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Organic ligand and solvent kinetics during the assembly of CdSe
nanocrystal arrays using infrared attenuated total reflection
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The self-assembly of amorphous three-dimensional arrays of CdSe nanocrystals is probed in real
time using multiple-reflection, infrared attenuated total reflection spectroscopy by following the
solvent and the organic ligands that passivate the nanocrystal surface. During the self-assembly of
a 250 ML array from pyridine-capped CdSe nanocrystals in pyridine solvent, the solvent molecules
evaporate in~30-40min and the pyridine-capping molecules leave the array very slowly,
apparently limited by diffusion, with~30+8% remaining after three days. @000 American
Institute of Physicg.S0003-695(00)00325-9

Semiconductor nanocrystals have created great interedeviation of 5% and passivated with tri-n-octylphosphine
as possible components of complex materials because okide (TOPO, CdSe/TOPPDwere synthesized according to
their unusual properties, including their linear and nonlineathe method of Murrayet al.” In many runs, these TOPO
optical properties.The organic molecules sometimes used tosurface ligands were replaced by pyridit@dSe/pyriding
“cap” the surface of semiconductor nanocrystals can passiby refluxing the nanocrystals in pyridine three times, each
vate surface states, stabilize dispersions of the crystallite§ime for 35 h at 60 °C, prior to self-assembly.
and form an insulating layer that electrically isolates the A concentrated 0.1 cc drop of capped CdSe nanocrystals
particles’ Three-dimensional arrays of CdSe nanocrystaldn solution was placed on the top surface (7 mé8 mm) of
have been self-assembled from solutions of theséhe ZnSe prism, initially producing & 210-um-thick layer.
nanocrystal$. The kinetics of array formation depends on theATR spectra were taken periodically during drying, after
interactions of particles with each other, the solvent, and thahich a disordered, amorphous array 0.85=0.20um
surface. It also depends on solvent evaporation, which i§lickness formed—as determined by profilometry. This cor-
very different for monolayered arrays and very thick three-"€SPOnds to about 250 ML of CdSe nanoparticles. These
dimensional(3D) arrays; this has been little studied. Many Measurements were performed using a ZnSe GRASEBY-

unanswered issues also remain about the stability of organie? ECAC horizontal ATR accessory mounted on a PE-1000

ligands that bind weakly to the nanocrystals, such as pyrif arerl]gon Fourier-transform igfrarethTlR) spectrometer. g
dine, particularly during self-assembly. Each spectrum was averaged over four scans in 16 s, an

In this letter, the density of surface ligands and solvemIaken with a resolution of 4 cnt and weak apodization,

molecules are followed during the self-assembly of CdStfeak r_\elghts were detgrmmed f_rom Gaussian fits. Unless
nanocrystals passivated by pyridine and tri-n-octylphosphingthe.rw'se noted, all drying experiments were conducted at
oxide (TOPO, designated as CdSe/pyridine and CdSe/amb'?nt temperature. o
TOPO, respectively, to form amorphous arrays by usin Figure '1.shows the ATR spectra near the 1445.2cm
multiple-reflection, horizontal attenuated total reflection eak of pyridine bound to a CdSe nanoparticle,(forarrays
(ATR) spectroscopy. ATR permits probing () the loss of
solvent molecules during the early stages of dryi@y,the
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exchange between the ligands capping the CdSe with solvent “]--- 15min O Ly min 1036
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molecules, and3) the possible desorption of these capping P o oro % 0 e NP
ligands during the later stages of drying. Since pyridine :fravsmacliet_from 0a] 1',1580. -
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desorbs during the formation of an array from CdSe/ 14452
pyridine, leaving bare nanocrystals, at least for monolayer 044 14665
arrays at 150°C. 1t is seen here that in thicker films the
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nanocrystals are still at least partially capped by the weakly 021 N | )
binding pyridine, even after several days of drying. W E B I“.‘T_‘.‘I" =
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dAlso with the Department of Applied Physics. FIG. 1. ATR spectra of CdSe/pyridine arrays formed with pyridine solvent
YAlso with the Department of Chemistry. 2, 15, and 60 min into self-assembly, along with those of pure TOPO and a
9Author to whom correspondence should be addressed; electronic maiCdSe/TOPO array formed with hexane solution. The inset shows spectra of

iphl@columbia.edu. CdSe/pyridine arrays after 20 min and neat pyridine.
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va] —a—(@) ool CdSerpyridine in pyridine still bound to the CdSe nanoparticles and most of it is inter-
-~ () . e stitial and cannot evaporate.

'] 18 $ oal caserToPO dispersed n The main part of the Fig. 2 tracks the desorption of
g ‘ N, Tl _bound py_rldlne to Io_nger t!mes, up to eight days; each trace
'(—g ool So2f e e _— is normalized to unity at its maximum, accounting for the
5 T e optical thickness of the sample. Samgd¢was dried for 3 h
g 3 3 - under nitrogen, in vacuum for 1 h, and then under argon for
S oa] IS Time (min) 3 days—each at ambient temperature; this was followed by
g Ll toETe \,%'_ T St eeas | drying in vacuum at Sf&-lo‘.’C f_or an hour. Ir(b?, (c), and _

This point was teken after A (d) the samples were dried in nitrogen for 30 min and then in

007 1 hour in vacuum at 50 16°C argon, at ambient temperature. In each case at 20 °C there is

0 20 40 60 80 100 120 140 160 180 a relatively rapid exponential decrease in absorbance with a
Time (hours) time constant of~208 min, followed by a very slow de-

FIG. 2. Heights of 1445 cit peaks in the ATR spectra @), (b), (c) crease, with a time constant of very roughly 170 h. After
CdSe/pyridine arrays from pyridine solution akd) CdSe/TOPO arrays three days of drying the absorbance peak decreases3@®
ILom pyridine soflutio?] ?s aflf[rlhctiqn OI drr]ying t(itfl‘ﬂe, noff?aliéed tOfl_mity at +8% of its peak value, which means that this fraction of
€ maximum or eacn trace. e Inset snows (armormalizeg@ on a riner . T . .
time scale at 1445 cit (bound pyriding and also at 1436 cnit (neat py- capping pyridine molecules remain bound. If thls_ peak ab__
ridine). sorbance corresponds to complete surface capping by pyri-
dine, after three days of drying-30+=8% of the pyridine

o o ) o sites remain occupied. The rate of drying does not seem to

of CdSe/pyridine nanocrystals initially in pyridine solvent depend on the gas environment, which is expected since

dried for 2, 15, or 60 'min(2) a dried array of CdSe/TOI?O there is essentially no pyridine vapor above the layer during
nanocrystals initially in hexane, an@) pure TOPO. This drying (to which only ~2.1% of the total surface of the

C-C, C-N stretching mode of pyridine bound to the CdSe,anocrystals are directly expoge®rying at elevated tem-
nanocrystal at 1445.2 cm appears at 1436.1crh in the perature led to a much more rapid desorption of surface-
neat pyridine. This upshift for bound pyridine is reasonabley g ng pyridine.
given the frequency upshift of pyridine adsorbed on®Au. The pyridine peaks at 1010, 1036, and 1600 &nn
Solvent evaporation during array formation with Cdse/CdSe/pyridine and 991, 1031, and 1580¢nin pyridine
TOPO nanocrystals dispersed in hexane solvent was too fa§6lvent(the symmetric and asymmetric ring breathing, and
to be followed with this method. No changes in the fre-c_c c-N stretching modes, respectiglfinset to Fig. 1
quency or height of the TOPO peaks were observed after thgere also followed as a function of drying time. The normal-
hexane evaporated, showing that the TOPO remained boungkq time dependences of bound and neat pyridine intensity
to the surface; this is expected because TOPO has a very loyere the same for each of these modes as for those in Fig. 2.
vapor pressure. The small TOPO peaks at 1377.4 angd|| four modes (including that at 1445.2 ct) were fol-
1466.5cm* in the CdSe/pyridine array suggest that evenjowed initially with a resolution of 4 crt and later with
after ligand exchange with pyridine the CdSe is still partially 1 cm™! resolution to look for a spectral shift of bound pyri-
capped by TOPO. Comparing the IR absorbances in CdSefine during drying. None was seen. In contrast, Ref. 11 re-
pyridine and CdSe/TOPO arrays11% of TOPO molecules ported that the~2850 and 2920 cmt peaks of the dode-

remain after ligand exchange with pyridine. This is consis-canethiol cap Ag nanocrystals in a dried array are red-shifted
tent with measurements ef 10%—15% of the sites remain-  sjgnificantly from those of the nanoparticles in solutidy

ing capped by TOPO made using other methbtfs. 7 cm  for the latter peak

The spectra in Fig. 1 show that during the self-assembly  The penetration depth in ATR is/27(sir? 9—n§1)1/2,12
the solvent peak at 1436.1 cthdecreases to zero, while the where g is the incident anglen,;=n, /Ny A =\yacuunr/ N1 (A
pyridine-on-CdSe peak at 1445.2chfirst increases from s the wavelength in the prismn; is the refractive index of
roughly zero and then decreases. The inset in Fig. 2 followshe ZnSe prisni2.4 at 6.9um), andn, is the refractive index
these peaks in greater detail for CdSe/pyridine and CdSejf the samplg1.507 at 6.9um for neat pyriding 6 is fixed
TOPO dispersed in pyridine. The removal of solvent in theat 45° by the prism and coupling geometry. At this angle
probed region is indicated both by the decrease irinternal reflection occurs when the external media has
1436.1cm® peak (loss of solvent moleculgsand the in-  <1.7. The beam reflects 6—7 times from the surface cov-
crease in the 1445.2 ¢ peak (increase of the number of ered with the array, and this does not change during drying.
nanoparticles Complete drying of the solvent occurs in Right after the drop is placed on the ZnSe prism, the IR
~30-40min. The bound pyridine peak initially increases,beam probes about 0X or ~1.4um into the solvent, and
reaches a maximum at15 min, and then slowly decreases. sees a very low density of nanoparticlésumulatively
Since the absorbance of bound pyridine in CdSe/TOPO in-0.7% of the totagl As the solvent evaporates, the density
pyridine traces are the same as those for CdSe/pyridine iof nanoparticles in the depth probed increases, accounting
pyridine (Fig. 2), surface exchange of TOPO for pyridine for the initial increase in the bound pyridine peaks. The ab-
apparently occurs very fast on these time scdlBlse CdSe/ sorbance at the maximum of the adsorbed pyridine peak in
TOPO particles were dispersed in the pyridine solvent withinFig. 2 approximately equals that of the free pyridine peak, so
~2 min of deposition on the ATR crystal and the first FTIR at that time there are roughly equal quantities of bound and
scan) TOPO peaks still remain; a small fraction of TOPO is solvent pyridine being probed if their absorption cross sec-
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0.25 pyridine in pyridine when a drop of CdSe/TOPO nanocrys-

? tals in hexane was placed on the thinner sample after the
pyridine solvent had evaporated, at 17 rigee arrow. This
results in an increased level of bound pyridine, presumably
because the fast drying and very stable CdSe/TOPO array
acts as a barrier for pyridine diffusion out of the arr@g
well as making the film thicker When the diffusion barrier
is applied, the rapid decrease in absorbance of bound pyri-
dine stops, while this decrease continues in the correspond-

Time (hours) ing cases with no diffusion barrier. The ATR spectra also
FIG. 3. Heights of 1445 cm peaks in the ATR spectra of CdSe/pyridine showed increased level of TOPO_m th_e film, which prqves
arrays of(a) thick 0.85Mm’(b) thinner, andc) thinnest arrays, an@) array that the IR beam pI‘ObeS the entire thickness of the fllmS,
of part b covered by a CdSe/TOPO layer0.1um thick). The fits were  even for the thick film(not shown.
made to include data taken after 5 h, which are not shown. In conclusion, ATR is seen to be a quantitative real-time

probe of several important features of nanocrystal self-

tions are equal® The refractive index of the array is then @ssembly. For the self-assembled 250 ML CdSe nanocrystal
~2.19[using effective medium theory with volume averag- a7ays, the pyridine solvent evaporates-30—-40min and
ing of dielectric constants,ecgse=9.7, assuming face- ~30+8% of the labile surface-bound pyridine molecules
centered-cubicfcc) close packing of the nanocrystals with "émain after three days. Diffusion seems to be the rate lim-
74% packing density, with pyridine filling the interstitial re- N9 Step.
giong]; it is ~2.14 for dried arrays, with all solvent pyridine
removed, 30% of the bound pyridine remaining, and un- ram of the National Science Foundation under Award No.

changed interdot separations. Therefore, the penetrati MR-98-09687, and also by the Joint Services Electronics
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