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ABSTRACT

When butylamine in relatively high concentrations (0.1-0.25 M) is added to a colloidal solution of CdSe nanoparticles (NPs) that are approximately
1.6 nm in diameter, the band gap absorption changes from a broad, relatively weak absorption centered at 445 nm to a narrow, relatively
strong absorption centered at 414 nm. The effect of concentration on the observed spectrum shows an isobestic point, suggesting an equilibrium
between two species. The possible mechanisms for such a transformation are discussed.

1. Introduction. Colloidal techniques such as those intro- lifetimes were not affected. A comparative study reve&led
duced by Murray et al.are widely employed for the that similar experiments performed on smaller NPs of
preparation of CdSe nanoparticles (NPs). This method is approximately 1.6 nm in diameter yielded increased lumi-
useful for preparing highly crystalline NPs that range in size nescence quenching, as well as lifetime quenching. It was
from one to several nanometers in diameter with wurtzite suggested that in smaller NPs, the deep-trap luminescence
crystal structure. Several research groups have shownpathways that result from enhanced surface discontinuities
experimentally that the size and/or structure can be affectedcause electron-transfer-induced quenching to be allowed in
by temperature, pressure, or high-intensity ligttThe size  the smaller NPs. Thus butylamine can quench the lumines-
and shape transformations of NPs have been shown to dependence of smaller NPs in two ways: by binding to surface
on the NP siz&® These experiments have suggested that sites and eliminating luminescence centers, as in larger NPs,
for very small NPs, solvent and capping interactions play a and by undergoing electron transfer with deep trap sites, as
comparatively larger role in the NP stability because these suggested by the lifetime quenching. The previous repdfts
small NPs are primarily composed of surface atoms. illustrate the contribution of surface effects to the lumines-
When the NP size is reduced such that the particle is cence characteristics of CdSe NPs. Additionally, the recent
essentially all surface, the curvature of the surface is so highresults of Talapin et al. suggest the use of hexadecylamine
that virtually all of the surface atoms have a slightly different jn the enhancement of fluorescence yield by adding the amine
coordination and/or effective oxidation state. The experi- to the reaction mixturé® These results clearly indicate the

mental and theoretical studies of very smaft@lnm) CdS*® different results that can be achieved by introducing surface
and CdS&'?NPs are examples of such NP systems that are additives during or after particle formation, as well as the
dominated by surface interactions. importance of understanding the nature of the NP surface.

Previous work has suggestédhat when butylamine is

) - The current report presents the effects of adding amine to
added to colloidal CdSe NPs of3 nm in diameter, the

a colloidal solution of 1.6 nm CdSe NPs. When butylamine

amine binds to the NP surface and prevents the NPs fromig »qqeq; the absorption spectrum of the CdSe NPs is shifted
undergoing radiative electrerhole recombination. In this toward an absorption feature at 414 nm. The resulting

way, the luminescence quantum yield was quenched but theabsorption spectrum, regardless of the initial maximum and

N : : _line width, exhibits a narrow band gap absorption at 414
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thought of as a surface interaction energy induced by the L L B e e e B e
butylamine. nanoparticles + amine 1

2. Experimental Section.Trioctylphosphine oxide (TOPO)
and trioctylphosphine (TOP) capped CdSe NPs were pre- 104
pared from (CH),Cd and Se precursors by the method
developed by Murray et aiwith the following modifications.
After the TOPO was dried at 200C for 20 min, the
temperature was lowered to 120 for NP preparation. The
heating mantle was removed from the reaction vessel for
injection of the precursors. After injection, the heating mantle 02 {Putylamine in toluene .
was reapplied, and the temperature was raised very slowly N\ ) I
to ~130-140 °C to establish a very slow and controlled ) o e e
grOWth rate 350 400 450 500 550 600 650 700

After the preparation was complete, hexane was added to wavelength (nm)
the NP/TOPO solution and the samples were brought to ro0me;jqre 1. Absorption of the original NP solution is broad and
temperature. This cooling in hexane causes much of thecentered at-440 nm. As butylamine is added to the solution, the
excess TOPO to crystallize. The NP/hexane samples wereoriginal absorption feature decreases and a new feature centered at
filtered. Size selective precipitation was not used to narrow 414 nm appears. The new feature exhibits a narrower line width
the size distribution or to eliminate excess capping material 1an the original absorption band edge, suggesting that the

— . .. transformation has involved a narrowing of the distribution of NPs.
beyond the initial step. The excess capping material is
removed in the methanol titration/centrifugation process of
size-selective precipitatiohlf this process is performed, the
NP samples will not resuspend in the common organic
solvents. The samples were stored in the dark under argo
to slow the surface degradation and Ostwald ripening
processes that have been reported previously. By this method
very small NPs that are slightly over a nanometer in diameter

are prepared. CdSe NPs in this size range are characterize homogeneous broadening than the original sample. Fur-

by band-edge absorption of 46850 nm. thermore, it results from an electronic excitation that is higher
Stock solutions of CdSe NPs were prepared in hexane orj, energy than the original absorption at 445 nm.
tquene.n-ButyIamine, isobquIamine, t_ributylamiHE, aniline, These effects were found to depend on solvent and surface
benzylamine, hexadecylamine, and nitrobutane were used agyteractions, similar to the pressure-induced phase transition
purchased from Aldrich. Solvents were obtained from ata from Tolbert and AlivisatdsThe effects of butylamine
Fisch_er. Steady-state absorption_spectra were performed using, Nps suspended in hexane were much less pronounced
a Shimadzu UV-3101PC UV-visNIR scanning Spectro-  gnq not as quantifiable as in toluene solution. The importance
photometer. After an additive was placed in the NP solution, ¢ using butylamine as opposed to other electron donating
the_ sample was .vigorously. mixed for several s.econdg, afterspecies was also studied. Figure 2 compares the spectrum
whph the UV-vis absorption spectrum was immediately ¢ 5 colloidal NP sample that exhibits a broad absorption at
obtained. 445 nm with spectra of samples to which equal molar
Temperature controlled experiments were performed usingamounts of different nitrogen containing compounds have
a water/glycerin heat bath. The constant temperature solutionpeen added, e.g. isobutylamine, tributylamine, aniline, ben-
was flowed through a metal cuvette holder placed inside the zylamine, hexadecylamine, and nitrobutane. The results
Shimadzu spectrophotometer, in which each CdSe NP sampléndicate that butylamine, followed by isobutylamine and
was placed for 15 min to equilibrate the solution temperature. benzylamine, was most effective of the compounds that were
A thermocouple was placed inside the metal holder to measured in causing the formation of the 414 nm peak. The
monitor the temperature throughout the experiment. Butyl- important observation is that for all three amines, the band
amine was added to the sample, the solution was stirred,position and shape of the new band at 414 nm is very similar.
and measurements were taken after 20 min to ensure thafrhis suggests that the absorption is due to electron and hole
the mixture had reached equilibrium at each temperature. transitions in CdSe NPs that have been transformed to a
3. Results and DiscussionVhenn-butylamine was added  smaller size with a narrower size distribution, and not due
to toluene solutions of1.6 nm CdSe NPs having absorption to an electronic transition in a CdSe-amine complex with
features ranging from-400—-500 nm, the samples exhibited the original NPs. Figure 2 also shows that the NP absorption
a reduction in the original absorption feature and an increasespectra in the presence of benzyl and hexadecylamine are
in a strong, well-defined absorption at 414 nm. Figure 1 greatly reduced in intensity, suggesting the dissolution of
illustrates this effect on NPs that have an absorption the nanoparticles. We propose that butylamine possesses
maximum at 445 nm. As the amountmbutylamine added  higher ability to both penetrate the bulky TOPO/TOP capping
to the NP solution increases, the original absorption feature layer, and to use its nonbonding pair of electrons in stronger
at 445 nm gradually decreases in intensity while a new binding with the NP surface atoms to induce the observed
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nanoparticles
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feature at 414 nm is formed. The presence of an isobestic
point clearly shows that there are two species in equilibrium
in solution. The NP sample to whichbutylamine has been
Madded is characterized by the new absorption feature at 414
nm. It is clear in Figure 1 that the 1S transition feature at
414 nm exhibits a narrower line width than the initial feature

t 450 nm, suggesting that the resulting sample has less
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occurs at the lowest temperatures, indicating that the equi-

T
original MNP's

LER T O - with n-butylamine T librium that is observed is exothermic.
[ R with isobutylamine The observed transformation is clearly dependent on the

--- with tributylamine

05 newpeak With aniline ) NP size, as a comparison between previous studies of 3.2
3 ! X, =414 nm e with benzylamine nm NP$! and the current study of 1.6 nm NPs reveals.
by - with hexadecylamine Additionally, the experiment with different nitrogen-contain-

£ \, “withnitrobutane | ing compounds suggests that the transformation cannot occur
E . _ unless the additive can adsorb to the NP surface. Thus,
5 original 1, = 443 nm surface effects are important as well.

. In addition to NP size and surface, there are two other

possible contributions to the relative stability of smaller NPs
‘ ‘ : iz = EEE ‘ that may be involved in the observed transformation. First,
30 400 48 5o 550 500 geometrical effects can affect the stability of very small NPs.
wavelength (nm) It has been known for many years in the field of cluster
Figure 2. Comparison of the effectiveness of different types of science that certz_iin electronic and geometric Cor_nbinations
amines on the formation of the 414 nm absorbing species illustratesOf atoms can yield stable structures at certain atomic
the relative efficiency of these compounds in inducing a transfor- arrangements, referred to as “magic numbét$Recently,
mation to 414 nm. Isomolar amounts of each nitrogen compound experimental confirmation of the stabilization of Si@usters
were added to colloidal NP solutions. Butylamine, a monosubsti- j,tq magic number formations has been repote@he

tuted straight chain amine, was more efficient at inducing the experimental results of Soloviev et%nd the theoretical
transformation than other amines. The nanoparticle spectra with P

benzyl and hexadecylamines decrease greatly in intensity, suggestodeling by Eichkorn and Ahlrich&support the discontinu-

ing that the two amines dissolve the nanoparticles. Also, the effect ity in stable CdSe NP sizes below2 nm in diameter and

of adding nitron-butane was examined as well, and in this oxidized the formation of such magic number structures. The CdSe
form, the chemical adduct had no effects on the electronic structure NP size associated with a band edge absorption centered at
of the NP. 414 nm has been observed in many reports of CdSe NP
. . . preparations and represents such a magic number structure
for CdSet16

i The other factor that may contribute to small NP stability

is crystal structure. In their theoretical study of small CdSe
NPs NPs, Eichkorn and Ahlrichs modeled several cluster sizes

004

025

0204 %

E wamine et I and predicted that a stable CdSe NP exists with a zinc blend
2 RS B L ON. 0 e 198°C . . .
g pegC conformation rather than the wurtzite structure that is most
% 010 + 200°C T commonly observed in CdSe NPs.
S 497 °C 4. Conclusions. The previous study revealed that the
005 | . 500%C . amine had no effect on the overall electronic structure of
the 3.2 nm NPs, as indicated by the unchanged absorption
- spectra in the presence of amivtdn contrast, the addition
300 350 400 40 S0 530 600 e 70 750 of amine to a colloidal solution of 1.6 nm NPs initiates a
wavelength (nm) dramatic change in the electronic structure of the NPs. NP

Fi 3 T ) _ f the transf fion in th size is clearly a factor in the transformation. Also, the amine
igure 3. Temperature comparison of the transformation in the . : .

presence of butylamine shows that at higher temperatures there ismUSt be able t(_) bind to the NP surfgce n _order to mduc_e
less transformation, indicating that the interaction is exothermic. the transformation. Thus the surface is also important in this

process. Other studies have shéwHthat crystal structure

changes in the electronic structure. The energy released byand geometry are closely related to both NP size and surface,
the binding is large enough to induce the breaking of-Cd  with the relationship growing even more important at smaller
Se bonds that are necessary for reorganization, but not sd\P sizes.
large as to destroy or dissolve the NPs. Such destruction can Based on the observations of the optical spectra in this
be observed in the spectra resulting from the addition of both report, as well as on the previous studies of small NP
hexadecylamine and benzylamine to the NPs, as seen irnsystems, the following changes are proposed. The amine
Figure 2. Similarly, when it was attempted to suspend NPs binding to the NP surface is an exothermic process. The
in neat butylamine, total destruction of the NPs resulted. energy released by this process can induce changes in either

Finally, the relative transition from the 445 nm peak to the NP size or its crystal structure, or some combination of
the 414 nm peak as a function of temperature was studied.both. It is possible that the NP can undergo a phase transition
The absorption measurements indicate that the interactionfrom a wurtzite structure to a zinc blend structure. Addition-
reaches equilibrium in approximately 20 min. Figure 3 shows ally, Cd—Se bonds may be broken until the NP size can
the results of this experiment. The most obvious results of acquire a “magic number” configuration giving the particle
this experiment are that the transformation is inversely relateda more thermodynamically stable structure. Alternately, both
to the temperature. The highest degree of transformationprocesses can occur simultaneously, leading to the appear-
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ance of the 414 nm peak in the absorption spectrum and the (4) Yakoviev, V. V.; Lazarov, V.; Reynolds, J.; Gajdardziska-Josifovska,

; ot ; M. Appl. Phys. Let200Q 76, 2050.
narrowing of the distribution. (5) Tolbert, S. H.; Alivisatos, A. PSciencel994 265, 373.

Attempts to characterize the structure changes by TEM  (g) Qadri, S. B.; Skelton, E. F.; Hsu, D.; Dinsmore, A. D.; Yang, J.:

and X-ray diffraction techniques were unsuccessful due to Gray, H. F.; Ratna, B. RPhys. Re. B 1999 60, 9191.
the small size of the particles relative to the capping material. () 5‘%“12'2 Ig.; Clabrese, J. C.; Farneth, W. E.; Wang3¥iencel 993
A detailed _the_rmodynamlc and kinetic gnal_y5|s of the (8) Vossmeyer, T.; Rech, G.; Schulz, B.; Katsikas, L.; WellerJ HAm.
transformation in the presence of butylamine is underway. Chem. Soc1993 117, 12881.
(9) Soloviev, V. N.; Eichhofer, D.; Fenske, D.; Banin, .Am. Chem.
Acknowledgment. This research was funded by ONR Soc 2009 122, 2673.

. 10) Eichkorn, K.; Ahlrichs, RChem. Phys. Lettl998 288 235.
grant #N00014-95-1-0306. The authors thank the reviewers Ellg Landes, C. F.: Burda, C. B.: Braun)f M. El_Sasyed?M_JAPhys_

for their constructive comments. C. Landes thanks S. Link Chem. B2001, 105, 2981.
for helpful discussions about possible mechanisms. M. Braun (12) Landes, C.; Braun, M.; El-Sayed, M. A. accepted for publicafion

. Phys. Chem. B
thanks the Alexa_nder von I_—Iun_1bo|dt_ Foundation for a Feodor (13) Talapin, D. V.. Haubold, S.; Rogach, A. L.; Kornowski, A.; Haase,
Lynen Fellowship for partial financial support. M.; Weller, H. J. Phys. Chem. B001, 105, 2260.
(14) Castleman, A. W.; Bowen, K. H. Phys. Chenil996 100, 12911.
References (15) Xu, C.; Wang, W. N.; Zhang, W. H.; Zhuang, J.; Liu, L.; Kong, Q.
) ) Y.; Zhao, L.; Long, Y. C.; Fan, K. N.; Qian, S. X,; Li, Y. B. Phys.
(1) Murray, C. B.; Norris, D. J.; Bawendi, M. Gl. Am. Chem. Soc Chem. A200Q 104, 9518.
1993 115 8706. . (16) Murray, C. B.; Kagan, C. R.; Bawendi, M. Gnnu. Re. Mater.
(2) Chen, C. C.; Herhold, A. B.; Johnson, C. S.; Alivisatos, AS€ience Sci. 200Q 30, 545.

1997, 276, 398.
(3) Wickham, J. N.; Herhold, A. B.; Alivisatos, A. FPhys. Re. Lett.
2000 84, 923. NLO15619T

670 Nano Lett., Vol. 1, No. 11, 2001



