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Patterned Assembly of Quantum Dots onto Surfaces
Modified with Click Microcontact Printing

Jeremiah |. Gassensmith, Petra M. Erne, Walter F. Paxton, Marco Frasconi,
Martin D. Donakowski, and J. Fraser Stoddart™

Semiconductor quantum dots (QDs) are a unique class of
materials possessing extraordinary properties!!! as a result of
quantum confinement. QDs have been attracting attention for
applications in light emitting diodes,?! nanoelectronic devices,!
solar cells,” quantum computingl®! and highly sensitive bio-
metric diagnostics,®l largely owing to their unique electronic
capabilities.”] In order to exploit these unique properties of
QDs in applications and devices, finding ways to pattern very
large surfaces—multiple square centimeter areas—homogene-
ously has become an active area of research. Although exam-
ples of patterning on smaller scales through X-ray,®*! electron
beam['”) and scanning probel!” lithographic techniques have
been reported, the fact remains that they do not lend them-
selves to economical scale-up. By contrast, soft lithography
allows the rapid patterning of surfaces with multiple com-
ponents, a process not currently attainable by standard litho-
graphic procedures. The most promising and facile method
reported? for the patterning of QDs over large areas is micro-
contact printing which either (i) involves the modification of
the QDs with functional groups so as to bind them chemically
to surfaces pre-patterned by microcontact printing!!>!* or (ii)
the direct microcontact printing of QDs by inking a modi-
fied stamp with a solution containing QDs.l'Yl There are a few
reports>1 in which unfunctionalized QDs are assembled
onto modified surfaces pre-patterned by microcontact printing.
They include a number of methods making use of self-assem-
bled monolayers (SAMs) of organo-thiols on gold surfaces to
create specific architectures.”” With this background in mind,
we sought to apply a more versatile strategy that would allow
for (i) “post-synthetic modifications” before or after surface-
patterning with QDs had occurred, (ii) perform the surface self-
assembly from freshly synthesized QDs and (iii) using a SAM
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which is bound covalently to the substrate and does not suffer
from the oxidative,'’”] thermal® or diffusion!!” related short-
comings of gold-thiol platforms.

In order to accomplish our goal of robust and extensible
QD pattern formation, we decided to investigate alkyl-azide
modified monolayers on silica surfaces because, a priori, there
seemed to be little chance of strong interactions between QDs
and surface-bound alkyl azides. Using the well-known copper-
catalyzed azide-alkyne cyclization?*-22l (CuAAC) chemistry, it is
possible to transform the azides into functional groups which
are known to coordinate strongly to the surface of QDs. Fur-
thermore, this chemistry has been shown[?*?4 to work well
when using stamping techniques and yields well-defined pat-
terns over substrates that are not atomically smooth. By pre-
inking a poly(dimethylsiloxane) (PDMS) patterned surface
with pentynoic acid and Cu(I), we were able to obtain surfaces
containing regularly alternating regions of terminal azides and
carboxylic acids. Exposing the surfaces to organic solutions of
freshly prepared QDs resulted in their surface adhesion, all but
selectively, to the areas functionalized with terminal carboxylic
acids with minimal residual deposition on the azides after
washing, indicating that azides are indeed very poorly coor-
dinating groups for CdSe QD. Subsequently, we were able to
functionalize the remaining surface bound azides with hexyne
using a second CuAAC reaction without perturbing the existing
QD pattern. This proof-of-concept shows the capacity to form
discrete interdigitated patterns of QDs by means of a simple,
yet robust protocol.

Click microcontact printing is a convenient bench-top
method to pattern substrates?>2% using a “click” reaction—
a reaction which is atom economical and can be carried out
with the intent of minimizing the environmental impact of
the chemistry. In this case, the use of the CuAAC procedure
affords a triazole ring from the reaction of terminal alkynes
and terminal azides. Because these functional groups—in par-
ticular the azide—are orthogonal to most chemical reactions,
click chemistry affords an ideal platform for the formation of
patterns useful in the nucleation of microcrystalline materials.
For the selective patterning of a silica surface, we employed a
three-step process (Scheme 1) which begins with a SAM of alkyl
azide either on quartz or on a layer of silica oxide created on a
surface of silicon. A patterned elastomeric gel (PDMS), inked
with pentynoic acid and Cu(I) is placed on the surface over-
night and the resulting substrate is washed to remove residual
copper and unreacted pentynoic acid. We have previously dem-
onstrated?>?4 that after approximately 7 h, the yield of the
reaction is 95% and provides even and uniformly patterned
surfaces. This reactivity could be verified using AFM which
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Scheme 1. Route to obtaining the QD-patterned surfaces begins by reacting pentynoic acid
and Cu(l) in an inked elastomeric stamp with a surface area monolayer of alkyl azides to form
(a) interdigitated rows of alkyl carboxylic acids and alkyl azides. Submersion in a (b) 107 M
organic solution of CdSe QDs results in the preferential deposition of QDs over the acid-
terminated surfaces, leaving the azides free. Finally, the QD patterned wafer is (c) immersed
in a CH,Cl, solution of 0.1 M Cu(I)TBTA and 0.1 M hexyne to convert the remaining azides to
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quartz. The emission spectra (Figure 2) of the
QDs in solution, and on a patterned surface,
show a A,., of 580 nm in solution and a
broadened peak with a 4, at 570 nm when
adsorbed on the surface. The hypsochromic
shift and broadening is indicative of photo-
brightening of the surface QDs.?®! Fluores-
cence optical microscopy (Figure 3a) charac-
terization indicated very clear patterns as well
as the periodic aggregate formation of QDs.
Using Image], we found that the carboxylic
acid terminated areas showed a fluorescence
increase of 86% as compared with the azide-
covered areas, indicating a substantial prefer-
ence for chelation to the acid sites, once again
consistent with literature observations.2
When carried out on a surface not func-
tionalized with pentynoic acid, only sparsely
grouped aggregate formation (Figure 3b) was
observed lending evidence to the fact that
the QDs do not show a strong affinity for the

2 wileyonlinelibrary.com

alkyltriazoles.

identified (Figure 1a) a 1 nm differential
between the carboxyl-terminated surface and
the azide surface-in agreement with previ-
ously reported!?3 values. The surfaces modi-
fied by click microcontact printing with alter-
nating carboxylic acid- and azide-terminated
features were used subsequently to assemble
CdSe QDs from solution by simple submer-
sion in a CH,Cl, solution of freshly prepared
QDs. The substrate was then removed from
the solution and washed vigorously with
solvent before analysis. The surfaces were
characterized extensively with a large variety
of analytic techniques in order to ensure
the successful adsorption of the CdSe QDs.
AFM shows (Figure 1la) the height of the
adsorbed features is approximately 4-7 nm,
corresponding well to the size of the QDs
that were used. It is noteworthy that in all
cases, the QDs assembled in aggregates on
the carboxyl-terminated patterned surfaces,
occasionally leaving voids (Figure 1b) which
contain no QDs. This is likely due to the
presence of equally strongly coordinating
surface ligands of steric acid formed from
the synthesis of the QDs and not, as recent
literaturel?’] suggests, more weakly bound
phosphine oxides. Little of such aggregation
(Figure S5, Supporting Information) was
found on the azide surfaces, however, even
when relatively large areas were scanned.
The fluorescence of the QDs was
investigated both by optical fluorescence
spectroscopy and by microscopy, after per-
forming the reaction on optically transparent

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

azide surfaces. Since EDS spectroscopy was
not sufficiently sensitive to detect the signa-
ture traces of Cd against the background of

nm

8
7
6
5
4
3
2
1

- D W s OO N®

o
-
N
w

0 1 2 3 4 S 4 5
um pum

Figure 1. a) Tapping mode AFM image of a local cluster of QDs on the surface after submersion
and rinsing in a 10”7 M solution of CdSe QDs. The cluster is largely confined to the terminal
carboxylic acid pattern. b) Profile showing the height difference of T nm between the higher
carboxylic acid and lower azide terminated features plus the adsorbed QDs (average diameter
of 5 nm). c¢) Tapping mode AFM image of an area of the surface just below QD cluster where
very little adsorption occurs. d) Profile showing a height difference of 1 nm corresponding only
to the carboxylic acid-terminated features above the azide surface suggesting not all of the acid
terminated sites end up saturated with QDs.
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Figure 2. Emission spectra of the QDs in solution (black dotted line) and
adsorbed onto a quartz surface modified by click microcontact printing
(red solid line) (A = 460). The peak at 615 nm likely corresponds to a
Raman overtone from the hydrocarbons on the surface.

Figure 3. Fluorescence microscopy (A, = 488 nm) of a) patterned surfaces coated with CdSe
QDs; small amounts of aggregated QDs were observed. b) A surface which contains only

azides. Note that the QD aggregates are visible on this surface as well.

Figure 4. Mapping TOF SIMS images of the surface with assembled CdSe QDs. a) The pattern
of Cd* on the surface corresponding to the pattern created with click microcontact printing and
the subsequent QD assembly is shown. b) The images of PDMS reveal the largely obfuscated
pattern as a result of the repeated rinsing.
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Si, in order to ensure that QDs were adsorbed, the surfaces
were analyzed by time-of-flight secondary ionization mass
spectrometry (TOF-SIMS). The presence of QDs on the sub-
strates was confirmed by TOF-SIMS analysis, which indicated
(Figure 4a) a distribution of peaks in the range of 106 to 116 for
m/z, consistent with Cd*. The counts in this range decreased
significantly within the first few seconds of surface ionization,
an observation that can be attributed to the rapid destruction of
the surface layer of QDs. Because of the low number of counts
at each point on the surface, the apparent isotopic distribution
of cadmium deviated from the actual isotopic distribution (see
the Supporting Information).

The precise positioning of the cadmium on the surface, as
well as confirmation of its presence, could be accomplished
simultaneously using mapping mode SIMS (Figure 4). TOF-
SIMS analysis shows clearly the linear patterns of the CdSe over
the surface. Additionally, the distribution of PDMS over the
surface was investigated to see if residual PDMS may be com-
plicating the AFM measurement. The PDMS was not remotely
as well-defined as the cadmium distribution (Figure 4b), indi-
cating that the multiple washing steps spread the remaining
PDMS residue more or less evenly over the surface.

The remaining surface bound azides pre-
sented us with an opportunity to demon-
strate the versatility of the QD self-assembly
process, even in the presence of competing
cationic metals. As a proof-of-concept, we
took a substrate, which had been patterned
with QDs interdigitated with surface bound
azides, and re-exposed it to click conditions
using hexyne as the alkyne reagent. In order
to minimize metal adhesion to the surface,
we used the strongly chelating ligand tris[(1-
benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
(TBTA) bound to Cu(I)PF¢ and allowed the
substrate to sit, immersed and in the dark,
for 48 h. After washing with CHCI;, the
substrates were investigated by AFM, which
revealed the aforementioned aggregate QDs
situated in the same, striped pattern (see
Figure S7 in the Supporting Information) but
with a relatively flat underlying surface.

In conclusion, we have outlined an effi-
cient way to pattern quantum dots onto a
pre-patterned surface area monolayer uti-
lizing simple adsorption from a solution
containing quantum dots. The surfaces
prepared were well characterized and both
linear and dot patterns were realized. The
stearate ligands attached to the quantum
dots were exchanged on the surface of the
silica with the surface mounted carboxyl
acid functions and appeared to leave the
azide layer unperturbed. The azide layer,
which was still capable of further modifica-
tion, was backfilled by carrying out a second
click reaction. This proof-of-concept lends
itself to an experimental design in which—
in lieu of electronically inert alkyl chains—
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substrates, which complement the QDs, can be investigated.
For instance, p-type organic materials, such as phthalocyanine
derivatives, could interdigitate the n-type quantum dot layers
to create near-perfect hetero-junctions. With improved reso-
lution in stamping, nearly ideal interdigitated p-n junction
monolayers could be produced and built upon in a layer-by-
layer approach.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author

Acknowledgements

J.J.G. and P.M.E. contributed equally to this work. AFM and SIMS work
were conducted at the Northwestern University Atomic and Nanoscale
Characterization Experimental Center (NUANCE). The research reported
here was supported by the Non-Equilibrium Energy Research Center
(NERC) which is an Energy Frontier Research Center (EFRC) funded by
the US Department of Energy (DOE), Offices of Basic Energy Sciences
under Award Number DE-SC0000989 and the National Science
Foundation (NSF) under the auspices of Award CHE-0924620. P.M.E.
wishes to thank the Deutscher Akademischer Austausch Dienst (DAAD)
for financial support, while J.F.S. acknowledges funding from the WCU
Program (R31-2008-000-10055) at KAIST in Korea. We thank Prof. Emily
Weiss and Dr. Daniel Tice for helpful discussion and providing QDs.

Received: June 27, 2012
Revised: August 22, 2012
Published online:

[1] A. P. Alivisatos, Science 1996, 271, 933.

[2] W. U. Huynh, ]. J. Dittmer, A. P. Alivisatos, Science 2002, 295, 2425.

[3] E. Bakkers, D. Vanmaekelbergh, Phys. Rev. B 2000, 62, R7743.

[4] I. Robel, V. Subramanian, M. Kuno, P. V. Kamat, J. Am. Chem. Soc.
2006, 128, 2385.

[5] D. Loss, D. P. DiVincenzo, Phys. Rev. A 1998, 57, 120.

[6] L. R. Giam, S. He, N. E. Horwitz, D. ). Eichelsdoerfer, J. Chai,
Z. Zheng, D. Kim, W. Shim, C. A. Mirkin, Nano Lett. 2012, 12,
1022.

Mk

www.MaterialsViews.com

[7] W. C. W. Chan, S. M. Nie, Science 1998, 281, 2016.

[8] X. M. Yang, R. D. Peters, T. K. Kim, P. F. Nealey, S. L. Brandow,
M. S. Chen, L. M. Shirey, W. J. Dressick, Langmuir 2001, 17, 228.

[9] F. Cerrina, J. Phys. D: Appl. Phys. 2000, 33, R103.

[10] P. Ferrand, M. Egen, R. Zentel, . Seekamp, S. G. Romanoy,
C. M. S. Torres, Appl. Phys. Lett. 2003, 83, 5289.

[11] M. Ishibashi, S. Heike, H. Kajiyama, Y. Wada, T. Hashizume, Appl.
Phys. Lett. 1998, 72, 1581.

[12] a) D. Dorokhin, S. H. Hsu, N. Tomczak, D. N. Reinhoudt,
J. Huskens, A. H. Velders, G. J. Vancso, ACS Nano 2010, 4, 137,
b) T-H. Kim, K.-S. Cho, E. K. Lee, S. |. Lee, J. Chae, J. W. Kim,
D. H. Kim, J.-Y. Kwon, G. Amaratunga, S. Y. Lee, B. L. Choi, Y. Kuk,
J. M. Kim, K. Kim, Nat. Photonics 2011, 5, 176.

[13] T. Kacar, ). Ray, M. Gungormus, E. E. Oren, C. Tamerler, M. Sarikaya,
Adv. Mater. 2009, 21, 295.

[14] L. Kim, P. O. Anikeeva, S. A. Coe-Sullivan, ]. S. Steckel,
M. G. Bawendi, V. Bulovic, Nano Lett. 2008, 8, 4513.

[15] L. Zhang, H. Y. Si, H. L. Zhang, J. Mater. Chem. 2008, 18, 2660.

[16] X. C. Wu, L. F. Chi, H. Fuchs, Eur. J. Inorg. Chem. 2005, 3729.

[17] a) ). Huang, ). C. Hemminger, J. Am. Chem. Soc. 1993, 115, 3342;
b) S. Onclin, B. ). Ravoo, D. N. Reinhoudt, Angew. Chem., Int. Ed.
2005, 44, 6282.

[18] F.Schreiber, A. Eberhardt, T. Y. B. Leung, P. Schwartz, S. M. Wetterer,
D. J. Lavrich, L. Berman, P. Fenter, P. Eisenberger, G. Scoles, Phys.
Rev. B 1998, 57, 12476.

[19] E. Delamarche, H. Schmid, A. Bietsch, N. B. Larsen, H. Rothuizen,
B. Michel, H. Biebuyck, J. Phys. Chem. B 1998, 102, 3324.

[20] a) V. V. Rostovtsey, L. G. Green, V. V. Fokin, K. B. Sharpless, Angew.
Chem., Int. Ed. 2002, 41, 2596; b) V. V. Rostovtsey, L. G. Green,
V. V. Fokin, K. B. Sharpless, Angew. Chem., Int. Ed. 2002, 41, 2596.

[21] R. Huisgen, Pure Appl. Chem. 1989, 61, 613.

[22] N. Fu, J. J. Gassensmith, B. D. Smith, Supramol. Chem. 2009, 21,
118.

[23] J. M. Spruell, B. A Sheriff, D. I. Rozkiewicz, W. R. Dichtel,
R. D. Rohde, D. N. Reinhoudt, . F. Stoddart, J. R. Heath, Angew.
Chem., Int. Ed. 2008, 47, 9927.

[24] W. F. Paxton, ). M. Spruell, J. F. Stoddart, J. Am. Chem. Soc. 2009,
131, 6692.

[25] K. Godula, D. Rabuka, K. T. Nam, C. R. Bertozzi, Angew. Chem., Int.
Ed. 2009, 48, 4973.

[26] ). ). Gassensmith, P. M. Erne, W. F. Paxton, ). F. Stoddart, Langmuir
2010, 27, 1341.

[27] A. ). Morris-Cohen, M. D. Donakowski, K. E Knowles, E. A. Weiss,
J. Phys. Chem. C 2010, 114, 897.

[28] H. Asami, Y. Abe, T. Ohtsu, I. Kamiya, M. Hara, J. Phys. Chem. B
2003 707, 12566.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2012,
DOI: 10.1002/adma.201202606





