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Chemically tailorable colloidal particles from infinite

coordination polymers

Maonhyun Oh' & Chad A, Mirkin'

Micrometre- and nanometre-szed particles play importane roles
in muany applications, including catalysis', optics™, biosensing™
and data storage”, Organic particles™ are usually prepared
thraugh polymerization of suitable monomers'' or precpitation
mmethods™, In the case of inorganic materials, particle fabrcation
tends to invalve the reduction of a metal salt™, or the contralled
g of salt sol wtions supplying a metal catbon and an demental
amion (for example, %7, Se™, OF 1", respectively; in some
imstances, these methods even afford direct control over the
shape of the partiches produced ", Another class of nuaterials
are metal-organic coordination palymers'*, which are based on
metal ions coordinated by polydentate organic ||gllldﬂ- and
n‘plmndﬁnpmluhlu mmnhms .g,luﬂﬂma:""‘.m near
“ aorwel o ane S2H, T a suhset
ﬂﬂmﬂ&ﬂ!mnfmyumnﬂnncmrqi:mm ligands
(so-called metalloligands) provides an sdditional level of tailor-
ability, bt these materials have so far not yet heen Fashioned into
nano- or microparticles. Here we shaw that simple addition of an
initiation solvent to a precursor solution of metal fons and
metalloligands results in the ness and fully reversible
formmstion of a new clos of metal-metalloligand particdes. We
observe initlal formation of particles with dianeters of a few
hamdred nanomeires, which then coalesce amd anneal into uni-
form and smooth microparticles. The ease with which these
particles can be fahricted, aml the ability w tailor their chemical
and ical ies throwgh the choice of metal and arganic
|ip|'|1||*‘llrmw.ucl,l;|;'q||l'|el:':lt Facili investigations of their scope for
practical applications.
We have discrvered that spherical micvo- and nanoparticles
comniposed of polymerized metal-ligand networks can be made by
the coordingtion-chemistry-induced sssembhy of metal ions and

) AR,

T Wt ol e N =D
Al MRt i BWER 2R M E G FEn
o M= 4" E-BWES2s N - rl" Fo= 204
UNGE 2d W -t.n', L=l
| = paridine, srier

Figiiri 1 | Praparation af padtichs 3ime. Addiisan of disihyl siher or
@ intn the reaction misture comtaining | and  in py i rosubs in
pariicle formaiion and precipitation. Addition of cwcess pyridine dissolves

Tisparinanl of Ztam

homachiral carboate-functionalized binapthyl bis-metallo
tridentate Schiff hase { BASE) building bodks (Fig. 1), In a typical
cxperiment, a precursor pyridine solution consistingofa 1:1 mistuse
of the appropriate metal acetate salt (MO, b Zn, Cuard
i 1) and BMSE, 2, s prepared (altermatively, & 3:1 mixmure of 1awd
enantiopurne carboylate-funetionalized binapthyl bis-tridentate
Schiff ase (BSE can be wsed ). Slonw adddition of an initiation solvent
such 2 diethnd ether or pentane results i the spontaneous formation
of sphencal inorganse polymer partdes, 3. Thee partides form vz
coordimation of the carbaxylate groups nn the BMSE precursor sath
the metal son supplied by the acetate salt, and the polymenzation
process iscompletely reversible, asevidenced by the formation of the
starting matenals upem addition of excess pyridine (Fig. 1.

The hamachiral BMSE building blodes 2a-c are key componenis
which are readily polymerizable ﬁunu.gjl their carboylate groups
the choice of BMSE ligand, type of mctallation, and ancillary ligands
ks it possible to maripulate the chemical and plusical properties
of the resulting structures 3 in a systematic manmer, The BMSE
building bk were prepared from the reaction of two equivalents
af MIOAc), (M = #n, Cuand Ni) and ome equivalent of BSE ina
NN-dimetlgdformsamide | DMF) solution at room termperature. The
buililing blrcks 2a-c bave boen characterized by " H NME, “C NME,
infrared spectroseopy and electrospray jonization mass spec-
trometry, and all data are congstent with the proposed stroctures.
Compound 2 2l was characterized mthe solid state by a single-
crystal Xoray diffraction study {Supplementary Information ).

Coordination palbymers formed from mietal ‘iems and carbenlate.
functionalized ulding Mocks are well known in transition metal
couyrdination chemisery'®*# They are rypically preparasd as macro
soopic orvetalline materials by one of several methods, induding
shonr diffusion of sohent indo solutions corsisting of praoursors,

N—NNE—n O Mas e m e jEe o
Cu—EMIP-C 58, Uoone e T R e oo
Ki—ENEE K du, Maml B MR 2O

o and roddisperses the i
reaiction is naa imaly reversible 2w
prridine. BMSH, binapihyl bis-met

el amd mackal 3on bailding Blocks. The
hivawse the b inns can conrdinate

wridentate Schil base,

iy and IneiBuls far Manslschoslngy, Moclbweclers Uiy, 2545 Sharidas Rasé, Tasncion, lisak GOZGR-3I0Y, USA,
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Figpare 2| Images of the spherical microparticles Zn-BMSE-Zn {Za). These
Bave s iverage diasaeter af 160 = A7 pos (., % = 100) & determinad by
SEM amil 172 pm ms determined by IS, Tmages were ohtained by spiical
micrascopy (8}, Mearescence micrnsngy (B, €} and SEM (& insel in d is a
high-resoluiien, mom-in imagel

soheothermal synthesis, layering, and slow evaporation'™ =, In our
aystem, spherical microparticdes Zn-BMSB-Zn, 3a (Fg. 2), instead
of the more typically obsened macroscopic materials, form within
o hour upon dow diffusion of diethyl ether into o precursor
solution containing, homochival Zn-BMSE (Zal and ZnlOAc],
[Tay i D21 ratio in pyridine at room temperatare, The addition
of dictlsd ether or peritane to the polar precursor solution resales in
precipitation due to the low solubality of the partices inmon-polar
muhia. The resulting particles ame stzble in arganic solvents {oluene,
methannl, DA and dimethyd sulphoside | DMS00), rosater and in
thee drsed state.

Optical micrascopy (Fig 2a), Auorescence micraseopy (Fig. h

and ¢}, and scanning electrom microscopy (SEM, Fig. 2d) images of

mmplu compesitions show spherical partides with an average
digmeter of L) & (.47 wm, Average particle size wis also measared
Ty dhymamic Hght scattering (DES) and was in sgreement with the
SEM determined value, The chemical composition of the particks
wis deetermined by enongy dispersive X-ray spectroscopy and demien-
tal aratysis, Control eqperinents with 2d, which s no carbawate
grops, shiny that e coardination pobymer and, therefore, mioro-
prrtiches, will met form in the absence of the coteondate groups
Infrared spectrz taken before and after formation af the particks
show that the carbosydate groups are coordimating o metal jons,
2% evidenced by a shift in OO stretching frequency from 1,653
L5 cm © for the monomeric unbound forms | 2a-c) to 1,597
Litem ' for the polymer particles (3a-c). In addition to the
aforementiomed control experiments and Fourier-transform infrared
spectoseopy; we also find that 'H and "*C NMR spectmsoopy, and
electrospray onization mass spectrometry, are all consistent with
the proposed mode of polymenimtion {see Supplementary Tnfor-
matinon), Featurdess povader X-ray diffraction data for these particks
alwowar that they are amorphows and mot crstalline materials, The
652
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Flgure 3 | SEM amd optical microscopy Images of example micro- asd
hanegirtiches farmad thraugh tha infinibs eaardinatin palymer stratigy,
and tha growis - a—g, SEM images
menitaring the growih pracess for Zo-BySH-Zn (3a) =, Image of an eardy
intermediaste cluster formed by aggregation of small particles. The small
particle become ehlong as they merge with each ather. b, Image of an
Imtermodiate ar & liver stage. dhowlng surface anmeallng, €, [mige of 4 fully
farmed spherical parte. d. Dark - feld opticl mlorasscapy Image of dister
spgremites (bobings) amsd & (ully foemsed particls (op). 8, A scheasaric
representation of the proposed clwster-fasion graeib mn-h:ni-rm . Image
of sphericel particlos 3a with an average diameler of 1990 2 60 mm (e,

= 50} s detormrined by SEM and 176 nm as determined h,- VL5, g Imape
of spherical particles Ja with an average diameter of 78I & 2530 pm (sd.,
w50 as devermined by SEM and 575 nm as determined by DLS,

Fr-BMEE—En particles [3a) are fluorescent in the red and green
regions of the specium (Fig. 2h and ¢ as a result of the highly
flucrescent BAMSE building block, 2a (ref. 24). Tindeed, the emission
spectea of the polmer partices 3a and monomer building bock 2a
are nearly |d..n|.1m1[\u'|~p|..|11..||l.'_'ry Fig. Th

When pentane = wsed as an ratiation -uiwmr instead of daethyd
ether, larger spherical microparticles (~Spm} form {(Fg. Ja—d,
supplenentary Fig. 41 Under these synthesis conditions, the growth
af the particks can be observed hp1.1|.:ing;||i;lums. froum the synthesis
mi\‘tl!n':lt\'ﬁﬁﬂluifﬁﬂ.‘mlfl\il‘lﬂu‘l’iﬂ'nﬁ‘ e particles by SEM and
aptical microscopy, ohservations reveal tan kinds of intermedi
ate particks: clussers formaed by aggregation of small particles, and a
fused versinn of such custers, At early stages of the reaction, the
clusters of smaller particles are readily observable (Fig 2 and 3,
hettomal; the clusters then slowdy annesl into sngle partices with
a0ty surfaces (Fig. b and ultimately form wniform spherical
particles (Fig. 3¢ and 3d,tep). These ohservarions suggest a nwo-step
cluster-fasion growth mechanism (Fig. 3¢), where several small
particles first aggregate to form large chsster particles, whach in a
second sep undergo intrma-particle fusion 1o vield lange uniform
spherical particles. Thas can ocour becawse af the reversibile nature of
the metal coordmation chemastry, allowing the system to anneal into
a smooth particle. The duster fusion step can imoha: dozens of
particles oronly 2 finw, depending upon conditions, and the ultimate
size of the large spherical particles depends upon the mmber of
smaller particles inwnlved in the fusion process. Although they
cannot be completely ruled out, physical effects prohably play a
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Figure 4 IMrdmdlsd!a. a, A photograph af & series of spherical
the ancillary ligamds have hesn
dimethyl sulphaxide (350,
pyridiae, SN-dimethylfarmanide (DMFL acetee, nethaonl and water).
All particles are dispersad bn lalucae cacept where 1 is waler, i which cise
pur waler was used, b, Emissian spectra of this weries of parlicles 3a,
Excitation wandength, 420 nm,

more minor mle m the polymenzation proces as the reaction
misture is not stirred while the particles are forming,

The vate of addition and type of initiation sobvent alloe control of
prarticle size. Fast addition results in nanoscale partiches by quenching
thee greseth process at an eary stage in the reaction. Naneparticles of
3a with an average diameter of 190 * &onm | 31 could he
prepased by the rapid addition of diethyl ether o the reaction
rixture of 2a and 1a in pynidine, Tn contrase, the fast addition of
pentaree 2 the initiation sohsent ander weardy identical condi
resulted in particdes with an average diameter of 780
(Fig. 3g). The polanty of the sabvent affects the solubility of the
resulting particles and, therefrie, their average size, This size control
will probably be refined 2 this proces evolves,

Wi also imestigzied the wtility of this method for producing
spherical PITWJ-‘S of coondination palymers with other metal ions
aupch as Cu™" and Ni*7 (see Supplementary Information . Spherical
nanoparticles of Cu-BMSE-Cu (3b), syntlwsized from the fast
addition of pentane into a precursor solubon aomilaming Cu-BM5E
(2t and Cal O HLON (1 in pyridine, have diameters similar tn
Zn-BMSB-¥n particles (3a) prepared via an analogeus procedure,
Slowe diffusion of pentane into a precarsor solution containing Zh
and Thyields partichs: that are on average significantly Larger than the
particlis formed from the fast addition method. Similarly, the
reaction hetween Ni-BMSB {22} and Nl OAc), 4{HAD) (Ie) gives
spleerical particles Wi-BMSE-Ni (3c). In contrast to 3a, particle
comipositions 3 and 3¢ are o fluorescent becanse they ane pot
made of Mworescent BMSE building Blodes,

The andillary ligands (L in Fig. |} in these polymer particles
allors tlwe particles’ physical propertics to be controlled by adiusting
the dectronic nature of the metals to which they are coondinatad.
For example, a red toduene suspension of the sphenal particle
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compesition of Ja turns yellow when methanal 5 added o the
reaction vessel, This colour change is attributed to the replacement of
the pyridine ligand on the Zn metal centres with methanol, 7 the
solvent is rermoved from this complex and the partides are redis-
persed in soduene with DS {10 by volurse), the yellow solution
turns sed enwing to the formation of Ze-DMS0 adduces, It s well
krwan that isoelectronic monomers of ths class of compounds
exhibit characteristic red-shifis in the solutiomn state as a fmction of
the increasing a-donor propertics of the ancillary ligands™. The
optical properties of the nanopartices are highly dependent upon the
type of cooindinating ligands, and the effects of different ligands
(DMEC, povadine, DME acetonse, methancd and water) can be
abserved with the nabed epe (Fig 4a). All reactions, with the
exception of pyridine, which disnlves the partchs (s above),
appear 1o be completely reversible, and can be effected withm
secnnds of introdudion o the appropriate small molecule. Fmission
and diffuse reflectance spectra n]?hsu'nﬁeﬂumrlr compasitions
dernomstrate the reversibility of these reactions and the hility to fine-
tarwe the optical properties of the particles through choice of ancillary
ligands {Fig. 4bl.

As BMSE building blods can be prepared in enantiopure form
and are important compounds in homogeneous ysas ™, this new
class of material may find use in metric catalysis and chiral
separations. In these applications, the small size of the partides
vesults in a high overall surface area that ensures major advantages
aover bulk materials,
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Slowing of the Atlantic meridional overturning

circulation at 25°N

Harry L. Er\lden', Hannah R. Lung'f.n:urthI & Stuart A, Eunningham'

The Atlantic meridional overturning circulation carries warm
upper waters into far-northern latitudes and returns cold deep
waters southward scvoss the Equator'. Its heat transport meakes a
substantial contribution to the moderate clinte of nuaritime and
continental Burope, and amy slowdown bn the overturning circuka-
tion would have profoand implications for clineste denge, A
tratisatlantic section along lannsde 257N has been used as a
baseline for estimating the overturning ciroulation and assocated
heat transport™. Here we analyse a new 25° N transatlantic
wection and conpare it with four previous sections tlaken over
the past five decades. The comparizon suggests that the Atlantic
meridional overturning circulation has slowed by aboui 30 per
cent hetween 1957 and 2004, Whereas the northward transport in
the Gulf Stream across 25° W has remained nearly constant, the
slowing is evident both in a 50 per cent larger southward-moving
mid-ocean recirculation of thermadline waters, and also in a 50
per cent decrease in the southward ransport of lower Naorth
Atlantic Dieep Water hetween 5060 and 5,000 m in depth. Tn
200, mre of the northward Guolf Stream flow was reciroulating
back southward in the thermodine within the subtropical gyre,
arnd Jesa was returning southward af depth.

Some climate miodels suggest that the anthrepogenic increse in
atmesphenc carbon dioside will resalt in a slovwdown of the Atlantic
wwerlurning erculation®. Coapled elimate model nuns that had the
Atlantic svertuming circulation shut off edhibated 2 cooling aver
northaest Furnpe with tamperatures 4°C lower than at present”.
Thus, amy indicatinn of a 5:mr|mm in the Atlantic merturmic
cireulatiomn has profourd implications for climate change. Tn Marclh
2004 e deployed an armay of moared instruments along 257N 1o
beegim o rocmibor the cvertarming circulatiom? and in April-dday we
took a transatlartic Indrographic section along 25° N o provide an
initizl calibeation for the time-series army measurerments”,

The 25° W transatlantic hydrographic section was eccupied in 1957
(ref, 9, in 1981 (ref. 3} and again in 1992 ref. 10). Analysis of these
e secupations suggested tat the overtuning circulation and
leat transport at 25° W had been resmonably comstant with only
relatively srmall changes in thermoeline, mtermediate and deep water
trarsports™. In 1998, the 25° N section was again nccupied', so the

section of 2004 marked the fifth complete ransatlantic section
along 25°N. Here we analyse the now 2004 soction and the 1998
section using methods similar o those previoasly developed for the
1957, 1981 and 1992 sections™ and examine the structare of the
cverturring creulation for 2l five sections,

Facly section expensds from the African continental shelf to the
Puaharna Tdaneds {Fig. 1), The 1957 ard 1992 sections were effectivdy
along 24.5° N over the entire wadth of the Atlantic. The 1981, 1958
and 200H sections angled southwestward from the Afncan continen-
tal shed§ 2t abowt 287N 10 join the dtandard 24.5° N sectiom 21 about
235 To take advantage of the continuous detromagnetic cable
momitaring of Gulf Stream transport through the Flonida Straits',
the 1998 and 2006 sectinns argled northweestward at ahout 73 W to
complete the sectinn along 260,57 M,

The analysis calculates geostrophic velnaties for each station pair
along the soction, A reference level of 5,200 dhar s wsed for station
pairs cast of the western boundary region where current meter
observations suggest 10K dhar to be more suitable™', The tran-
sitinn between the two reference levels is identified from the distri-
buatiem of dissolved cxygen concertration that marks the eastern edge
af the boundary region® and ranges from 685 W to 7067 W, The
comept behind the analysis & to stimate the annual svwerage over-
turning, so the annesl sversged wind-driven surface Elman trans-
port and the annual averaged Gull Stream transport through Forda
Stratts must be balanced by the overall southward gesstrephic
transport acress the mid-ocean section, Thus a uniform reference
lewel welociry is added everpatiere along the sectiom 1o force the mid
acezn genstrophic transpart to halance the Gulf Stream phs Fkman
manspart. This approsch asumes that the large-scale baroclinic
interior flowe does not vary on seasongl or shorter timescales;
theoretical arguments and modelling results support such an
assumption 7,

Gulf Strearm transport through the Flovida Steaits has been
reasonably constant at 32,25 {15 = 10 m's ') since 1960
refi 1L, 160 with a standard deviation in armal mean ransport of
1.1 5 Sporadic estirmates of Gulf Stream tansport back o the
19605 and cable estimates of trangport simce 200 (ref, 20}
shera no evidence of changes in annual averaged wransport through
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Figure 1| Stakion positions for transatlastic raphic sections tahen i

1957, 1981, 1992, 1998 asd 2004. The 1957 and 1992 sections cach wend
nnally alomg 24,57 N fram the African coast tothe Bahama lslands. Broanse
of diplomatic dearamee ieenes, the 1981, 1998 and 2004 secisons angled

Hahinral Dcsanngraaty Cenim, Empeass Dack, Soulbamplas %314 12H, UK

I
450w arw 15w W
envutbiwcsiward lrom the Alrican coasi al about 337N io jein the HA5"N
wectinn af ahowt 2¥ W, The 1998 and D004 soctions anglad narihwe e xl
whowt T3"%W o finish the section along 26,57 N
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