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Influence of Microwave Radiation on the Growth of Gold
Nanoparticles and Microporous Zincophosphates in a Reverse Micellar
System
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The water core of reverse micelles has been extensively used as the site for synthesis of a variety of materials.
However, water-in-oil reverse micelles have a limited range of temperatures over which they are stable as a single
phase. Directing heat to the water cores, the usual site of synthesis without heating the bulk provides added opportunities
for synthesis. Microwave radiation is a method for superheating the water cores. In this study, we y8e-aodilim
bis(2-ethylhexyl) sulfosuccinate (AOFheptane reverse micelle system for the synthesis of Au particles by hydrazine
reduction of HAuCJ in the presence and absence of microwave radiation. The duration of the microwave radiation
was limited to a 2-min duration at a power of 300 W, thereby ensuring that the reverse micelle phase is maintained
during the synthesis. At all hydrazine concentrations studied-{®4), the presence of microwave radiation led to
an increase in the particle size of Au. The second system examined was the growth of microporous zincophosphate-X
(ZnPO-X, an analogue of the faujasite structure) synthesized fre@—Hioctyldimethylammonium chloride
(DODMAC)—heptane reverse micelle system. Microwave radiation was applied for 1 min at 150 W at various stages
of the nucleation and growth process, and did not disrupt the reverse micelle system. Product analysis after 48 h of
reaction showed that the 1-min microwave pulse, if applied during the nucleation stage (the first 4 h), promoted the
formation of NaZnP@H,0 over ZnPO-X. The effect of the microwave pulse at the growth stage was to promote
the formation of ZnPO-X. Absorption of the microwave radiation by the water core and surrounding polar surfactant
molecules leads to a rapid rise in local temperature (predicted to1/5€ °C/min for the AOT system), increasing
the rates of intramicellar reactions.

Introduction growth of zeolite A? silicalite-110 silica,'* and microporous
aluminophosphaté2Ensuring the integrity of the reverse micelle
system during the growth of microporous materials was possible
with zincophosphates because the synthesis was accomplished

Reverse micelles provide a novel medium for the synthesis
of a variety of particles, including metals, semiconductors, and
s ! .
ceramics:—3 By controlling the ratio of the amount of water to under ambient conditiorié-16 Using a dioctyldimethylammo-
surfactant, the nature of surfactant, the cosurfactant, and the . . X
. } nium chloride (DODMAC)-based reverse micelle and a tetra-
hydrocarbon, the size and shape of the micelle can be altered and

. ) - methylammonium ion as a template, Castognola and Dutta
T oy EPOTE e Syt of 2P O3X A otz system o
9 P 9 Yhe growth of ZnPO-X in DODMAC!/isooctane reverse micelles

studied. Chiang reported the influence of metal salt concentration, - . )
molar ratios of reductant to metal salt, sequence of addition, andemploylng 1,4-d|aqu|cyclo[2.1%3.2]octane (DABCO)asatemplate
was reported by Singh et &

size of micelle droplet on the size, shape, and dispersity of gold L . _
. 5 L - Providing thermal energy to promote reactions within the
nanoparticled:®> Arcoleo and Liveri reported that gold particle . - X . .
reverse micelles without destroying the microemulsion should

size was highly dependent on the water-loading levels of the allow new opportunities for synthesis. Organic solvents such as
microemulsions.Agglomeration of gold particles was reported PP Y -rg .
. hexane, heptane and octane (nonpolar) do not heat readily when
when sizes exceeded 8 nm. ) A y
exposed to microwave radiation. Therefore, for a water-in-oil

The thermal stability of the reverse micelles determines the reverse micelle exposed to microwave radiation, the polar parts

temperature range over W.h'Ch reactions can . cpnducted. Growthi” preferentially absorb the radiation and provide the opportunity
of microporous materials in reverse micelles at high temperatures; . <o tive heating of the water cores

ﬂztsrgzﬁ:;iigg”%% ttt;u;r:r(]jelr\:gtt;eiggtyr:\f/vtggorlri]:gr,cb)\esr?z;[(?éonwvsltis There have been several recent reports on the use of microwave
. : . grew . ng radiation for materials synthesis using microemulsion media.
their precursors entrapped in reverse micellebcroemulsions
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For synthesis of gold nanoparticles in water/oil microemulsions, about30s. For nonmicrowaved experiments, the two reverse micelle
the use of microwave radiation made it possible to use alcohol solutions were mixed and allowed to react, typically for 4 min. After
as areductarif. The use of citrate as a reducing agent for HAUCI ~ completion of the reaction, 10 drops of hexadecanethiol were added
has also been reporté®in these studies, it is unclear if the t0cap thg gold particles. An experiment in which growth continued
integrity of the microemulsion upon microwave dielectric heating for 15 min was also performed.

was maintained. The synthesis ©6 nm TiQ, particles in a [For microwave experiments, the HAuCtontaining reverse
polystyreneblockpoly(ethylene oxide) diblock copolymer-based micelle solution was pgt mto a microwave vessel and sealgd off,
reverse micelle system was made possible by microwave treatmenf*Cept for a small ventilation hole. The hydrazine hydrate micelle
for 5 min, without any reported increase in the overall temperature S'ution was injected into the vessel through the ventilation hole.
of the reaction mediur® Microwave radiation at five different The vessel was closed, and microwaving was started within 19 s of

. . . mixing. The microwave was operated at 300 W, typically for 2 min.
frequencies (2.4518 GHz) was used to examine the synthesis After a total reaction time of 4 min, the sample was removed from

of CdS using water/sodium bis(2- ethylhexyl) sulfosuccinate he yessel, and 10 drops of hexadecanethiol was added. The
(AOT)/n-heptane reverse micellésTemperatures were main-  microwave used was CEM Corporation’s MARS 5 model. The
tained at 30°C by water cooling, and thus it is certain that the  resulting temperature was recorded to ensure that the heating was
micelle structure was maintained. With 12 GHz radiation, the consistent from sample to sample. For 2 min of microwaving, the
CdS particle sizes were20% larger compared to a nonmicro- final temperatures were all in the range of-330 °C. The pressure
waved sample. Irradiation at other frequencies showed a decreaséid not increase enough (did not reach 1 psi) to register on the meter
in size. over the 2 min of microwaving. Experiments were also done with
Microwave heating has been used in the synthesis of Varying microwave times.
microporous materials in water-in-oil microemulsions. For  Synthesis of Zincophosphate-X (ZnPO-X)Bardac LF-80, a
A|P04_5 synthes|sl the temperature was I@SO the emu|s|on surfactant that is 80% DODMAC, was obtained from Lonza, Inc.
integrity was not maintained, yet the morphology of the crystals (Fair Lawn, NJ). It was concentrated by evaporation at a reduced
was different compared to those of traditional hydrothermal Pressure and then dried under_vacuu[)n at an elevated temperature.
synthesig! Zeolite A nanocrystals of 4680 nm have been Zinc nitrate hexahydrate (Aldrich, 98%), 1-decanol (Alfa Aesar,

) - . . ] typically 99%), sodium hydroxide pellets (Baker Analyzed),
synthesizediroma cetyltrlmethy Iammop ium prommibutanpl . phosphoric acid (Mallinckrodt, N.F. Food Grade, 85%) and isooctane
cyclohexane-based reverse micelle using microwave radi&tion.

X i (Fisher, HPLC grade) were used as received. The purification of
The temperature of the reaction system was as high &€75  paBcO (Aldrich, 98%) was carried out by recrystallization in
and itis unclear whether the microemulsion was stable, althoughhexane. A previously reported procedure for preparing the reverse
the results clearly demonstrate that the microwave irradiation of micellar solutions was followetf. The surfactant solution was 0.33
the mixed phases had a profound effect on the size andM 1-decanoland0.19 M DODMAC inisooctane. Two reverse micelle
morphology of the zeolite. Microwave radiation has also been solutions were prepared and then mixed to initiate the reaction. One
proposed as an effective method for deemulsification. solution contained sodium hydroxide, the template DABCO, and
In this study, we explore how the influence of microwave Phosphoricacid, while the second solution contained the zinc nitrate

radiation alters the synthesis process in reverse micelles usingﬂe{(a_hycjrate. The preparation of reverse micelle solutions was done
gold growth in an AOT system and microporous zincophosphate PY inNiecting 0.2 mL of the aqueous reactant species for every 10 mL

(faujasite structure) in a DODMAC system as examples, the of the surfactant solution and then shaking until the solution was

latter system being very susceptible to thermal effects. Caution clear. The [HOJ[DODMAC] ratio was approximately 6. A

K intain the bulk f1h ) microwave power of 150 W and a microwave duration of 1 min was
was taken to maintain the bulk temperature of the entire System, e ot various times during the crystallization. This combination

so that no phase separation was observed. On the basis 0fjiowed for the perturbation of the system, but also kept the bulk
comparisons of microwaved versus nonmicrowaved synthesis, solution temperature under 48.

amodel for the effect of microwave radiation on the water pools | sirumental Methods. A Philips Tecnai TF20 transmission

of the reverse micelle is proposed. electron microscope (TEM) at a power of 200 kV was used to acquire
_ ) images. Scanning electron microscopy (SEM) data was recorded on
Experimental Section aJSM-5500 scanning electron microscope. A Shimadzu UV-2501PC

Synthesis of Gold NanoparticlesAOT (98%, Aldrich),n-heptane spectrqmeteDerSvas used f(g Glis measarementsh. Dynamic_: Iightf
(Mallinckrodt), HAUCL-3H,0 (hydrogen tetrachloroaurate (lIf), ~ Scattering (DLS) was used to monitor the growth versus time of a

99.99%. 49.5% Au, Alfa Aesar), MaH,0 (hydrazine hydrate,  nonmicrowaved sample grown over 22 h. A Brookhaven Instruments

AIdrich(; nano;?)ure water (resigti\i)#; iSO( ())/hms) and%exa- 9000 digital correlator with a detector positioned #0m the incident

decanethiol (98%, Lancaster) were all utilized as received. laser was employed. The Coherent Innova 90c argon ion laser was
The surfactant solution of 0.1 M AOT in heptane was prepared ©Perated at 200 mW at a wavelength of 514.5 nm. The cumulant

by dissolving 11.113 g of AOT in 250 mL heptane. A 0.5 M solution analysis algorithm was used to calculate particle size.
of HAUCI, was prepared. Solutions of hydrazine hydrate were  Capillary X-ray diffraction was used to determine crystal structure
prepared with the following concentrations: 2 M, 1 M, and 0.5 M. and to determine the peak intensity ratios between ZnPO-X and
A 0.065 mL aliquot of each of the HAUGBH,O and hydrazine NazZnPQ-H;O (P6). Several peaks were compared, including the
hydrate solutions was added to separate 6-mL portions of the AOT/ 6(20), 26.3(2), and 31.6(2) peaks associated with ZnPO-X and
heptane solution. The solutions were then shaken and sonicated fothe 11.4(2), 26.7(®), and 31.9(2) peaks of P6. The X-ray
diffractometer used was a Bruker D8 Advance equipped with a
(17) Shen, M.; Du, Y.; Yang, P.; Liang, L. Phys. Chem. Solid2005 66, copper anode X-ray tube. A capillary unit was installed that allowed
1628-1634. for the analysis of minute samples, and the tube output was filtered
(18) Liu, F.-K.; Ker, C.-J; Chang, Y.-C.; Ko, F.-H.; Chu, T.-C.; Dai, B-T. wjith a Ge monochromator to produce pure ¢adiation. A Braun

Jp?'lgj ggg{ip\?ysﬁggig} é}Sl\/IZSI‘IgrS?\./I.' Kocher, M.; Neher, D.; Wegner, G. POSition sensitive detector (PSD) was utilized. All capillary X-ray

Adv. Mater. 1998 10, 473-475. diffraction (XRD) work was baseline corrected using Galactic’s
(20) Caponetti, E.; Pedone, L.; Massa NRater. Res. Inneations2004 8.1, Grams Spectral Notebase 7.0, employing a multipoint correction to

44—(2417)' Lin, J.-C.. Dipre, J. T.: Yates, M. Zangmuir 2004 20, 1039-1042 correct for a driftin baseline starting &t 20 and extending to about
(22) Chen, Z.; Liyps.;'yény"y(;herﬁ. Materz%os 17, 2262-2266. ’ 11° 26. For this reason, the peaks located at 26.3 and® 2. Were

(23) Chan, C.-C.; Chen, Y.-CSep. Sci. Techna2002 37 (15), 3407-3420. used for the quantitative comparisons.
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Non-MW MW particles prepared with various hydrazine concentrations are
presented in Figure 2 and reported in Table 1. These data show
that microwaving increases the particle size, ranging from 33 to
58%; for example, for [hydrazinet 0.5 M, the size increased
from 7.9 to 10.6 nm upon microwaving.

A plot of the average size of the Au particles for two
nonmicrowaved systems ([hydrazirel M]) that were halted
after 4 and 15 min of growth is shown in Figure 3. The size of
the Au particles grows with time, along with a broadening of the
size distribution. After 4 min, the particle size is approximately
4.8+ 0.85nm, and at 15 min, itis 84 2.6 nm. The experiment
was repeated with microwaving. The sizes of the Au particles
recovered after microwaving for 2, 4, 6, and 15 min are also
shown in Figure 3, with the bulk temperature in the variable
microwaving time experiments reaching 37, 47, 56, and@1
respectively (for the last sample, phase separation was observed).
The particle size for the Au was 10 1.9 nm, regardless of the
length of the microwaving period.

The electronic spectra of the particles recovered from the 2
M hydrazine treatment shows a red shift from 536.5 to 547.2 nm
upon microwaving (data not shown). The position and intensity
of the plasmon band is known to be sensitive to particle size and
correlates well with the growth in size of the gold nanopartiébes.

Effect of a Microwave on the ZnPO-X Reverse Micelle
System.Figure 4a shows the particle sizes during the growth of
ZnPO-X in a nonmicrowaved reverse micelle system over a 22
h time period. For the first 4 h, little to no growth occurs. After
growth begins, it continues for the next-8 h, followed by
20nm declin_ing particle si;g, as Iarger.particles settle out ofthe system.
~ The size of the entities remaining after growth is completed is
an order of magnitude larger (68 nm) than in the nucleation stage
Figure 1. .TEM_images of Au particles obtaingd \{vith and without (6.7 nm). From 12 to 22 h, the system is fairly stable, and the
microwaving using differentamounts of hydrazine inan AOT reverse o4 ion is considered to be complete. The mother liquor from
micelle system. Hydrazine concentrations: (a) 2 M, (b) 1 M, (c) 0.5 . . o
M (MW = microwaved). the system after 22 h remains stable, with no precipitation for

at least 2 months. Products isolated after the reaction are pure
ZnPO-X, as indicated by capillary XRB®(not shown) and SEM
. o . . (Figure 5a).

Effect of Microwave Radiation on Gold Particle Synthesis. Microwave radiation was introduced briefly for 1 min at the
After a solution of AOT/heptane was microwaved (withoutwater) times shown in Table 2, at various stages during the growth of
for 2 min at 300 W, the temperafure rise of the solutionwas  7npQ_x, including nucleation, growth, and after crystal growth
°C. With water (water-to-solvent ratio 0f1:100) in the micelle s complete (Figure 4). Reverse micelles were stable after
cores, the change in bulk solution temperature for comparable picrowave treatment, and no phase separation was observed.
treatment was between 10 and . Therefore, the presence  The average temperature increase of the bulk solution was 22
of the water cores contributes toa@°C/minrise intemperature  oc py the end of the 1-min microwave pulse to a final temperature
in the bulk solution. This increase in bulk temperature did not ¢ 45 °c. The water-loading level in these experiments corre-
lead to phase separatidhand was the basis for choice of the sponds tdR, = 6, whereR, = [H,O]/[DODMAC]. This is similar
300 W of microwave power (2.45 GHz) for the 2-min time (o the water-loading level for the gold growth, but the overall
interval. concentration of DODMAC is almost twice the concentration of

The procedure for the synthesis of the Au particles involved AQT in the gold growth study. Therefore, the amount of water
mixing two reverse micelles solutions containing varying ysed is nearly double the amount of water used in the gold
concentrations of hydrazine (6:2 M) and HAuC} (0.5 M). synthesis, and the increased surfactant and water content is
The characteristics of the reaction system were [A€T].1 M proposed as the reason for the larger increase in solution
and water/AOT= 6 (Ro). Microwaving at 300 W for 2minwas  temperature upon microwaving for the zincophosphate growth.
started within 19 s of mixing. The nonmicrowaved samples are  The products of the reactions (microwave pulse at different
labeled as nMWh, wherem represents the concentration of a5 Taple 2) were isolated after 48 h of total reaction time,

. . ; nNashed, dried, and sealed in a glass capillary tube. The powder
microwave gnd no_nm|crowave) were carried out for a total of yitraction pattern and electron microscopy of all 14 samples
4 min, at which point hexadecanethiol was added to cap off the a6 obtained, and the major products identified from the patterns
gold particles. The TEM images for the nMW2, nMW1, and a1 7nPO-X (an analogue of zeolite?Xand P6 (a hexagonal
nMWO0.5 samples are shown in Figure 1 and compared to theform)_zy,zg A scanning electron micrograph of the material
microwaved samples MW2, MW1, and MWO0.5. The gold

particles appear spherical, and the size distributions of the Au

Results

(25) Anderson, M. L.; Morris, C. A.; Stroud, R. M.; Merzbacher, C. I.; Rolison,
D. R. Langmuir1999 15, 674-681.

(24) Fletcher, P. D. I.; Howe, A. M.; Robinson, B. B.Chem. Soc., Faraday (26) Treacy, M. M. J.; Higgins, J. BCollection of Simulated XRD Powder
Trans. 11987 83, 985-1006. Patterns for Zeolites4th ed.; Elsevier: Amsterdam, 2001; pp 5051.
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Figure 2. Particle size distributions of Au particles (determined from TEM micrographs) recovered from microwaved and nonmicrowaved
reverse micelle samples (AOT) using different amounts of hydrazine: (a) 2 M, (b) 1 M, (c) 0.5 M{Mwucrowaved).

Table 1. Summary of the Particle Size Distributions Determined 1800 +——— ” 3
from the Transmission Electron Micrographs 1600 1 @ (1)° . .l 125 o
1400 . . .
avg size median size A average 1200 o '.-".: 0 I %
samplé (nm) (nm) (% increase) E 4000 4 Y e, . g
b o 10 20 30 40 =2
nMwW2 4.2 4.1 +1.6 nm g o, e I
MW?2 5.8 5.7 (39%) 600 . T2
400 (@2 ° g
nMW1 4.8 4.9 +2.8nm wo| +— & ° . 05
MW1 7.6 8.1 (58%) 0 S _WopwdetelyNy,  ° Lo
nMWO0.5 7.9 7.9 +2.7 nm 0 ® 10 bt 2“ = 30
MWO0.5 10.6 10.9 (33%) Time (hours}

a MWmin the sample name depicts microwaved samples. mvsV Figure 4. (a) Particle size determined by DLS during the growth
the nonmicrowaved Eam les amtE‘)e resents the concenrt)rati’on of the 0fZnPO-X from a DODMAC nonmicrowave reverse micelle system
hvdrazine used to reducg thé tetraghloroaurate (axis corresponds to the left). (b) Plot of the ratio of XRD peaks of

Y : P6 (26.7 B) to ZnPO-X (26.3 B) (axis corresponds to the right)
obtained from samples that were subjected to 1 min of microwave
radiation at the times indicated (all samples recovered after 48 h).
Inset: Nonmicrowaved reaction was set up, and the mother liquor
12 - was recovered at the times shown. The mother liquor was sub-
jected to 1 min of microwave radiation and the experiment was
allowed to continue for 48 h. The plot of the ratio of XRD peaks
of P6 (26.7 B) to ZnPO-X (26.3 B) for samples that were recovered
are shown.

Size (nm)

microwave pulse attimes 1 and 25 h, are shown in Figure 6, with
the peaks of ZnPO-X and P6 marked as X and P, respectively
(inset shows a blown up region between 26 and &Y. Zhe

general observation is that as the microwave pulse is delayed,
and the amount of ZnPO-X relative to P6 was increased. To
. . . . . quantify this trend, the ratios of several of the peaks (for ZnPO-
2 4 6 8 10 12 14 16 18 X, 260 values of 6, 26.3, and 32.6for P6, @ values of 11.4,

Reaction Time (min) 26.7, and 31.9 were measured and are reported in Table 2.

Figure 3. Growth curves of Au particles for nonmicrowaved and Figure 4b overlays on the growth curve the ratio of the_2§.7 a_md
microwaved reverse micelle (AOT) grown samples as a function of 26.3’ 26 peaks. If the 1-min pulse of microwave radiation is
total reaction time. For the microwaved samples, the time in the introduced during the nucleation phase (fiésh of Figure 4a),
microwave is 1 min less than the reaction time (lines just connect the major product is P6. However, once growth of the ZnPO-X
the points).

2 T T

(27) Gier, T. E.; Harrison, W. T. A.; Nenoff, T. M.; Stucky, G. D.8ynthesis

obtained with the microwave pulsekh isshown in Figure 5b, of Microporous Materials Occelli, M. L., Robson, H. E., Eds.; Van Nostrand
. . Reinhold: New York, 1992; Vol. 1, pp 407426.
and the hexagonal morphology of the crystals due to P6 is evident. (28) Harrison, W. T. A.; Gier, T. E.. Stucky, G. D.; Broach, R. W.; Bedard,

Two of the diffraction patterns, obtained from samples with the R. A. Chem. Mater1996 8, 145-151.
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(b) S

Figure 5. SEM micrographs of samples recovered from (a) a
nonmicrowave DODMAC reverse micelle solution and (b) a similar
solution that was subjected to 1 min of microwave radiation at 1 h.
(All samples were recovered after 48 h of reaction).

Table 2. Ratios of Three Sets of @ XRD Peaks Corresponding

to P6 (11.4, 26.7, 31.9) and ZnPO-X (6.0, 26.3, 31.6) for Samples

that Were Subjected to 1 min of 150 W Microwave Radiation at

Times Shown on the Table and Then Recovered after 48 Hours
of Total Reaction Time

time
(hours) 11.4/6.0 26.7/26.3 31.9/31.6

1 3.18 2.84 1.53
1.75 2.49 2.70 1.53
25 2.79 2.85 1.48
3.25 3.24 2.94 1.53
4 2.63 2.71 1.54
5 2.07 2.01 1.37
6 0.95 1.43 1.31
7 0.85 1.37 1.21
10 0.43 0.77 0.96
15 0.18 0.38 0.59
20 0.06 0.18 0.31
25 0.07 0.19 0.33
30 0.06 0.19 0.33
42 0.06 0.17 0.30

is initiated after 4 h, the effect of the microwave pulse in the
disruption of ZnPO-X growth is gradually minimized. After about
15 h of reaction time, ZnPO-X is the major product, and the
microwave pulse at later points does not lead to the formation
of P6. Microwave radiation also improves yields: for a typical
reaction, a 5-fold increase was observed in yield upon micro-
waving (2 to 10 mg).

Langmuir, Vol. 22, No. 10, 20229
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Figure 6. Capillary powder XRD patterns of samples recovered
from DODMAC reverse micelle systems that were subjected to 1
min of microwave radiation at Jal h and (b) 25 h. All reactions
were continued for 48 h. (X% ZnPO-X, P= P6). Inset: blow up

of 26—27 29 region.
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4. The relative ratio of ZnPO-X versus P6 also increases as a
function of reaction time.

Discussion

The electron microscopy studies of gold particles clearly show
that microwaving leads to larger particles compared to those of
nonmicrowaved control samples (Figures 1 and 2). The average
sizes of particles made with 2, 1, and 0.5 M hydrazine increased
from4.2,4.8,and 7.9t05.8, 7.6, and 10.6 nm, respectively, upon
microwaving. For the ZnPO-X system, a short period (1 min)
of microwave radiation, although negligible in duration compared
to the 48-hour total reaction time, changes the products, and the
positioning of the microwave pulse along the synthesis route
also plays a role in the final product and their yields.

A Possible Model.As two reverse micelle solutions mix, a
distribution of concentrations develops in the reverse micelles,
being controlled by the solubilizate exchange rate betweenreverse
micelles via collisions. Fletcher et al. defined this as an interdroplet
transfer of reacting species, controlled by a second-order rate
constant of 10-10°dm® mol~1s 1.24The distribution of reactants
within the reverse micelle under steady-state conditions via
interdroplet transfer is expected to have a Poisson distribétion.

Inthe present study, the volume of water in the reaction system
is small; for example, for the Au synthesis experiment8,26
mL of water is dispersed in 24 mL of heptane. Heptane, with
a permanent dipole moment 6f0.2 D should have little
absorption in the microwaw®. The AOT-surrounded water
clusters should couple well with the radiation and result in

In a separate series of experiments, the mother liquor wasdielectric heating. There are three possible absorption processes

removed from a nonmicrowaved reaction at the various times
shown in Table 2 by centrifugation and exposed to microwave
radiation for 1 min, and the reaction was allowed to continue for
48 h. The products were analyzed by capillary XRD, and the
ratio of the @ (26.7/26.3) peaks are shown in the inset of Figure

of the 2.45 GHz radiation for the AOT reverse micelle system

(29) Bridge, N. J.; Fletcher, P. D. J. Chem. Soc., Faraday Trans.1983
79, 2161-2169.

(30) Gabriel, C.; Gabriel, S.; Grant, E. H.; Halstead, B. S. J.; Mingos, D. M.
P.Chem. Soc. Re 1998 27, 213-223.
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that can resultin heating.These include diffusion and counterion  exchange environment that allows for nucleation and eventual
motion involving the AOT molecules, ionic drift within the  growth of the ZnPO-X product. In the early stages of the ZnPO-X
agueous core giving rise to Joule heating, as well as relaxationreverse micelle growth, the application of a 1-min pulse of
processes involving bulk water. microwave radiation disrupts the nucleation of ZnPO-X and
Thus, it can be approximated that the observed average 6promotes the formation of a condensed zincophosphate, P6. Rani
°C/min increase in temperature of the bulk heptane solution etal. suggested that the nucleation phase for microporous materials
primarily arises from the microwave radiation absorbed by the can be separated into two parts: a prenucleation step for formation
AOT and the water core and subsequent heat transfer to the bulkof primary particles (not nuclei), followed by a period over which
Using the expression for power absorpti®w mGC,p(AT/At), those primary particles evolve into nucféiThe microwave
wherem is the massC, is the heat capacity is the density, radiation applied in the early stages of the reaction could be
and (AT/At) is the heating rate. From the temperature change of destroying the ZnPO-X prenuclei structures due to the heat and
the heptane solution, we can estimate the heating rate of thealso promoting the formation of condensed P6. However, once
water cores to be 148 /min (C, (cal g-ldeg™) = 1.0 (water), the ZnPO-X nuclei are formed, microwave radiation enhances
0.5 (heptane)p (g/cn?) = 1.0 (water), 0.73 (heptane®).The the growth by providing local heating to speed up the growth.
heat is transferred from the water core to the hydrocarbon by Microwave radiation actually seemed to promote the additional
diffusion. growth of ZnPO-X, as a-25-fold increase in yield was noted.
Fletcher et al. examined the temperature increases of AOT-  After a reaction is “complete” in a reverse micelle system,
based reverse micelles with 2.45 GHz microwave radiation at there are still reactants encased in the reverse micelles. Singh
a lower power of 25 W and observed a 2@/min increase in and Dutta reported that solutions recovered after a reverse micelle
temperature of the entire solution ([AOF]0.298 M, HO/AOT synthesis will cause the immediate growth of ZnPO-X to
= 15) and a 1.FC/min increase for a second reverse micellar commence if nutrients are provided by adding a fresh supply of
solution (JAOTE 0.239 M, HO/AOT = 25.2). Spectroscopic  reverse micelle$> The application of microwave radiation to
investigation withp-nitroaniline as solute showed no changesin the mother liquors resulted in the continued growth of the particles/
the distribution within the microemulsion (oil versus interfacial nuclei. Heating of the water core promotes further reaction in

pseudophase) upon microwave radiafién. the micelle, resulting in yield improvements, an overall effect
Implications of the Model for Gold Growtfihe reduction of similar to adding extra nutrients.
HAuCI, with hydrazine is as follows: Vibrational excitation of the OH stretches of water in the
. reverse micelle by infrared lasers has also been proposed as a
4HAUCI, + 3N,H;OH— Au + 16HCI+ 3N, + 3H,0 method to heat the water core without disrupting the reverse

o . - - i 35
Application of microwave radiation began 19 s after mixing the Micelles:

micelles. Considering that the reduction occurs rapidly, nucleation .
begins within these 19 s. Increasing the reducing agent Conclusions

concentration in the reverse micelle leads to smaller Au particles, The synthesis of gold nanoparticles and microporous ZnPO-X
as shown in Figures 1 and 2. With an increasing amount of in reverse micelles was studied with microwave radiation, paying
reducing agent per reverse micelle, faster nucleation is promoted particular attention to the fact that the bulk temperature of the
resulting in larger numbers of nuclei. With microwave radiation, solution did notexceed 4845°C. The gold particles were formed
larger particles are formed since there is an enhanced rate offrom an HO—AOT—heptane reverse micelle system by hydrazine
growth due to the heating of the water core, the site of reduction. reduction of HAuCJ. At 300 W of microwave radiation and a
This is the reason the particle sizes are larger in the microwaved2-min duration, the reverse micelle phase was stable. For all
samples, as shown in Figures 1 and 2. At no time in these hydrazine concentrations studied (85 M), the presence of
experiments does the temperature of the bulk solution exceed 40microwave radiation led to an increase in the particle size of Au

°C, ensuring that reverse micelle integrity is maintained. by 33-58%. In a nonmicrowaved reverse micelle system, the
Figure 3 shows that, for the nonmicrowaved system nMW2.0, Au growth continued with time 415 min), whereas, upon
the gold particle size increases from about#.8.85 to 8.1+ microwaving, growth was complete in 2 min. The second system

2.6 nm when the system is allowed to react for 15 instead of 4 examined was the growth of microporous ZnPO-X (an analogue
min. The increase in growth suggests that, after nucleation, crystalsof the faujasite structure) synthesized from a®HDODMAC—
grow as micelles continue to collide and provide nutrients to the heptane reverse micelle system. Typical growth of ZnPO-X occurs
growing crystals. Longer microwave times on the MW2.0 system with a 4 hnucleation period, followed by crystal growth over
shown in Figure 3 had no effect on the average particle size. It the next 4-5 h and an eventual settling of crystals. Microwave
appears that the reaction is complete within the first two minutes, radiation was applied for 1 min at 150 W at various stages of
reaching a size of~10 nm. Longer microwave times (15 min)  the nucleation and growth process, and did not disrupt the reverse
led to a rise in bulk temperature to “@and to the destruction  micelles. Product analysis after 40 h of reaction showed that the
of reverse micelles, but since the growth is accelerated and overl min microwave pulse, if applied during the nucleation stage
within 2 min, heating longer and to higher temperatures has no (first 4 h), promoted the formation of P6 over ZnPO-X. The
effect on the particle size. These results are consistent with theeffect of the microwave pulse at the crystal growth stage was
water core heating model, which provides a higher growth rate to promote the formation of ZnPO-X. The model proposed to
of the gold particles. explain the effects of the radiation involves absorption of the
Implications of the Model for ZnPO-X Growtt typical microwave radiation by the water core and surrounding polar
collision-driven reverse micelle reaction presents a nutrient surfactant molecules, leading to a rapid rise in temperature
(predicted to be-150°C/min for the AOT system). Under these
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Such a model explains the increased size and rapid formationRapid heating of the water core promotes faster reaction among
of the Au patrticles. In the ZnPO-X synthesis, the rapid heating the contents of reverse micelles. Second, for thermally sensitive
of the water core during the nucleation period destroys the nucleation events such as thatin microporous materials synthesis,
ZnPO-X prenuclei and nucleates a more condensed phase P6prenuclei can be destroyed, as is reported with zincophosphates,
After the nucleation of ZnPO-X has been established, the whereas, in the crystal growth stage, the microwave promotes
microwave promotes the growth of ZnPO-X, much like the Au the growth.

growth. Thus, the effects of microwave radiation are manifested

in this study in two ways under conditions in which the overall Acknowledgment. We acknowledge funding from NASA.
stability of the reverse micelle is not compromised by keeping

the bulk temperature below the phase transformation threshold.LA060047J



