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Noncovalent Self-Assembly of Silver Nanocrystal Aggregates in Solution
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Size monodisperse silver nanocrystals have been stabilized by chemisorption of long-chain alkane thiols
incorporating a receptor site. When dispersed in a suitable solvent these nanocrystals recognize and selectively
bind a long-chain alkane incorporating two complementary substrate sites and are noncovalently linked. The
nanocrystal aggregates formed as a result have been studied by NMR, FT-IR, and dynamic light scattering.
As a consequence, it has been possible to characterize the interactions between the receptor and substrate
sites that lead to nanocrystal aggregation. It has also been possible to gain insights into the factors that affect
the size, shape, and internal structure of the nanocrystal aggregates formed. An important insight is that the
kinetics of nanocrystal aggregation, and as a consequence the structure of the nanocrystal aggregates formed,
depends on the number of receptor sites at the surface of a nanocrystal.

Introduction SCHEME 1

The size-dependent properties of nanocrystals have been Oy
studied in detail® Increasingly, however, it is the collective Ay
properties of organized assemblies of nanocrystals that are being Sy
studied®1011 These studies are being facilitated in large part O M. /)N\ |
by the preparation of superlattices of size-monodisperse o
nanocrystald:>10-14 Of particular interest is how the size-

dependent electronic and magnetic properties of the constituent
nanocrystals can be exploited to tune their collective properties. f

Generally, nanocrystal superlattices are prepared at an air
water interface using LangmuiBlodgett techniques (two- ‘
dimensional? or on a suitable substrate by controlled solvent /&\/\K \ i % s /f
evaporation (three-dimensionaf)Both approaches, however, s T
are limited by the fact that only relatively simple nanocrystal \“s\:
architectures can be realized. For this reason, approaches that .~~~ ~"~"~"s-{
permit the assembly of complex nanocrystal architectures are
of particular interest.

One possible approach is to adsorb stabilizer molecules
incorporating a receptor site at the surface of a nanocrystal. It substrate site, at the surface of the nanocrystals of a stable
is expected that this nanocrystal will recognize and selectively dispersiont” This methodology was used to prepare size-
bind another at which is adsorbed stabilizer molecules incor- polydisperse gold nanocrystals stabilized by a chemisorbed
porating a complementary substrate site. By this means, themixture of a long-chain alkane thiol, dodecane thiol (95%), and
assembly of complex nanocrystal architectures in solution can a long-chain dodecane thiol incorporating a receptor site, 12-
be programmed? mercapto-dodecyl-1-uracil (5%). It was established that these

To date, TiQ nanocrystals stabilized by physisorbed long- nanocrystals recognize and selectively bind in solution a long-
chain alkanes incorporating a receptor site (uracil moiety) have chain alkane incorporating a complementary substrateNsite,
been programmed to recognize and selectively bind in solution 2,6-pyridinediylbis[undecamide] (Scheme 1).

TiO, nanocrystals stabilized by physisorbed long-chain alkanes To address the second of these limitations, size-monodisperse
incorporating a substrate site (diaminopyridine moiéfy). silver nanocrystals stabilized by a chemisorbed long-chain
Limited ordering of the constituent nanocrystals was apparent alkane thiol, dodecane thiol(82%), and a chemisorbed long-

in the mesoaggregates formed as a result. chain alkane thiol incorporating a receptor sitg,N-2,6-

While encouraging, the specific approach outlined above has pyridinediylbis[undecamide]-4-oxy-[12-mercapto dodecatiyl]

a number of limitations. Among these are the following. First, (8%), have been prepared (Scheme 2). These nanocrystals and
the stabilizer molecules, incorporating either a receptor or their dispersions are denoted AgH|l). Size-monodisperse
substrate site, were not chemisorbed at the nanocrystal surfacesilver nanocrystals, stabilized by a chemisorbed long-chain
Second, the modified nanocrystals were not size-monodispersealkane thiol incorporating a receptor site,(100%), have also

To address the first of these limitations, a methodology was been prepared. These nanocrystals and their dispersions are
developed that permits the controlled chemisorption of a denoted AgH .
stabilizer molecule, incorporating the desired receptor or ~ When dispersed in chloroform, it was expected that AgH()
and Agil would recognize and selectively bind long-chain
* Corresponding author. alkanes incorporating two complementary substrate sites, (1,12-
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SCHEME 2

Ag-(T+1T)

acetoamide dodecane) bis-6-methylurdtil(Scheme 3). It was
also expected that the ability 8f to be bound by two receptor
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Anal. Calcd. forl (C12H26S): C, 71.21; H, 12.95; S, 15.89.
Found: C, 71.19; H, 13.12; S, 15.5%5 NMR (chloroform4):
0 0.88 (t, 3H,J= 7.0 Hz);6 1.26 (s, 18H)p 1.61 (q, 2HJ =
7.3 Hz);0 2.52 (q, 2H,J = 7.0 Hz).

Anal. Calcd. forll (C41H75N303S): C, 71.48; H, 10.74; N,
6.10; S, 4.65. Found: C, 70.75; H, 10.63; N, 5.59; S, 4'Bb.
NMR (chloroformd): ¢ 0.89 (t, 6H,J = 6.8 Hz); 6 1.28—
1.44 (m, 48H);0 1.68-1.79 (m, 8H);0 2.36-2.39 (t, 4H,J =
7.3 Hz);0 2.69-2.72 (t, 2H,J = 7.3 Hz);0 4.03—-4.06 (t, 2H,
J = 6.3 Hz);0 7.56 (s, 2H);0 7.64 (s, 2H).

Anal. Calcd. forlll (CzeHaoNeOs): C, 58.66; H, 7.51; N,
15.78. Found: C, 53.92; H, 6.90; N, 13.8A.NMR (chloroform-
d): 6 1.26-1.64 (m, 20H)0 2.22 (s, 6H);0 3.35-3.41 (t, 4H,
J=7.31Hz);6 4.26 (s, 4H);0 5.60 (s, 2H);0 9.50 (s, 2H);0
9.70 (s, 2H).

Anal. Calcd. forlV (CagHsiN303): C, 70.44; H, 10.69; N,
8.80. Found: C, 71.25; H, 10.95; N, 8.951 NMR (chloroform-
d): 60.88 (t, 6H,J = 7.0 Hz);6 1.26-1.58 (m, 40H);0 2.36
(t, 2H,J = 7.8 Hz);0 4.16 (s, 2H);0 5.52 (s, 1H);0 8.14 (s,

sites on different nanocrystals would promote aggregation of 1H, —NH amidic); 0 9.51 (s, 1H,—NH imidic).

Ag-(I+11) and Agdl . NMR, FT-IR, and dynamic light scattering

Preparation of Receptor-Modified Nanocrystals.Ag-I and

(DLS) have all been used to study the kinetics of aggregation Ag-(1+11) were prepared following the method of Brust etl.
of these nanocrystals and the structure of the aggregates formedBrieﬂy, AgNO; (0.154 g) was dissolved in 40 (30 mL) and

The principal objectives of this study were the following.

the phase transfer catalystgf@)4NBr (2.228 g), dissolved in

First, characterize the interactions at the molecular level betweench|oroform (30 mL) and added with stirring for 1 h. A solution

the receptor modified nanocrystals and the bifunctional sub- of | (0.825 g) or a mixed solution (80:20 mole ratio)lc0.066
strates in solution that lead to nanocrystal aggregation. Second gy andil (0.057 g) in chloroform (8 mL) was then added (Ag/S
to gain insights into the factors that control the size, shape and e ratio of approximately 1:1). After stirring for 2 to 3 min,

structure of the nanocrystal aggregates formed as a result.

Experimental Section

Synthesis of Stabilizer-Receptor and Substrate Molecules.
Compoundl was used as supplied by Aldrich. Compouhd
was prepared as shown (Scheme 4). Compdllingas prepared

as shown (Scheme 5). Compouiwas prepared as described
in detail elsewheré> All molecules were characterized by

elemental analysis antH NMR.

SCHEME 3

I

the reducing agent NaBH0.394 g), dissolved in O (24 mL),

was added and stirring continued overnight. The nanocrystals
formed were precipitated, filtered, and washed (using ethanol)
to obtain a dry gray powder redispersible in chloroform.

Ag-ll was prepared using a related approach. Briefly, AgNO
(0.154 g) was dissolved inJ@ (30 mL) and the phase transfer
catalyst, (GH1704)NBr (2.228 g) dissolved in chloroform (30
mL), was added with stirring for 1 h. At this point the silver
salt was reduced by addition of NaBKD.394 g) in HO (24
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SCHEME 4: Reagents and Conditions: (i) EtOH, 2% H,SO,, Reflux, (12 h); (i) KoCO3, Br(CH2)12SH, Acetone (dry),
Reflux (72 h); (iii) EtOH, N 2H4, Reflux (3 h); (iv) 2M HCI, NaNO», H,0; (v) EtOH, Reflux (24 h); (vi) Ethanolic KOH,

Reflux (4 h); (vii) Pyridine (dry), Lauryl Chloride, CHCI 3 (dry)

OH OH O(CHy)128H
S (1) x (11) | A (lll)
—_ — —_—
HO. \__OH EtO A\ _OEt EtO I __OEt -
N N N
o) o} o} o} o} o}
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SCHEME 5: Reagents and Conditions: (i) BN(CH2)12NH,, CH3CN, Reflux, (12 h); (ii) Acetyl Chloride, CHCI 3 (dry),

Pyridine (dry)
o)

(1)

—_—

Cl

(i)

mL). The chloroform phase was concentrated prior to precipita-
tion of the silver nanocrystals by addition of a large volume of

HN._~

laser was used as the light source (100 mW). The temperature
was maintained at 25C + 0.02°C throughout by an external

ethanol and their recovery by centrifugation. The phase transfercirculator. All samples were filtered through 0.0 inorganic
catalyst stabilized silver nanocrystals (20 mg) were redispersedAnotop filters. Having been established that effects due to

in acetone (4 mL) to whichl (40 mg) in chloroform (4 mL)

absorption at 488.0 nm by the silver nanocrystals are negligible,

was added. After stirring for 6 days, these nanocrystals were a silver nanocrystal concentration of 3010-° mol dm3 was

precipitated by addition of a large volume of ethanol. The

used. Additions to nanocrystal dispersions were made using a

precipitated nanocrystals were filtered and washed with ethanol calibrated microsyringe and solutions previously filtered through

to obtain a dry gray powder redispersible in chloroform.
Characterization Techniques.’H NMR spectra were ob-
tained using either a JEOL JNM-GX270 FT or Varian 500 FT

0.02um inorganic Anotop filters.
Transmission electron micrographs (TEMs) were obtained
using a JEOL TEMSCAN 2000 EX and graphite coated copper

spectrometer. FT-IR spectra were obtained using a Mattsongrids.

Infinity FT spectrometer and a Ca€ell (0.20 mm path length).
Dynamic light scattering (DLS) studies were performed using

a Malvern PCS-4700 instrument equipped with a 256 channel

correlator. The 488.0 nm line of a Coherent Innova-70 Ar ion

Results and Discussion

Characterization of Receptor-Modified Nanocrystals.Sil-
ver nanocrystals stabilized by the alkane thiahd the modified



Silver Nanocrystal Aggregates in Solution J. Phys. Chem. B, Vol. 104, No. 26, 2008167

(a)

25

Frequency
- — N
o (6] o

o

-2 0 2 4 6 10 12 14

~J
(@]

[¢)]
o

Frequency
N w ey [8)]
[es] (@] o o

—_
o
L

0 2 4 6 8 10 12 14 16 18 20

Diameter (nm)
Figure 1. (a) TEM of Ag-(+I1) and histogram nanocrystal diameters determined from image. (b) As in (a) fdr. Ag-

o
i}

alkane thiol incorporating a receptor site Ag-(I+I11), have been established by TEM that these nanocrystals have a
been characterized by TEM and elemental analysis as describedpherical silver core that is 88 A in diameter, a size polydis-
in detail elsewheré’1° It has been established by TEM that persity of less than 5% and, as can be seen from Figure 1, form
these nanocrystals have a spherical silver core that is 71 A ina hexagonally close-packed array upon solvent evapor&ion.
diameter, a size polydispersity of less than 10% and, as can belt has been established by elemental analysis that there are on
seen from Figure 1, form a hexagonally close-packed array uponaverage 1088 molecules df adsorbed at the surface of each
solvent evaporatiof It has been further established by nanocrystaf® On this basis it is calculated that the average area
elemental analysis that there are on average 957 moleculesoccupied by the stabilizer molecules adsorbed at the surface of
adsorbed at the surface of each nanocrystal and that the ratica silver nanocrystal is 23 Athe value assumed above. This
of I:1l is 12:12' On this basis, and assuming that the average value, as might have been expected, is somewhat larger than
area occupied by a molecule bfadsorbed at the surface of a values previously reported for unmodified alkane thiols adsorbed
silver nanocrystals is 23 A(see below), it is calculated that at the surface of a silver nanocrystaf®
the average area occupied by a moleculé afisorbed at the Receptor-Substrate Binding in Solution.To establish that
surface of a silver nanocrystal is 18.AThis value agrees well  the diaminopyridine receptor site incorporatedlinecognizes
those previously reported for alkane thiols adsorbed at the and selectively binds the complementary uracil substrate sites
surface of a silver nanocrystet!® incorporated inlll to form a 2:1 complex, théH NMR and
Silver nanocrystals stabilized by adsorbed alkane thiol FT-IR spectra ofll, Il , and different mixtures ofl andlll
incorporating a diaminopyridine receptor slte Ag-ll, have were measured in chloroforchat 25°C.
also been characterized by TEM and elemental analysis. It has Shown in Figure 2 are th&H NMR spectra ofil (1.45 x



6168 J. Phys. Chem. B, Vol. 104, No. 26, 2000

(a)

(vid)
I !

w ] L

w L
(i) | I
G | |

) L

L T T T T T T

[
_%—P—>—FF

g

|

110 105 100 95 90 85 80 75 7.0
5 (ppm)
(b)
(v A b ]
; i)
(VI)T-L A A lL..JuM
\ L A J{ J\_.__Jm
w o0 b
(iii) T__LL R )
(ii) T . ‘
: [
o A i
110 105 100 95 90 85 80 75 70

8 (ppm)

Figure 2. (a) *H NMR spectra of (i)l (1.45 x 10~ mol dn13) and
(i) 11l (0.36 x 1072 mol dn3) in chloroformd at 25°C. Also shown
are the'H NMR spectra ofll (1.45 x 1072 mol dm3) in chloroform
at 25°C to which the following molar equivalents df (0.36 x 1072
mol dn3) have been added: (iii) 0.25; (iv) 0.50; (v) 0.75; (vi) 1.00;
and (vii) 1.25. (b)'H NMR spectra of (i)lll (1.88 x 1072 mol dn3)
and (i) Il (0.47 x 1072 mol dn73) in chloroformd at 25°C. Also
shown are théH NMR spectra oflll (1.88 x 1072 mol dnT9) in
chloroform at 25°C to which the following molar equivalents dif
(0.47 x 1072 mol dnT3) have been added: (iii) 0.25; (iv) 0.50; (v)
0.75; (vi) 1.00; and (vii) 1.25.

1073 mol dm3) prior to and following addition of the indicated
number of molar equivalents df (relative toll) in 0.25 molar
equivalent amounts. Also shown is the spectruriilof0.36 x
1073 mol dm3, 0.25 molar equivalent).

The resonance assigned to the amidic prototis isfobserved

Fullam et al.

of lll are added the imidic resonanceltf is shifted upfield
to 10.19. The resonance assigned amidic protonliofis
observed at 9.56 throughout.

Also shown in Figure 2 are thé1 NMR spectra ofll (1.88
x 1072 mol dm3) prior to and following addition of the
indicated number of molar equivalentslbf(relative tolll ) in
0.25 molar equivalent amounts. Also shown is the spectrum of
[l (0.47 x 1072 mol dm3, 0.25 molar equivalent).

Following each addition of 0.25 of an equivalentlbfto IlI
there is a downfield shift in the imidic proton resonanceélbf
by aboutd 0.25. After 1.25 equivalents df are added, the
amidic proton resonance 6f is shifted downfield ta) 10.64.
Following addition of 0.25 of an equivalent tBfto lll there is
a downfield shift in the amidic proton resonancdlofo 6 8.88.
Each subsequent addition of 0.25 of an equivalentlofs
accompanied by a small upfield shift. After 1.25 equivalents of
Il are added, the amidic resonancellofis shifted upfield to
8.53. The resonance assigned amidic protohlofs observed
at 0 9.56 throughout.

These findings are understood as follows. Upon addition of
0.25 of an equivalent dfl toll, a large fraction both substrate
sites oflll is complexed tdl , while only a small fraction ofl
is complexed tdll . As a consequence, the resonance assigned
to the imidic proton oflll is shifted downfield to a value
characteristic oflll in the 2:1 complex shown in Scheme 6
and associated by two triple arrays of complementary hydrogen
bonds?* Under the same conditions the resonance assigned to
the amidic proton ofl is shifted downfield, but only by a small
amount, to a value that remains characteristit @f solution?*

In the course of four subsequent additions of 0.25 equivalents
of Il , the resonance assigned to the imidic protorllbfis
observed to shift back upfield as the fraction of uncomplexed
[l present in solution increases. Under the same conditions,
the resonance assigned to the amidic protonl ims shifted
downfield to a value characteristic of the complex shown in
Scheme 6. Analogous observations made upon additidh of
to lll are consistent with formation the 2:1 complex shown in
Scheme 6 and are associated by two triple arrays of comple-
mentary hydrogen bonds.

It should be noted that because the dynamics of complex
formation are fast on the NMR time scale, the chemical shifts
observed for the amidic and imidic peak positions are the
population-weighted average of chemical shiftsloandlll in
the complexed and uncomplexed states. For this reason the end
point of a titration is not well defined. It should also be noted
that the chemical shifts of the amidic and imidic resonances in
[l andlll are concentration dependent.

Shown in Figure 3 are the FT-IR spectralbf(2.90 x 103
mol dm3), Il (1.45 x 103 mol dn3), and a mixture ofl
(2.90 x 1072 mol dn3) andlll (1.45 x 1072 mol dnr3) in
chloroformd at 25°C. The bands at 3420 and 3392 chare
assigned to the amidic NH stretches ofll and Il , respec-
tively.2> On preparing the above mixture &f and Il , the
intensity of the bands assigned to the free amidieH\stretches

atd 7.96, while the resonances assigned to the imidic and amidic decrease’ Also on preparing the above mixture bfandlll

protons oflll are observed ai 9.16 andd 9.56, respectively.
Following each addition of 0.25 of an equivalentldf to Il
there is a downfield shift in the amidic proton resonancd of
by aboutd 0.1. After 1.25 equivalents dil are added, the
amidic proton resonance dif is shifted downfield to) 8.61.
Following addition of 0.25 of an equivalent tf toll there is
a downfield shift in the imidic proton resonance Ibf to ¢
10.50. Each subsequent addition of 0.25 of an equivalelt of

a series of bands between 3200 and 3300%m@ssigned to the
hydrogen-bonded amidic protons are newly obsef/éihese
findings are consistent with formation of a 2:1 complex between
Il and Il associated by formation of two triple arrays of
complementary hydrogen bonéfs,and therefore are also
consistent with the findings of thtH NMR studies reported
above.

It is clear, based on the findings presented above, that a

is accompanied by a small upfield shift. After 1.25 equivalents modified alkane thiol incorporating a diaminopyridine receptor
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SCHEME 7
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site recognizes and selectively binds a modified alkane thiol arises next is whether silver nanocrystals stabilized by an alkane
incorporating two uracil substrate sites. The question which thiol incorporating a diaminopyridine receptor site will also

T
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3500 3300 3200 3100 3000

Wavenumber (cm™)

Figure 3. FTIR spectra of (i)l (2.90 x 1072 mol dm3) and (ii) Il
(1.45 x 1072 mol dn13) in chloroformd at 25°C. Also shown is the
FTIR spectrum (iii) of a 2:1 molar ratio mixture dof (2.90 x 1073
mol dn73) andlll (1.45 x 10-% mol dn73) in chloroform at 25°C.

recognize and selectively bind a modified alkane thiol incor-
porating two uracil substrate sites.

Receptor-Modified Nanocrystal-Substrate Binding in
Solution. Presented are the findings & NMR and FTIR
studies which establish that silver nanocrystals stabilizeld by
specifically Ag-(+I1), recognize and selectively bind in
solution. That is, findings which establish that the diaminopy-
ridine receptor site incorporated Ih continues to recognize
and selectively bind the complementary uracil substrate site
incorporated inV, even when chemisorbed at the surface of a
silver nanocrystal (Scheme 7).

Shown in Figure 4 are théH NMR spectra of Ag{+ll)
(1.88 x 1075 mol dm3 silver nanocrystals, 1.4& 10-3 mol
dm=3 1) in chloroformd at 25 °C prior to and following
successive additions of 0.15 molar equivalentsl\of (with
respect tdl ). Also shown is the spectrum & (0.21 x 103
mol dm3, 0.15 molar equivalents) in chloroforthat 25 °C.

Initially, the resonances assigned to the amidic protors of
in Ag-(I+1l) are observed ad 7.55, while the resonances
assigned to the imidic and amidic protons|¥f are observed
ato 7.65 andd 9.35, respectively. Following addition of 0.15
molar equivalents alV to the Ag-(+I1l) dispersion, the amidic
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Figure 4. (a) '"H NMR spectra of (i) Ag-{+I1) (1.88 x 1075 mol
dm~2 nanocrystals, 1.4& 103 mol dnt211) and (i) IV (0.21x 1073
mol dnT3) in chloroformd at 25°C. Also shown are théH NMR
spectra of AgH (1.88 x 107> mol dm 2 nanocrystals, 1.4 103
mol dnT2 1) in chloroform at 25°C to which the following molar
equivalents ofV (0.21 x 102 mol dn13) have been added: (iii) 0.15;
(iv) 0.30; (v) 0.45; (vi) 0.60; and (vii) 0.75. (b) FTIR spectra measured
under same conditions as in (a).

proton resonance di is shifted downfield tod 7.65. After
addition of a total of 0.75 molar equivalentsl¥®f, this resonance
is shifted downfield tod 8.07. Following addition of 0.15 of
an equivalent ofV to Ag-(I+11), the resonance assigned to
the imidic proton resonance ¥ is shifted downfield tod
8.69. Each subsequent addition of 0.15 of an equivaleit of
is accompanied by a small upfield shift. After 0.75 equivalents
of IV are added this resonance is shifted upfield £64. The
resonance assigned amidic proton\éfis observed ad 9.35
throughout, implying that it is not involved in complexation.

Also shown in Figure 4 are the FTIR spectra of Ag-(1)
(1.88 x 107° mol dnr8 silver nanocrystals, 1.48 1073 mol
dm=3 11) in chloroformd at 25 °C prior to and following
successive additions of 0.15 molar equivalentsi\oéf (with
respect tdl ). Also shown is the spectrum ¢ (0.21 x 1073
mol dn3, 0.15 molar equivalent) in chloroformi-at 25°C.

Fullam et al.

The band at 3420 cnt is assigned to the amidic stretches of
II. The band at 3392 cm is assigned to the imidic NH stretch
of IV. It is observed that the intensity of the band assigned to
the amidic N-H stretch ofll decreases as the concentration of
addedlV increases. At the same time, the increase in intensity
of the band assigned to the imidic¥ stretch oflV is less
that that observed for the same concentration/oin solution.

The newly observed bands between 3300 tand 3200 cm!
are assigned to formation of the hydrogen bonds between the
receptor and substrate.

It is clear, based on théH NMR and FT-IR findings
presented above, that a silver nanocrystal stabilized by an alkane
thiol and an alkane thiol incorporating a receptor site, namely
Ag-(I+11), recognizes and selectively binds in solution a
molecule incorporating a complementary substrate site, namely
IV. Furthermore, it is also clear that the resulting 1:1 complex
is noncovalently associated by a triple array of hydrogen bonds
as shown in Scheme 7.

It should be noted that these detailed studies were not
undertaken using the modified alkane thiol incorporating two
uracil substrate states, namely . The reason for this, as
discussed in detail below, is that the additionlbfto Ag-(1+11)
promotes nanocrystal aggregation, thereby precluding detailed
characterization of the molecular interactions leading to ag-
gregation by NMR and to a lesser extent by FT-IR.

Aggregation of Receptor-Modified Nanocrystals in Solu-
tion. A question which arises is whether the ability to program
a size-monodisperse silver nanocrystal to recognize and selec-
tively bind a molecular substrate in solution can be exploited
to assemble complex and technologically relevant nanocrystal
assemblies, also in solution.

With respect to this question, we note that a large number of
studies have been directed toward understanding the mechanisms
of colloid aggregation and their relationship to the structure of
the aggregates formé8Generally, two limiting cases have been
identified3%:31 The first, termed slow or reaction-limited ag-
gregation, refers to the case where only a small fraction of the
collisions result in the two colloidal particles involved adhering
to each othef It has been found that the growth kinetics of
reaction-limited aggregation are described by eq 1

Ry() = Ry(to) expt) 1)

whereRy(to) is the initial hydrodynamic radius of the aggregate,
typically determined by dynamic light scattering, aonds a
parameter characteristic of the experimental conditions. Related
static light scattering experiments have established that the
fractal dimension of such aggregates is 2.05.

The second case, termed fast or diffusion-limited aggregation,
refers to the situation where each collision results in the two
colloidal particles involved adhering to each otPit.has been
found that the growth kinetics of diffusion-limited aggregation
are described by eq 2

R(t) O t¥* )

whereRx(t) is the hydrodynamic radius of the aggregate at some
time t, determined by dynamic light scattering, addis the
fractal dimension which has a value of 1.75.

The associated physical picture can be summarized as follows.
In the reaction-limited regime, the particles have a low prob-
ability of adhering upon contact, sample many possible con-
figurations, and form aggregates which are relatively dense,
possibly locally ordered, and have a fractal dimension of 2.05.
In the diffusion-limited regime, the particles have a high
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Figure 5. (a) Hydrodynamic radius of AgH¢-Il) (3.29 x 1078 mol dm3 nanocrystals, 2.4% 106 mol dn 2 I1) plotted against elapsed time in
chloroform at 25°C to which has been added 0.5 (1.21107% mol dnT3) and 1.0 (2.43x 107® mol dn13) molar equivalents ofil . (b) Semilog
plot of data in (a). (c) Hydrodynamic radius of Ag#Il) (3.29 x 108 mol dn3 nanocrystals, 3.5& 105> mol dm 2 II) plotted against elapsed
time in chloroform at 25°C to which has been added 0.5 (1.¥910% mol dnT3) molar equivalents ofil . (d) Log—log plot of data in (c).

probability of adhering upon contact, sample few possible coverage of receptor sites, aggregation would be reaction-
configurations, and form relatively diffuse aggregates, probably limited, but that in the case of Al with a 100% coverage of
locally branch-like, and which have fractal dimension of 1.75. receptor sites, that aggregation would be diffusion-limited. To
The above summary description of particle aggregation test these expectations the aggregation kinetics of IAdH]
assumes that nanocrystal motion is diffusive and that particle and Agdl dispersions containing addéidl have been studied
particle aggregation is homogeneous. Furthermore, it assumesy DLS.
that particle aggregation is irreversible with little subsequent  Shown in Figure 5 are the hydrodynamic radii measured by
reorganization of the aggregate structure. In practice, there areDLS in chloroformd at 25°C for two Ag-(+I11) dispersions
cases in which two particles have a high probability of adhering (3.29 x 10~8 mol dm3 concentration of silver nanocrystals,
upon contact and in which the kinetics of aggregate growth are 2.43 x 10~ mol dnm3 concentration of adsorbed receptor sites
diffusion limited, but in which the strength of the interaction in II') to which have been added 0.50 (1.2110~% mol dm3)
between aggregated particles is sufficiently small that significant or 1.00 (2.42x 10~® mol dm~3) molar equivalents ofil with
restructuring leads to a larger fractal dimensién. respect toll . As there are two substrate sites incorporated in
The previous sections of this paper have described thelll , this corresponds to 1.00 and 2.00 substrate site equivalents,
preparation and characterization of size-monodisperse nano-+espectively.
crystals stabilized by chemisorption of alkane thiols and alkane  Having added 0.50 of a molar equivalentlbf with respect
thiols incorporating a receptor site (diaminopyridine), namely toIl, or 1.00 substrate equivalents with respect to the receptor,
Ag-(I+I1') or Ag-ll . The present paper has also established that to a dispersion of Agi-Il) it was expected that a fraction of
these receptor modified nanocrystals recognize and selectivelylll , containing two substrate sites, would bind receptor sites
bind molecules incorporating a substrate site (uracil), namely on different Ag-(+11) nanocrystals and that this would lead to
IV. As a consequence, it should prove possible to induce nanocrystal aggregation. This expectation is seen to be well
aggregation of either Agkll) or Ag-ll by addition of 0.5 founded as the average hydrodynamic radius increased by more
molar equivalents (with respect tb) of 11l , corresponding to than 60 nm during 2 h.
1.0 molar equivalent of substrate sites, to these dispersions. It Having added 1.00 molar equivalent bf with respect to
was expected that, in the case of Ag-(l), with an 8% II', or 2.00 substrate equivalents with respect to the receptor, to
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a dispersion of Agi(tl1l), it was expected that each molecule long-chain alkane thiol incorporating a diaminopyridine receptor
of Il , containing two substrate sites, would in the majority of site, Agdl, have also been prepared. When dispersed in
cases bind only a single receptor site on a A¢j{) nanocrystal chloroform these “programmed” nanocrystals recognize and
and that this would inhibit nanocrystal aggregation. This selectively bind a long-chain alkane incorporating two comple-
expectation is also seen to be well founded as the averagementary substrate sitel$| , and are noncovalently linked. The
hydrodynamic radius increased by less than 10 nm during 2 h. nanocrystal aggregates formed as a result have been character-
It is clear that the kinetics of aggregation of AgHl) ized by NMR, FT-IR, and DLS.
induced by addition of 0.5 molar equivalents Itif are slow The key findings are that aggregation of AgH(l ) in the
and described by an expression of the general formula given inpresence of addeldl is reaction limited, while aggregation of
eq 1. Specifically, a semilog plot of the data in Figure 5a yields Ag-1l in the presence of adddd exhibits diffusion-limited
a straight line, see Figure 5b. On this basis it is concluded that kinetics. These findings demonstrate, for the first time, that the
aggregation is reaction-limited:3° This finding is consistent ~ number of receptor sites present on the surface of a dispersion
with a low probability of two receptor-modified silver nano-  of nanocrystal can be used to control their aggregation kinetics.
crystals aggregating upon collision and suggests that the nano-Angle-dependent static light scattering studies are in progress
crystal aggregate formed most likely has a compact and to better understand the relationship aggregation kinetics and
relatively ordered structure. It is equally clear that the kinetics the structures of the nanocrystal aggregates formed.
of aggregation of Agi(I1') induced by addition of 1.0 molar An implication of these findings is that to achieve the desired
equivalents ofll are still slower. On this basis it is concluded level of control over the architecture of structures assembled
that aggregation is largely inhibited. This finding is consistent from nanocrystals in solution it will be necessary to be able do
with all of the receptor sites being occupied by a molecule of the following: first, determine which nanocrystals recognize
Il , as a consequence of which and as expected, aggregation isind selectively bind to each other and, second, determine the
inhibited. strength of the forces acting between nanocrystals. These forces
Also shown in Figure 5 are the hydrodynamic radii measured should be such that reaction limited aggregation is followed by
by DLS in chloroforme at 25°C for an Agdl dispersion (3.29 restructuring to yield a nanocrystal aggregate with the desired
x 1078 mol dm~3 concentration of silver nanocrystals, 3.58 architectural properties.
1075 mol dn3 concentration of adsorbed receptor sitesl n A general insight based on the findings reported here is that
to which have been added 0.50 (1.¥9.0-5 mol dm~3) molar the surface modification can be used to determine the aggrega-
equivalents ofll with respect tdl . As there are two substrate  tion kinetics and, as a consequence, the structure of aggregates
sites incorporated inll , this corresponds to 1.00 of an formed by colloidal particles. It is expected that this insight
equivalent of receptor sites. will inform the work of scientists and technologists in diverse
Having added 0.50 molar equivalentsltf with respect to fields, ranging from medical diagnostics to electronics.
II', or 1.00 substrate equivalents with respect to the receptor, to
a dlspersmn of Adt, it was expected that the each molecule ~ Acknowledgment. The authors thank the Petroleum Re-
of Il , containing two substrate sites, would bind receptor sites Search Fund of the American Chemical Society for funding the
on different Agil nanocrystals and that this would lead to reported study (ACS-PRF# 32897-ACS).
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