WO 2008/ 061632 PCT/ EP2007/ 009677 -1 Process for the synthesis of nanosize
met al - cont@pHohgosigaeparticl es and nanoparticle di spersi onsr/gpgophesent
invention relates to a process for preparing nanoscal e sem conduct or
"particles (also known as quantum dots or nanocrystals) in the liquid phase
with utilization of specially 5 dinensibned mcrostructured reaction

nodul es such as heat exchangers, reactors and m xers. Besides the classical
fiel d.s of Focess orft Y n{h%nialof DA oSiZE l?ileﬁl-guc t&ihﬁll fiznopalliclés Ma 0 &@t a! ysts or
as pigme , uxurf-ﬁese—a'a'y-s—rs T plications
i n bi ot echdigleesiohs nedi ci ne, security technol ogy, conputer technol ogy,

el ectrical engineering and energy technology as well as optics. In

addi tion, vari ety of. possible appligations and uses exists in the terial
10 sci ence@“eﬁ’é%sﬁﬁslév?lhﬂrgfe?%?fatf’ anpéﬁ%f)sag’f iprcep%réngc%aﬁosﬁéls 6’6%“8%&8%?{ %ar{rlrg efrals to
acqui re coaplvetsl yuaitim dpiofehinoeSstalEon rtied Hikiig pHase prithdutilizationo pL kpdcially
inter alia parti ccie, nmor phol ggy, _particle Ei ze, %‘;{1“ cle size distribution,
col | oi chal Umgisioneq fpicptstrstursd Feartignamagdilgs dheh apheglarbangers Jrai R Tl es, is
decisive for the particular special applications. The physico-chem cal
properti esgesRiePBE ichikdidal AE1dS 81Mise QN EiAGHiAA] naNGHIPP PhrkicIes, F6r exMMPIE 1 Edtdlys @akl y as
a function of particle size, particle norphology and particle size 15

di stri but i igmenimghe fqmetheserdays dommapingy @y high ls¢hs applicatipng | ip Jugicharlese| e
propertie : : LEJ i i J t j de et
B e ™ B Xy RAG, ETHNer SRR O Yo RS Afeninty <.
105, 1025-a1¢2) as dwino du allditisre mi wonio g tpossifha ppplicdtons eathuise episte pa thedndsgrialreans
of galeOhasSczleePée?é Bt Qﬁsseef%ncﬂ"ﬁhﬁ E‘la%g‘@)c“ y §a§16hf%rc%m§95ﬁ%'n}3te§fégtt8‘ Jﬁg{ Q{W@é@g%& ng

| ar ger anoun ueto e Co apparatus an oposed
pr ocesses. prépeitidd SConoBing Hegpr@duenaoities inter dzqmiclesmbrhlolddyqpardelbizs garticle

synt hesi s of nanoscal e _sem conductor particles. These |iquid phase
processes Wide%trﬂwflmhiCQ%OI&TP%@ﬂtyvﬁP&PerelﬁgﬁmPﬁ&f?ﬁmes8f the PéHﬁIF%PS Eepvet s

(sol vot hertp@partifdy specif ApplicafoRUThdpyiichaeadion g@)p@fﬂ%, cepetiapOUEcond®r bat ch
processes have been studi ed nost extenswelcilv.rﬁ hese processes start from

ei t her oneBppPartElesarevesy gieathsism furstion plogidgizehpagticde mp@holegy 39 Pajtigls gize

Di 17 er gncegsfifith raffeCThkiof, |Bntrdifed IyRfestl whith!MERE UL, proptfidClhagt $x
precursors SUSEé andﬁggf t eorrét eIrnl&ng a%& eF"‘Jeach%n;%ona terrﬁ)er at u?egls.r 1C. B. Murray
et al. hawpedbedlyiibepdrtitderly frapdriants(T. tTrmtadg et @l.vChdwer Mater. b2A0d h 1 hr 438858 or
prepari ng i rtuall i | { but ed sem conductor nanoparticles
(C. B, I\/urcr'\aﬁyuréeate?gll"?e,hrglgl?ﬁ%’m§88§c§g}?h%%ogfo?j'1993, 115, 8706-8715). Here, a
pure surfactant solution is used as reaction nmedium 30 for the synthesis. A
t her nost atNawscalei semdabnthande paetiddsodanits proparddaby yneedsaofedd plaschsyattpses ondiidor i n
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20  of the proposed processes.

Another possible preparation process is the liquid phase synthesis of nanoscale semiconductor
particles. These liquid phase processes which utilize either water (hydrothermal) or organic

solvents (solvothermal) may be carried out both batchwise and continuously.

The batch processes have been studied most extensively. These processes start from either one or
25  more precursor solutions which are then to be mixed. Differences exist inter alia in the type of

solvent used, surfactants, precursors used and of the metering and reaction temperatures.

C. B. Murray et al. have described for the first time a solvothermal batch process for preparing
virtually monodispersely distributed semiconductor nanoparticles (C. B. Murray et al., J. Am.
Chem. Soc., 1993, 115, 8706-8715). Here, a pure surfactant solution is used as reaction medium
30  for the synthesis. A thermostatted stirred tank reactor is initially charged with a precursor in

solution under an inert atmosphere and heated to the desired temperature. The second precursor
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heated as quickly as possible to the temperature required for particle formation, 250°C, and

20  maintained at this temperature for 30 minutes.

Batch processes are also suitable for synthesizing “core/shell nanoparticles”, with synthesis of the
core nanoparticles being carried out first after previously described methods. This is followed by
adding in a second step the corresponding precursor solution for synthesizing the shell at

temperatures of approx. 220°C (for this, see for example US6207229, US6815064).

25 US6225198 describes the possibility of the shape of the nanoparticles also being influenced by
precursor concentration, reaction temperature and specific properties of the surfactants used and of
the precursor solution in the batch process, as a result of which 1D, 2D and 3D structures can also

be synthesized in addition to 0D structures.

Decisive for a controlled formation of semiconductor nanoparticles are inter alia a very
30  homogeneous temperature field in the reactor, a stable reaction temperature, the possibility of very
rapid heat supply and heat dissipation and, in the case of metering in a second precursor solution,

efficient mixing. In discontinuous processes, the quality of temperature control and of mixing
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WO02005052996 describes the use of inexpensive heat transfer fluids (e.g. Dowtherm A) as
reaction medium for batch synthesis. In addition to the non-coordinating solvents sometimes used

20  hitherto, such as octadecene, this can again reduce costs considerably.

First attempts of utilizing continuously operated reactors for the synthesis of semiconductor
nanoparticles, led to the use of thin capillaries which were immersed in an oil bath and heated to
the required temperatures. In this case, the precursor solutions are pre-mixed using coordinating
solvents and delivered at slightly elevated temperatures to the capillary thermostatted to up to
25 330°C (H. Nakamura et al., Lab Chip, 2004, 4, 237-240). However, by using a uniformly
thermostatted capillary, it is not possible to separate nucleation and growth sufficiently from one

another in time and space.

Various other functional nanoparticles have also been prepared in a continuous manner in capillary
reactors. In all cases, the capillary serves to thermostat the reaction solution in order to initiate the

30 reaction and subsequent particle formation.

EP1452225 Al describes the synthesis of gold, cadmium sulphide and cadmium selenide

nanoparticles.
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the utili zEestyn fpws @qéﬁgsg&nq;q e rdisidbugiprs due to the laminar flow profile and broad

particle size distributions resulting therefrom, “segmented flow” concepts are also used for
synthesizing functional nanoparticles (B.K.H. Yen et al., Angew. Chem. Int. Ed., 2005, 44, 5447-
20 5451). This involves using a segmenting fluid (gas or non-miscible liquid) in order to generate

discrete reaction volumes which are subject to natural circulation in a continuous-flow reactor.

W01998002237 generally describes carrying out precipitation reactions for the synthesis of solid
particles in a segmented-flow tube reactor. Mixing of the two reactants here can either precede or

be at the same time as segmentation.

25  Compared to running the reaction in a capillary reactor, the utilization of segmented-flow reactors
yields nanoparticles with a distinctly narrower particle size distribution. However, here too the
quality of the nanoparticles with respect to size distribution decreases markedly, if volume flow
throughputs (ml/min) are to be increased, thereby producing larger amounts of nanoparticles.
Furthermore, the degree of complexity of the process increases, since the segmentation fluid must

30  be metered in very precisely and evenly. This is virtually impossible with higher volume flows.

Therefore, alternative processes are needed which are suitable for cost-effective liquid phase

synthesis of larger amounts of nanoscale semiconductor particles with specifically adjustable
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20  allows temperature and mixing conditions to be regulated and controlled very precisely.

For the purposes of the present invention, a microreaction technology system means a modular
system composed of a plurality of microreaction technology components. A microreaction
technology system usually consists of at least one microstructured reactor. The liquid phase

process according to the invention is preferably carried out continuously.

25  Surprisingly, the abovementioned process was found to be able to produce metal-containing
nanoparticles, in particular semiconductor nanoparticles, with desired particle size, particle size
distribution and particle morphology, continuously in a modular microreaction technology system,
using suitable organic solvents. Surprisingly it was also found that, with the use of suitable
solvents, the corresponding precursors can be pre-mixed at room temperature or slightly elevated

30 temperature (in particular <100°C) and therefore be passed as a single strand, mixed thoroughly
down to the molecular level, through the microreaction technology system heated to the reaction
temperature. Strand, reaction strand or reaction section mean for the purposes of the process

according to the invention a sequential series connection of reaction modules.



process according to the invention is preferably carried out continuously.

25 Sur pri s{ypgioos/ok@rabovenent i oned process was found to bgcpRbsdzR0sgAdUCE
nmet al -contai ning nanoparticles, in particular sem conductor nanoparticles,

with desired particle size, particle sizg distribution and particle

nor phol ogy, continuously in a nodular mcroreaction technol ogy system

using suitable organic solvents. Surprisingly it was also found that, with

t he use of Thuichpbdatire §0lprentidng bh thecpeaquespoindireferaply exhoses dn suchaa wWag thateonmi xed

at roomtenperature or slightly el evated t erature (i rticular. 5

100C) and %}E‘B @b riemie! 6%?§g a‘%ésnuﬁi%gﬁl%g?ag%glferpgﬁﬁ ,mﬁf‘exreeﬁeét?fger gngiglﬁltye BBl t o
t he nol eculisgs. Tiey@hy bd dvtannited; focexainplepyedeiiioting the cblotl @gjouding oéthe hesatred t 0
the reaction  tenperature. gld or rﬁ{gacti on section mean

Strand, reaction sL.rﬁ
for the putdgossndhe f%éptfﬁl%é%sagdm%ég"r xRl high feat HARRIET RSN JRIGHPEAEH OB
series gonpEEoldgd QmpbSRest irP RoMBiHM] 08 SwityVehe#POR4ABEOBriehétinRe AeAdAODGiMe - 6

The tenperature Tor pre-mxing of the precursors is preferably chosen in
such a wayTeasiens wid staiic grking duetpaly Fegeifeund tp erable the neglenting endedPVHPrRCcsHteY Bk e

place in tggség%%{?egtiﬁ“ﬁhﬁ_a%@qP%@, L BRSURRLYifid {,agﬁae sibld & mclé%ogﬁ&eg@ agd,

for exanple, by nonitoring e colour of clouding of the precursor” solution
i n the recaptoxchaticlé pizaduiribhns of e sertiqoadnsioy nhiqphrtickeat Cantraliog ¢re nugleatsoni n

m croreaction 5 technol o conponents in conbjnati i or mpst.attabl e

T or oot ructll B PEERRERSYeriR PO lEE sbl GRERHEF pRlebhitel "y BRLEE e o
found 10 edistibatidnhvd phicicle atdrpholagndo by @etificadly adjpsisd shdréby ehablimg PBy HD,AD and ti me
and space, _resulting .in specific particle sizes or particle norphqglogies and
nar row par PP EFECEPL R b SRPFTSiERENEY. VI ODsfcyRy bEe Pt paebrir s 1D
Control li nﬁnicfh?es%ﬁ%@@ﬁdx@xﬂple 264, 200 MWchirdRNRHE FSreXaBFIB lafds QA BID stridiiResethgS pace
then enables particle size, particle size 10 distribution and particle

nor phol ogyfor exawlestgiariofls erdiranghedqjapestragiures. her eby enabling OD, 1D, 2D and 3D
structures to be synthesized selectively, with OD structures being spherical

nanopar ti chRse sptlfically! HGhdd EEndBANGe ERWIEYRBRL Gnd MRford BieSiyhitedi Ul CHnbRixNg
for exanple plates and 3D structures being for exanple tetrapods or

branchéd nerissres(Z? ankE)) dwbbecanieldiydhd sugfactants yead thenbselute kencentrationsrobiich
process anga&%}ﬁ% grtcgélﬁ{aktgﬁ\ts,s%{?{hg %?dl% rgtflosgog WPJ[ ﬁ?ﬁ'tlc%g r?&c'iéﬁ?st &R na%x%tg?r%q b§D)

can be contro e surfactants us e absol'ute conce ati ons”of
t he react pmatiselpoghtelling st tampegatulsydutihenuvidation argtducsg tie grdveh phase,iis paréicular

tants t . t.h b i | trolli t he .t t
ur i ng. nuclSALEGH At Bl R HE Branr RO RGSAALY Elibar i t h che ai d
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and/or nanoparticle dispersions, characterized in that separate control of temperature and volume
flows results in separation of the nucleation and growth processes in time and space, with the
reaction and particle formation being initiated and carried out preferably in a suitable
microstructured, modular reactor system (microreaction technology system). Modularization of the

25  microreaction technology system (microheat exchanger, microreactor, micromixer, etc.) allows the
particular chemical and process-engineering process parameters to be optimally adjusted and
thereby virtually monodispersely distributed and morphologically uniform nanoparticles to be

prepared.

At the same time, the process according to the invention allows continuous preparation of larger

30  amounts of these nanoparticles (in the g/h — kg/h range).

Preferably, the process according to the invention can produce nanoscale particles having a
characteristic average particle size of up to 40 nm, in a preferred embodiment of from 0.5 to

20 nm, and in a very particularly preferred embodiment particles with characteristic dimensions of
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order to eﬂfi’)@ésﬁné v ﬁalﬂgﬁng or to prepare colloidally stable particle dispersions.

The process according to the invention, owing to the continuous mode of operation, furthermore
20  permits ready transfer from a laboratory scale to a production scale, simultaneously maintaining

the product quality achieved in the laboratory.

Preferably, the process enables nanoparticles, in particular functional nanoparticles such as, for
example, metal oxides or colloidal precious metals, and particularly preferably semiconductor

nanoparticles (e.g. II-VI or III-V compound semiconductors), to be synthesized.

25  The process particularly preferably enables semiconductor nanoparticles (e.g. II-VI or III-V
compound semiconductors) of various forms (spherical particles, rods, plates, tetrapods, core-shell
or doped nanoparticles) and sizes to be synthesized continuously in a suitable organic reaction

medium.

The reactants employed in the present process are usually metallic reactants such as, for example,
30 Cd, Zn, In, Pb, Ga, Cu, Sn, Mn, Fe, Ti, metal oxides or salts thereof (reactant 1), and Se-, Te-, As-,
S-, P-, O-containing compounds (reactant 2). The reactants are used in a dissolved form (precursor

solutions) in the process according to the invention.
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honogeneous m xture consisting of reactant, surfactant or surfactant m xture
and or gani Suitableces BfactapisliandnforTfosmine dhm eerraspnding rreairser selbiio? of dhe, furhers
usual 'y requ susdiactat i@lkong-chain fatty acids, for exanple oleic
aci d, Iinoﬁ%?%ﬁzgfﬂ,tsfea?fémggkd, palmtic acid, tetradecanoic acid,
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the cdPr eSpitabthi argsystactents sod feroforming rthe] cerfespindingenredursor selutiant Aref the Butberant
1). Suitab 3 : or formng the correspondi ng precursor

sol ution 2k%#éﬁﬁgﬁé%??%%?L§%€§%¥%nt (reactant 2) are in particular: 10
Suitable as surfactants and for form ng the correspondi ng precursor solution
2 of the furthey; Mneds f AEABHL R e, Bi-hdxIBRSsHRMn
branched a|kj?pﬁg?éﬁgﬁéggk?%&§§§§%p%ﬁgt?¢§%ﬂ3§ﬁgﬁ%§%ﬁaﬁ§f“’ Wfpésphine
tri - hexyl phosphéhestylpkasphage.trji(tsrdyiyhakrsphape.itig-(emethyeibyphesnbasphane, _
tris-(trimethyl g bt pRAPSAPARRIde O ahd | pﬂﬁ%ﬁ@n&hoﬁlﬁh%gﬁ)o%icqeacﬁ'@,q BRoSRRPRI C
and carboxylic acids, for exanple 15 tetradecyl phosphonic acid,

oct adeé?l phos ph&ﬁq‘p@ec&l@pﬁphomc acid, octadecylphosphonic acid,

0 quaternary ammonium compounds and amines, for example cetyltrimethylammonium

bromide
o alkyl ether carboxylates and salts of fatty amines
o oligothiophenes functionalized with coordinating groups, and

20 o non-symmetrically substituted perylenes with coordinating groups.

In the process according to the invention, preference is given to reaction media that allow mixing
of the precursor solutions at room temperature or at a temperature at which the reaction and
nucleation do not take place to a significant extent, that have a very high boiling point of at least

25 270°C and that exhibit no signs of degradation at temperatures of up to 350°C.

Preference is given to reaction media which dissolve completely both the reactants (precursors)

and the surfactants.

Suitable as reaction medium are in particular, but not exclusively, organic solvents with a high

boiling point, such as, for example:

30 o tri-octylphosphane oxide (TOPO),
o octadecene (ODE),
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may al so b&HE e‘b?ﬁ??g"’c xers having microstructured internal mixing
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speci fi cal |atematiwiy)aghd precgieiinaglalsartd pixed esiag efigirs) @evihg ¢higestimomaiee rifternal
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15 By specifically varying the chemical and process-engineering parameters (surfactants,
concentrations, molar concentration ratios, temperatures, volume flows, etc.), the process enables

particle size, particle size distribution and particle morphology to be set precisely.

The chemical parameters here relate especially to the composition of the precursor solutions, i.e.
selection of the surfactants used and determination of the concentrations and molar concentration

20  ratios of reactants and surfactants to one another.

In a first embodiment of the process according to the invention, synthesis is carried out starting
from a fully homogenized, with respect to temperature and concentration, mixture of both
precursor solutions, which does not show any significant reactions and in particular any nucleation

at temperatures of below 100°C.

25  According to the invention, preference is given to using as precursor solution 1 a solution of
reactant 1, at least one metal-containing reactant, solvent and at least one surfactant 1 (preferably
long-chain fatty acids). Preference is given to using as precursor solution 2 a solution of Se-, Te-,
As-, S-, P-, O-containing compounds, solvent and at least one surfactant 2 (preferably a tri-

alkylphosphane or a functionalized oligothiophene).

30  The surfactants are used expediently at a concentration of between 0.1 M and 2 M, preferably

between 0.2 M and 1.25 M, and in particular between 0.4 M and 1.0 M, in the precursor solutions.
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reaction section.

Precursor solution 1 is metered in along the reaction strand expediently at a concentration of the
metal-containing reactant in the precursor solution of between 0.001 M and 2 M, preferably

between 0.01 M and 1 M, and in particular between 0.01 M and 0.5 M.

Precursor solution 2 is metered in along the reaction strand by using expediently Se-, Te-, As-, S-,
20  P-, O-containing compounds at a concentration in the precursor solution of between 0.001 M and

2 M, preferably between 0.01 M and 1 M, and in particular between 0.01 M and 0.5 M.

The metered-in concentrations of both precursor solutions must be chosen so as to prevent

renewed nucleation or formation of new particles in the reactor.
Preference is given to employing freshly prepared precursor solutions.

25  The metered-in molar use ratio of metal-containing reactant to the corresponding Se-, Te-, As-, S-,
P-, O-containing compound in the precursor mixture is expediently between 0.5 and 10.0,

preferably between 0.7 and 5.0, and in particular between 0.9 and 2.0.

The use ratio of reactant 1 or 2 and the corresponding surfactant, which ratio determines the

reactivity of the precursor solution when metered in, is expediently between 0.01 and 1, preferably
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strand nanoparticles) or to carry out desired doping reactions.

20  To initiate the particle-forming reaction, heat must be supplied via “solvothermal” processes, both

in batch and in continuous synthesis of semiconductor nanoparticles.

For thermostatting, the capillary or microreactor may be placed in an oil bath in order to achieve in
this way the required temperature increase. Microwave technology may also be utilized for rapidly
heating up the reaction solution. However, preference is given to using microheat exchangers or
25  heat exchangers integrated in microreactors, which provide markedly improved and controlled heat
transfer and therefore more rapid and more efficient heating up of the reaction solution.
Continuous processes with such thermostatting or mixing units have the advantage over batch or
capillary processes of greatly simplifying scaling-up of production from a laboratory scale to a
production scale due to the “numbering up” principle (rather than “scaling up”). Scaling-up may
30 therefore be carried out while maintaining the product quality in comparison with a laboratory.
Moreover, the microreaction technology modules used enable different temperature levels to be set
along the reaction strand or the reaction section and thereby nucleation and growth to be separated

in time and space.
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function GO dHoRavgh &1 GHERPaRey TPbAB MaResE oh dsaPeiont FhdMish Mitfler
defined f emigosshfoh&its havidiCdhaRbteti®ie/datéinghing Rdorgane dinagliiohs ¢ Xjib-Q0@Ny,
resulting therefrom narrow residence tinme distribution, in continuous
operation R RrticeRANRictss bl 0198 ERr fel d 5 M krotechni k BTS GrbH). The
term"mcroreactor” is used here representing mcrostructured, preferably
conti nuousitie pRREH: ahiddfiok Galaled s MLEH PHag pREAE MBH ptPadsy MhdobtiSlar htlor
m ni reactor, mcroheat exchanger, mnimxer or mcromxer. Exanples of
t hese afe RINOPBHARdisperaionsin @rBiEatactondpdnglegssystrm, whigh pracess)ipeharagiegized by
m crom xer §.9fRiths vari ety of conpanies (e.g. Ehrfeld Mkrotechnik BTS
GrH, 10 Institut Tiir MKkrotechnik Mainz GrbH, Sienens AG CPC-Cellul are
Process Chem stry Systens GtH), "m croreactor” or "mcrostructured" for
t he purpose o Iiestipn dejerar passied threughus oadrpigaction dedbnglogo wpstameof @ prawviixey
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(1 and/or 2) with volume flow throughputs of preferably from 0.05 ml/min to 500 ml/min,

20 preferentially from 0.5 ml/min to 250 ml/min, and in particular from 1.0 ml/min to
100 ml/min.

b) Optionally injection or passing of a further precursor solution containing at least one
further reactant (1 and/or 2) and at least one surfactant (1 and/or 2), and mixing of the two
precursor solutions a) and b) via a suitable mixing element (e.g. micromixer) to give a

25 reaction solution.

c) Initiation of chemical reaction and in particular nucleation by heating rapidly the reaction
solution consisting of at least 2 precursor solutions to a temperature at which reaction and
nucleation take place to a significant extent, preferably to a temperature of more than

30 200°C, with temperatures of from 250°C to 400°C, and in particular from 260°C to 350°C,

being preferred.

d) Controlled growth of the nanoparticles by thermostatting/heating the reaction solution in a



The present invention relates to a liquid phase process for preparing

nanoparti cles @RMsPE3o 15 nanoparticle dispersions in a m cppigpshd7A09677
t echnol ogy system which process is characterized by the follow ng steps:

‘a) Injection into or passing through a njgroreaction technology systemof a
pre-m xed precursor solution containing at |east one reactant (1 and/or 2)
and at | east one surfactant (1 and/or 2) with volune flow throughputs of
preferably fronrdideentitherireactoo t&C0tendpénaturg of oo difagr EXYPC,ath tethpayatu®. Eeingl / mi n

to 250 m/mn, and i rti f.r Q.M /m 1 [ M R o). .
Optional Iy inj eBrteFeé"???yotFe?‘ﬁ%@g?b]g{@P 2§5QF3"%‘8 Hb‘?artbcruga(r:h&‘s”g?n 8% I}dojr%o c(g}\”tltgithr? i ng
at | east one f tenipbRturd RabGigasbe lolverthsl 1BE tetperanet @iuited &srtnuclagioaur f act ant (|
and/or 2), and m xing of the two precursor solutions a) and b) via a

suitable m xing . element (e.g. mcromxer) to give.a, 25 reaction solution.
c) Initiation of“péﬁléﬂliaﬁﬂéboflg“ﬁ‘{ ?fg © RIRTFSS W&F%i‘%ﬁﬁ‘é’ihernﬁﬁ@l eation by heating

rapidly the reaction solution consisting of at |east 2 precursor solutions

to a tepperatdyr soffingMpagiidler gRGkN ®Y adtling NHE [reRtibrORoluAke a9l AeEptll Oasa possible
significant extent, preferably to a tenperature of mpre than 30 200C, with
t enper at ur es of (queRsRingb Ot the aenbing-of femperptyss Peing meskedly oSt Seanche (gmpepere

bei ng preferredg:rdhc1lRBh bt the GrodftPtdhPerRiirelah@ndtdBRAP alidv &l 16 8xdd 150°C.
thernostatting/ heating the reaction solution in a W 2008/ 061632

PCT/ EP2007/ 009677 -13 residence tine reactor to a tenperature of nore than
150C, the Hherpeeatsupssordiignty ther ivetian| for pespakinen thegunogals fwgEnalnpartigles is
particul ar nel WaeR, 2 250Gu1arfsfind Bénsishife Eréiuferﬁ@e{' e Qedifolb QT

t han t he tgﬁp?etérat 3?@@?&3%&%@?ar\rllvsjé{éeat(?ngﬁ. A IEtar iJ(;:u ar enbgdiehen% éélf t he
pr ocess0conpnpopess,i for xéroplt eerdepiced B Eip. kt wigpiuh deiparlimitidethgrewwilhisbsysewol i ng

the reactign.sqlution a bruptly as i ble uenchj,n w t\h the

ool | ng- of PeEEmberarty & Pt b eeli P B e Ferit AN RAS b Ll s Wi

nucl eat i oneashehgeh &2)Qra0Wehndseittplee ahidfostranded) odsidenden mal leanadwith seatic emiking50C.
The process accordi to the invention for preparjng the nanqgscal e

functi onal "&FA J.adier }Ib?rglfeé?e&swg%Qﬁrf%ragldﬁtw?lwgghmmﬁ%Fﬁg%aaﬁlnwhere
consi sti ngagbpragl 3h QL1id¥BAI0A@RGELsMd RG] 0gy 10 conponents, for exanple
as depicted in Fig. 1, without being limted thereto. This system preferably

consists of at |east one thernpstattable receptacle rinsed with inert gas
(1), alti cPEHeHr Prefechemifesivanohere & PHRIiRGD BE Jeactipn ol eppsipting; Afraddeasedicdence
tine react BfecM@Jr Romkt Vg pmniﬂ &tShigh pressure pumps, for example HPLC pumps, with a constant
flow rate and very low pulsation through the modular microreaction technology apparatus or
through an apparatus composed of microstructured components. Particularly preferably, the first
reaction strand or reaction section for carrying out reaction steps a) to €) is located upstream of a
20  second reaction section which allows fresh precursor solution from a further thermostattable
receptacle rinsed with inert gas (6) to be metered in to the reaction solution leaving the first
reaction section. Both volume flows are preferably mixed in a microstructured mixer (7), making
rapid and efficient mixing possible. The reaction solution enriched with fresh precursor solution is
then passed through a further microheat exchanger (8), a thermostattable microstructured reactor
25  with static mixing internals (9) and a microheat exchanger (10) for rapidly cooling the reaction
solution. The second reaction strand may also be monitored via an on-line analytical measuring

point.

The modularized construction, in contrast to completely integrated reactor systems (see
W02005020659), has the advantage of optimal decoupling and therefore precise control of the
30  individual process stages and, as a result, an even better possibility of specifically controlling and

adjusting particle properties.

For continuous operation, particular process-engineering parameters such as, for example,



internals (3), a further mcroheat exchanger (4) for rapidly cooling the
reaction sQydbhRRbed where appropriate, an on-line anal yirgghofBRBE71 Ng
point (5). 15 Particular preference is given here to punping the reaction
"solution consisting of at |east one pregyrsor solution via punps or high
pressure punps, for exanple HPLC punps, with a constant flow rate and very
| ow pul sation through the nodul ar m croreaction technol ogy apparatus or
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m Xi ng possi ble. The reaction solution enriched with fresh precursor
solution is, then passed through a further m croheat exchanger g
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The second reaction strand may al so be nonitored via an on-line anal ytical
measuri ng tpdi0npl/minhmdippartiaydr fiem Lomimmied (oml/mim contrast to conpletely
integrated reactor systens (see W?2005020659), has the advantage of opti nal
decoupl i ng gp %&&%@Jﬁeﬁ;ﬁ 85 66384 A0 4 Mt Olnsfef e Archdith VB RIRAPRSC)

stages and, as a resu an even better possibility of specifically

cont r ol10i ngxpedignthadf etsteash g0 PG mi/nf, epreferablerat ileast. 25790 meGmit and Lo pertioperr aitleash,
particul ar Bg@ﬁlz_%%%;zengi neering paraneters such as, for exanple, WO

2008/ 061635 007/ 009677 -14 selection of the mcroreactor or seguence
of nodul es, are defined, others such as, for exanple, tenperature, vol une
fl ows and d‘dmnédfrbhmt ¢exahangéry iusednfot haeratilmﬂlie nre)ac@dmgltibhmakea:mpbmmues@tﬁm'om"thamay
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al so contr@bisgﬁie,by way of regulating the voI une 5 flows. The flow rates or
volune flows of the reaction solution along a reaction strand or a reaction
section _are expediently w thin ranges frqom 0. 05 rr1/ n 1o, 500

pref er abl ﬁr Bifiepas crROPSAR. o hoasesean 1170 4 1 A Yt T ictanag: er%?ﬁeiaéand

ni 1/ mn toHORmpdratiieNincrdAA8 inThtep 08 PrefGAA) AOHRES vrh'tﬁQH'e H18 108 a heM Qradsf&eRda-to-
transfer area-to-reaction volune ratio (A/V ratio) 10 expediently of at

| east 20 00G<HE yebimeypieqd Y Hsptip) af at|leagts?0 098 m3od. n/ nB and in particul ar at
| east

The residence times in the microheat exchanger used (2) are expediently within a range from
0.036's to 360 s, preferably from 0.072s to 36s, and in particular from 0.18 s to 18s. This
20 comresponds to a flow rate/volume flow of the reaction solution of from 0.05 ml/min to

500 ml/min, preferably 0.5 ml/min to 250 ml/min, and in particular from 1.0 ml/min to 100 ml/min.

More specifically, the morphology of the nanoparticles can be controlled by the surfactants used,
the concentrations of the reactants and surfactants and the molar use ratios of the particular
reaction components (reactants and surfactants) to one another and also by controlling the

25  temperature and the volume flows during the nucleation and growth processes.

In a particular embodiment of the process, nucleation (step c)) and particle growth (step d)) are
stopped by abruptly cooling (quenching) the reaction solution. Preference is given to setting in this
manner a temperature for the reaction solution of less than 150°C, particularly preferably a

temperature from 0 to 100°C, and in particular from 0 to 50°C.

30 In a particular embodiment of the process, step d) is carried out in thermostattable microstructured

reactors with static mixing internals (3). Thermostattable microstructured reactors with static



30 000 n2/nB. The m croheat exchangers used for heating the reaction

sol ution nmgkgrdRMBeENRt ures of nore than 200C, preferably pemebaiuoesr7of
from 250C to 400C, and in particular from260C to 350C, possible. 15 In a

“particul ar enbodi nent of the process, stgp c) is carried out in the

m croheat exchanger (2) and the tenperature increase in step c) is
preferably achieved with the aid of a heat transfer area-to- reaction vol une
rati o (A Vmixing 'm)encalls (éi whizhste @iplQeH exyedietly arh sontimgdusbnensratddrreastarnhaving a
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during the nucleation and growh processes. In a particul ar enbodi nent of

t he process, nucleation (step c)c% and particle growth (step d)) are stopped
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WO 2008/ 06 16320. GKH&I/EHQQDW(DB&&W prefebBblyi0xi migmiinrtb €250 au/sml(l,sandwhu makticake from

enpl oyed ex i entl continuously operated reactors having a heat
transfer H@J‘ﬂf’%‘n %ﬁ)@tqﬂgﬁ Tyolume ratio (AN ratio) of at |east 800 nR/n8B,

preferably 1000 n2/n8, and in particular having a ratio of at |east 1200

n2/ nB. TheDuer@e dctihet thetesiderice tiRMistauties irdth® WidlodtGictifed 2daciors MEER(3) kaduel SOC,
preferably betvveen 180C and 280C, and in 5 particular between 220C and 280C.
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the aid of an AN Tratio of ? | east 1000 ng to I ow axial and good

radi al m xpreéerabiyhesed tfert ¢ven aid defped arositined tbe pawm@eleop@lmn@nmrdelatstagc chwsfoer
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reactors use
and/or, preferably, via temperature and volume flows.

20  Ina particular embodiment of the process, the temperature is quickly lowered in step €) preferably

with the aid of a downstream microheat exchanger (4) with an A/V ratio of at least 20 000 m?/m’>.

Preference is given to producing in the first reaction section described previously nanoparticles
with a maximum characteristic dimension (e.g. diameter in the case of round nanoparticles) of
10nm. To prepare monodispersely distributed relatively large mnanoparticles, branched
25 nanostructures, doped nanoparticles or core-shell structures in a controlled manner, it is
advantageous to further treat/to modify the nanoparticles formed in the first reaction section via

the following steps:

f) Injection of at least one fresh precursor solutions via a suitable mixing element (e.g.

micromixer).
30 g2) Repeat of steps d) and e).

The second reaction section is utilized preferably for preparing core-shell nanoparticles, doped

nanoparticles, nanorods, nanoplates, nanotetrapods or polybranched nanostructures, since it



10 are expediently between 10 s and 300 s, preferably between 60 s and 600

s, and in %d(ﬁy&?&zbet ween 90 s and 1200 s. This correspp@@l@@@m)o’g&ﬁw
rat e/ vol une ow of the reaction solution of fromO0.05 mM/mn to 500

‘nil/mn, preferably 0.5 nUmin to 250 nl/qgn, and in particular from 1.0
mM/mn to 100 mM/mn. Due to the fact that the residence tinme distribution
in the mcrostructured reactors used (3) is, due 15 to the static m xing
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| arge nanoparticles, branched 25 nanostructures, doped nanoparticles or

cor e- shel | pessiblede prepare pelybrarbed naspstmigtupes fiewy varipys materialsdy ant ageous to further
treat/to nodify the nanoparticles fornmed in the first reaction section via
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via a suita Xing e enent crom xer at of steps d)
and e) 10 Thbeas exchargzer aaicatthamostembimcrostnwuréd wadorpvigf mta;binylng anterpale prair alsog

core-shell _n no rt| nanoparticl es, 0 nanopl.at es

nanot et rade f;'ﬁ?taﬁé eﬁan}%ﬁ)ssef ru %‘feﬁlretsasare i uwaféfﬂt q?/\ﬁh %‘%8&6%?2 the
PCT/ EP2007hﬁkQ&6z?cﬁon te&lﬁloﬁjggbbxﬁﬁonbﬁleafthé ﬁﬁcffehdmlan@@ﬁdm.tl ons (tenperature,
resi dence tine, concent ration, etc.) to be set and controlled separately.

Uilizin reaction.section (downstreamof the first section) al so
S ove o Bt SR crfa -t L e Brasot: BF Srehid EabBeson gy UHUREB AL L ORGPy be

prepared. kdctibh &\ RitSKI&EHInt @Qéctﬁtmms aﬂmsoweﬁ@ fcfr)terﬁb’oeary fRBkibRPreciptatidiof the
precursor solutions of steps a) and branched nanostructures

(e.g. AanoPy¥BaHslesis Fﬂ!f?‘éfr%ﬁd%?taelﬁﬁl 1%) én%rwfﬁmgh ﬁhédeacwn Yofsiop feavipg sither of

solutions kR t%vbeﬂaagtl))n %E&loﬁgtpréfgﬁgﬁl' 68 miostriGuiel %Hérs(ﬁﬁ) SRHIhARBS ra(ﬂfd deps
a) and b), core-shell structures or doped nanoparticles nmay be formed. In

this case Egfficient rfuumgfpgqrsphbsr d'hg hangscale particles can then be removed in a further stage (13).

The micromixers used in the second reaction section and in the working-up section have a mixing
time of expediently less than 10 s, preferably less than 5 s, and in particular less than 0.5 s. The

20  mixing time here describes the time interval required for homogenizing the reaction solution.

The present invention therefore likewise relates to a preferably continuous process, characterized
in that the synthesis of functional metallic nanoparticles or semiconductor nanoparticles (first
reaction section) as well as their further modification to give core-shell nanoparticles, doped
nanoparticles, nanorods, nanoplates, nanotetrapods and polybranched nanostructures (second
25  reaction section with metering-in), and also working-up of the synthesized nanostructures

(working-up section) are integrated in a modular microreaction technology system.

Dissolved accompanying substances such as excess surfactants and unreacted precursors may be
removed and the nanoparticle dispersion may be concentrated by utilizing commonly used
processes such as, for example, ultrafiltration, membrane filtration, dialysis and centrifugation.
30  Moreover, the use of a suitable solvent (precipitant or anti-solvent), for specific induction of
reversible aggregation and sedimentation of nanoparticles, allows removal from the reaction

solution.



possi ble to prepare pol ybranched nanostructures fromvarious materials.

Pr éf er abl ywd Juesp6rapd reacti on section has a mcrom xer fprT/@8500Y/000k79Ut
step f), a mcrostructured 10 heat exchanger and a thernostattable
‘mcrostructured reactor with static mxiag internals and also a downstream
heat exchanger whose properties are equivalent to the properties of the
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excess sur@c - r : ol :
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reacti %{; sol ution. ¥\O §008/ 061632 P?T/ EP2007/ 009677 -17 In a further

opti m red BRBSYFHENE g eharprleringnancscals patidless epar at i on processes may be run
continuously and follow the al ready integrated working-up section. According
to the prot@sso&hs bBebé 03eaTor Rtimiole pRAGARAIIfinehdicAld HRRI-SdntinifBYartd@es and
concentrated and, where approprjate, purified by means of standard
processes TBUNdystor pasticles Iaaqp thsh dispermtopsipreformulptions, fgt pxsPlegion pafalysts. coating
centri f ugakhefaldNHin® HARRSHRT 18/8)s; materials for electronics, materials with particular optical

properties, solar cells, biolabels, preparation of semi-conductive or conductive nano- and

20  microstructures, materials for anti-counterfeit methods, for dyeing plastic materials and for plastic

composites with special properties.



A washing step or the addition of additives may, where appropriate, optim ze
or speci fi gahbyosurligzy the colloidally chem cal stability apgrappbdmmbéan
properties of the nanoparticle dispersion. Finally, the nanoparticle
“dispersion may be prepared in a further_giep of the process according to
the invention by redispersing the nanoparticles in a suitable solvent (e.g.
tol uene, chloroform 10 dichl oronet hane, chl orobenzene or butyl acetate).
The nanopaFigutéses were characterized by determining particle size, particle
size distribution and particle norphol ogy by neans of transm ssion el ectron
m cr oscopy F{gT ENMché@haticirgrseseivhtim)of theleeesssr ement processes such as dynamni c

| i ght scattering (hydrodynam c particle size, Brookhaven BIC 90 Plus) and
UV/ VI S speFigussicdpicts(dHehtredtic rilaeseatrtibrDif dlbeappemtay f@Fatying pitcoutinuoe syBhGHA)

15 are al sofﬁ%i taal eng %.Cgha“rl. ot & %nZiliﬂgteE' no: cale particles. The process may
be used fof COHOPHIBIR IS ar Aol 6 "RANoSCal e met al - cont ai ni ng particl es
and se 'c?(ngeuctor articles and their dispersions or formulations, for
exanpl e’f of “EETE YES™ coating nmaterials, thin functional |ayers, materials
for el ectr? ics, materials with particular optical properties, solar cells,
bi ol abel s, B‘i‘»“éﬁ 9" of semi-conductive or conductive nano- and 20

m crostructures, materials for anti-counterfeit nethods, for dgei r‘sg pl astic
mat eri al s andi-f SROTBIOSEHIaTeCcp G ARiPFEuSH P N5 AL R EBPRS BCtgs

2008/ 061632 wmggg&yéﬁgg@zg(abm&aem{g,g%g@raggeg. 1. Schematic representation
of the process Figure 1 depicts a schematic representation of the apparatus
for carryi ng bufTherswrstptindomicresietpred reactogyitl fitictminmgintetBHopar ti cl es, wit hout
bei ng lijpm ted; t Iﬁﬁ% : Reaction section 1-

Ther rroslpatteg4r%gﬁ%%éféhgggﬂé%@gﬁsor solafﬁr?a(%er?s (sol vents, surfactants,
precursors) - Ovlingakbais exchanger (abrupt tenperature increase) 3-
Thernostatted, mcrostructured reactor with static mxing internals 10 4-

M croheat eéexRduatigpesectiombr upt tenperature decrease) 5- Online analysis 2.
Reaction section 6- Thernostatted receptacle for precursor solutions

(sol vents, sus-f Gbtramobtsttedpe@ptacls dorprecurder shludomrisotemts, surfactants, precursors)

7- Micromixer
15 8- Microheat exchanger (abrupt temperature increase)
9- Thermostatted, microstructured residence time reactor with static mixing internals

10- Microheat exchanger (abrupt temperature decrease)
3. Working-up section

11- Receptacle (precipitant or anti-solvent)
20 12- Micromixer
13- Separator (removal of aggregated nanoparticles)

14- Redispersion of nanoparticles in a suitable solvent

Fig. 2: TEM image of cadmium selenide (CdSe) nanoparticles prepared according to Example 1.

25  Fig.3: TEM image of branched cadmium selenide (CdSe) nanoparticles prepared according to
Example 2.

Fig. 4: TEM image of indium phosphide (InP) nanoparticles prepared according to Example 3.

Fig. 5: TEM image of branched cadmium telluride (CdTe) nanoparticles prepared according to
Example 4.

30 Fig. 6: TEM image of zinc selenide (ZnSe) nanoparticles prepared according to Example 5.

Fig. 7: UV/VIS spectrum of CdSe nanoparticles in toluene, prepared with two different volume



15 8- M croheat exchanger (abrupt tenperature increase) 9- Thernostatted,
m crostrch%ggfog% ence tinme reactor with static m xing patgphd7%09659-

M croheat exchanger (abrupt tenperature decrease) 3. Wrking-up section 11-
" Receptacle (precipitant or anti-solvent),;q.20 12- M crom xer 13- Separat or
(renoval of aggregated nanoparticles) 14- Redispersion of nanoparticles in
a suitable solvent Fig. 2: TEMinmge of cadm um sel eni de (CdSe)

nanopart i cfless peophmgetb Esauaplelilndht alagbed e eindicates? the Fipgetrudn of Ei¢! namappatialds

branched cadm u el enide.(Cd no ticles prepa accordi.ng to

Bcanpl o 2. PPN G B0 O b RO R SHTPasBnF B & RaRb ST MERRLREpspar ed
accordi ng tlife ndiestpy the Spectrith @f tHe:naddpMticlERgRpatd BithaGORehe TRGNDAII InBininlind de
(CdTe) nanoparticles prepared according to Exanple 4. 30 Fig. 6: TEMinage
of zinc sefwsidrge N SOf dfaiophs CXrReriggntal EPRPraMIes et Wrteg2Q0oC B dhfomistadieat i g

7m WIVES &Rﬁ&#&%%o@ﬁ%&@ﬂ&ﬂ@éﬁ&&k@é& n toluene, prepared with two
different volu WO 2008/ 061632 PCT/ EP2007/ 009677 -19 flows according to

Exanpl e 1. i Lh i L - . u i

ot epar od wErEabunl el PP RhGRCE SRGkli Bl WRnRIRREIofie, |
whi | e t he Gows iacneolisg td Eranpledi. dét elsstiet dins pieditatesnihef spedimm ah tpananppdriades
prepared with a volu flqw o .9 mM/mn and a. residence ti r of 3 mn.
Ther exper | Meteal Vi fPudr o Bmoilopll Degtenhiphe oh Fin T caBiminge:
and 260C i nind M@ichtesthe §feurhiofthelRachficles blepar®d with/aWolan® Rt 6109 Af/minRd a

nanoparticles in toluene, prepared with two different volune flows
accor dilthg fesidenearipmeet ®f 3Ha. dhe sErerimenial {epgprarres shefh & epIPE mntlst miceheat

nanopart i Cl%ﬁganr%&ra%ﬁ%@“‘é WiteNeddhd iErebdigw of 4.6 m/mn and a residence
. n, whilet

time r of e continuous [ine indicates the spectrum of the
nanoparti ckes 'p{ﬁ?ﬁf 1t h I - [ - i dence
time r of 3 '9'n. gesgic\é)\%h orrfg) rrf%ﬁa eﬁ{%‘ﬁ%@%@ %frtlglgs ﬁ'et lmélewéprgs%g% 1t1|}gvo: ﬁgérg&

m cr oheat vawodfogeindandp@atOes aevotdive to Esamide .6l Heishart-dashed dack lredndid@tes tid/ VI S

spectrum of branched CdTe nanopartjcles in toluene repared with two
STt e ont REOTANG! T BHIPAHOo RRE D MR P H T C? Pt e heb e  of
short - dashgehibvasik the & oRE LA EIRetiiBcatds RIRCSHEHAMDS! thdEanBFHMII prdpate Sith a

prepared with a volune flowof 9.9 m/mn and a residence tine r of
volume flow of 4.6 ml/min and a residence time t of 6.5 min. The experimental temperatures here

were 300°C in the microheat exchanger and 230°C in the residence time reactor.

The continuous black line indicates the spectrum of the nanoparticles prepared with a volume flow
of 9.9 ml/min and a residence time t of 3 min, while the grey continuous line indicates the
20  spectrum of the nanoparticles prepared with a volume flow of 4.6 ml/min and a residence time t of
6.5 min. The experimental temperatures here were 270°C in the microheat exchanger and 200°C in

the residence time reactor.

The present invention will be illustrated by the following examples, without being limited thereto.



15 3 min, while the grey |ong-dashed line indicates the spectrumof the
nanopartlc dwitha volune flowof 4.6 mM/mn a i e
time r ﬁzc&gﬁ)@%ﬁﬁe experinental tenperatures here V\ergeg%gz,&%da%@
“m cr oheat exchanger and 230C in the re&gloﬁnce time reactor. The continuous
bl ack line indicates the spectrum of the“nanoparticles prepared wth a
volume flow of 9.9 mM/mn and a residence tinme r of 3 mn, while the grey
cont i nuousgkampled:Ndi cates the 20 spectrum of the nanoparticl es prepared
with a vol unme glow of 4.6 M/mn and a residence tine r of 6.5 mn. The

experinmental tenperatures here were 270C in the m croheat exchanger and 200C
in the residence tinme reactor. The present invention will be illustrated by

the fol | oWgRgm qnp} §,aﬁ%toh@uge ReilobBSkticies ted thereto. WO 2008/ 061632

PCT/ EP200770C anpl es. anple 1. Preparation of CdSe
nanoparticles 5 A 0.5 rml ar seleniumsolution (solvent trioctyl phosphane)
was prepared (39 5 g of seleniumi|l of TOP). For the second precursor

sol utio i eic
e e S S s b i R B K

t he secondTOB).&ouths @acoecbprmm@n sqmgm, BHe3 helof eetimivmgride £Gd?) was dissol yefl perr litre

Colut i ons. Phoae sPHETHT Tk et A of s) MR EORSLTd ] I BI REFEHEC)

slightly ebematcedolmeasrpmnﬂtba rheatedl toeat leastc220U0 Ak wboling tixoGdO $te|cmgorcsblubolt, tit

previously m xe recursor solutio s, was th pa total vol ume
Pl ow of 10 PRI I BTG RO HECe-Hgh A A OTRTE ol A SYTTh b5y &t Bl
(Ehrfelid Mdupetatehod ﬁlgaTySelemadd) temprati@. The fdRltion selatis ConPisiigOdT HothevidRE
thernmostatting nmediumon the first mcroheat exchanger (counterfl ow

i croheat EWEHANgFEFsor sojufiops wag thenpassed withep toter rolype fiayy bl Gy bfugh tiek BTS
GnbH) had ﬂloaﬁsﬂjﬁfcﬂ;rwcﬁorpfecﬁ%@cgy sw&h ?Ehr‘fél? Mlﬂ%femﬁﬁ @%'@xﬂbﬁ?%ﬁ@hﬁ @pLiche

m crostructured reactor (sandw Ch’reactor, n2, Ehrfeld
M kr ot echnideubBTisstampudp-had a tenperature of 2600 The reactl on soI ution
contai ning the nanoparticles forned (visible by way of colouring of the
reacti on sdhetheomdstaiting rewioine dn the HStGnigiohkat tehehanged (efuntet{lows mizorhdat reixcraogesat

odut 6. En o i AP OCBEE BTSSR o b 4R At EORE: ner

The nanopaitel eHeffoswRing hﬁﬂ'ﬁﬁﬁ%rbﬂleaﬂﬂérﬂﬂm@tuﬁm M@&br (sandwich reactor, V =30 ml,
(precipitant/anti-solvent, for exanpl e nethanol/propanol m xt ure) whi ch

i nduces re%@r%ﬂb@éEhefg}ér%l@@!eicbmkBﬂsﬁm@méﬁbﬁ)ﬁmﬁrelu@sofm@ﬁ%val of the

supernatant was followed by redispersion in
The reaction solution containing the nanoparticles formed (visible by way of colouring of the

reaction solution) was cooled to 50°C with the aid of the second microheat exchanger (counterflow
20  microheat exchanger or tube thermostatting module, Ehrfeld Mikrotechnik BTS GmbH) and
collected in a product container. The nanoparticles were removed by adding a solvent
(precipitant/anti-solvent, for example methanol/propanol mixture) which induces reversible
aggregation of the nanoparticles. Removal of the supematant was followed by redispersion in
toluene, chloroform or another suitable solvent. This may be followed by any type of

25  characterization of the nanoparticles (TEM and UV/VIS analysis, see Figures 2 and 7).

Example 2: Preparation of branched CdSe nanoparticles

A 0.3 molar selenium solution (solvent trioctylphosphane) was prepared (25 g of seleniunyl of
30 TOP). To this solution a second surfactant solution consisting of cetyltrimethylammonium
bromide (CTAB) and Diphyl THT was added (13 g of CTAB/I of Diphyl THT). Both solutions
form the first precursor solution with a 1/1 weight ratio. For the second precursor solution,

0.07 mol of cadmium oxide (CdO) was dissolved per litre of oleic acid/Diphyl THT (1/4 weight



t ol uene, chloroformor another suitable solvent. This may be followed by any
type of 2%1(99(%’83)3“1@5? zation of the nanoparticles (TEM andpPBY/Evb§ranasysi s,
see Figures 2 and 7). Exanple 2: Preparation of branched CdSe nanoparticles
"A 0.3 nol ar selenium solution (solvent tsjoctyl phosphane) was prepared (25 g
of selenium| of 30 TOP). To this solution a second surfactant solution
consi sting of cetyltrinmethylamonium brom de (CTAB) and D phyl THT was
added (13 ctiof mZTwaB/ To odmpdetplyydissqIMT CAOBE hewodl ptecansg sofutipmtubiebef hepisd to at
precursor sl uf, Lt h a.1/ jght rati For. [e

sol ution, i ?tgi; b%lx%?r cé’gldn é’r%\,%g? Bregc?r%d)%lu\t/\llgs’ 1&?”258?%@"3@%%3?“’1 ﬁé{ﬁ)?%*lrs%rl eic
aci d/ Di phykoltitdhs (nld ¥3 weighhtatit\d 260ptd0EBERIMRERPHrAAO OF AN DS glévated2dmpeadtire.)

m xt ure. Tg_ conpl etely. dissolve %O t he second recurso[ t.soI utit n_nust, be
heat ed {0 4E NAEURS sobBige cORFYRE oL GO RIGTORE CHES BIeEtitrSIuEE Wes B PRecuas
possi bl & t @itHi X toROVBIuR{cERdW SO0 nSMitltthroish (he nbdhilad MEb&Rdtioh akdhBolbgy System
receptacle at roomtenperature or slightly el evated tenperature. The

reaction s&fFteldMikeserinkd xCubH) tipe By IR OIRPLE-MSIRRIr ecur sor  sol uti ons
was then passed 5 wth a total volune flow of 10 nml/m n through the nodul ar
ni cr or eact i18% theppasiaginggyediv pp the fushpicethgeat WW&%&WP‘I@@T‘S‘"@H&WHCX&?P%’ an
HPLC doubl } n h r i} i j ol at
exchanger ?&%g?] e’r‘?ig?\'/qv}a r7n6 ;(I:Ar’%}%%? @‘%%ﬁ%"‘e‘%sr@%wag% Igﬁeﬁgt{i{e%?%ﬂ?g’ ‘r%“%
Ehrfel d M KteotteahostaditingT he@uimHforhadt anidrenpetustiureactof (3:B0€ich weadter, ¥ RE0 ml,
thernostatting medi umfor the mcrostr ured reactor, (sandwi ch reactor, V z
30 nl, 101088 $0pmpE ﬁhﬁweémkﬁng%?%ﬁk‘ﬁ‘?%te@?Sra@Foﬁ)z%ﬁgd a tenperature of
280C. The reaction solution containing the nanoparticles formed (visible by
way of col dhf Fefgliesr salion qoptgininedthe sanonertielry farmed EuEble byt Baseicealpurng ohdheai d
of the secondiychabBatas B3GaAR%8C &Rﬁiﬁ@%ﬁfoffk}%‘ggzogh%ﬁ&gﬁﬁi @Béa%?tff'@&ﬁﬁteﬂfowt ube

thernostatting nodul e, Ehrfeld M kroteclmk H) andex‘ ected in a
product comicpheetr exchiprgen andyhsr themostetting meodulendiefeld M iksefedhnik BTE dbrotdbt anls

(preci pi t a@&{e@n@%‘ 158! grgﬁ'&c’t {og{ain%kﬁ aﬁ‘{?{}%&?&#@f@?' \éé}F ORI B X{d&fng) ?"‘4&'&\%&
i nduces reversible “aggregation of e nanoparticles. Renoval o he
super nab an{pre@dstahidntienlydntb yforr egdiamgype riséticanol/propahall wextere) ckhidr ofiducen cavemiblzt her

sui tabl e sol vent.. Thi.s nay be. foll owe any t of har.act eri zat.i on of
The. nanopaptiaRitn ph ik s ReBiEo b the St v PR BRREU Pon of
| NP nanopakdlicht,e shléroforidd offhathert khitibler kaRainhy Tisik | by PBOSMbBREE tyPhnkMD)pd) of
solution (solvent Diphyl THT) was repared (10 g of P(TMS)3/1 of D phyl
THT). For thisackarging 06?/1@@6?@6?1056(IEDM6??,1YS@: we e Bf i ndi um acet ate
(I'n(Ac)3) was dissolved per litre of oleic acid/ D phyl THT (1/30 wei ght
ratio)

20 Example 3: Preparation of InP nanoparticles

A 0.04 molar tris(trimethylsilyl)phosphane (P(TMS);) solution (solvent Diphyl THT) was
prepared (10 g of P(TMS)y/l of Diphyl THT). For the second precursor solution, 0.03 mol of
indium acetate (In(Ac);) was dissolved per litre of oleic acid/Diphyl THT (1/30 weight ratio)
25  mixture. To completely dissolve In(Ac)s, the second precursor solution must be heated to at least
120°C. After cooling the In(Ac); precursor solution, it was possible to mix both precursor
solutions in a 1/2 weight ratio in a receptacle at room temperature or slightly elevated temperature.
The reaction solution consisting of both previously mixed precursor solutions was then passed
with a total volume flow of 10 ml/min through the modular microreaction technology system

30  (Ehrfeld Mikrotechnik BTS GmbH), using an HPLC double-piston pump.

The thermostatting medium on the first microheat exchanger (counterflow microheat exchanger,
V=0.3ml, A~0.0076 m?, Ehrfeld Mikrotechnik BTS GmbH) had a temperature of 300°C, while

the thermostatting medium for the microstructured reactor (sandwich reactor, V =30 ml,



25 mxture. To conpletely dissolve In(Ac)3, the second precursor solution
nmust be hegieshokPefdsn! east 120C. After cooling the In(Ac)gcpig 06677
solution, It was possible to m x both precursor solutions 1n a 1/2 wei ght
“ratio in a receptacle at roomtenperaturg or slightly el evated tenperature.
The reaction solution consisting of both previously m xed precursor
solutions was then passed wth a total volune flow of 10 m/mn through the
nodul ar m AR@.08a63 Ebificld dikoetiadyBTY SidH) halh telperhtaledf BY®Cot echni k BTS GrbH),
usi ng an HPLC doubl e-pi ston punp. The thernostatting mediumon the first
5T P s, e, 1 St
0.0076 m, Ehrfeld. rotecl mk BTS ] ad a tenperature o ' ile
the t her noSEsIopSABtiona deisRotss o PHE Witctheaf of the W@ﬁ%&@?ﬁﬁxg}?%ﬂgﬁoﬁ‘ﬁerﬂg‘&ct or,
V ~ 30 mM, nRRA0SLPELE33: Ripd/ (RE2BQM RO ARAdle, ERLeIA MikftQBniRPBT Fltiniitl) Cand

M krotechni k BTS GrbH) had a tenperature of 270C. The reaction solutjion

cont ai n§ ngeallsetethdpoparredust eentpineirekhe( panppytielenywepgremeved oby (Adfing dfsotverd
reaction s i olced 0 i g . 3¢ j at
exchanger %(Ir:égdj rlltt9 @?“P ﬁ%@vvggﬁ g(?oﬁ%gltp ie%eﬁﬂgﬁg/ rrr(;bglrl(ﬁt &Ee T %13‘?1 rlr%lst%gi{a %is g}geg&rr%?iﬁl e,
Ehrfel d M kgeodigatadmnetkth@ Tignd@attiehes. aeindyalcef] the stpedhatant svapfdtbwet byomdisperséon, inThe
nanoparticl] es were renpved by, addi.ng. a saol vent. reci pitant banti -sal vent,
for exanpl !ec)?ur?%ff’ h%lﬁ(())rf)ﬁ)ﬂirl o%raﬁ% theﬁi &%ltﬁlglg)so\?ﬁ?fuéﬁﬂ}l%dﬁ%ege r@}%‘?éshl tl))?’ eanyaéla? eogat ion
of the nancHagdcicrigdtios of fRe mamophrticies (TS sidABv/Vas aatysispsse Fighieowand &)y

redi spersion in toluene, chloroformor another suitable solvent. This may
be fol lpwed by any type of characterization of the nanoparticles (TEM and
UV/ VIS anal ysis, see Figures 4 and 8). 10 Exanple 4: Preparation of branched

CdTe nanopggdmgsik espApgpa@izﬁomaaﬁhddeddwdau@ﬂags sol ution (solvent Diphyl
THT) was prepared (3.2 g of telluriu 0 TBP/ Di phyl THT m xture in a 1/28
wei ght ratio). For the second precursor solution, 0.025 nol of 15 cadm um
oxi de (CdO) was dissolved per litre of oleic acid/ D phyl THT (1/30 weight
ratio) m XpW.®s mParGQRBLRLEEYsotlitids Moent@iphy ) SRS BREarkd BLUE SOEIIS RNt dfoN
had to be heated to at |east 220C. After the CdO precursor solution had
cool ed dowhBP/DiphyhEHE awisturs ia atlP8nvsichy satie). ioethasewpd prseirearisplidon, A.0g5 mol of
recept a&l e a0 QMdk §TROS Hay ro‘?ss@(/ P k)ﬁgf&}é ¥f %ieﬁ:v%&ﬂip%g”’@ﬁ&a{}%eweigtﬁeratio)
reaction solution consisting o Bo previ ously m Xxed precursor Sol utions
was t hen pmsswd T ¢dmpdet¢lp kol ZOCIQ) thersechbhdpreairsot Golntidmhad to foe bergddl tohae leasdul ar
m cr or eact i t echnpl system (Ehrfel d krot.echni k .BIS Gib usi ng an
pLC doubl 20 RAe U G0 B G BE bl elel SHi TRDRCPRE Y PR PO pHeBsRE
exchanger {ohnishs e fal @ueprcer sh@ain wmperatngesr:, slightly elevated temperature. The reaction

solution consisting of both previously mixed precursor solutions was then passed with a total
20  volume flow of 10 ml/min through the modular microreaction technology system (Ehrfeld
Mikrotechnik BTS GmbH), using an HPLC double-piston pump.

The thermostatting medium on the first microheat exchanger (counterflow microheat exchanger,
V = 0.3 ml, A=0.0076 m?, Ehrfeld Mikrotechnik BTS GmbH) had a temperature of 330°C, while
the thermostatting medium for the microstructured reactor (sandwich reactor, V =~ 30 ml,

25 A =0.03 m?% Ehrfeld Mikrotechnik BTS GmbH) had a temperature of 260°C.

The reaction solution containing the nanoparticles formed (visible by way of colouring of the
reaction solution) was cooled to 50°C with the aid of the second microheat exchanger (counterflow
microheat exchanger or tube thermostatting module, Ehrfeld Mikrotechnik BTS GmbH) and
collected in a product container. The nanoparticles were removed by adding a solvent
30  (precipitant/anti-solvent, for example methanol/propanol mixture) which induces reversible
aggregation of the nanoparticles. Removal of the supernatant was followed by redispersion in
toluene, chloroform or another suitable solvent. This may be followed by any type of

characterization of the nanoparticles (TEM and UV/VIS analysis, see Figures 5 and 9).



V=0.3nm, Az 0.0076 n2, Ehrfeld M krotechni k BTS GrbH) had a tenperature
of * 330C, Wd@ogb@%3§hermstattl ng medium for the m crostrpeimpash7iopdstor
(sandwi ch reactor, V=30 mM, 25 A =0.03 n2, Ehrfeld M krotechni k BTS
GmH) had a terrper ature of 260C. The reagtion solution containing the
nanoparticles formed (visible by way of colouring of the reaction solution)
was cooled to 50Cwith the aid of the second m croheat exchanger
(counterflow m croheat exchanger or tube thernostatting nodule, Ehrfeld

M krot echni k BTS GbH) and collected in a product container. The

nanopart i c_MQmMMMI vent 30 (precipitant/anti-solvent,
for exanpl e net hanol / propanol m xture) which induces reversible aggregation
of the nanoparticles. Renoval of the supernatant was foll owed by

redi spersion in toluene, chloroformor another suitable solvent. This may
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(sol vent tflh@%a&htehzﬁmhm)dls&aﬁe@p@nafeaﬁ 1161 TH, Toedoaipletely Wis@iveTRY,, e and
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t t | at
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(appr ox. react’1 on solution consi s m' xed
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t hr ough the Idar m. cr or eactl on technol ogy system (Ehrfeld M krotecl m k
BTS anH), zﬂw Yol e p| ston punp. The thernostatting nmedi um on
the first m croheat exc nterf owmcroh at _exchanger, V.= 0.3 nl,
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nanopart i cI ego @Od&ﬁﬁgﬁf%%’ﬁ aec?lguW?’f?K}m%h%ﬁ% é)tlél&l n u ?8@, reaction sol ution)

was cool ed't COrd “MPEFoh exthanger

(counter 1 o 67 ook, BXCUATgS, oo bt RtpE b oble, B0,
nanoparti cteagiongslatiss Way eabléwto aokd) wigh the 5idloy &8 tsecoﬁcpﬁmuamteaaiah@datdouﬁalﬂwnt :
for exanpl e micro teel;]tagx%Lan%Erogra I‘?u%e tﬂlr)é}ogtgtﬁzlg Vrﬂdglg, IE}rllrctléig el\?[lkl;o(?f\:/ %mi BTS GmbH) and
20  collected in a product container. The nanoparticles were removed by adding a solvent
(precipitant/anti-solvent, for example methanol/propanol mixture) which induces reversible
aggregation of the nanoparticles. Removal of the supernatant was followed by redispersion in

toluene, chloroform or another suitable solvent. This may be followed by any type of

characterization of the nanoparticles (TEM analysis, see Figure 6).



aggregati on of the nanoparticles. Renoval of the supernatant was followed by
redi sper siwe dofg/oé@beiene, chl orof orm or anot her suitabl e sgtwepioo7/dhes7 my
be foll owed by any type of characterization of the nanoparticles (TEM

anal ysis, see Figure 6). WD 2008/ 061632 ,gCT/ EP2007/ 009677 -24- Clains 1.

Li qui d phase process for preparing netal -containing nanoparticles and/or
nanoparticle dispersions in a reactor, characterized in that the nucleation
and grow Claimxesses are 5 separated in tine and space by controlling the
tenmperature and the volune flows. 2. Process according to Caiml,
characterized in that the process is carried out in a mcroreaction

technol ogy system 3. Process according to Claim?2, characterized in that
the process ils ldawidipbaseoprocesh fer prerbeing metalQompiging maperartisies tandhh anegartidy st em
4. Liquid phasejiRlRtss S fa%ad&fr?%?dcf&ﬁzéﬁeﬁlathﬁtctﬁgtnﬁc':l@dti'ag_aﬂ@%%ﬁﬁ tokdebR&s and/ or
nanoparticle dispersions in a mcroreactqr, characterized by the foll ow ng
steps: ) i nj ecePaned itaneand spase byigpniaiing s temneratyre Aeebibe VIRt 8ol ogy
system of a pre-m xed 15 precursor solution containing at |east one
reactant (1 anddQles?hc@Rfindlo lCARY, QFractStbed A LBAT th ?r@d’éﬁy A ctiedVohiNinvQl ue
flow t hroughputs of preferably from 0.05 m/mn to 500 m/mn, b)

opti onal |y i nj esiciogractinm tpdwsloggsysttma f urt her precursor sol ution containi ng
at least 20 one further reactant (I and/or 2) and at |east one surfactant
(1 and/or 2), and mxi n%_ of the two precursaor solutions a) and b) via a
sui t abl e ni xPngPresesnsserding tg Claimceharprieazef ip thatyihg grogess dseamicdhPus i ameder c)
initiatgon of chrRr&dliod e@eblogysyds. i N particul ar nucl eati on by heating
rapidly the 25 reaction solution consisting of at |east 2 precursor
solutions to a tenperature at which reaction and nuc]eation take place to a
signi ficant éxteifwid Phgse prcesfof prpanng metaseptaininedaraparisies ardpy fansperdcle )
control | ed growifeRfont 1ea MRANERIGH IHhrEGerP¥d bi\BE MIRWAIgtdpst/ heating the
reaction 30 solution in a residence tine reactor to a tenmperature of nore
than 150C, w th tfenilBeRehAbUaSsitpaMiolgh 4 RidAedcA¥RTechddRBy Siient STRE-AlNA S
required for nucleation. 5. Process according to Caim characterized in
that, ih a step e), PIFSWETCIORMGR GoRtrining ak e3pfng reacking bk pr/asy2) and 3t fegstiane
reaction sol ution, wWirfdtahh€1 Ca@IdrNY HEIRPeslahe! fovd EthdYghpawe bf tpieferably from

0.05 ml/min to 500 ml/min,

b) optionally injection or passing of a further precursor solution containing at least
20 one further reactant (1 and/or 2) and at least one surfactant (1 and/or 2), and mixing
of the two precursor solutions a) and b) via a suitable mixing element (e.g.

micromixer) to give a reaction solution,

¢) initiation of chemical reaction and in particular nucleation by heating rapidly the
25 reaction solution consisting of at least 2 precursor solutions to a temperature at
which reaction and nucleation take place to a significant extent, preferably to a

temperature of more than 200°C,

d) controlled growth of the nanoparticles by thermostatting/heating the reaction
30 solution in a residence time reactor to a temperature of more than 150°C, with the

temperature having to be lower than the temperature required for nucleation.

5. Process according to Claim 4, characterized in that, in a step e), particle growth is stopped
abruptly by cooling the reaction solution, with the cooling temperature being lower than

35 the nucleation temperature and the growth temperature.



35 the nucleation tenperature and the growth tenperature. WO 2008/ 061632

PCT/ EP2007@PR08/66163225 6. Process according to any of C pifRphootRoss77Whi ch
is carried out continuously. 7. Process according to any of Clains 4 to 6,

‘characterized in that the tenperature ingrease 5 for step c¢) is achieved in
a m croheat exchanger with the aid of a heat transfer area-to- reaction
volume ratio (AN ratio) of at least 20 000 nz/m . 8. Process according to
any of Clainms 4 to 7, characterized in that the tenperature for step d) in
the mcrostructured reactor is maintained with the aid of an AN rati o of at
|l east 10 1080 Fppsts acspdingrleanyedilaime & 19 3 MUK AT} SRtipYEI%of i s

di stinctly narrower than |n a tube or in a capillary, due to the use of
static mxin ﬁrternals Pr oc

characteri ze ofeisi%iicco’fdrlf‘gstf’ épy 8?5%@?{%& Iéﬂﬁ?%wzﬁgl YI} ﬁat tgﬁ?énrpS’ﬁ%‘éet m&?%sﬁanger
is stopped by afor wiep Icyisl mmwdng atﬂnia:rcthearr}mclahgarevltmhe hidaof aARdat kinsfeatiieatof at

| east 20 000 ns/n [ &ﬂX f Clains 4 to 9 for the
synt hesi s of corregcnsoﬂé’i%l reléaﬁlggartl CP)OO#gl fé%’t nanrgpartl cl es, nanorods,

nanopl at es, nanot etrapods or pol ybranched nanost ructures, char acteri zed in

that fresh PRECHESAL a8l Ot & (TBLEN Gl | Aol ﬂpthgt)theé saeattkdg

step 20 f) which can eate t1nes. rocess accgrdl ng
to any of O ai m# the tI@CIPGImCt}h@r geeter iSz@@\‘n‘iaﬁle@ heith ‘thhéﬂ%aﬁé?)eﬁf/y i eliesf abffeéiiar ed

have ajgharact efjodhlGnane ﬁﬁq@sl&aéetthﬁé ﬁstﬁbln%ﬂsne%f fdidéRctlyonafhBwEd tArBARY tibe OD
1D, 2D or 3D structure. 12. Process accord to any of Clains 1 to 11

characteri zed i 9f iR A&#PIRaRS dﬁ&ﬂth%ﬂlséofsft%té:m’d}ngtlm?rﬁ i on has a standard
deviation of 10 run or the property distribution of the nanoparticles does

n X ndar iation 2
ot exceed a St ?roge%s gccgred\l/ngatg ar(l)y ofO élic[umsgl to 8, characterized in that, in step €), particle growth

in a microheat exchanger is stopped by abruptly lowering the temperature, with an A/V
15 ratio of at least 20 000 m*m’.

10. Process according to any of Claims 4 to 9 for the synthesis of core-shell nanoparticles,
doped nanoparticles, nanorods, nanoplates, nanotetrapods or polybranched nanostructures,
characterized in that fresh precursor solution is metered in and step d) is repeated in a step

20 f) which can be repeated any number of times.

11. Process according to any of Claims 1 to 10, characterized in that the nanoparticles
prepared have a characteristic average particle dimension of up to 40 nm and a 0D, 1D, 2D
or 3D structure.

25

12. Process according to any of Claims 1 to 11, characterized in that the particle size

distribution has a standard deviation of + 10 nm or the property distribution of the

nanoparticles does not exceed a standard deviation of £+ 20%.



