
(NMR) analys~s. usng the tris[3-(tr~fluoromethylhy- 
droxymethy1ene)-(-)camphorato]europ~um(lll) com- 
plex. The compound bvas hydrolyzed to the corre- 
spond~ng acid and then the op t~ca  pur~ty vias en- 
hanced up to 97% ee by coc~sta l l~zat~on w~ th  com- 
mercially available R-PEA. The op t~ca  purlty bvas 
checked by NMR and c rcuar d chrosm spectra: 
[u]S5 = -E3.2 (C = 1.01 g:ter tetrahydrofuran). 

5 The sotherms were measured from A = 100 to 5 A2 
per molecule. 

E. The GIXD measurements bvere conducted on a qu id  
surface diffractometer at the unduator beamine Bl/UI 
at HASYLAB, Deutsches Eektronen-Synchrotron 
(DESY). The synchrotron radation bea~n vias mono- 
chromated to a bvaveength of 1.339 A. The ncdent 
angle was ad,usted to u, = 0 . 8 5 ~ ~ ~  bvhere n, ;= 0.14". 
A detaed explanation of the method and expermen- 
ta' setup are given in (7) and (81, respect~vely. The 
amphiphie R-C.,-MA was spread at room tempera- 
:ure in a Langmur trough and then cooled to 5%. 

7. J, Als-Nesen eta/. .  Phys. Rep. 246. 251 (1994). 
8. J. Ma>ewsk~, Chem. Eur J. 1. 304 (1 995). 
9. We m p e d ,  although we have not proven, that no 

sgnficant changes occurred on depositon of the 
films on a sold support. The AFM measurements 
were performed w~ th  Nanoscope I FM (D~gital n -  
struments. Goeta, CAI at ambent temperature w~ th  
a commerc~al s lcon ntride t p ,  attached to a cant- 
lever with a sprlng constant of C.38 Nim. 

10. Film depositons were done on a N M A  trough (NMA 
TecPnoogy. Coventy, UK) at 20% and at a sutface 
pressure of -40 mN:m. Filn- was transferred onto 
lnlca at a constant speed of 10 mmimn.  

11. For the s lcon nitrde t p  used In the AFb1 stud es. the 
lateral frict on coeficent IS qualitatively proponional 
to the hydrophcity of the surface. A detaed analy- 
s s  of different factors nfuencing the lateral f rcton 

for self-assembled monolayers on m c a  is gven In Y. 
L IL  eta/.  .Langmu~r 12, 1235 (1 99E)I. 

12. Crystalographc measurements bvere performed on 
a four-crce Rigaku single-crystal dfractometer with 
Cu Ka radaton from a 18-kW rotatng anode gener- 
ator. The structure vias solved and refined bvth the 
use of SHELXL-91 software. The coordnates have 
been submrted to the Cambr~dge Cystallograph~c 
Database. 

13. Subtracton of a 25 A th ckness of the c r y s t ~ n e  bi- 
layer as n the 3D structure from the 38(4) ,$ t rayer  
thckness obtaned by AFM leaves 1314) A. whch  
's compatbe within a standard deviaton w ~ t h  the 
lE(2) A monolayer thickness. 

14. Comparison of the obseived and calculated Bragg 
rods (the latter obtained hy x-ray structure factor 
computatons) showed that the a k y  chans on the 
top e v e  of the trayer are dsordered and there IS no 
ordered b ndng of PEA from the subphase. 

15. Beam damage had n fact occurred, but we lacked 
the quanttative data to ntroduce a proper correction. 

1 E. S. P. Z~ngg, E. M. Arnett. A. T. McPhai A. A. Both- 
ner-By, W. R. G~lkerson, J. Am. Chem. Soc. 110, 
1585 (1 9881. 

17. H. L. Diego. Acta Chem. Scand. 48, 306 (1994). 
18, In the complex (R-MA. R-PW) the pheny rings w t h n  

a layer are uniformly tllted in a manner compat~be 
w th  close packing of the hydrocarbon chains; In the 
(R-MA, S-PEA) salt the pheny r ngs are not unformy 
tilted. 

19. We thank S. M a t s  for performng the AFM measure- 
ments. Suppoled by the M~newa Foundation, the 
German Israeli Foundation (GF), the Danish Founda- 
t~on  for Natural Sc~ences and HASYAB,  DESY, 
Hamburg, Germany (beam time). 
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Design of Nonionic Surfactants for 
Supercritical Carbon Dioxide 

J. B. McClain, D. E. Betts, D. A. Canelas, E. T. Samulski, 
J. M. DeSirnone," J. D. Londons, H. D. Cochran, G. D. Wignall," 

D. Chillura-Martino, R. Triolo 

Interfacially active block copolymer amphiphiles have been synthesized and their self- 
assembly into micelles in supercritical carbon dioxide (CO,) has been demonstrated with 
small-angle neutron scattering (SANS). These materials establish the design criteria for 
molecularly engineered surfactants that can stabilize and disperse otherwise insoluble 
matter into a CO, continuous phase. Polystyrene-b-poly(1 ,I-dihydroperfluorooctyl ac- 
rylate) copolymers self-assembled into polydisperse core-shell-type micelles as a result 
of the disparate solubility characteristics of the different block segments in CO,. These 
nonionic surfactants for CO, were shown by SANS to be capable of emulsifying up to 
20 percent by weight of a C0,-insoluble hydrocarbon into CO,. This result demonstrates 
the efficacy of surfactant-modified CO, in reducing the large volumes of organic and 
halogenated solvent waste streams released into our environment by solvent-intensive 
manufacturing and process industries. 

M o r e  than 30 billion pounds of organic agents, and dispersailts ( 1  ), and solvent- 
and halogeilated solvents are used world- iilte~lsive industries are considering alterna- 
wide each year as process aids, cleaning tives that can reduce or elitninate the  neg- 

ative impact that solvent e~nissioils can 
J. B. McCan.  D. E. Be~ts .  D. A. Caneas, E. T. Samuski. 
J. M. DeSimone, Department of Chemstr]. Unversty of the Because of its 
No-th Caro~na, CB 329C. Venabe and Kenan Laborato- low cost, wide availability, and environ- 
r~es Chapel Hill, NC 27599, USA. mentally and chemically benign nature ( 2 ,  
J. D. Londono, H. D. Cochran, G. D. W~gnall. Oak Rdge 
Natiora Laborator]. Oak Ridge, TN 37831. USA. 3),  CO,  is an  attractive solvent alternative 
D. Chu~a-Mart ino and R. Tr~olo, Depariimento d Chmica for a wide variety of chemical and industrial 
Fsca, Uriversty of Paermo, 901 23 Paermo. Italy. processes. Although CO,, ill both its liquid 

solves tnany stnall molecules (4 ) ,  it is a very 
poor solvent-at easily accessible coildi- 
tions (temperature < 100°C and pressure 
<300 bar)-for inany substances, and cotn- 
mercial applicatio~ls of pure CO, as a sol- 
vent have been infreauent. Materials that 
have disappointingly low solubilities in pure 
CO,  include most polymers [except arnor- 
phous or ion-melting fluoropoly~ners and 
silicones (2 ,  4 ,  5)] ,  waxes, heavy oils, ma- 
chine-cuttiilg fluids, solder fluxes, photore- 
s i s t ~ ,  proteins, salts, and metal oxides. T h e  
design and characterization of surfactants 
that  enhance the  solubilising properties of 
CO,  is therefore crucial for its widespread 
application. 

Block and graft copolymers conlposed of 
chain segments with dissimilar solubility 
characteristics self-assemble into well-de- 
fined structures when placed ill a medium 
that is a good solveilt for one of the  seg- 
ments ( the  lyophilic segment) and a poor 
solvent for the other segment ( the  lyopho- 
bic segment) (6-9). These nonionic sudac- 
tants are typified by rnicelles or tnore com- 
plex aggregates in which the lyophobic seg- 
tnents form a core surrou~lded bv a shell of 
the  highly solvated lyophilic seirnents that 
extend into the  contiiluous nhase (6 ) .  T h e  , , 

core regions of such ~nicelles are technolog- 
ically ~lseful, as they are canable of ernulsi- 
h i n g  otherwise iilsbluble iLaterials into a 
tnicrophase-separated environinent \vithin a 
preferred contiiluous solveilt phase (9) .  
Here, we report the direct structural charac- 
terization by S A N S  of well-defined, spheri- 
cal m~celles result~ng fro111 a serles of molec- 
ularly eng~neered block copolymer surfac- 
tants in scCO,. Our  results also detnonstrate 
the efficacy of these surfactants in emulsif7;- 
ing i~lsoluble solutes into C O T  This devel- 
ontnent mav ~~l t i tnate lv  enable surfactant- 
Iiodified CO, to  be used as a replacement 
for conventional solvent systems currently 
used in  manufacturing and service indus- 
tries, such as precision cleaning (metal fill- 
ishing, microelectronics, optics, or electro- 
plating), medical device fabrication, and dry 
(garment) cleaning, as well as in  the  chem- 
ical manufact~~ring and coating industries. 

u u 

Several laboratories have demonstrated 
nrogress in  the  in~cel l isa t~on of aqueous and 
A - 
polar materials in many dense sc fluids in- 
cludiilg alkanes, chlorofl~~orocarbons, hy- 
drofluorocarbons, and CO, (1C-15). How- 
eT7er, success in  designing generic surfac- 
tants for CO,  has been hindered by the  
challenge of identifying lyophilic segments 
for CO,. X promising lead for the  design of 
highly effective surfactants for CO,  arose 
out of two related discoveries: ( i )  that CO, 
is thermodynamically a good solvent for 
fluorinated acrylate polymers [positive sec- 
oild virial coefficieilt ( I  3 ;  16)], and (ii)  that 
these satne polymers could be sy~lthesized 'To whom correspordence should be addressed. and supercritical (sc) states, readily dis- 
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under homogeneous conditions in C0 ,  
(1 7). Therefore, the fluorinated acrylate 
segment can be considered as a vehicle to 
bring insoluble components into CO,. Re- 
cent evidence has shown that fluoroacrylate 
polymers could be used to bring hydrated, 
water-soluble polyethylene glycol segments 
into CO, (1 0). 

The bock copolymers that we have 
molecularlv eneineered to be interfaciallv , - 
active in CO, are composed of a C0,- 
insoluble polystyrene (PS) segment and a 
C0,-soluble poly( 1 , l  -dihydroperfluorooc- 
tyl acrylate) (PFOA) segment. Because of 
these solubility differences in CO,, such 
block copolymers are predisposed to self- 
assemble spontaneously into micellular 
structures in CO,. We synthesized PS-b- 
PFOA diblock copolymers (Fig. 1) with 
the "iniferter" technique developed by 
Otsu (1 8-20). We first svnthesized the 
lyophibic ps.segment of the surfactant by 
using tetraethylthiuram disulfide as the 
initiator. We determined the functionality 
of the telechelic PS segment by using ul- 
traviolet-visible spectroscopy, and the 
number-average molecular weight ((M,)) 
was determined from eel ~ermeation chro- " .  
matography. This functionalized PS seg- 
ment was then used as a macroinitiator in 
the photopolymerization of the second 
monomer, FOA, to form the second lyo- 
philic segment of the diblock copolymer 
(for simplicity, we will henceforth refer to 
the block copolymers by listing (M,) for 
each block, (Mn),,,,ene-b-(Mn)Fo*). 

During the past two decades, SANS has 

Styrene 
Tetraethylthiuram disulfide 

1 65" to 80°C 
9 to 12 hours 

0 
Poly(styrene) macroinitiator 

PS-b-PFOA 

Fig. 1. PS-b-PFOA synthesis and structure (18). 
R, = CH,(CF,),CF, and contains -25% CF, 
branches per molecule. 

C " 2 T  

ORf 

FOA 

emerged as a powerful technique for study- 
ing the self-assembly of amphiphiles in 
aqueous media (21 ). Experiments to deter- 
mine the characteristics of PS-b-PFOA mi- 
celles in scCO, were performed on the W. 
C. Koehler 30-m SANS facility at the Oak 
Ridge National Laboratory (22). The neu- 
tron wavelength A was 4.75 A (AAP - 
5%), and the sample detector distance 
ranged from 6.3 to 10 m, resulting in a 
range of momentum transfer 0.006 < Q = 
4.rrA-' sin 0 < 0.1 A-'. where 2 0  is the 

UV h~ 

angle of scatter. Instrumental procedures 
and calibration as well as the procedure for 
SANS measurements from scCO, systems 
have been described (23-27). 

Neutron scattering curves (Fig. 2) from 
PS-b-PFOA in CO, were fitted to a spher- 
ical "core ~ l u s  shell" model based on a 

r 

solid PS Lore and a uniform-thickness 
shell containing PFOA chains swollen bv 

L 8  

CO, solvent molecules. Parameters of the 
model include the aggregation number 
N, (the number of block copolymer units 
forming each micelle), the number of CO, 
molecules N o  (that swell the PFOA co- 
rona per FOA init) ,  and the polydispersity 
Darameter Z (related to the variance of the 
Schultz distribution of the particle sizes: 
increasing polydispersity with decreasing 
2). The radius of the core (R,,,) and of 
the total particle (R,,,,,) can be easily 
derived from these parameters. If we as- 
sume no orientational correlations, the co- 
herent differential cross section, dZ(Q)/ 
dn,  for such a model is given by 

(28), where N, is the number density of 
particles, S(Q) is the structure function aris- 
ing from interparticle scattering, B is the 
background, and F(Q) is the scattering am- 
plitude of the spherical particle. 

Table 1. Characterization of PS-b-PFOA micelles 
in CO, (65"C, 340 bar, p = 0.842 g cm-3 as a 
function of block lengths. 

Surfactant R- Rtotal 
CM,)-,.-b- N,, 

(Mn), 
(A) (A) N c ~  =corn 

A series of PS-b-PFOA surfactants hav- 
ing differing lyophilic PFOA segment 
lengths and lyophobic PS segment lengths 
were dissolved in CO, at 65OC and 340 bar 
(density p = 0.842 g ~ m - ~ )  and character- 
ized by SANS (Table 1). If we rely on 
calibrated SANS curves, the fit of the scat- 
tering results to the core-shell model indi- 
cates that the block copolymers self-assem- 
ble into spherical core-shell structures (see 
Fig. 2). A systematic increase of the PFOA 
block length (the first three entries in Table 
1) results in a variation of only the "shell- 
dependent" properties: an increase in R,,, 
and a decrease in the swelling of the corona, 
evident in NCOZ. The "core-dependent" 
properties, R,, and Nw, remain essential- 
ly constant for surfactants of constant PS 
length. Control of the core-dependent 
properties is evident in the smooth increas- 
es in R,, with increasing PS segment 
length. The behavior of PS-b-PFOA surfac- 
tants in CO, follows the expected scaling 
laws of micelles composed of block copoly- 
mers with variable segment lengths in tra- 
ditional solvents (29, 30). 

The solvent strength of scC0, is easily 
tunable with changes in the system density 
(directly related to temperature and pres- 
sure) (2, 13, 16, 31 ). Thus, the association- 

: - Potydlspeme spheres 

I 
I 

I 
I t ! Supermitical CO, 

t Aggregated Pol~(sWrene) 
chain segment 

- PoWFOA) chain segment 

Fig. 2. Plot of W(Q)/dfl 
versus Q for 3.7"-b- 
16.7" PS-b-PFOA in 
scCO, (65"C, 340 bar) 
with fitting to a monodis- 
perse and polydisperse 
core-shell model. 

SCIENCE VOL. 274 20 DECEMBER 1996 



Added C0,-insoluble component 
[% (w/w) based on surfactant] 

Fig. 3. The ~ ~ ~ ~ ~ e l l n g  oi 3.7"b-39.8k suriactant 
tniceles in CO, (65°C. 340 bar. p = 0.842 g c m P )  
with PS ogomers. Surfactant concentration = 

4% (\.V/\ll 

of amphiphiles in CO; should be strongly 
iiepetldetlt on the CO, density because of 
changes in polylner solubility as a f u n c t i o ~ ~  
of solvent quality. the densit\. of CO, is 
increased (32) )  the solvation of both seg- 
ments beco~nes greater, which decreases ag- 
gregation and creates more dynamic mi- 
celles. Thus, we anticipate the  existe~lce of 
a critical lnicelle density, analogous to a 
critical micelle concentration, to describe 
the p h e ~ l o m e n o ~ ~  of unimer-to-aggregate 
transitions for amphiphilic materials in sc 

fluids with changing solvent (quality) den- 
sity. Table 2 shows the effect of two exper- 
imental co11ditions--65"C, 340 bar, p = 

0.842 g cm-' and 40°C, 340 bar, p = 0.934 
g (31)-on the  association of PS-b- 
PFOA surfactants. W i t h  increasing solvent 
strength (density), smaller and Inore poly- 
disperse micelles are evident, especially for 
surfactants with a higher PS/PFOA ratio. 
W h e n  the  PFOA segment length is in- 
creased to -135 repeat units, the  micelles 
are essentially u~laffected by CO, density 
over this range of conditions. 

W e  demonstrated the  ability of a PS-b- 
PFOA micellar solution in CO; to emulsify 
C0,-insoluble lnaterials by adding model 
C0,-insoluble hydrocarbon oligomers (500 
g per mole of oligomers of both deuterated 
and hydrogenated PS, referred to as D-oli- 
gomer and H-oligomer, respectively) to the  
system and monitoring by S A N S  (33).  W e  
used both H- and D-oligomer samples to  
take advantage of different neutron scatter- 
ing contrasts and to q~lantify the fraction of 
oligolner inside the  micelle core versus oli- 
golner free in solution or stabilized by free 
surfactatlt (25).  S A N S  characterization of 
micelles of PS-b-PFOA surfactants in CO: 
( 6 j ° C ,  340 bar, p = 0.842 g cm-') with 
added H-oligomer and D-oligomer display 
stabilization of >99% of the  added oli- 
golner into the  core of the  micelle. T h e  

Table 2. The effect of CO, density on the self-assembly oi PS-b-PFOA surfactants of varying block 
lengths. 

Surfactant- CO, densty Rc:re Rykti1 
(g ~ rn -~ i ' i .  IVEgg (A) (A) Nco, Z c m e  

'S~~ iac tant  concentratlon = b . 0 ' ~  (w,v; Walue for pLlre CO, at the temperature and pressure of the experment 
1321 

Table 3. Effect of CO, dens~ty on the swet ig  of PS-b-PFOA suriactant micelles with a PS olgomer. 

Surfactant- [Ogorner]-I- CO, densty R,re Ry3ti1 
(g cm-?:i: I V w  (A) (iij " ~ 3 ~  Z c c r e  

" S a r f ~ c t ~ n t  concentratlon = 4.0'0 (L*J,YI fOlgorner concentraton = percent IL*J,VJ~ of s~rfactant;  a experments 
,?:ere perforrec: vdth D-o~gorner l l l a l ~ e  for pure CO, a: t i e  terperatare and pressLre of the experiment 1%) 
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mlcellar core volume increases \\it11 added 
H-oligomer and D-oligomer as a function of 
olioomer concentration for the  3.7"-11-39.8" 
surfactant (2C) (Fig. 3).  By a co~nparison of 
the u n s \ \ ~ o l l e ~ ~  surfactant micelles with the  
swollen system co~ltaillillg added oligomer 
in Table 3,  we see a n  approximately eight- 
fold increase in the  volume of the  lnicelle 
core with the  addition of up to 20% (~v /w)  
oligomer. 

T h e  density of CO,, over the same range 
studied for uns~vollen aggregates, seems to 
have little effect o n  the  structure of oli- 
goner-swollen m~celles (Table 3 ) .  Highly 
slrrollen systems were observed for three dif- 
ferent surfactants at CO; densities r a~ lg i~ lg  
from 0.542 to 0.934 g c~n- '  with less than 
5% change in the  dimensio~ls or character- 
istics of the  micelles. This is very different 
from the  associatio~l behavior of similar ~111- 
swollen surfactant micelles. In the oli- 
gomer-sm;ollen system, the surfactant mole- 
cules are forced to an  interface bet\'i~een 
insolublk PS oligomer and CO;. This effect 
results in diminished challges in the  overall 
structural dilnensiolls with solvent strength u 

so long as CO, relnains a good solvent for 
the  PFOA shell segments. Earlier work has 
shown that PFOA is in a thermodynamical- 
ly favorable solvent a t  both densities ( 1  6 )  
and therefore retains its propensity to sta- 
bilize a larger C0,-insoluble core. 
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Grain Growth Rates of MgSiO, Perovskite and 
Perielase Under Lower Mantle Conditions 

Daisuke Yamazaki,* Takumi Kato, Eiji Ohtani, Mitsuhiro Toriumi 

The grain growth rates of MgSiO, perovskite and periclase in aggregates have been 
determined at 25 gigapascals and 1573 to 21 73 kelvin. The average grain size (G) was 
fitted to the rate equation, and the grain growth rates of perovskite and periclase were 
~ 1 0 . 6  = 1 x 10- 57.4 t exp(-320.8/RT) and GiO.' = 1 X 10- 62.3 t exp(-247.OIRT), 
respectively, where t is the time, R is the gas constant, and Tis the absolute temperature. 
These growth rates provide insight into the mechanism for grain growth in minerals 
relevant to the Earth's lower mantle that will ultimately help define the rheology of the 
lower mantle. 

M a n t l e  dynamics depends on the rheology 
of the constituent materials and the transi- 
tion from spinel, (Mg,Fe),SiO+, to perov- 
sltite, (Mg,Fe)S1O3, plus magnesiowustite, 
(Mg,Fe)O, that is believed to be responsible 
for the 66C ltin discontinuitv. which setTa- 
rates the upper and lower mantle ( I ) .  Some 
tomographic st~tdies suggest that high-ve- 
locity anomalies may correspond to a cold, 
subducted slab t~enetrating into the lo\ver 

u 

mantle (2) .  Grain growth rates and the 
intergranular texture of perovskite plus 
magnesiowustite are important factors for 
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understanding the rheology of the lower 
mantle, because grain size and orientation 
should affect flow dynamics (3). Karato e t  
al. (3) suggested that the dominant defor- 
mation mechanism in perovslclte is volume 
diffusion creeD at lower mantle co~lditions 
when the average grain sire is less than 1 
min. In this case, the effective .I-iscositv is 
proportional to the square of the grain size. 
The evidence for a lack of seismic anisot- 
ropy in the lower mantle is co~lsistent n;ith 
defornlation by diffusion creep (4). Howev- 
er, grain growth rates of lo\ver mantle min- 
erals have not been determined, and direct 
ex~erimental  determination of the rate laws 
is needed. 

We conducted annealme exoerinlents at 
u A 

pressures LILT to 25 GPa to determine the 
grain growth rates of aggregates of perov- 
skite (MgSiO,) and periclase (MgO), using 
a multianvil apparatus (5). A fine powder 

( < I - p m  grain size) of synthetic forsterite 
was loaded in the apyTaratus at room t e n -  
perature and the pressure \vas increased to 
25 GPa, which corresponds to about 7CC 
lcln depth in the mantle (6) .  Then the 
sarnole \\.as heated at a constant rate of 
lCC°C per minute to the run temperature 
which ranged from 1573 to 21 73 K (7).  Run 
durations at constant temperature ranged 
from a few seco~lds to 1897 mill (8). The  
run prod~tcts were investigated using a scan- 
ning electron microscope (SEM) to mea- 
sure grain sires, an electro11 lnicroprobe to 
determine the compositio~l of each phase, 
and an x-ray diffractometer to determine 
the structure of each ohase. The grain 

u 

bou~ldaries Ivere traced on backscattered 
electron images (BSE) of thin sections, us- 
111g co~np~lterized image-processing. The 
grain sizes were estimated from the area of 
each grain, assuming the irregular grain 
boundar\~ outlines could be approximated 
by a circle. Schwartz-Saltykovs nlethod (9) 
was used to estimate the three-dimensional 
average grain size from the estimated gram 
areas (Table 1).  

At  low temperature (1573 K) and short 
duration (6 min), aggregates of perovskite 
and ~ericlase formed eutectoid-like grains " 
with eq~ugranular spinel grains (Fig. 1A) 
( l o ) .  The  eutectoid texture may be due to 
the growth of nuclei, controllecl by atomic 
diff~tsion toward the interface between the 
host gram that colntains the nuclei and the 
high-pressure phases already created in the 

Table 1. Experimental conditons and calculated 
average grain size (9) for perovskite (Pv) and per- 
clase (PC). For each experiment, the forsterite (Fo) 
povt~der was held at 25 GPa at constant temper- 
ature (T) for the given duration. The Fo was trans- 
formed to a mixture of equigranuar Pv and PC in 
all the runs except PV13 (only equgranular spinel 
was observed) and PV20 (spnel, perovskite, and 
periclase were observed in a eutectoid texture). 
Numbers in parentheses are the standard devia- 
t~ons (la) for the grain size distributons: f.s. ,  run  
duration is afew seconds (8); n.d.. not determined 
because tile grain sze was less than 0.5 pm and 
could not be measured. 

PV13 1573 
PV20 1573 
PVl0 1573 
PV17 1573 
PV15 1873 
PV22 1873 
PVll 1873 
PV21 1873 
PV18 1873 
PV23 1873 
PV16 2173 
PV12 2173 
PV19 2173 
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