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iomes o the 515 three-helix junction throwgh both spealic and non-
specific {shielding} interactions:

These resules illustrate that when wad in conjunction with 2n
apprapriate fhichuation thearem, nonequilibrium . sngle-malsoule

roe measurements can provide equilibeium information such as
folding free energics, even if the process studied oocurs under far
fromeexquilibriurm conditions, The approach works using soft optical
traps hut is probably limited o processes that dissipate less than
100k T Whether it can be exterded o studies thar use much stiffer
atornic-force-microscope cantilevers to pall proteins”™ is at prosent
heing exarnined in owr laboratory, Finally, the initial and firal states
of rralecular interactions such as ligand bindivg or macromolecular
aernbly wsially do mot correspond to measarable rmolecular exten-
sl cased, the appioach as described cannot an present be

applied.

Sample preparation. The BNA molecules were prepared as previossly described
by ref 16 Fach Dl sequence conresponding to the three different BNAs wa
cloned szparaiey s 2 veanr benwesn EaiBl and Hindll] awes, A
oo by chain feaction
ang an apsiream T7 pros
sgbendcs conies o disg
af pBEATI (MCRL 1D )
ropectively. The three RNA seqaanm. were
pobpmers™, Tien T handles ware synthesized by 7
mpsream of the RNA was bactindated 2 the 3 -on
ity was actached 1o the 3 -endl of the other handle. The
Famdles were annenled by Beating samples 1o 83
e o pnoin temparatire. The RN haiepis graled in 104 mM Teis.HCT,
pH &1, 1 mb] EDTA buler, The 515 threehelix janceon aed she svaian have

s wracheodides AR e | aed drewn 9 10 628,
ribod fv wero nang T7 RNA
. The Dida b

Iz pastlied 1162 md EC], 10 mbd pid 7.4 balfer. [n & mad Mgl the KO
comentialios wis sdjaited s 30 mAS Lo work i Uhe dase o stezigh
alsence ol Mgt
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lonic colloidal crystals of oppositely charged

particles

Mirjam E. Leuniszen'*, Christina G, Christova'™, Antti-Pekka Hynninen', C. Patrick Royall't, Andrew | Campbell!,
Arnout Imhaf', Marjolein Dijkstra ! René van Rolj” & Alfons van Blaaderen

Collosdal suspensions are widely nsed to study processes such as
medting, freerng’™ and glass transitions™, This is because they
display the sanwe phase hehavionr o atoms or molecales, with the
nano- 1o micrometre size of the colloidal particles making it
possible (o ohserve them directly in real space®. Another attrac-
tive femture is that different types of colloidal interactions, such s
lomy-range sive', short-range attractive®, hard-sphere-
like** and dipolar®, can be realized and give rise o equilibrium

asex, Hwever, spherically symmetric, | attractions
ﬁ;ul iis, ionic interactions) I-\Emfur:hn;?ﬂm in irrevers-
ible colloidal aggregation®. Here we show that the dectrastatic
interaction between oppositely charged particles can be tuned
such that large ionic colloidal crystals formn readily, with our
theory and simuokations confirming the shbn.llq'ofdmrmuc
tures, Wie find that in contrast to atemic systems, the stoichio-
metry of our colloidal crystals is not dictated by charge newtrality
this allows us to obtain a remarkable of new hinary
structures, An external electric field melts the crystals, confirming
that the comstitment particles are indeed oppositely charged.
Colloidal model systems can thus be used 1o stsdy the phase
behavioar of ionic species. We also expect that our approach 10
controlling apposite-charge interactions will faclitate the pro-
duction ol binary crysals of micrometre-sized particles, which
could find use as advanced moterials for photonic applicitions”.

We recently developed 2 versatile colloidal mndd system of
charged, sterically .1I|1|I|2.ﬁ.‘| lvmethylmethacrylate [PMMA)
spheres ina nmrly dersity-matc] ]r‘d. misture of cpclnhexd bromide
{CHE) and cis-decalin®®, We simultanenasly matched the refractive
indices to eliminate the van der Wasls forces, The range of the
electrostatic inferactions can be tuned with a salt like tetrabutyl-
Aramenium Trmnﬁdr (TBAR) ard is characterized by the Thebye
sereening hength, ' ', which for @ umiber density 2 of monovalent
cations and amions s given by

W ) ()

Here the Bjemrum length is &y = &' {dwee by T = 10.0mm, with &
the melative dielectric constant of our solvent, &, the didedric

ermittiviey of vacuum, ¢ the elementary charge, ky Boltzmann's
comstant and T the absolute temperature. From measurements of the
three-dimensiomal radizl distribution function we found thar these
suspensiomns. are well-described by o pair-wise screened Coulorb
potential Vilrl (ref. 8

Viir) bl i

LT ?‘”"u+m1||+m,; v 1=

ance between fan partiches with respective radii

wiliere v is the

and charges

Heve wie irerese the complexity by investigating suspensions that
congist of twn trpes of colloids witl oppesite, dissimilar charges 2,
and #, and different vadii o, and a,. For binary syssems, muoch less
ok 1% reported than for one-component suspensions and it mostly
deals only with bemg-range repulsve® and hard-sphere-hike inter-
jalthough several resarchers recently obseved banary
el eollnids that probably formed in the

W discovered that in our zpalar suspersions the addition of
THAR salt affers comitrol over the particle charge, hesides regulating,
thie screening lengeh. The charge even reverses from plus to minus a
eederibe salt concentratiors”, Given the many compoments ineolued
i thee symthesis of the celloids', it is not swrprising that we obtain a
dightly different clurge reversal point for cach hateh of particles,
Exploiting this, we prepared salt-contzining, mixtures of differenthy
lzhelled fluorescent splwres, thereby establishing binary systerms of
eolloids that carry small, opposite changes, Below, we present our
abservations on same-sae spheves, followed by raxmures of large and
small spdieres,

Fer a relatively broad range of parmmeters we cheerved complete
freemng mio lange, cassium-chlonide-type (L3Ol ) angle crystals, thar
comgist of several tems of partiche layers measuring up o
W00 30 | Sapplementary Fig. 1. This even happens for col-
Lol a2 barrgee 25 the omes in Fig, la—d. Thse plus and minus particles
had rasdiia, = L8 and a, mel‘t‘q’hﬁnﬂv. that is, a size ratio
azla, dose o unity 11.92). Typical suspensions with 2 1:1 particle
nurmber ratio had an overall wlame fraction g == 0,12 and contained

~ipM TBAR, eomesponding to &' = 285nm, From electro

plhwretic mobility mezsurements we found approsdmate charges of
Fy=1and #, = —75 (£ 1 sl ). As expectad, for significanthy
higher darges only irreversible aggregation ecourred. W stress that
we did the measurements both with dilute suspensions of the
individual particle species and i st in the concentrated Binary
samipdes wsed for phise belwviour studies (see Methods section for
detals).

The Cell character, that is, two interlaced simple cubic Lattices
tegether forming 2 body-centred cubie (hee) lattice, was confirmed
by quemtitative confocz] micrscopy and by measuring the Bragg
angles with light scattermg | Supplementary Methods, Supplemen-
tary Table | and Supplementary Frg. 2). W found 236 pm for the
lattier parameter, which translates min a padking fraction of 071
Within the experimental ervor, this is the dosest CsCl-rype packing,
pesssible for these spheres.

We followved the ncleation and growth of the crvstals over time
{Supplementary Fig. 31 Within —35h we see the firet crpstallines,
tlir rardom orientation indicating homogeneous rudeation, This
muackeation time i remarkably short for binary colloids, because dow

g, The Meteriaeds fhsi

e, ks iy
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daffusion and st sedimentation were expected 0 hinder crysal
g_rmeﬂl for ouar 2pm splwlw.. Mevertheless, without fine rurring the
ennditioms, we obscrved significanthy faster crysallization than, for
instamee, the four days reported for certain optimized hard-sphere
rstemns of much smaller partiches™ . This ease of growth is impart
ant for the production ot advanced materials, like photomic crystals,
hecause handgaps in the near-infrared require a dense, regular
packing of micrormetre-sized spheres’,

A =050 and 19008 TBAD (7' = 195 nm) we observed o
close-packed Lattice with the plos and minus particles randomly
distributed ever the sites (Fig. 1l This so-called *solid solution’
had & Lattice spacing 6% lasger than the demest possible packing
{packing fraction 0.74), Sani-guanti chservarions indicate that
this different structure, widh v vecently predicred in simulations

[Figrars 1| CaCl-typs binary erystale. a—a Positive fred, rading 10€ gm ) and
megadive [green. .5 pm b FMMA-spheres. a, Confoecal micragraph of a large
{0005 plane tscale bar, 10 zml Inset. the cubic CoOl-type unit cell,

b-d, Chowe-up of the 10k and (1115 planes plus cormesponding
mindels. &, “Salid solutben’ The stacking of the hexaganal liyers & visihle in
ithe ke with rendered conedingies. The meedel spheres have a smaller radius
far charity. 1, Card (1000 and &, (1000 planes with pasitive PMMA& | grecn,
d, 058 wm | partiches. Suale burs in Bog, 4 um.
wrsed im THAB-comiaining CHRE-decalin
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ol the restrcted primitive model™, i duse to bmver partice charges.

We alsn lonked at hinary crystals of two different materials,
heeause the ability to croase these is imiportant for applications. We
used PRMMA (g, =058 pm, pasitivel and silica (@ = 0.52 jpm,
m-g;\riw] P\I.l'rifh.‘{ in a 5%vnl 2047wl b CHB-deczlin misture
(4 == 050,20 and ~1G60pM TBAB), Tispite the large density
contrast (—L2gom " for PMMA versus Zogon ! for silica) dw
lectivstatic attractions ane strong enough to cvarcnme differences in
sedimentation. This produced quick growth of CsCl-type crystals
again {Fg. 1F, gl

Previowsly, we demorsteated that PMMA can be bumed vy
fromm corposite crystals, beaving the gilica spheres bebind™. Using
this preweduie cne coubd rurm & CaCl-type crvatal into 2 simple cubie
lattice,  strusctare daat has not vet been pealined by self-organization
of collods. Moreover, sbica-rmly gtructures ane mmportant for the
productiom of photome orystals sath “imverse” index contrase, as this
alben regquires a high temperature reaction”.

We ennfirmed that the particles inside the hinary crystals are il
oppositely charged by applving an external, staticelectric field. Figure
2a shows how @ Coll-type arystal melts as the differently labelled
partiches move towards opposite electrodes, This also demanstrates

Figure 2 | Electric-field-induced melting. a, Canfecal snapshors of the
melting process induced by  siatic eheciric field (8 = 7V mm yat = 0,
125 and 100 5. The Frame-averaged value of the hond order pasamersr gy s
indicated. [n the Yorenol consiructions srange polygens are threefold
cnardinated; white, fourtald; blue, Gvelolds purple, siclold”. B, Jasmed
“hand" farmatisn in & dense phe. £ Dynanc lane foemation an lewer
Aemsity and 80V mm ' AT sl bars are 1 pm,
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that dectre fdds are a powerful way to manipulate these soft
eolloidal erystale. Here, 2 mere 7V mm ™' sufficed. Purthermore,
we niote that this system is very similar to a certain electronic ink
iesink' 1, althoegh e-ink 2 sihes

In some r.lvslﬁw ﬂﬂﬂﬁ’d induced interesting, pattern for
mation. Dense suspensions (g = 0,400 in faidy high felds
(=20 mim ') form ‘hends’ perpendicular o the fidd divection
(Fig. 2bl. The differcnit particles initially move in opposite directions,
bt sy fonm & glasey state, which no lomger shows amy diffusion o
fekd-induced drift. This proces is resersible: the system ‘un-jams
when the feld s switched off. Tn selatively diluse suspensions
G = 020,300 the collodds remain mobile and anether pattem
apipears, with the oppaositely driven partiches segregated into lanes
alorg the fehd divectien (Fig. 2¢), This so-called ‘Lane frmation’ is.a
first-arder out-ofequiltbaum phase ranstion™™, 1L can o be
studied m o aontrolled way and quantitzisely at the single particle
lesel.

W also imvestigated mixtures of large (1) and small (8} spheres,
with a comsi le size difference {(aya, =0.31}). Using a L:8
{1:5 number density)] suspersion of negative (a, = L16pm) and
positive [a; = 0.30pm) PMMA-particles {y = L1 ], estimated
TRAR-concentratiom <120 M) we ohserved crystals with 15,
stoichiometry ( Fig, 3), This mew struocture has a face-centrad ortho-
rhombic lattice of the large spleses. One small sphere ocoupies cach
oif the tetrzhedral lwles, while four small splweres are found in each of
thee actzhedral holes (o shighthy abose and two stightly belen each
al-planse of large particles in Fig % and d). The renaining small
spleres ave expedbed from the orystal, § After subrmission of this Letter
Pusey er af. drew our atbention to their observations of & slighth
different colloidal LS, -structore, wiich has a heoc symmetry™.
Huwwewver, this was reported 1o be a binary hard-sphere misoture and
o further detatls were given, We speculate that these binary ervstals
were also groven from oppostely charged eolloids). Interestingly,
these enllnidal structures resemble the arystals that are formed by

Figura 3 | LSy-typa binary crystals, -, Postive lgreen, radine 836 pm|
amd megative (red, 116 um ) PMMA-partides in TRAR-containing THE-
degalin, farming a struciure with L8 sioichiomerry. 2, Unid cell with
nhserved lariice spacings @ = 400, b = 264 and ¢ = 4.7 am (nat bo scale far
dlarityl. b, € Comlocal images and models of different sh-projeciions,
showing a laper of large and several lypers of small parcles (bl and a plane
with anky small parvicles (gl d, occut along the ling in b, As the micrascope
cold sal completely resobve e T snall pasticles in cach octahedral hole,
we indicated their pasitions witk dots. The arf i
parlicle. AN scale bars are & pm,
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certain alkali-metal intercalation compounds of the fullerene O,
with the sme stoichiometry®. In these compounds there is a large
sine difference between the constituent jons oo,

At inBhtI:F |rnsrer Bomic 'un'nr_rll v foumd another new strsctare,
15, for which no atomic or molecular cnmterpart has yet bem
dentified. In this case, each large colloid is surrounded by sx small
sphieres that ocoupy the trigemal interstices of the hexagonz] planes,
Abowe ared helon this 'mised” layer are planes of small particles onby
im a Blagornd-type armangement, This three- plane unit repeats itselfin
such @ way that the large colloids o an ARAB-stacking.

Tn alse proved possible to ctablish conditions under which the
sl splweres were essentially wiecharged, while the large spheres
were dlightly charged, a5 judged from their electroploretic mohiling
and the Lattics spacing in erystals of the individual particle specie,
In a L5 =l suspensaon with ¢ = 0.23 and no added salt

Fijgura & | LS-typs banuey eryatali. Charged fred, radine |16 pm | and
wnchargrd {green, .36 pm ) PMMA-partides in CHB-daalin. a. B, NaCl-
rype crysial. &, Combocalimage of the hexagonal plane and the wnis cell in an
hexagnnal (1) and & cubic 121 representation {snsall spheres enlarged for
chariny . b, Flans perpendicular in the hesagenal close packed layers,
shawing the A BC stacking of beth the lirge and small parices €, d, Nias
wype crystal. € Superpesition of confocal Images of sen layees and the
carreipunding model. d, Flane s in B, the moded shows the ABA-stacking of
the large and the c-stacking sl e small partices (spheres nod o scale ., All

scale hareare &pm
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(k! = L57 pm} we observed coststence af two different crystal
structures, both with 1.8 stoichiometry: sodium chloride type {NaCl)
and mickel arenide type (NiAs) \,-I;E 4). The latter stracture has a
hexagonal -chose- packed (1) stz |n!_nf1||.'|1|1 spheres with all
the octzhedral sites occupicd e small spheres, which form a
simple hevzgonal sublattice. In ||w Nall-rype structure the large
spheres fomm an face-centred cubic (foc) lattice, The small
aphieres fll the octahedral bodes again, bit e as an interpenetrating,
fucc, lattice, Recenthy, LS-type structures were also observed in
hard-splwre suspensioms'’ and in aysters of nasocrystals with
attractior ',

Althougly jonie orystals have boen theosetically irvestigated in
raary prapers, we found ondy one™ that deals with oppositey clarged
apheres interacting through 2 soeeened Coulomb potential, | Afte
subwmtting thas Letter e became avane of a theas™ that containsg

a
H _
ok
whk
LR § skl
e T
aF
ik
Mal| siokbe, ~20 KT
af *-#Hall gtobie, <10 KT
E: B M) e, -5 T
Ll WLl - CaCL -5 KT 7
1 L
0o 1 2 3 4 & & T 8 8 W

Figurs 5 | Theoretical phase disgrame. Based an seraened-Coulomb pair-
inleraciians [oquatinn (23} for difforent scroeming constant, coj, and charge
ratin £ = = F0F 1 0t a size ratioowyle g of 1 iadand .51 (b1, Full curves
indicate crystal-crystal tranitions From Madebung energy cakulations
{zero-temperature; black s and finive-temperature, zere-pressure

ME smubations with @ contact energy Vizod 20051 (green), — 104l
(bdae) and —5kT ired) @, The NaClstracrure melting line and NaCl-Cal
phase boundary. The cress indicates the estimated sate paint of the
experimentally ahserved Cacl erystals | Fig, La-di Niki, Culu and a5
sarugtwres, which we abie evaluated, are un- or metsaahle. b, Crystal phases
caexisting wilh a dilute gas af soaall callnide, from Madelung energies.
inkike I8 and 15 the L5y structure was nnt experimentally nhaerved, hut
wenerated by removing twe small pariickes from the ooabedral holes of 15,
Jenmpare the small colloid configuration around the central large sphere in
ihe iwe madelsi. In ihe Lig sirocture  unit of three particle planes {msets 3,
Azt o scale ) repeats il v form s bexagonal ASAR stacking of the lirge
collobds Inseis: |, prejeciion of the three baslc planes of L% 2, caniiguration
around & longe collodd, 3, side-view, 4, sideview ralated by 90 degrees. We
alin evaluated seructures of NaCL OOl Nida, Codw, ARy, Qo ALTiend
Caliay, buk these wore found io be unsiable

e
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thenretical imustigations and computer simmulations of the nter-
actions between oppasitely charged cnlloids and « E:'rimﬂnal
atternpes to realise 'lsimryfrwr.lls of such particles. ) Undortunatehy,
it restricts itself 1o a sngle sct of interaction parameters, s we
<1|in‘rn‘|t|r!|1h|||1‘vnl"d srent crystal structures further oursdves.
W did this for the size matics studiod experimentally {1 and (.51,
a8 a fumction of the charge ratio Q= —ZJZ: and the reduced
SCTECTINgG CONSANt i,

For long screening lengths (equation (1) owr oppositely charged
partiches resemble jonic syatems, bat with differences. Mt impos-
tantly, colloids together with their surveanding “diffuse laper’ of
counter-iong are clarge-neutral objects, Therefore, the stoi-
chacrmetry i ot dictated by cluarge euteality: even with a consider-
able charge asprrometry colloads can form orystals with 1S (or some
other} s.l.mhnmtn-. 2 m Fag. L.

The equilibriom strecture of 2 orystal s determaned by geometrc
requirements, stemming from shor-range repulsions, together witl
the pertential energy of the lattice and the entropr associated Mth
thermal effects. For inmic systems, the potential energy stron
depends on the Coulomb interactions, which we describe by 4 the
pair-potential of equation (21, This probably ic a good approx
mation for the like-charge repulsons®, but its accuracy for the plus
minus attractions is not swell ko §see below). We further assame 2
vanishingly small cemotic pressure, such that the crystals are sdf-
supported by their cohesive energy and coexist with a sero-density

VAL,

The phase diagrams in Fig. 5 display stroctures with miniisl
Madedung energy [ poteritial energy per particle in the perfect crystal;
woi s touching neighbous), inwhich we meglect entropy In this
pero-temnperatune limit the pluse diagram depends on the cluarge
mtio and not an the zhanlute comtact energies V) (equation (2}
wvalimted atr = i, + a,). The ahsolute charges anly s relevant
in the Mante Cado amulations tat we performed in order o ases
the importance of entmpy at ambsent temperature {see Methods
section).

The (-rpu'nm.'mﬂhr determined charges (of the particks in
Flg. la=d) grw a comeact enargy Vi of — — 2T for the plus
mins interactions. Hoseer, we bear in mind that the electric Feld
radient hecomes very steep near contact. Tt is not known whether
the Podssem-Ealtzmann approach underlying equation (1) s valid in
this case, nor what s the correct boundary condition (that is,
constant surface charge versus potential or something in between).
Therefore, we closs several contact energies and examined lese this
affected the stabiliy lines.

Figure 5a shons that the Madl and Call stractuees dominate for
sarrie-sie ool loids. 1Fwe include entropic offects, hoth the NaCl-Call
phats besumadary and the MNaCl melting line shift to ligher sr, (more
screening ). In our expertments, the cdear | e motson around the
lattice positions mdwates that entropy = indesd important. The
observed CsCl-type crvials (Fg. la—d) D inside r]n'mdamsd{h:l
regime, Their Maddung EneTgy U calculated 0 be o~k T
[per ]mmduj In the ‘molten’ regime {positive NaCl 'U'LvHu

energy) we find many other arystal phases, but this will be di "3
aleewhere,

The phase diagram for size rmtio 131 (Fig, 5b) nicely demonstrates
o the stoichiometry follows the charge ratio at low e, We
obtained this diggram with the common tangent construction,
taking the dilute plase ridh in small cofloids, Of course, this is just
o of sy possible ‘slices” through the multidimensionz] phase
diagram. Twe chocse the compaosition of the dilute plase diffeventhy,
wir aibitain a different diagram. However, the main features, sucl s
the ardier of the plases along the O-ads, remain the same, Thos, the
«charge ratie in the experimentally ohserved 15, -structure is probably
srmaller then sie. The dizgram also conlams a region where the
L5, -structure 1% stable. The msets in Fig, Shoshow a model of this
structure; we will present experimental data dsewhere.

Chur present expermments and those of others demonstrate that
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equilibrium phase belavinur of oppositely dharged colloids occurs
for a fairly broad range nFI|1.1mm|'re'|: and we expect that hinary
erystals should he ahservable for particle sises covering the entire
collnidal range, Fridence of crystallizing plus and minus spheres has
heen cheerved under conditioms different from those used here. W
also suspect that Undervanod o0 ol may have ruled out the presence
of oipposite charges too quickly as the origin of the attractions that
casend tlveir Call-type crvstals, All of these studies imolved arganic
snlverits, but we expect that ionic crysals can also be obtained in
e palar solverits, such i water, Althouwgl it is mere difficult w
bz the van der Waals forces sufficiontly small in water, this was
vevently achicved for o suspension with attractive interactions
radiared through complementary strands of TNA o the particles™.
A pnitwee with different complermentary sagquences for different
particles would 2ctually mimic our system for short soreening

lengths.

Particle symibsesic. We used palyimeshylescthaerdace (PMMA] and sibon pae-
Tadei The Bainer were snde by dipenios polymensa) cowalently labeiad
with the Baoraphors 7- = [ or rhodamive
isnthiocyanate {RITC) .|.n.-.||,— stabifivad with poly-12-hydronyseanc
PHEAT", These particls had a siea pobypdispersity of 3-3% (from Fight
and decin croscopy . We prepared ihe silica colloids asing a
|||o-]|1’|n.| Stber symthesis™, which idades continuous-feed sended prowth,
pesuliing s an BRITC labelled core of radias 200 e sunrounded by as uslabeled
shell. The partides wese thie coated with 3omserha: ridoxypropyl nasethoysi
lasse [ TPNED andd srabilined with PHSA Th al radiug wis O3 g, with 4%
palydisperity.

i.n,d:pu-pmmu.L..l.-u....u_uumlu:m||u.=..||=.u,m=.|.,1‘. e ina
of cyclnhieryd beom
§ than nearly mat
purified the CHE & d escribed |I-\r0l\. shipysed the distillag
charge and the range of the decirodais interaciions were ueed by adding
eraburylasmonive brognde salt (TEAB, Sigma-akdnch?, We Ja separaie
sivgensiis of the i diwidual pamicle spocies aqudidrme for several haoirs before

[ e ingether, We then confined e binary mixiuee to &Ju—s pilaries
Wi e it by meng of confical Bier scanning micenscapy,
1 the thres-di | i i as J=G=r|h=d leefiee®.

wiodki il tio of the

= t partich: volwrme (racr
Elecirical condustiviiy measwrements. e estimaied the Diebye soreening
leigth of our suspensions by messning, the condactrvity af the partice fre
solvent mixiees (witha b\.lelll.lfn:lﬁ!? condic vy maser) and e q-:
Walden's nale® . e wsad lineraume vabaes fon the liminng,
of TEAR in water and a viscoary of 2207 conlipense ap 3350 Imusu.:nlwfll a
Schalt ViseSgstem) loe Use slvenl mislies.

i i Particle charges were quantifed by
g 2 Coulber Didia #4055 | on dilube suspausions
w CHE-dacafin mistura®, Thee rum pu

stationary layers by Kosmpaa linearizaion™ and rdated the el
mobulicy 1o ke 2o possnial via the O%Brien and Whise s
didearic specirascopy {with an HP 42540 impedaince analyser the dikectric
cosstant of the solvess mismure was found o be 559,

We aley esimanad the chasges us che denser microscopy samples. The saple
cell conssred of 3 01 3 Dim capillany wish twa 500 dinmeser sickcalloy
wiees | GondicSow | o ad:\.llluwnju alensgg e side walls. We applisd a diveus-
el he electreplonetic motion el

bumr-r uus.u]s {scan qa-ed -3

widual paricles sy
Framses'second ), We
batwean sunbsequent
Theory asd compuier simulations, "V paranserzed our Madelung energy
caboalations and comgrmer sevalaticns by choosing values for the seduced
screziling consant ey, the charge ratio 4 2Ey energy
Vialay + a2t These pamiscrers, ogether with 1he sive rane @3,
Iully devermine the paw potestial of epuanion (25 We performed so-called

2-NFT Mante Carbo sisvabilions, thii keepusg the samber af pastacks
puesanes P and the remperavar ed eyszl cesnists wath & bow-

=
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preisanc™. [n this way we cbiaieed the Nal-arucues meling lines sesd che
stabubiion of all other crysial stroctans, The NaCl-CsO phase [
energy Vool = 3k Twas detenmined by fiest m aring the free gy ofbeoth
phases wath respect to density and then finding the point where the free energy
Pt pa of the twin phass is equal We aloulinal rhe free e
"rone T Mane Carke sioulazions | g the eamber of o
HIIJIIII’ 'I"mn! the temjseratiee T o e Frosdd-Ladd scthed™. We did all
Thare with paridic bourdary canditioes, taking 216
and 130 particles for the NaCl- and ColF-arysals regreciively.

W determmined the Madclung enevgy with the posential energy calculasion in
the Miowme Carle code, assnming contact beneeen neighbouring spheres in a
sonucmure. The abecluse value of ¥y dess not play a roleas lowg a: the s e
- o the Ly LS and 1Sgataniess the cncngy i
heie lattice parsssciess. We thes drew e phase dugram
weith ihe common tangant coestnuction, takieg the dilube phas rich in small
collsids. all the orher wractures that we svabated can be i e legend af
Fig. 5.

wai

Ruresivad] 11 Apil: aceipbed 20 Jusa FO0S.

1 Hadwau 2 Kotayashi, . & Fese, A Foase separalion in menodisesrse

laleees., 4 Coliend Inferl, Sei 42, 342-345 (19730,

Pueey: F. A & van ivlegen, W' Prase behosinur of cocenirabed suspensions of

sty bl codinackl spheres. Matore X0, 340942 (Pl

3 vt A G van Sy A A celiosctal meded systirn with an mterscton
Tusrabie: (e reand sphere: Lo saft and dipofar. el 421, S13-507 (003).

4 Fregel WK Gvon Bhaderen, A, Dvect obserclion of cyrarmicdl
helerngeneilies i colinadal Fand-sphere sepemsiom, Soence 387, 290-293
[rLEE N

E. Pram KL AL ofal Multiple glissy stales in 3 simple rode] systen, S 296,
WA=106 (X2

6 klm A L Choeadiry, B T 6 Soesaden. B L Helimageresat on in ool ki
depermone. A Collonr interf. &2, 105- 136 (10G5),

T Wiamew VA B X T S | & Newris, D L On-shis naboral assenvily of
silienn phodonic banedgap engstals. Abfire d14, 289-269 (00T

a Bcluall C P, Lirisgsn, ME & virt Blusderen, A A ree col inickil manded

-U.Ldih'g-w ot o cpnilobmehy inreal space, [ Py
|m.\h||-rﬁ SHRN1-53556 {H03L

B, Hadhau 5 & Yeshimora, 2. in Piysios of Compler ond Supermodeontor Al
Cends Sty 5 A K Clark, BL A T30 240 (Wil Mesw Yerk, ¥IET)

1 Sehwliekd A, B Bnary bard-sphere orysials with the cesiom cilride struciure
Prym. Rev: E el 51403 (20010

it Hunl, B lordine. R L Baribtt, P Soperiotiiee formobion in midues of o
sphare colinids. Pas Ry, £ 62, S00-913 (2000).

Ara ‘nnnln\ AE &Vn-)d B A DRrservalion of a1 AR pliase n bidheperse

Champbymohem &, S1-15 (2005)

N Ih:Ll X, El'n K& ‘ Ml.l":n' B & CfBrien, & Three-dmensional biany
superksllices of mogretic ranocyslals and ssmiconducor quanbum dols,
Malure £33, SER-S7] [AXIEL

14, Brerrm o o Prepsntion of monncdispere, fuorescent PRS- Jmes
enbnids by cisparsion pobymerention. | Colinid inderf 5o 245, 392-300
{20k,

15 Bewewne B Vs, O & Abascal, | L F. Order-disneder braaration in the salid
pharse of @ churped Fard sphare srodel. Plys. R (e BS, 320173300 (30 .l'l'l:\.

16, Vbl B P, Christmva, £ G Dullens, B P, A, & van Blanderen. A&,

o vy coloich! eyl Sciece 206, 106-K1% L0022,

7. Gelinck, G H. & 0! Fleside aciree-malne deplovs and shill regaslers based o
sofulion-procissed onganic trreislors. Mot Mot 3 K100 Q0040

TR, Dl L, Hollmann, G P £ Liwen, H, Laew forenaiion in collekh | misures
thrheen by an evternal feld. P B £ 68, 021402 (3007

T Lieen & Deobiedly | Moresgul briurn patten fnmalion in stroegly
liraclivg eiven ool knids. Renaioy [Vsees. 123, 99-105 (003).

0. Pusteny, P, b Gesvweral dbngsion, Freeiay Doass. 123, 177 (20030

3 Dremeboe, 45, Dresssthos, G5 B F |. mdﬁmw

22 Catulern L&, Pus'..s..ﬁ..\‘_'rnwﬂ:rbunﬂiuch faxs Mdeves, F. )L
Dy ledy chargrd coliical binany nivlunes: A oallaidal analeg of he
rees Iriched primiios roglel. J. Cheme Pigs 130, 29355-2476 (X04)

3 Mirkaly. G B Alirscive Slerirmstobe Sel-Assermbhy of Ordersd ond
Drenrdered ¥ Cafboidds. Ly thesis. Massachumelts institule of

B

Tachnnkogy (AH5)

24, Bartlett, P& Coavghwsl A |, Thvee-o mens ol birary supedattioes of
il e cnlleick, P B LT, in e press)

35 Urderweond, 5 M. van Fusey, P. H. Cbservabion of colloidd
eryslals wilh the cesiumrchlonde struclure. Pysicn A Z0, 438-2204 (1995,

26, Bancaned, B L, Kim A L & Crocker, ). C Colioical inberactions and self-
arssprrbshy asing DMA Indeiduation. Figs Rew Lefl, 34, (68303 GID05)L

37 vor Bladeren, A& Vi A Synihesis and charaderizabon of embodal
depersiom ol funmesoent. morndieperss sifcn spheres. Langrmr 8 2001-3931
nesa)

Fed

2 @ VHTepHeT

£ MNATURE 09/08/2005 Section: Letters to Nature Page: 235/239

EN &) i [E



A NewsStand,

T2, Huster, B L Tl Peleritia i Codvid Scwice Ch. 4 (Acinterar. Linckon, 56T,
9, O Beien, R W5 WWhsite, L . Ebsetrophonlic ty o @ sgherical colkescal
partice. | Chem Soc Faroday Troms (| 74, MEOT-1426 (19780,
0, Frerked, O & S, B Understarsing Molecular Simmdstions Ch 5, 10 DAcademic,
i
E1 e, oA Cedoby, O W, Grier, O G & Murmay, © 6 Aardenslic ansfion
in 3 conlined colindal suspersion. L Chem Fiys 133, NSI-TR0(1995),

Supplemerntary Informatson 5 bnsed tn the orine verson of the parer al
R LTy A LT

Ackrawledgements Ve thank B P& Dulens, [ Derks Bl & 0L Verhaegh,

B vergeer and £ ML van Eats for partiche synlesis, A. O Holingswerth foe
saivenl chamcteramtion, L K. L Thiss dor neln with the pictures of e Bragg
rl b tinng s both PN, Pussry ancl AU, Schaliskd bor pomiliog ot the
resemblance belwesn cur LS. -sruchure and cerlon fulerene compounds, The

NATUIRE Vol 4378 September 2006

stk i gt ef U reseine b provgrins ol Lss Slichling v
naderznek der fdoberie’ (FORT, which & fnancaly suppored by the
Herder landse organisatie voor Welenschappebic Onderzoek’ (MW,

Aarthor comerbutions FAE L and TGO imestigated the pheee behaiowr of the
axcperivarital binary mystems, A-PH and MU performed he computer

s, APH g RaR cakulatid S Madeiung aoegies, CFR wided
ane formabon, AL on the Brage scollering, e chffmrmn phoy
minus syslems and Al nilidked Lhe work and co-wrote The paper Logether
with MEL

Author Iefermation Repeinis aned parmissions informalion i availiie af
rpgraiure comy reprinisandoe rmssines. The aulbors, declare no compeling
Tirameial imberests. Comespondente and reguests for matenals shoukd be
afitressisd tn MUEL (M ELsurissengphys unl) er AuB.

[ vt Bl nchrin s il

Wol 4378 September 3005 |doiN0.1038,/ natare0397 &

Today's Way To Read Publications--Digitally - Microsoft Internet Explorer

LE ] [ERS

Orbital forcing of Cretaceous river discharge in
tropical Africa and ocean response

Britta Beckmann', Sascha Flégelz. Feter Hofmann', Michael Schulz™* & Thomas Wagner5

The tropics have been suggested as the drivers of global ocean and
atmosphere droulation and bisgeochemical cycling during the
extreme warmih of the Cretaceous period™; but the links between
arhital forcing, freshwater munoft and the hiogeachemistry of
continental margins in extreme greenhouse conditions are nat
fully nndlmm?l Here we presend Cretacenus records of geo-
chemical tracers for freshwater rumoff ohtained from a sediment
core off the Tvary Coast that indicate that alternating periods of
arid and humid African clinete were driven by orbital precession.
Our simulations of the precession-driven patterns of river dis-
charge with a global clinwte mode] suggest that ocean anosia and
black shale sedimentation were directly cnsed by high rver
discharge, and ocourred specifically when the northern equinog
colncided with perihelion (the minimum distance hetween the
Sum and the Earth), We conclude that, in a warm climate, the
oceans off tropical continental marging respond raphdly and
sensilively 1o even modest changes in river discharge.

Intervals of extreme warmth and enhanced sequestration af
rmarne organic carhon (OC), termed oceanic anoxic evenls
{DAEs), are one focus of current palacoclimate research. They
previde fundamental information on the functioning of biogeo
chemical cyeles and their feedbacks during extreme conditioms,
especially wlwn applicd 10 areas expected 1o react sensitively
climate change, that i, continerttal margins and their assodated
suth-hasirs, Deposits from the easterm topical Atlantic Cioean an ODP
Site 558 ooff the Tveiry Coass were obtained from such asetting (Fig. 1),
providing a unique record of Coniacian to Campanian OC-rich
sodivrntation that ceners the bt of the Cretaceous OAEs (OAE -
CAF 3 black aluabes L bevr veported fivom various basing sursound-
ing the Ataritic and Tethyan Margin™®. Millennial-scale OAF 3
vevoids froom O Site 959 were used to develop o mode for bladk
shale forveation in the tropical Atlantic®, Additionadly, reords of
quartz and day mineralogy document Upper Cretaceous atmos-
pheric arculatinn that triggered latitudinal shifts of Afrcan dimate
bl 5. The records further wmply that black shales formed in response
o tropecal continental discharge that induwced sratification and
reversals in surface ocean circulation within the deep Froran basin
(DR Synchromons variations in trace metals” and hinmarkers of
green sulphur bacteria® further ide evidence for severs variatinns
in redox conditions, with brief intervals of lover photic zone
euxinid®, Here we present records. that deuble the stratigraphic
range of the previous profiles into the bower Campanian, alkowing
thee deduction of long-term trends and shorter-scale variations in the
tmspliere—ncean system soross one of the most important
rransitions in ghobal climate over the past 150 My

Coniacian—Campanian African climate variahility s evident
from fluctusations of KAALand TUAL rarios (Fig 2a, bl Al is rainhy

| Cemncimraes, Weiseraty al
Wischheditn 1.3, 74
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confined 1o the fine-gramed alumimesilicate fracton”, typucally
ennched in keolinite, smectite and iron hydnoxides™, and formed
by miterse chermical weatherng under warm and hoarmed conditions,
K is associated with continental siliciclastics (that is, clay minerals
and fl hk|ul| that experienced only moderate amounts of chemical
alteration'’, Ti is comcentrated in Ilnwy minerals and aften trans
ported via acohian pathways into marine sedimens™, In agreement
with vegetation simulations for the Campanian', the seurce for Tiis
assigned to desert areas of the proto-Kalahari in southem Africa,
while K is associated with illite and E-feldspar derived from semi-
arid tropica] regions. Al from kaodinite and smecti irudicative of
trapical wenthering in evquatorial nocthens Africa™' ™ The persistent
perodicity of dimate tracers at Site 959 documents that Upper
Cretacerns dimate was highly vaable and modulsted at different
timescalen. T average KAl revond exhibits a bong-range inonsse
tonwards the top of the predile (Fig. 2h). The progression in supply of
detrital matenial from seme-and regions supports a gradusl andifica-
oo oo Alfrica that started in the lower Samtomian. The linearity of the
enmplementary TilAl record indicates: the extstence of an and proto-
Kalahari remaining constant in extersion and gengraphical prsition.
Tirme~frequency anahyses of the KAl and Tif Al reeords suppart the
existence of one dominant period with 1.5 m wavdength, equiva
lemt tov-— 28 kyr in nanmatossil hinsone CC15, Given uncertaintios in
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Figure 1| Location of DAE 3 sites and investigated region for simulated
river dimcharge, ODF Site 950 is marked by ¥; dots indicate other reparied
WIAE ¥ sitec’; black bao marks investigated region for simulated river
discharge. AN information is superinyposed am the palasogesgraphic map of
the Upper Crelacesus — B0 Myr agn™. Grey shaded areas represent kand
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