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Abstract: Microwave reactor methodologies are unique in their ability to be scaled-up without suffering
thermal gradient effects, providing a potentially industrially important improvement in nanocrystal synthetic
methodology over convective methods. Synthesis of high-quality, near monodispersity nanoscale InGaP,
InP, and CdSe have been prepared via direct microwave heating of the molecular precursors rather than
convective heating of the solvent. Microwave dielectric heating not only enhances the rate of formation, it
also enhances the material quality and size distributions. The reaction rates are influenced by the microwave
field and by additives. The final quality of the microwave-generated materials depends on the reactant
choice, the applied power, the reaction time, and temperature. CdSe nanocrystals prepared in the presence
of a strong microwave absorber exhibit sharp excitonic features and a QY of 68% for microwave-grown
materials. InGaP and InP are rapidly formed at 280 °C in minutes, yielding clean reactions and monodisperse
size distributions that require no size-selective precipitation and result in the highest out of batch quantum
efficiency reported to date of 15% prior to chemical etching. The use of microwave (MW) methodology is
readily scalable to larger reaction volumes, allows faster reaction times, removes the need for high-
temperature injection, and suggests a specific microwave effect may be present in these reactions.

Introduction reactions inhomogeneities in the growth process can be magni-

The reports on new applications and technology for nanoscalefi€d by thermal gradients in the reaction which produce poor
semiconducting ® and metalli¢® nanoparticles has grown in nucleation processes and therefore broadened size distributions.
the past decade due to advancements in the chemical synthetid € inhomogeneity of large-scale reactions can be traced to the
methodologies for their preparation. These materials are being/N€fficient transfer of thermal energy from the heat source.
utilized in applications including biomarketst! solar cellsi?-14 The growth of nanomaterials is dependent on the thermody-
and lighting technologies, for example. As the area of nanoscale"@mic and kinetic barriers in the reaction as defined by the
devices becomes more of a commercial reality, the industrializa- "€action trajectory and influenced by vacancies, defects, and
tion of nanoscale materials is realistically limited by the need SUrface reconstruction events. For the most part, the synthetic
for new material compositions and the development of high- methods utilize conventional convective heating due to the need
throughput automation for materials preparation. For Iarge-scalefor high-temperature initiated nucleation followed by controlled
precursor addition to the reaction. Conventional thermal tech-
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throughout the bulk solution and inefficient, nonuniform reaction
conditions. This is a common problem encountered in chemical
scale-up and is made more problematic in nanomaterials where
uniform nucleation and growth rates are critical to material
quality. New approaches for synthesis have been sought
particularly for controlled growth. Recent synthetic advance-
ments have included the use of nonsolvents and simpler
reactantd>1 the use of single-source precursétg® and

(15) Peng, Z. A,; Peng, X. Gl. Am. Chem. So2001, 123 183-184.

(16) Battaglia, D.; Peng, X. QNano Lett.2002 2, 1027-1030.

(17) Revaprasadu, N.; Malik, M. A.; Carstens, J.; O'BrienJPMater. Chem.

1999 9, 2885-2888.

(18) Malik, M. A.; Revaprasadu, N.; O'Brien, Ehem. Mater2001, 13, 913—
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microfluidic reactor$!®2°Even the use of household microwave temperature in concert with the applied microwave power and
ovens has been used to form nanopartigle? although the reaction time.

crystallinity and optical properties appear to be lower in these
systems.

Microwave heating methods can address the problem of The reactants were purchased from Aldrich Chemical and used
heating inhomogeneity, while providing a scalable platform for without further purification if not otherwise stated. Decane was purified
industrial applications. In fact, microwave heating has been Previously by distillation over activate4 A molecular sieves. Isolation
demonstrated to enhance reaction rates, selectivity, and producf’f all nanomaterials is achieved under an Ar atmosphere by dissolution

yields in organic chemistr$f By judicious choice of the of thg room-temperature reaction mixture in a minimum of tolueqe,
L . ._addition of a 2:1 anhydrous butanol/methanol solution to induce particle

solvents, passivating ligands, and reactants, the nanomateria S . o . .
precipitation, and collection of the solid via centrifugation. The process

precursors can be sele_ctivgly h_eated prefere_ntially W?th r_egardsis repeated 3 times to remove unwanted reactants. All glassware was
to_ the solvent or passwatlng Ilganq. Selec_tlve heathg in thg dried prior to use.
microwave cavity is advantageous in organic synthesis, and in  uicrowave nanoparticle synthe®isvas carried out in a modified
general these microwave synthetic methodologies are quite CEM Discover microwave using single mode and continuous power
adaptable to reactions that have high energies of activation andat 2.45 GHz. Although the reactions can be carried out in any
slow reaction rate%’28 This effect alone has advantages for microwave, reaction temperature, microwave power, and mode quality
colloidal nanostructured materials synthesis. are critical in producing the highest structural, size dispersity, and optical
In this paper, we describe the development of microwave quality. _The CEM microwave cavity was commerciglly modified by
synthetic methodology and the influence of additives for a range ©EM Wwith a Teflon insert to allow sustainable heating at 3at
of organically passivated binary and ternary4Vt (InGaP, InP) powers up to 400 W Each example reactlon_was carr_led out ina sealed
and I-VI (CdSe) materials. The nanomaterials are reproducibly reaction vessel with 5 mL of the respective starting solution. To

. L . maintain stable power and temperature during the reaction, the
prepared in less than 20 min in a focused 2.45 GHz, single- microwave cavity was actively cooled by compressed air to remove

mode high-power microwave (38@+00 W/cnf) capable of  |atent heat from the reaction. Active cooling via compressed air allows
operating at 300C for extended reaction times. The as-prepared higher powers to be applied without increasing the reaction temperature.
materials are crystalline with a size distribution cf@% and It should be noted that the use of compressed air results in thermal
spherical in shape. Exploration of the power, temperature, time, gradients from the reaction vessel inward toward the reaction center.
and additive dependent growth is investigated. Microwave Reaction temperatures are measured at the vessel wall in the microwave,
chemistry appears to enhance reaction rates either by overcomwhich will mean that the actual microscopic reaction temperature is
ing local intermediates which act as traps along the reaction not measured; rather the average vessel temperature is reported.
trajectory or by increasing the microscopic temperature of the Initiation of the reaction is carried out at maximum power to achieve
reaction. The difference in the effect of additives and the a desired reaction temperatur.e as rapidly as possible. Dyrmg the growth

. . . phase for nanocrystal chemistry the power and reaction temperature
microwave variables (temperature, time, and power) for the Il

VI and Nll—v terial t that | it diat d were varied to maximize the quality of the individual materials as
an materials suggest that local Intermediates and o qreq by transmission electron microscopy (TEM), powder X-ray

transition states in the reaction trajectory are substantially gftraction (pXRD), and optical absorption and photoluminescence (PL).
different. The II-V materials show no time, temperature, or  The results of the growth-phase studies suggest the temperature and
power dependent growth in the microwave; however when the power parameters are unique to the material type but dictate material
typical high-boiling noncoordinating solvent, octadecene (ODE), quality in the microwave reactions for all nanomaterials studied.

is replaced with a low boiling solvent, decane, the colloidal size ~ Preparation of CdSe by LijCdicSe(SPh)¢. The CdSe was
distribution is significantly narrowed and the quantum efficien- prepared using the single-source precursefd:eSey(SPh)el*. The

cies are increased (Q¥ 15%) presumably due to increased additive study with an ionic liquid was carrigd out using a stock solution
reaction pressures that may anneal out vacancy or defects irP! the precursor cluster prepared by adding 635 mg gfCldioSe:-

the forming nanocrystals. CdSe growth and properties are (SPh)¢] and 0.0448 g of 1-hexyl-3-methylimidazolium chloride to 45

dependent on the addition of ionic liquids, as well as reaction g of degassed 1'am'n°hexadec.ane (HDA) .""?‘90”“? solution was
degassed under Ar, and 5 mL aliquots were injected into the microwave

(19) Chan, E. M.; Mathies, R. A.; Alivisatos, A. Rlano Lett.2003 3, 199 reaction vials prior to the reaction. Sample quality for all reactions
201. ;i i i
(20) Wang, H. Z.: Li, X. Y.: Uehara, M.: Yamaguchi, Y.: Nakamura, H.: was monitored by absorption spectroscopy, photoluminescence (PL)

Miyazaki, M. P.; Shimizu, H.; Maeda, HChem. Commur2004 48—49. and pXRD.

(21) Verma, S.; Joy, P. A.; Khollam, Y. B.; Potdar, H. S.; Deshpande, S. B.  Preparation of CdSe by CdO.To investigate other reactions and
22) 'gg;esrét';:;t',2:(_),02‘52{“%(32%%%%3&@ P Cochrane. R. W.: Veres. X. the effect of a strong microwave absorber (trioctylphosphine oxide,

Colloid Interface Sci2004 277, 104-110. TOPO), the microwave studies were carried out using CdO and

(23) Rogach, A. L.; Nagesha, D.; Ostrander, J. W.; Giersig, M.; Kotov, N. A. i i
Chem. Mater3000 12, 2676.2685. tetrabutyl phosphine selenide (TBPSe) as precursors by the method of

Experimental Section

(24) Zhu, J. J.; Palchik, O.; Chen, S. G.; Gedanken].£&hys. Chem. B00Q Qu and Pend?® The Cd and Se precursors were prepared according to
104, 7344-7347. ) literature methods in a mixture of 50:50 (w/w) HDA (1-aminohexa-

(25 yurigan. éh;/ﬁ;_sgﬁyaé"ggf’ﬁ; gg_'ig'ze_' B.B.; Apte, S. K.; Kulkarni, A. 4e0ane) and TOPO as the solv&ithe Se precursor was injected into

(26) Gedye, R. N.; Wei, J. BCan. J. Chem1998 76, 525-532. the Cd solution at 50C and mixed for 15 min. The solution was

(27) Guzelian, A. A.; Katari, J. E. B.; Kadavanich, A. V.; Banin, U.; Hamad, intai N il
K.: Juban, E.: Alivisatos, A. P.: Wolters, R H.: Amold, C. C.- Heath. J. R, maintained at 50C to allow the reactants to remain in the liquid state

J. Phys. Chem. B996 100, 7212-7219. for transfer into the microwave reaction vials. The ramping power was

ggg geat[\, ljll RP.; Shi?géjl.gher%hSoc. SRte(?c?f 1227& 6250—479_1-2055 set to 300 W until the desired reaction temperature was reached. At
u, L. AH.; Peng, X. GJ. Am. em. S0 3 . I . B PR . B

(30) Strouse, G. F.; %erbec, J. A.; Magana, D. Method for Synthesis of Colloidal this time active cooling was employed to maintain a high power density

Nanoparticles, Patent Pending 2005, S/N 10/945, 053. at 280 W for the duration of the reaction. Each reaction time consisted
@D I{(I)dzsztg%;z';gﬂemey' J.; Wathey, B.; WestmanTétrahedror2001, 57, of a duration of 30 s. The ramping period ranged from 30 s to 1 min,
(32) Loupy, A.Microwaves in Organic SynthesidViley-VCH: Weinheim,

Germany, and Cambridge, U.K., 2002. (33) Thostenson, E. T.; Chou, T. @omposites, Part A999 30, 1055-1071.
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depending on the reaction temperature. Sample quality for all reactions ]

was monitored by absorption spectroscopy, photoluminescence (PL), AY i aeaen 5

and pXRD. 3
Preparation of InGaP in Octadecene.The preparation of InGaP g

is based on a modification of literature methd#% The In and Ga «

intermediates were prepared by mixing 2.71 mmol of indium(lll) acetate ' I'I'I-l

and 0.271 mmol of gallium(lll) 2,4-pentanedionate and 8.94 mmol of :

hexadecanoic acid with 190 mL of ODE in a three-neck flask. The — 150

cation intermediates were formed by heating the solution to °C10

under vacuum fo 2 h with four cycles of Ar backfiling. The L 100

temperature of the solution was allowed to cool to “&D at which

time 1.50 mmol of tris(trimethylsilyl)phosphine was injected (TMSP). 100 =

The In/Ga/P precursor solution immediately turned from colorless to —— Temperature| = 50

yellow. The In/Ga/P precursor solution was kept under Ar atG@s ===« Power

a stock solution for later use. For a typical reaction, 5 mL of the stock =0

solution was removed by Teflon syringe and placed in a reaction tube I 0 ! 0 I )

(CEM Corp.). The ramp period was set to 300 W to achieve the reaction 0 4 8 12

temperature in the least amount of time. Once the desired reaction Time (min)

temperature was reached, the active cooling was employed by stabilizing gigyre 1. Temperature°C) and power (W) profiles of a typical InGaP

the power at 280 W by applying compressed ai3{7 psi) to the reaction. Region | shows the temperature ramp carried out at 300 W until

reaction vessel. Once the reaction was complete, the power was reducethe desired temperature is reached (28). During the reaction time (11),

to 0 W and the compressed air flow was increased to 70 psi for the power and temperature are maintained atZ8and 280 W. Once the

maximum cooling. Sample quality for all reactions was monitored by reaction is complete, the reaction is thermally quenched by compressed

absorption spectroscopy, PL, and pXRD (Supporting Information Figure ar.

1). In addition, TEM was measured on the InGaP samples to measure

their shape and crystallinity (Supporting Information Figure 2).
Preparation of InGaP in Decane.The reaction stoichiometry and

method in decane is identical to the reaction in ODE. The preparation | lized dthe i is signifi v higher i
of the cations consisted of placing 71@nol of indium(lll) acetate ocalized around the lons Is significantly higher in temperature

and 74.1umol of gallium(lll) 2,4-pentanedionate and 2.36 mmol of ~than that of the bulk solution. Because precursors and interme-
hexadecanoic acid in a three-neck flask The cations (In/Ga) were diates along a given reaction trajectory can have different
prepared in the absence of the noncoordinating solvent due to its low dielectric constants, microwaves can be used to overcome high
boiling point (174°C.). This was achieved by heating the salts to 150 activation energies for product formation by selectively coupling
°C under reduced pressure. The melt was clear and colorless and waso intermediates in the transition states. In organic chemistry
backfilled with Ar four times at this temperature. The reactants were the better understanding of the reaction trajectories leads to the
aIIovv_eQ to copl to room tempera_ture at Whi(_:h time 50.0 mL of decane gg_called “specific microwave effect’ to systematically ma-
was injected into a flask under inert conditions. Th_e tempergture_ was nipulate the products generated from a given reacfom.
raised to S0°C to ‘?ﬁord a .Clear and C.Olorless .S‘.)Iunon at which time organic reactions, the nature of the selective heating of
393 umol of tris(trimethylsilyl)phosphine was injected. The solution ) . . .
slowly turned pale yellow over a 30 min time periodl5 mL aliquot microwave absorbl_ng materials therefore allows bo_th rapld
of the stock solution was placed in microwave reaction tubes and N€ating rates and high temperatures to be reached which in turn
immediately placed in the microwave chamber for various reaction drive chemical reactions. In addition, it is established that
times (from 30 s to 7 min) at 280C with a stable power at 280 W by ~ volumetric heating with microwaves reduces the overall thermal
active cooling. The ramping and cooling parameters were identical to gradients in the reaction, producing a more uniform product
the InGaP prepared in octadecene. Sample quality for all reactions wasformation. For nanocrystal growth the higher reaction temper-
monitored by absorption spectroscopy, PL, and pXRD. atures, greater thermal control, and lower thermal gradients are
Preparation of InP in Octadecene.The InP nanomaterials are  needed to produce high-quality materigds# If the inorganic
prepared in the same manner as InGaP prepared in octadecene, keepingrecursor or the forming nanoparticle has a higher cross-section
the cation/a_nior_1 mole ratio at 2:1 and the cation/ligand mole ratio at for microwave absorption relative to the reaction solvent, higher
1:3, and maintained at ST under Ar. A 78.5mol amount of 1-hexyl- o 0fion temperatures will be achieved in comparison to
3-methyimidazolium chloride, trihexyltetradecylphosphonium de- . . . . .
convective heating with the solvent acting as a thermal mediator

canoate, and trihexyltetradecylphosphonium bromide were massed into . .

separate microwave reaction vials inside an Ar-filled drybox and sealed absorbing energy from the.reactants rather than transfer.rlng the
to later be taken into the fume hao#l 5 mL aliquot of the InP stock ~ h€at to the reaction. This suggests if the nanoparticle or
solution was injected into the microwave reaction tubes prior to each intermediates are selectively heated relative to the solvent, that

reaction. The sample quality for all reactions was monitored by the temperature of the reaction in the microwave, measured at

= 300

250 = = 250

Reaction

— Ramping§

=
vy e

] = 200

200 =

150 =

Temperature (°C)
(spem) 1amogd

absorbing materials. The larger the microwave cross-section for
a particular constituent, the more dramatic the heating process
is. It can therefore be imagined that the intrinsic temperature

absorption spectroscopy, PL, and pXRD. the vessel and/or solvent, can be potentially much higher. This
) ) provides exquisite control over the reactions by providing
Results and Discussion temperature, time, microwave power, and absorption cross-

Microwave chemistry has become a widely used synthetic Section as mediators for materials synthesis.
methodology in organic chemistry that takes advantage of the ~Figure 1 illustrates a typical reaction trajectory for a nano-
selective nature of microwave heating for materials that have Material grown in a nonpolar solvent. The microwave reaction
high dielectric losses, namely, polar systédBielectric heating can be divided into three reaction stages: temperature ramping

In contrast to convectlv_e heating, heats th_e total VOIume of the (34) Jones, D. A; Lelyveld, T. P.; Mavrofidis, S. D.; Kingman, S. W.; Miles,
reactants by transferring energy selectively to microwave N. J.Resour., Conser Recycl.2002 34, 75—90.
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or instantaneous heating to initiate nucleation; a growth regime passivants in solution, as measured by the heating rate. This of
manipulated by reaction time and temperature; and a rapid course will be dependent on the microwave cavity design, but
thermal quenching step to control Ostwald ripening (reaction the general observations will be relevant to all designs. The
termination). In the microwave, the nucleation process is heating rate (@/dt) in a microwave reactor correlates with the
achieved by rapidly increasing the temperature from room real ') and imaginary (') components of the complex
temperature (RT) to 280C at full microwave power (300 dielectric constantef) for the individual components in the
400W). During the growth phase the power is reduced to reaction mixtures. The microwave absorption cross-section is
maintain a controlled growth stage. The temperature of the described by the real component while the ability to transfer
reaction is held constant by active cooling of the reaction vessel microwave energy into heat is described by the loss tangent
with forced air to allow power and temperature to be controlled (tano = €"'/¢').33 Molecules with large permanent dipoles will
independently. The drawback of active cooling is thermal absorb microwave irradiation selectively over molecules with
gradients may be higher than measured. Active cooling carriessmall dipoles. The magnitude of the microwave absorption
latent heat away from the vessel during the reaction to stabilize cross-section is therefore dependent on the materials dielectric
the applied power at a given reaction temperature, allowing a constant or permittivity ). This value tends to be small for
high power density to be applied to the reaction constituents. nonpolar organic moieties+2.0 for benzylic molecules) and

In this case it is probable that there is an inside-out thermal values of up to 80 for wateg

gradient in which the highest temperature is found near the Since selective heating in the microwave requires a large
center of the solution. dipole, the rate of heating of the reactants in an applied electric

Reaction times are based upon the time at a desired temperfield (E) is described by
ature and are chosen according to the desired reaction and
o ) ; _ 2
nanomaterial size. Once the reaction is complete, the microwave dT/dt = o[ E]"/pC 1)
power is turned off to terminate the reaction and the air flow is

increased to rapidly cool the solution, quenching the reaction lecul dth lecul ductivi lated 1o th
which minimizes colloidal size distributions resulting form molecule, and the molecular conductivig) (s related to the

Ostwald ripening. All three stages in the microwave are critical imaginary part¢”) of the permittivity function using a Debeye

. LS e :
in the formation of a narrow size distribution of colloids with ~'€/ationship,e ¢ + i€".% In general the value oE is

high optical qualities as measured by absorption and photolu-gependei‘; on the cafwty' ddg3|gin, ?r?dt 'Fhi'retf.ore rfu'[)rt] calculable;
minescence and will be discussed separately below. owever the expression indicates that initiation of thé nanoma-

e . . L terial reaction is controllable by the dielectric constant of the
Initiation Phase. The quality of the final nanomaterials is

d dent on the initiati fih tion. It has b " O[eactants and therefore the heating rate of the reaction. The
ependent on the initiation of the reaction. It has been suggeste emperature ramping depends on the ability of each of the
that uniformity in heating, introduction of the precursor, and

trolled i th f1h " . Iconstituent elements in the reaction to absorb microwaxes (

e e oana mnens 214 e soben hermal conduciviy |
. : . . The element in the reaction mixture that couples with the

methods, this _tends to be achle_ved by rapid |n](_ect|on of t_he microwaves the strongest will give rise to the major component
precursors a.‘t high tempera_tur_e with the solvent acting to prowde of the heat transfer. If the element is a transition-state intermedi-
the convective hea'F. o ell_mlnate OUITOf'Coer’l 9r°""Fh in the ate along the reaction path, it can assist in product formation.
!ypthgrmal synthesis, the innate cooling of the reaction upon If the element is a polar or ionic species, including organic salts
injection of a cold re.actant contrp!s the growth phase, although or ionic liquids, not involved in the transition states, they will
re_actant concentrapon and act|V|_ty are alsq Important. In the contribute to an average increase in the overall reaction
microwave, we b(_elleve_ nanoparticle _formatlon a_nd grov_vth is temperatures which can also be advantag@befs.
initiated by selective microwave heating of constituents in the

tion. Th lective heat ither be to th In the microwave, interpretation of heating rates is compli-
reaction. The selective healing can €iiner be 10 IN€ precursors, o 4 by the fact that the temperature is a measure at the reaction
or to an organic constituent in the reaction depending on the

tion t In eith the local t ture is elevat dvessel and is not a direct reflection of the microscopic reaction
rezchlon ype. r_1f €l etzrr] Casel f eldo?l'?l' e_mi)era ure Its € e\_/g € temperature. Inspection of the rates does provide insight into
and forms a unriorm thérmai Tield. This n tUrn must provide —y, otfects of additives to reactions and therefore can provide
energy to drive the desired product by overcoming transition

. . . L2 . insight into how to control reaction trajectories. In Figure 2,
states in the reaction trajectory. Unfortunately, while in organic

. ) e the effect of solvent and reactant choice on reaction heating
chemistry the microwave dependent effects can be speuflcglly rates is illustrated for a series of reactions for CdSe at 400 W

discussed in terms of the reaction trajectory, the lack of an in- and InP and InGaP at 300 W. In the CdSe reactions. it is clear
depth _meghamsnc p|cture_ for nanopartmle_ growth makes in Figure 2A the heating rates for the reactions with CdSe/HDA/
determination of the exact influence of the microwave on the | (IL = ionic liquid; 12 °C/s) and with TOPO/HDA/CAO (9
transition states for nanoparticle formation to be unclear. °Cls) are enhancedl relative to heating pure HDACEs) or
The influence on the product formation under microwave the reaction CdSe/HDA (AC/s). The deviation at 62C for
heating will depend on the applied microwave powey 4nd  {he HDA and CdSe/HDA curves in Figure 2A arise from melting
the competitive microwave cross-section of the reactants andof the HDA (1-aminohexadecane). Upon addition of the ionic
liquid 1-hexyl-3-methylimidazolium chloride, the heating rate
of the solution increases dramatically due to the large microwave

wherep is the density an€ is the specific heat capacity of the

(35) Peng, X. G.; Wickham, J.; Alivisatos, A. . Am. Chem. S0d.998 120,

5343-5344.
(36) Murray, C. B.; Kagan, C. R.; Bawendi, M. @&nnu. Re. Mater. Sci.200Q
30, 545-610. (38) Leadbeater, N. E.; Torenius, H. Nl. Org. Chem2002 67, 3145-3148.
(37) Talapin, D. V.; Rogach, A. L.; Shevchenko, E. V.; Kornowski, A.; Haase, (39) Antonietti, M.; Kuang, D. B.; Smarsly, B.; Yong, Angew. Chem., Int.
M.; Weller, H.J. Am. Chem. So@002 124 5782-5790. Ed. 2004 43, 4988-4992.
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energy. However, this assumption is incorrect since the actual
250 = microscopic temperature of the reaction may be substantially
& i higher than that measured. The measured rate of solvent heating
< 200+ ! in Figure 2 is dictated by solvent thermal conductivity and
2 ,f: thermal load on the solvent. In the case of nanoparticle growth
‘E 150 without added ILs, the thermal load is likely to be small since
g i A the nanoparticles should thermalize rapidly due to their small
£ "o size and exist in low concentration.
e 100 e+ CdSe/HDA Growth Phase.During the growth phase for nanomaterials
i =+= CdSe/HDA/IL uniform volumetric heating is important to maintain the size
50 = © = CdSe/TOPO/HDA focus. In the microwave, the reaction temperature is achieved
T T T T T by uniform volumetric heating, which is influenced by the power
0 100 200 300 dissipation to the solvent and the applied power. The dissipation
Time (s) of power per unit volumeR) is described by P= ¢[E]2, where
v e - o is the conductivity ance is the applied electric field. The
250 = L ~ applied power influences the temperature of the reaction
e /,,’// - solution. The temperature of the reaction is mediated by thermal
o 200 = ., ,; ’ transfer of latent heat from the reactant to the solvent and
"é' ?‘,' B dissipation by active air-cooling in the microwave. Excess heat
2 e will tend to drive Ostwald ripening processes in nanomaterial
e 150 7 = P OE synthesis.
g- ','." e+ In/ODE CdSe Nanoparticle Formation.The growth of CdSe nano-
K 100 — ﬁ — InPiopE particles is an ideal platform to compare the quality and the
o/ ODE rate of growth for nanoparticles grown by convective heating
50 —/ *** InGaP/DEC and microwave heating methods. In the following discussion,
- we separate the influence of additives on the growth of CdSe

' ' ' ' from a single-source precursor route using{CiieSex(SPh)¢]

0 100 T.200 300 400 and added ionic liquids and the effect of having a solvent that
ime (s) is a strong microwave absorber (TOPO) using a CdO method

Figure 2. Temperature ramping rates for molecular precursors and solvents developed by Qu and PenThe prepared materials, whether
used in the formation of (A) CdSe at 400 W and (B)-W nanoparticles b ti thod by dielectric h ' ti
at 300 W. In A, HDA is for 5 mL of hexadecylamine, the curve for CdSe/ grown by convective method or by dielectric heating, are

HDA is for a solution containing L[{CdicSe(SPh)¢ dissolved in HDA, identical with similar absorption features, photoluminescence
the curve CdSe/HDAVIL represents a solution containingddicSe(SPh)e quantum yields, and similar size dispersities for a given reaction

in HDA with the ionic liquid (IL) 1-hexyl-3-methylimidazolium chloride S ifi ; ; ;
added, and the curve for TOPO/HDA/CdO is for a 50:50 (v/v) mixture of methodology. Significant differences exist between convective

the solvents with CdO and TBPSe added. In B, TMSP represents a solution@nd dielectric heating with regard to material hanFj'ing, where
containing tris(trimethylsilyl)phosphine in octadecene; In/ODE and InGa/ the reactants can be added at room temperature without the need
SDEdfeDfes_ent $§|uti%n5c) Sgntain(ijn? Ft)f/l(e) Dnéetaldsﬁlté iF?/ SDéniXture of for high-temperature injection to produce high-quality materials;
exadecanoic acia an , an n an nGa represent . .

identical solutions with TMSP added. The curve for ODE is for 5 mL of for mgterl_al growth, Where th? grOWth times even for—l‘u
technical grade octadecene. materials is under 15 min; and in increased reproducibility from

] S ) ~reaction batch to reaction batch.

cross-section for ionic liquids, as previously observed in  The influence of microwave power, reaction time, and
microwave-driven reactior$.Likewise, the large heating rate  oaction temperature is demonstrated for CdSe formed from
for TOPO/CdO is due to_thg h_|gh_-absorpt|on cross-s_ectlon for | A[CdicSey(SPh)] in Figure 3. In Figure 3A the influence of
TOPO. The effect of the ionic liquid and TOPO to rapidly heat varying times (6-55 m) at fixed power (400 W) and fixed
the bulk solution can be traced back to their selective ability to temperature (300C) is investigated. The effect of increasing
couple with the microwaves and efficiently convert electro- eaction times past 10 min is minimal with regard to size (2
magnetic energy into heat. The effect of the higher heating rate ) 55 evidenced by the position of the first exciton feature.
in the presence of the ionic liquids will increase the microscopic p change in size distribution is observed for distribution for
reaction temperatures of the reaction. In turn these accelerateqjyeg longer than 45 min as measured by PL shape and

heating rates translate to rapid particle growth as discussedypsorption bandwidth. Inspection of Figure 3B shows at a fixed

below. , N , , reaction time (40 min) and microwave power (400 W) a
The effect of reaction conditions on heating rates in the yenendence of size on temperature is clearly observed. The

formation of InP and InGaP are less conclusive and are shownpangnarticle size increases with increasing temperature. Figure

in Figure 2B. The rate of heating for the InP and InGaP reactions 3¢ gemonstrates increasing the microwave power from 300 to
in ODE and decane are slow, Z/s. The largely invariant 460 W for a reaction of 10 min at 21%C does not have a

heating rates observed for the different reaction conditions is 5 rked effect on the nanomaterial size or the optical quality as
not surprising when considering the polarizability of the group easured by absorption excitonic features and photolumines-

Il precursors is small and Fhe precursor concentrations are Iow .once L ower powers are not presented due to the observation
in solution. The observation that ODE and decane show a of slow heating rates, a difficulty to achieve the necessary

heating rate of 2C/s identical to that of the InP and InGaP
reactions suggest that only the solvent is absorbing the MW (40) Qu, L. H.; Peng, X. GJ. Am. Chem. So@002 124, 2049-2055.
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Figure 4. Power dependent (W) size characteristics of CdSe nanoparticles
formed by microwave heating with ionic liquid addition (1-hexyl-3-
400 methylimidazolium). The applied power was increased from 160 to 400
W, keeping the reaction time at 3 min and the reaction temperature fixed
at 210°C.
347 section, can stabilize transition-state species, and can act as
catalyst toward growth® The observed heating rate differences
s in Figure 2 suggests that addition of ionic liquid to HDA in the
300 : formation of CdSe may increase the microscopic reaction
temperature and in turn may influence nanoparticle growth.
Addition of a strong microwave absorber to a reaction has been

350 400 450 500 550 600 shown in microwave-assisted organic chemistry to increase the
Wavelength (nm) microscopic temperature of the reaction, overcome local minima,

Figure 3. Room-temperature absorption and photoluminescence of toluene and push the reaction toward the thermOdyr_]amIC proﬂ‘dgt.
isolated CdSe nanoparticles grown from[Cid;oSey(SPh)g synthesized Figure 4, it is clear that for CdSe nanoparticles grown in the
at various (A) powers (W), (B) times (min), and (C) temperatuf&).(In presence of a 1.1 mole ratio of 1-hexyl-3-methylimidazolium
these graphs, one parameter is varied while the_other two parameters (t!mechloride (IL) to the inorganic cluster, a large increase in
power, or temperature) remain constant. The variables at which the reactions . . .
were carried out are indicated next to the trace. nanoparticle size from 2 nm to greater than 5 nm in less than
10 min is observed. This is further shown in a direct comparison
reaction temperatures, and poor optical performance of thein Supporting Information Figure 3. A plot of the nanoparticle
resultant materials. size versus reaction condition (Figure 5) shows a dependence
The observation of small nanoparticles nm) even at high on time, temperature, and power in the presence of the ionic
power, long reaction times, and high temperature is surprising liquid. At fixed temperature and time a steady growth is
given that convective heating allows 9 nm CdSe nanocrystals observed without a clear asymptote for size vs power, suggesting
to be isolated after several hours of reaction tivée believe ~ increasing power will increase size (Figure 5A). At fixed
this suggests local minima may exist in the reaction trajectory Power and temperature (Figure 5B), the nanoparticle approaches
for growth of nanocrystalline CdSe from the precursor methods an asymptote at-3.5 nm rapidly. At fixed power and time
that require long reaction times to overcome. Local minima (Figure 5C) the growth is slow to initiate at temperatures
along a reaction trajectory may arise even for reactions that arebelow 180°C (3.0 nm), but shows steady growth between
thermodynamically downhill to bulk; however, due to recon- 180 and~220°C (5.5 nm). The lines in the figure provide
struction or kinetics may be slow to progress over their transition @ guide to the eye. It is clear that the addition of the IL results
state to the final product. In fact, a surface reconstruction eventin a strong dependence on the reaction conditions, which was
coupled to surface passivation has been suggested by Yétet al. Not previously observed. In addition the reaction rate is
Consistent with this observation, in a recent paper Burda et al. accelerated, suggesting that reaction barriers are overcome by

indicated a unique stabilization at 2 nm is observed in the growth heat transfer to the reactants mediated through the solvent or
of nanocrystalline CdS#. by displacing the amine passivating ligands, as has been

The addition of an ionic liquid (IL) to a reaction can increase 0bserved when ODE is added as a nonpassivant to lyothermal
reaction temperatures due to their strong microwave cross-Synthesi&®

Absorbtion (a.u.)

(*'n"e) asuassauiwnjojoyd

(41) Yu, W. W.; Wang, Y. A.; Peng, X. GChem. Mater.2003 15, 4300~ (43) Chiappe, C.; Pieraccini, J. Phys. Org. Chen005 18, 275-297.
4308. (44) Eames, J.; Kuhnert, N.; Sansbury, F. H.; WarrerSylett1999 1211-
(42) Chen, X. S., A; Lou, Y.; Burda, Cl. Am. Chem. SoQ005 ASAR 1214.
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R tion Ti inut in the microwave by CdO in hexadecylamine and triotylphosphine oxide.
eaction Time (minutes) The reactions were carried out at (a) 200, (b) 240, (c) 280, and (dj3G00
for 30 s at 160 W to achieve different sizes. No active cooling was applied.
5.0 1 C 60 analogous to methods applied for high-efficiency laser dyes as
4.5 — outlined in the Experimental Section.
- 50 Strong microwave absorbers in a reaction can drastically
4.0 accelerate the rate of material formation. This is very evident
3.5 — <« — 40 upon inspection of the synthesis of CdSe from CdO in TOPO
(trioctylphosphine oxide). TOPO, which has a large static dipole,
3.0 — 30 is a strong microwave absorber, as evidenced by the rapid
L L L heating rate observed in Figure 2. Figure 6 illustrates the growth
160 180 200 220 of CdSe as a function of temperature in a microwave reactor at
Reaction Temperature (°C) 300 W and a fixed power of 160 W. The CdSe nanomaterials

) ) : - have well-defined excitonic features and QYs on the order of
Figure 5. Nanoparticle diameter and quantum efficiency (QY) of CdSe o . ith . | lish ials in th
synthesized at (A) various powers (W) at 3 min and 200 (B) various 7.4A’ consistent .W't previously publis ?d materials .'n the
times (min) at 100 W and 22%C, and (C) various temperatures for 10 min literature3* More importantly, these materials are combined at
at 220 W. The QY was measured at RT in a thin path configuration using 50 °C (to maintain reaction ||qu|d|ty), require no h|gh_
a4 mmx 10 mm quartz cuvette on a 19M solution of the nanoparticle P . S .
in toluene relative to rhodamine R6G in ethanol at RT. temp(_arature 'nJeCt'or_] step an(_j '?]O multlp!e_ !njecuon for S'_Ze

focusing, and can be isolated within 30 s of initiating the reaction
regardless of the desired size. It is clearly observed that a very
narrow size distribution is maintained throughout the reaction
for all sizes with no PL defect emission.

InGaP Nanoparticle Formation. Formation of IIV ma-
terials is notorious for its difficulty and required long reaction
times (h). Microwave heating has been shown to be advanta-
geous in such cases. In organometallic reactions in the micro-
wave, superheating of the solvent and vessel pressurization has
been shown to give rise to a 1000-fold increase in reactiorf¢ate.
More interestingly, it has been observed that when the polarity

A plot of the change in QY with reaction condition appears

in Figure 5. The measured @%for the cluster-grown materials

is within experimental error as a function of power {8#%),

but not for time (26-52%) and temperature (280%). In all
cases, the QYs are experimentally similar for a given size, and
the observed variance with time and temperature may reflect
the larger change in size for these conditions. It is important to
note that the maximum QY obtained for the single-source
materials for a core-only nanocrystal achieved a reproducible

. 0 .
”;\ax'm“m. value 9f~7o & Lor a 5'5ﬁrﬂ.d0t (F'gllére”‘r’c)' F$rtherb of the solvent is decreased (i.e. when the solvent becomes more
changes in passivant and core shelling would allow Q S to be transparent) for some synthesis, the observed reaction rate and
obtained at the same level as the best reported materials to dateproduct yield increase. This implies that there is a stronger

Due to the high self-absorptivity of these materials, the QY nicrowave-material interaction in the more transparent sol-
measurements were conducted in thin path conflgurat|onsvent8’ giving rise to microwave-specific effeéfs.

The formation characteristics for InGaP nanoparticles by

(45) The relative quantum efficiencies were obtained using the following i i inhohoili
expressiongun = ¢'w{l/I')(ATAY N2 wherel (sample) and (reference) microwave heating are compared between a high-boiling,

are integrated emission peak aredgsample) andd' (reference) are the

absorbances at the excitation wavelength,m(ghmple) anah’ (reference) (46) Mingos, D. M. P.; Baghurst, D. RChem. Soc. Re 1991 20, 1-47.
are the refractive indices of the solvent&nis the quantum efficiency of (47) Loupy, A.; Perreux, L.; Liagre, M.; Burle, K.; Moneuse, Mure Appl.
the reference. Chem.2001, 73, 161-166.
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Figure 7. Growth characteristics of InGaP at 280 and 280 W in a high-boiling, noncoordinating solvent (A) octadecene (ODE) and a low-boiling (B)
decane (DEC). The reaction time in both solvents was (B1) 30 s, (B2) 1 min, (B3) 3 min, and (B4) 7 min. (C) Temp&Catanel (pressure profiles (atm)
of the reaction consisting of the high-boiling, ODE, and low-boiling, decane, noncoordinating solvents.

noncoordinating solvent ODE and a low-boiling solvent decane. size remains nearly constant and that the size distribution
ODE and other alkane and alkene noncoordinating solventsbecomes focused around 1 min (Figure 7B2) and remains
provide an ideal reaction system to study the effects of constant up to 7 min. The PL quantum efficiency for the decane
microwave-material interaction due to their relative transpar- reaction ranges from 9% for a 30 s reaction to 15% for the 7
ency to the microwave field. min reaction. This is the first report, to our knowledge, of
As seen in Figure 7A, the formation of InGaP in ODE under quantum efficiencies of a chemically nonetched, un-size-selected
constant temperature and power shows a focusing of sizelll =V system that exhibits quantum efficiencies of this mag-
distributior?®> with a reduction of size at longer reaction nitude. Comparing the formation rate of InGaP in ODE and
temperatures during a reaction time from 30 s to 7 min. At 7 decane, it is apparent that the quality and rate is dramatically
min, the size distribution and PL are maximized, when the enhanced in decane. Chemical etching with HF produces QYs
applied power is 280 W and the reaction temperature is 280 of the same level as the samples grown in ODE. This suggests
°C. With time, the onset of the first exciton and the quality of that a reaction in superheated solvents overcomes local defect-
the PL becomes more resolved with a final size of 4.0 nm. driven minima in the reaction trajectory producing more

Inspection of the reaction at variable temperatie=(280 W, narrowly sized and optically better materials.

t =7 m) and variable poweil(= 280°C,t = 7 m) (Supporting Although no size dependent trends are observable for InGaP
Information Figure 4) suggests that while reaction temperature in either decane or ODE, the change in the absorption features
is critical for observing a clear excitonic feature480°C), no and the PL properties are indicative of particle annealing and
effect on the excitonic feature is observed for power between size focusing. Details on size dependence and optical properties
230 and 300 W with a fixed reaction temperature of 280 of InGaP, InP, and InP/ZnS core shell prepared in the microwave
Inspection of he PL is more informative. The QY increases will be reported in a future pap&t.With increasing reaction
steadily with increasing applied power from a valgel% P temperature or applied power, the PL shows a loss of defect

= 230 W) to a value of 4% at 300 W in ODE. While this emission coupled to increased quantum efficiencies for the
number is low compared to CdSe, it is on the order of QY’s nanomaterials. These effects are more important in the ODE-
measured for thermally grown InP samples isolated from grown materials, suggesting the reaction may be moderated by
reaction®® Following chemical etching in HF, as described in nanoparticle reconstruction or defect formation, such as vacan-
the literature, the QY increases to a maximum value of 68% cies or glide plane defects influencing the growth of these
due to removal of surface defedt>’ materials. Consistent with the experimental observations, at
The influence of reaction pressurization on the rate of growth higher temperature or longer reaction times, particle annealing
and quality of materials for InGaP nanocrystals is clearly would be enhanced due to an increase in diffusion of the
observed in Figure 7B. The same reaction carried out in decanevacancies to the nanomaterial surface following a Boltzman
rather than ODE produces astonishingly well-resolved excitonic dependent diffusion process and the expectation of defect
features for InGaP of roughly the same size. It is clear that the migration by Fick’s law toward the surface of the nanomaterial.
_ — _ _ - ~In contrast to the material formed in ODE, decane appears to
) e b N s 65 1 37 Sopg Y+ Camwright, AN promote a stronger coupling of the microwaweanomaterial

(49) Micic, O. I.; Nozik, A. J.; Lifshitz, E.; Rajh, T.; Poluektov, O. G.; Thurnauer,  interaction. This is seen in the superheated decane reaction
M. C. J. Phys. Chem. B002 106, 4390-4395.

(50) Talapin, D. V.; Gaponik, N.; Borchert, H.; Rogach, A. L.; Haase, M.; Weller,
H. J. Phys. Chem. B002 106, 12659-12663. (51) Unpublished results.
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Inspection of the influence of strong microwave absorbers
B (ILs and TOPO) on the growth of InP is a more complicated
issue than for the #VI materials, possibly due to interactions
of the IL with the precursors. The observations are dependent
on the nature of the IL (imidazolium vs phosphonium) and
require further studies to fully elucidate the influence on the
reaction mechanism on InP growth. In the presence of the
1-hexyl-3-methyimidazolium chloride IL, the nanomaterial
precipitates to form an insoluble orange residue. This is
| LI L L I I ) presumably either a cluster or a small coordination complex,
400 500 600 500 600 700 _althou_gh _clear identification of_ the product_ is still under
investigation. When a phosphonium-based IL is added, such as
Wavelength (nm) trihexyltetradecylphosphonium decanoate or trihexyltetrade-
Figure 8. Absorbance and photoluminescence of InP in toluene (A). cylphosphonium bromide, no precipitation is observed; however,
Absorbance of a series of InP nanoparticles is formed in the presence ofthe onset of the first exciton is shifted relative to the reaction
ionic liquids at 280°C for 15 min at 280 W (B): (a) as-prepared InP ¢4rriaq oyt in the absence of the IL (Figure 8B) and shows no
nanoparticles with no ionic liquid present, (b) InP with trinexyltetrade- .. . . .
cylphosphonium decanoate, (c) InP with trihexyltetradecylphosphonium Visible PL. The addition of TOPO results in a broadening of
bromide, and (d) InP with trioctylphosphine oxide. the absorption feature and has substantially lower quantum
efficiency. In both additive cases (IL or TOPO) etching does
compared with that of ODE (Figure 7C). When the reaction not produce a substantial improvement of the PL performance
containing decane approaches @) the pressure increases over the reaction carried out in the absence of the additive. In
rapidly until it is sustained at 6.2 atm for the duration of the addition, additives appear to broaden the size distribution. While
reaction. It is observed from both reactions in ODE and decane gqditives have a marked effect on nanoparticle growth and
that there is a rise in pressure at the onset of the reaction,quamy' the effect is not advantageous in the-M family. At
Suggesting that there is a volatile byprOdUCt that is liberated aSthis time the negative influence on qua“ty would 0n|y be

the nanoparticle reaches its maximum size. This is possibly aspeculative in the absence of a well-understood reaction
low-boiling organic that diffuses back into solution when the mechanism.

reaction is cooled.

InP Nanoparticle Formation. The influence of vacancies,
defects, and surface energies on nanomaterial surfaces is Dielectric heating is advantageous to the formation of
apparent when the reaction conditions required for formation nanocrystals. High operating powers and temperatures in the
of InGaP and InP are compared. The InP materials exhibit a MW cavity allow nearly monodisperse high-quality nanoma-
significantly longer reaction time for a maximum in the PL terials with QYs up to 74% to be rapidly generated in under 20
quantum efficiency to be observed. For growth of InP in ODE, min. The use of the microwave eliminates thermal gradients
the optimum reaction time was found to be 15 min at 260 by volumetric heating, eliminates the need for high-temperature
with an applied power of 280 W (Figure 8Ba) without any injection for size focusing, and is scalable for commercialization.
additives. InP shows similar trends in material size distribution The influence of additives, power, temperature, and time is
and optical quality with power, and temperature in analogy to demonstrated for both the—VI and Ill—V nanocrystalline
the InGaP samples. The quantum efficiency of the as-preparedsystems. While the exact nature of the microwave-specific effect
(non-HF-etched) InP material under optimal reaction condition is difficult to define for these materials due to their complex
is 4% with a value of 38% following HF etching. reaction trajectories, it is clear that the method can be tuned to

The drastic increase in reaction time suggests that the surfaceoptimize reaction conditions for specific materials. For instance,
in INnGaP more easily anneals than the binary system. This isaddition of ionic liquids that raise the rate of heating improves
not surprising in that a defect ion has been observed to increasghe growth rate for CdSe, while higher reaction pressures
reaction rates in HVI material$253Alternatively, the enhanced ~ enhance the formation of HV materials. This suggests that
rate for InGaP growth may be influenced by the formation of the nature of the transition states for growth in these systems is
an In/Ga flux at the nanomaterial surface during the synthetic different and may be influenced by surface or defect formation.
reaction. Burho et al. has suggested that InP grows at the The observed reaction rate enhancement and size focusing
interface of an 1A droplet® In this case the In/Ga flux may  in nanocrystralline materials grown under dielectric heating
lower than the activation barriers in the reaction and the Ga conditions may arise from elevated reactant temperatures due
would be expected to isolate at or near the nanoparticle surfaceto selective heating coupled to rapid cooling through thermal-
In fact, recent NMR and XPS studies suggest the Ga isolates atization. Because, in the microwave, the reactions are volumetri-
or near the surface (unpublished results). Continuing studies tocally heated, thermal gradients tend to be minimized, which
elucidate the growth mechanism in low-boiling solvents and results in a more uniform reaction. Selective heating arises from
the influence of ionic liquids on the formation characteristics the relative differences in solvent and reactant dielectric

A

Absorbance (a.u.)
Absorption (a.u.)

(‘n"e) @auassauiwnjojoyd
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Conclusion

are ongoing in the laboratory. constants. This means that the microscopic temperature instantly
rises when the microwave field is applied. The implication is
(52) {'zilniilﬁél\él—';:l_’:}_/l&'?éjzlenberg' R. W.; Strouse, G.F.Am. Chem. So€002 that the internal temperature of the reaction at or near the
(53) Treadway, J. A.; Zehnder, D. A. U. S. Patent 20030017264, 2003. nanopatrticle surface is significantly higher than what is detected
(54) \I.r;eggginAfl'l;\A?OGﬁlél%ngf;Pﬁlg.(;r%inﬁrcli'v'\\;l.';a\./fnm?'cﬁiel\rf{.; ggg&% M. by the infrared detector which ultimately reads the vessel
119 2172-2181. temperature. Rapid thermalization to focus the naoparticle size
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is achieved because of the high surface-to-volume ratio of the synthetic process and, more importantly, demonstrates the
nanoparticles below 7 nm coupled with the fact that they are use of a continuous flow microwave reactor for nanoparticle
colloidally suspended in solution. This tends to enhance the formation.
thermal field within the reaction matrix regardless of which
direction the heat is transferred, either from particle to solvent ~Acknowledgment. We would like to thank the CEM Corp.
or solvent to particle. for performing the necessary modifications to the reactor cavity
In addition the observations in this manuscript indicate that and magnetron, as well as the extended use of the Discover
additives or pressurization can accelerate growth and suggestghicrowave and Voyager stopped-flow microwave stations. We
vacancy, defect, or reconstruction processes influence the growtvould also like to thank Tomohide Murase, Takeshi Ohtsu, and
behavior of these materials along the reaction trajectory. This taru Kamiya for helpful discussions.
synthetic strategy can be tailored to a host of nanomaterials to
enhance the efficiency of the nanomaterial discovery and the
optimization of nanostructured materials. Moreover, the |
nanomaterials and the harsh environment and high temperature
needed for growth is no longer a limiting factor governing
industrial scalability of such materials. The ability to control
the reaction with microwaves offers a more environmental
approach to colloidal semiconducting nanoparticles. The dem-
onstration of microwave techniques effectively automates JA052463G

Supporting Information Available: Complete reference 12,
pXRD and TEM of InGaP nanoparticles (Supporting Informa-
gion Figures 1 and 2), and a comparison of the absorption and
photoluminescence of CdSe nanoparticles with and without the
ionic liquid added (Supporting Information Figure 3) (pdf). This
material is available free of charge via the Internet at
http://pubs.acs.org.
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