of the investigation. These values were 2-3
orders of magnitude lower than that with T20 (164.00 4M + 7.26%), which was consistent
with the observations that A20 and C20 bound strongly with Ag*. The DNA molecules
whose sequences bound more strongly to Ag™ shifted the equilibrium toward the DNA-
Ag* complex, resulting in a low supersaturation of the metal ion precursor throughout
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the reduction process. Consequently, the solution reduction became the rate-limiting step
because the surface reduction relied on Ag,,? generated from solution reduction. The whole
process thus can be approximated as a first order reaction where only the solution reduction
of Ag* is considered:12

k
2Ag" + Red = 2A¢° + Ox (7)
nAgO — AgnO (18)
d[AA]
AR [Red
T 1'[Red] 9)

ky' = kl[Ag+]eq

To test this hypothesis, we fitted the kinetic curve in the presence of A20 and C20 with
both one- and two-step models (see SI Note 5 for derivations of the equation and additional
discussion). As shown in Figure S6, the two-step model significantly deviated from the
experimental data (/2 values are 0.79 for A20 and 0.26 for C20), whereas the one-step
model matched well with the kinetic results with /2 values of 0.99 for A20 and 0.95

for C20. The rate constants &, derived from the one-step model were 1.53 x 1072 s71
M1 for A20 and 1.37 x 1072 571 1M~ for C20. Compared with the two-step model, the
one step-model for A20- and C20-mediated reduction Kinetics did not involve the surface
reduction. We calculated further the reduction rates in the presence of A20 and C20 using
the kinetic parameters derived from the fitting (Figure 3d,f). Our results showed that the
solution reduction dominated the A20-mediated (Figure 3d) and C20-mediated (Figure 3f)
Ag™* reductions. In contrast, in the presence of T20, surface reduction became the dominate
reduction pathway over time (Figure 3b). The reduction rate with T20 was also much larger
than those with A20 and C20. Table 1 lists all the kinetic parameters derived from the fitting.

There was a clear correlation between the DNA-Ag™ interactions and reduction pathways
of Ag* on the basis of the above quantitative analyses, particularly in two aspects.
Macroscopically, the solution and surface reductions were two consecutive steps when
Ag* was reduced without seeds. The product of the solution reduction (Ag,°) became the
reactant for the surface reduction. The strong binding of Ag* with A20 and C20 limited the
concentration of free Ag*, thus the product (Ag,°) generated from the solution reduction.
In the corresponding rate expression, the solution reduction became the rate-limiting step
that dominated the reduction process. From a molecular perspective, the surface reduction
required at least a termolecular collision (eq 15), which was unlikely to happen unless

the concentrations of the reactants were extremely high.#° Such conditions could however
be achieved by tuning the reaction parameters, as have been demonstrated previously in
cases where the reductant was in large excess compared with the precursor.4546 In the
case of T20 in this work, free Ag* concentration did not significantly decrease because

of the weak DNA binding. In the two-step T20-mediated growth, concentrations of both
Ag™ and the reductant were high enough for the termolecular collision to take place in the

JAm Chem Soc. Author manuscript; available in PMC 2022 June 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 10

microenvironment near the surface of nuclei. However, in the presence of A20 and C20, the
possibility for termolecular collision was low because of the limited amount of Ag*. As a
result, the solution reduction dominated the A20- and C20-mediated reductions because this
reaction only required bimolecular collision (eq 17). In other words, even though the rate
for autocatalytic surface reduction was much faster than that of solution reduction,*>47 the
surface reduction did not contribute significantly to the overall reduction rate in the presence
of A20 and C20 because it was a rare event.

Kinetic Analyses of the DNA-Mediated Ag* Reduction Pathways in the
Presence of Presynthesized Seed.—Having analyzed the kinetics in the absence of
presynthesized seed, we extended the kinetic study to the reduction of Ag* in the presence
of seeds. Similar to the curve fitting in the absence of seeds, the kinetic curve of Ag*
reduction in the presence of T20 and the Au decahedra was fitted to the two-step model
(Figure 4a).

To use the model developed, we made one modification to replace the concentration of
surface atoms of nuclei (Agy° in eq 8) with the concentration of surface atoms of the
preformed seeds (Ag,? (seed) in the following equations:

k
Ag" + Red 1 Ag0 + Ox (20)
0 0 0
Ag” + Ag, (seed) — Ag,, 1 (seed)(fast) (21)
0 + k2 0
Ag, (seed) + Ag” + Red — Agp 1 (seed) + Ox (22)
- d[‘;A] = 2k;'[Red]” + 2k,'[Red]*[Ag, (seed)] 23)

On the basis of this analysis, the rate constant for surface reduction k" was determined to be
8.96 x 1076 571 ;M2 assuming that the observed rate constant for solution reduction (k")
was the same as that in the reduction kinetic without seeds (see SI Note 6 for derivations

of the equation).® The reduction rate with T20 was then calculated using the obtained rate
constant (Figure 4b). The rate for surface reduction was the highest at the early stage of

the reaction, because of the abundant seeds in the solution, and quickly dropped due to the
depletion of the reagents. Overall, surface reduction had a much higher rate than solution
reduction in T20-mediated Ag* reduction with the seeds.

In the presence of A20 and C20, the seed-mediated growth was no longer a simple one
step as in the case without seeds. In the one-step growth, the solution reduction was

the rate-limiting step because the concentrations of the precursor, reductant, and reactive
surface sites were limited. However, when seeds were introduced, the concentration of
the surface sites available for the reductive adsorption of Ag™ was greatly increased.
Moreover, the solution and surface reductions occurred simultaneously with seeds instead

JAm Chem Soc. Author manuscript; available in PMC 2022 June 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Interactions

Page 11

of consecutively as without the seeds. The solution reaction and surface reaction were no
longer interdependent because the surface reduction also took place on the seeds rather than
just the nuclei. Therefore, in the presence of the seeds, the A20- and C20-mediated reactions
should be analyzed using the two-step models.

We used the two-step model to fit the kinetic curve with A20 (see SI Note 7 for derivation
of the equation and additional discussions). The fitted curve was in excellent agreement with
the experimental data (Figure 4a, /2 = 0.99). The rate constant for surface reduction 4"
was determined to be 6.93 x 1076 s71 ,M~2. We also calculated the reduction rate for the
A20-mediated reaction kinetic as a function of time. As shown in Figure 4d, both solution
and surface reduction pathways were present in A20-mediated reaction, with the surface
reduction pathway contributed more significantly in the overall reduction rate.

Similarly, the two-step model was used to analyze the kinetics in the presence of C20.

The rate constant for solution reduction &;” derived from fitting was 1.29 x 107> s71
(Figure 4e, A2 = 0.99), which was strikingly consistent to the 41 in the absence of seeds
(5.8% difference), suggesting the absence of the surface reduction as in the one-step growth
mechanism (SI Note 8). Therefore, the one-step model was a better fit for C20. Unlike with
A20, introducing seeds did not alter the reduction pathway in the C20-coupled growth. We
also calculated the reduction rate using the kinetic parameter derived from the one-step
model (Figure 4f). A summary of all the kinetic parameters obtained from the above
analyses is listed in Table 2.

To compare the reduction pathways of DNA with all three sequences, we calculated the
percentage of solution and surface reductions by integrating the reaction rates over time
(Figure 5a, Tables 1 and 2). For C20, the solution reduction accounted for 100% of the
particle formation with or without the seeds. Similarly, the solution reduction dominated the
seedless reduction kinetic in the case of A20. However, when the seeds were introduced,
surface reductions (59.7%) became the dominate reduction pathway. On the contrary, when
using T20, both solution (59.0%) and surface reductions (41.0%) contributed to the crystal
growth in the absence of seeds, whereas the surface reduction (99.9%) dominated with the
seeds.

We further analyzed the absolute reduction rates for all three sequences for the initial period
of the reaction, that was, until 5% of ascorbic acid was consumed (Figure 5b, Tables 1 and
2). The rates for solution reduction was comparable between A20 (1.45 x 1073 s71 M)

and C20 (1.23 x 1073 571 zM) but 5-9 times higher for that with T20 (7.26 x 1073571

4M). Moreover, the rate for surface reduction when using T20 without seeds reached 1.26

x 1072571 zM, while there was no observable surface reduction for A20 and C20. More
significantly, the rate for the surface reduction for T20 with seeds (3.59 x 1071 s71 /M) was
almost 2 orders of magnitude higher than that of A20 (2.16 x 1073 571 zM).

between DNA and the Surface of Nanocrystals.

Unlike A20, surface reduction did not become the dominate reduction pathway when we
introduced the preformed seeds in the C20-mediated Ag* reduction. What caused the
difference in the sequence-specific reduction pathways in the presence of the seed? Besides
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the difference in the DNA-Ag* binding, could DNA sequences also interact differently
with the surface of the nanocrystals? We hypothesize that C20 might have passivated the
surface of the nanocrystals more than A20 did, which prevented the active sites on the
surface from participating in the surface reduction. To test this hypothesis, we designed a
mercaptoethanol (ME) replacement assay to test the relative binding affinity of DNA to the
surface of nanocrystals. Previously, Demers et al. developed a method to use ME to replace
thiolated DNA on the surface of Au nanocrystals for DNA quantification.>® However, unlike
the DNA conjugated onto the nanocrystals through thiol-metal bonding, the DNA attached
on the surface of nanocrystals during the synthesis could not be completely removed by the
ME replacement, even if it did not have the thiol modification.1%:23 On the basis of these
observations, we reasoned that ME could be used as a reference for binding affinity of DNA
toward the surface of nanocrystals. Upon exchange with ME, the DNA whose sequences
have a high affinity toward the surface of the crystals should be replaced to a lesser extent
than the ones with a low affinity.

Using a modified fluorescence-based DNA quantification method (see SI Note 9 for
experimental details and additional discussions), we quantified the percentage of DNA
strands being replaced (%Re) after the ME exchange and obtained 93.77 + 1.27% for C20,
95.63 + 0.31% for A20, and 98.71 + 0.40% for T20. The concentration of available surface
sites ([Agn (seed)]available) for Ag atom deposition was less than the total concentration

of surface atoms ([Ag,? (seed)]) due to DNA passivation. The percentage of DNA strands
being replaced (%Re) after the ME exchange indicated the remaining active sites on the
nanocrystal surfaces. Therefore, the active surface sites on the nanocrystals in the presence
of DNA were described by the following equation:

[Ag (seed)layaitable = [Agy (seed)] X % Re (24)

The above quantitative analysis was further incorporated into the kinetic models in the
previous sections. The rate constants for surface reduction in the presence of seed (42)
could be derived as 1.03 x 1075 571 ;M~2 for A20-mediated and 1.00 x 107> s71 ;M2 for
T20-mediated growth. The derived rate constants are summarized in Table 2.

We used ME as a reference for binding affinity to quantify the active sites on nanocrystals
that have not been permanently blocked by the DNA binding. A variety of capping ligands
have been proposed to bind to the surface of the nanocrystals.>1-53 If the binding is weak,
the ligands can then dynamically adsorb and desorb from the surface, which might not
prevent the adatom from incorporating into the nanocrystals. However, capping ligands that
bound strongly to the surface could irreversibly passivate the reactive sites and reduce the
accessibility of the surface. Mercaptoethanol forms covalent bonds with Au and Ag surfaces
though its S atom.54:55 Therefore, we used ME to estimate the extent by which the DNA
irreversibly bound the surface-active sites, though we recognize there exists an uncertainty
of using the affinity of ME to the surface as a reference and the number of surface sites
occupied by each DNA strand could be hard to determine. Despite the limitations, such

an essay provides important insights for studying the binding of the capping ligand to
nanocrystal surfaces.
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Proposed Mechanism for Morphology Evolution.

On the basis of the above quantitative analysis, we analyzed the effects of the DNA
molecules on the precursor complexation, reduction pathways, and surface passivation.

All three factors synergistically affected the atom deposition and diffusion on the growing
nanocrystals, which resulted in different morphologies. Specifically, the binding between
the DNA and Ag* precursor determined the supersaturation level of Ag* available for
reduction; the corresponding reduction pathways of Ag* dictated the location and rate for
AgP generation and deposition, and the interactions between DNA and the surfaces of
nanocrystals determined the diffusion pattern of adatoms. On the basis of these insights
gained from quantitative analysis, we propose the following mechanisms for DNA-mediated
Ag™ reduction pathways and morphological evolution of Au-Ag NPs (Scheme 1).

First, the strong binding between C20 and Ag* limited the free Ag* for reduction, while

a slow solution reduction dominated under this C20-mediated Ag* reduction pathway.
Both factors resulted in the slow rate of Ag® deposition (Viep)- C20 also passivated the
surface the most among the three sequences, which reduced the rate for atom diffusion on
the nanocrystals ( Vgif). However, the reduced Vs was still larger than Vep, resulting in
adatoms to migrate to low surface energy sites. The corresponding morphological evolution
of the Au-Ag structure synthesized with C20 exhibited well-controlled epitaxial deposition
on the decahedral core. The final structures exhibited primarily {111} facets, which are
thermodynamically favorable. The growth kinetics and resulting structures indicate that
the growth process of C20 was likely to be thermodynamically controlled. Besides, the
stabilization of {111} facets by C20 might have also contributed to the exposure of {111}
facets in the final structures. Stabilization of {111} facets by C20 was also reported
previously in the synthesis of Ag nanocrystals.23

A20 had a weaker Ag* binding affinity than C20. As a result, A20-mediated Ag* reduction
went through a mixed reduction pathway with the surface reduction being the dominant.
The weaker Ag™ binding affinity and surface reduction dominated pathway resulted in

a higher Vgep for A20-mediated Ag™ reduction than that of C20. In the meantime, A20
also occupied less surface-active sites on the nanocrystal surfaces, leading to a higher Vit
than that of C20. The morphology of nanocrystals synthesized with A20 maintained the
5-fold symmetric structures that retained the thermodynamically favorable {111} facets,
while exhibiting grooves and ridges along the twin edges. The A20-mediated structures
were likely the result of a mixed thermodynamic and kinetic controlled growth. Reentrant
grooves appeared during the growth of penta-twinned structures due to the lattice strain
stemmed from the symmetrical axis.® If Vg;s is much larger than Vdep, those high-energy
grooves and ridges would be filled by the adatoms moving over from other regions of the
surface. However, when Vs is comparable with Vgep, the reentrant grooves are preserved.
Under this mode of formation, the crystals grew along the direction parallel to the central
axis to minimize the increase of lattice strain. The observation of partially preserved {111}
facets suggests A20-mediated structure was the result of the mixed thermodynamically and
kinetically controlled growth. Besides, A20 might also preferentially bind to the high-index
facets in the grooves and ridges. Previously, it was reported that A30 was used to stabilize
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the high-index facets of Au prisms, preferentially localized in the reentrant grooves around
the twin plan.22 This prior result agrees with the growth trends using A20 in this study.

Among the three DNA sequences, T20 had the weakest interaction with Ag*, which resulted
in the highest supersaturation level of the precursor. Meanwhile, T20-mediated reduction
pathways were dominated by surface reduction. Even though there were more surface sites
due to the weak passivation of T20, Vgep was still significantly higher than Vir. When

T20 was used to control the morphology evolution of Au—Ag structures, we observed

an automatic symmetry breaking and selective deposition on certain domains, which was
likely the result of a kinetically controlled process. The selectivity of the domain that

was primarily grown might have either been completely random or dictated by the uneven
distribution of the strain in the decahedra seed.® Furthermore, the weak binding affinity of
T20 toward the NPs also facilitated the disappearance of {111} facets in the final structures.

CONCLUSIONS AND PERSPECTIVE

In summary, we have quantitatively analyzed the effects of DNA on the formation of
Au-Ag nanocrystals in a sequence-specific manner. Three major factors contributed to

the sequence-specific controlled growth of Au—-Ag core—shell nanocrystals. First, the
complexation between the DNA and Ag* precursor modified the supersaturation level of
the ion precursors. Second, the DNA-mediated Ag* reduction pathways determined the sites
and rates for the generation and deposition of Ag atoms. Finally, the passivation of DNA
toward the surface determined the diffusion of the adatoms on the nanocrystal surface. The
synergistic effect from these three factors controls the thermodynamics and kinetics of the
growth process, which led to sequence-specific morphologies.

The analyses of the growth mechanism and morphology evolution of the penta-twinned
decahedra-derived structures have furthered our understanding for the growth process of
nanocrystals with complex structures and demonstrate the possibility to use DNA-based
crystallization mechanisms to predict the final structure of the nanocrystals. The rules we
have learned from this DNA ligand-based study should be applicable in identifying and
understanding other biomolecular ligands for nanocrystal synthesis. Moreover, the findings
from this study can also facilitate precise thermodynamic and kinetic controls by rational
design of metal-ligand interactions. Finally, the methods developed in this study for the
interaction between DNA sequences with the precursor and the surface of nanocrystals are
suited for other ligands and other types of nanomaterials, which helps moving toward the
goal of predictable synthesis of nanomaterials.

EXPERIMENTAL SECTION

Chemicals and Materials.

All single stranded DNA sequences were purchased from Integrated DNA Technologies
(Coralville, 1A) with standard desalting and without further purification. Gold(I11) chloride
trihydrate (=99.9% trace metals basis), benzyldimethylhexadecyl-ammonium chloride
(BDAC, cationic surfactant), sodium borohydride (99.99% trace metals basis), silver acetate
(AgOAC, 99.99% trace metals basis), L-ascorbic acid (=99%), 2-mercaptoethanol (=99%),
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cetyltrimethylammonium chloride (CTAC), and citric acid were purchased from Sigma-
Aldrich. Deionized water (18.2 MQ) was used to dissolve all chemicals.

Preparation of Au Decahedra NPs.

Au decahedra NPs were synthesized using a previously published seed-mediated
procedure.3* The seed for Au decahedra was synthesized by reducing HAuCI, (10 mL,

0.25 mM) with NaBH,4 (0.25 mL, 25 mM) in the presence of CTAC (50 mM) and citric acid
(5 mM) under vigorous stirring at room temperature. The seed solution was then heated in
an oil bath at 80 °C for 90 min under gentle stirring. Gold seeds (45 L) were added to

a growth solution containing BDAC (12.5 mL, 100 mM), HAuCl, (125 /i, 50 mM), and
ascorbic acid (93.75 gL, 100 mM) at 30 °C. The mixture was left undisturbed at 30 °C for 30
min.

DNA-Mediated Synthesis of Au—Ag Core-Shell NPs.

The Au decahedra seed was washed by centrifugation (6000 rpm, 5 min) three times to
remove as much BDAC as possible (SI Note 10). The washed decahedra solution was
diluted with DI water until the absorbance at 557 nm reached 0.7. The concentration

of Au decahedra was calculated to be 3.27 x 10° particles/mL on the basis of the Au
concentration determined by inductively coupled plasma mass spectrometry (ICP-MS). The
diluted solution (97 L) was incubated with 20 ¢M single stranded DNA (C20, A20, and
T20) for 15 min. Then, 1 gL of 10 mM ascorbic acid solution and 2 gL of 10 mM AgOAc
solution were added, followed by vortex of the solution. Then, the reaction was left to
completion.

Measurement of Open Circuit Potential of AQOAc Solution with Different DNA Sequences.

The open circuit potential was measured on a CHI 760 potentiostat. A polycrystalline
silver wire was used as the working electrode and Ag/AgCl as the reference electrode. The
reference was separated from solution via an agar-0.1 M NaClOy salt bridge to prevent
chloride crossover into the working solution. Twenty microliters of 1 mM single stranded
DNA solution of a certain sequence (C20, A20, and T20) was added into 1 mL of 20

4M AgOAc solution. The solution was left undisturbed for 30 min to reach equilibrium.
Each experiment was repeated three times with different batches of DNA solution to ensure
reproducibility. No supporting electrolyte was added during the titration.

Instrumentation and Characterization.

The synthesized nanostructures were analyzed using a JEOL 2100 cryo TEM operated at
200 kV or a Hitachi S4800 SEM at 10 kV and 10 pA. UV-vis spectroscopy was performed
on an HP 8453 UV-vis spectrometer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SEM images and TEM micrographs of Au—Ag core—shell NPs formed at different time

points in the presence of (a—e) C20, (f—j) A20, and (k—0) T20, respectively. The insets in
the SEM images are enlarged single particles. The white dashed lines in the TEM images
highlight the twin boundary along which the Ag shells selectively grew. Scale bars are 50
nm in SEM (a, f, and k) images and 20 nm in TEM micrographs (b—e, g—j, and i-0).
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DNA solutions of different sequences.
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