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We report a single step procedure to prepare monodisperse
colloidal poly(methyl)methacrylate (PMMA) particles where flu-
orescent dyes are incorporated into the polymer network. The
particles are sterically stabilized against flocculation by poly(12-
hydroxystearic acid). The fluorescent dyes are RITC (rhodamine
isothiocyanate)-aminostyrene (RAS) and 4-methylaminoethylme-
thacrylate-7-nitrobenzo-2-oxa-1,3-diazol (NBD-MAEM), which
are prepared from (commercially available) RITC and 4-chloro-
7-nitrobenzo-2-oxa-1,3-diazol (NBD-CIl), respectively, as starting
materials. The particles can be grown larger with nonfluorescent
PMMA. Examples of the usefulness of these model particles in col-
loid science are given.  © 2002 Elsevier Science
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1. INTRODUCTION

rescent particles are not only useful for CSLM studies. Othe
techniques, such as fluorescent recovery after photobleachi
(see for example (9)), also require fluorescent particles.

In this work we describe a method for synthesizing homo
geneously labeled fluorescent particles with adjustable size a
a sharp size distribution, where fluorescent material is cov:
lently linked to the polymer network of the particle. A simple
method for preparing colloidal particles that is widely used ir
colloid chemistry is a procedure reported by Antl and cowork
ers (10). In the work presented here, this procedure is modifie
to incorporate fluorescent monomers into the polymer chair
that make up the particles. Two fluorescent monomers are us
NBD-MAEM (4-methylaminoethylmethacrylate-7-nitrobenzo-
2-oxa-1,3-diazol) and RAS (RITC-aminostyrene), where RITC
stands for rhodamineisothiocyanate. A procedure has been p
lished to successfully incorporate the first mentioned monom:
into (noncolloidal) poly(methyl)methacrylate (PMMA) (11) and

Fundamental problems such as phase transitions and dyn#f core—shell colloidal particles (12) using a different proce

ics in concentrated systems can very well be studied using c@wre (13) from the one used here. The last mentioned monorr
loids that are dispersed into aqueous or apolar solvents (1, [#s to our knowledge never been incorporated into PMMA.
These systems are used as model systems for (simple) aton8 the next section we schematically describe how fluoresce
(3, 4), but they also are interesting on their own (see, e.g., (BRrticles can be obtained from commercially available startin
Besides that, they are widely used in technological applicatiofterials. Subsequently, we describe the experimental details
such as paints, food processing, drilling fluids, etc. Section 3, together with the relevant techniques to characteri
Recently a number of real-space studies of colloidal systefi§ particles. In Section 4, the results are given together with
using confocal scanning laser microscopy (CSLM) have beghortdiscussion. Finally we illustrate the usefulness of the new
published (see, e.g., (6—8)). Compared to conventional opti€&§veloped particles as model systems to study a wide variety
(video) microscopy, the advantage of CSLM is that out-of-focuienomena in colloid science.
blur is essentially absent from confocal images, mainly due to a
pinhole in front of the detector. This enables one to obtain optical
sections from a sample. By using fluorescently labeled particles,
interference effects are minimal. Phenomena like crystallization
and dynamics are best studied using monodisperse model par-
ticles. This places great demands on the model systems. FluoFhe latex particles discussed in this paper are referred to
PMMA-latex or polymethylmethacrylate particles and are pre
170 whom correspondence should be addressed. F&4%:30 2533870. Egrr]etieb?f/e(:stii)srzsrlrc])&tgfelyirr:'ﬁglzlatlOn. .In dispersion polymerizz
E-mail: W.K.Kegel@chem.uu.nl. r _ _ y consists of monomers that ar
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tute, Princetonplein 5, 3584 CC Utrecht, The Netherlands. polymers are formed that are insoluble in the dispersion mediur
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FIG.1. Schematic representation of a PMMA-latex particle, stabilized by . ) )
poly(12-hydroxystearic acid) or PHS. Methyl methacryla®;(methacrylic ~ F1G-2. Reaction scheme of the preparation of NBD-MAEM starting from
acid (O); glycidyl methacrylate©); 12-hydroxystearic acid__). NBD-CI.

After a period of time, the polymers precipitate and latex parf{"0Wn that styrene can easily be incorporated into a PMMA
cles are formed (10, 14, 15). Only apolar media are consider@if* matrix (16, 17). We note that the methods described abo
here. The spheres are sterically stabilized by a graft copolyn‘?‘éf_a analogous to the way in which silica is made fluorescent |

that coats the latex surface. It is referred to as PHS or pdf ing FITC or similar dyes (see for example (18)). ,
(12-hydroxystearic acid). A schematic picture of a PMMA 1 nefluorescentmonomers NBD-MAEMand RAS can simply
sphere is given in Fig. 1. be mixed with the nonfluorescent monomer methyl methacn

The monomers methyl methacrylate (MM), methacrylic acitit: Subsequently, fluorescent PMMA-latex particles are pr
(MA) and glycidyl methacrylate (GM) bind via the double bompa_red by stand.ard procedures for d_|sperS|on polymerization. D
of the methacrylic group. In the graft copolymeric stabilizeﬁa‘IIS are described in the next section.
to some of the GM monomers, tails of poly(12-hydroxystearic
acid) are attached through the ring opening of the epoxy group of
the GM and the acid group in the poly(12-hydroxystearic aci
The acid chains originate as a result of esterification between
hydroxy group of a 12-hydroxystearic acid (HS) molecule and Methyl methacrylate (MM, BDH>99%) was distilled un-
the acid group of another HS molecule. The stabilizer is lockelr nitrogen atmosphere before use, methacrylic acid (M/
onto the latex particle when a GM monomer reacts with a MAluka, >98%) was distilled at reduced pressure and under r

3. EXPERIMENTAL SECTION

:1. Materials
e

monomer at the surface of the PMMA—latex particle. trogen atmosphere before use. Exxsol D 100 (Exxon Chemic
Europe Inc.), hexane (Baker), /8D petroleum ether (Baker),
Fluorescent Monomers octyl mercaptan (Fluka), 2-dimethylaminoethanol (Acros Or

)ganics, 99%), 4-chloro-7-nitrobenzo-2-oxa-1,3-diazol (NBD

PMMA-latex can in principle be labeled fluorescentl : )
P P Acros Organics, 98%), methacryloylchloride (Fluka,

by incorporating dyed monomers homogeneously througho%g i
the particles during the dispersion polymerization. In su 7%), 2-methylaminoethanol (MAE, Fluk98%), Rho-

a dyed monomer of course both a fluorescent group a 8mine b isothiocyanate (RITC, Fluka, mixture of isomers)

a coupling group should be present. In this study we uZ%I,Qé/laminostyrene (Aldrich), methanol (Baker), diethylethe

the monomers 4-methylaminoethylmethacrylate-7-nitroben ferck, >99.5%), and ethapol (Nedalco, absolute tech_nlpa
2-oxa-1,3-diazol (NBD-MAEM) (11) and RITC-aminostyreneqrade) were used as supplied. Toluene (Baker) was distill
(RAS). The coupling group in NBD-MAEM is a methacrylic
group. In RAS, the styrene group acts as the coupling grot
Because of the chemical equivalence of the coupling groups
the monomers MM and MA, the fluorescent monomers will pa
ticipate in the polymerization process. Figure 2 shows the rez @ COOH

tion scheme that describes the conversion of starting matel,,, oH I o

4-chloro-7-nitrobenzo-2-oxa-1,3-diazol (NBD-CI) into NBD-L3 @@ J0 -
MAEM. The reaction product is a fluorescent methacrylate. 't © Nk H.Cm=CH
The conversion of the dye RITC and 4-aminostyrene int < o % e
RITC 4-aminostyrene

RAS is explained in the reaction scheme of Fig. 3. The reaction
product is a fluorescent styrene derivative. From literature it iBIG. 3. Reaction scheme of the preparation of RITC-aminostyrene (RAS).
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and dried over Na sand before use. Triethylamine (TEA, Fluksetup was built. A 100-mL two-necked round-bottom flask wa
>99.5%) was distilled and dried over calcium hydride beforélled with 0.083 g ADIB, 9.94 g MM, 0.205 g MA, 3.64 g hex-
use. Poly(12-hydroxystearic acid) graft copolymer (50% sane, 3.04 g exxsol D 100, 3.29 g NBD-MAEM/hexane/aceton
lution in a 2:1 (w/w) ethylacetate/butylacetate mixture) wamixture (consisting of 10 mg NBD-MAEM, 2.64 g hexane, and
obtained from ICIl. Azo-bis-isobutyronitrile (ADIB, JansserD.65 g acetone), 1.00 g stabilizer solution, and 0.054 g oct
Chimica) was recrystallized from acetone before use. mercaptan. The system was evacuated and brought under nit
gen. The reaction mixture was stirred magnetically. When th
3.2. Synthesis of the Fluorescent Monomer NBD-MAEM  ADIB was dissolved completely, the system was heated usir

. .an oil bath of 80C. A few minutes after the reaction had started
In a Schienk flask 6.32 g (84.1 mmol) MAE was dissolved i e reaction mixture turned from clear and yellow to a turbid

32 mL ethanol. In another Schlenk fiask, 2.733 g (13.7 mmq ep yellow colored solution. The mixture was refluxed for twc

NBD-CI was dissolved in 100 mL ethanol. The contents of the :
. . more hours. The oil bath was removed and the contents of tl

two flasks were mixed and the mixture was brought under,a
. . . . .flask were cooled down to room temperature. The PMMA-late
nitrogen atmosphere. The reaction mixture was stirred and im

mediately a deposit appeared. An additional amount of 100 system that was formed during this reaction was named PMM/

ethanol was added. After 30 min of stirring. the preciitate w. D1. In order to use the latex for further experiments the stz
i . L 9 precip Bizer was linked covalently to the particle surface in a secon
filtered with a Bichner funnel.

The residue was washed with a cold20°C) mixture of locking distillation step.

. . . For this purpose the dropping funnel was filled with exxso
methanol and diethylether 780 (v/v) and then dissolved in D 100. The system was heated once more t€8The hexane

1 L ethanol of approximately 4&. The solution was cooled -
in the freezer overnight. The NBD-MAE crystals formed Wer\é)v":lS distilled and replaced by the same amount of exxsol D 10

. . . . : during this process the temperature of the oil bath was slowl
isolated using a Bchner funnel again. The residue was WaSheraised to 130C. When the distillation was complete the dis-
with ethanol T ~ —20°C). The product was dried in a Schlen ' P

flask under reduced pressure. anplied by a membrane oum illation condenser was replaced by an allihn condenser. The
u u P ure, appli y PUMR, 8 g of 2-dimethylaminoethanol was added and the dispersi

a temperature of 4%&. .
The nextstep was to conver the NEDAE o NeDIES SIS 8% Ser e bekig s o e
MAEM. For this purpose, 1.0 g (4.20 mmol) NBD-MAE was y 9 P

. . . 4 X through centrifugation of the dispersion. This was done on
weighed in a Schlenk vessel. The solid was dissolved in 61.3 ré]‘eckman GS-6 table centrifuge for 15 min at 1000 rpm. Th

distilled and dried toluene. The dissolution of the CryStasediment was redispersed in/8D petroleum ether. The sed-
took 3 days. Then, 0.64 g (6.3 mmol) triethylamine and 0.5991 . P P . '
(5.6 mmol) methacryloylchloride was added to the Solutior|1 entation procedure was repeated four times. After that, tt

' yloy 'arrticles can be transferred to any appropriate solvent (mixture

The reaction mixture was stirred under nitrogen atmosphere Po Using the same method as described above, 13 more batcl

> days. T.h's time span is arbltrary._An ammonium salt PrECIRly NBD-labeled latex were prepared. Also two batches o
tated during the course of the reaction. The mixture was filtere . . .

. ; . fhodamine-labeled latex were synthesized. The only differenc
while keeping the system under a nitrogen atmosphere. The re

. ) . “bétween these preparations was that before addition to the re
action product was extracted from the filtrate using a rotatlr%r%n mixture. the RITC monomer was dissolved in a mixture o
evaporator. The NBD-MAEM was dried for a few hours undeéthanol and’hexane
reduced pressure. Details on the amounts of reactants, the radius and polydi
. ity of th Iti icl f in Table 1.

3.3. Synthesis of the Fluorescent Monomer RAS persity of the resulting particles can be found in Table
Ina Schlenk flask 0.0712 g (0.133 mmol) RITC was dissolve’l5. Core-Shell PMMA-Latex
ethanol The mixture was brought under a itrogen aumospherd” (19) @ Shellof PNIVA latex was grown onto (fuorescen
) g 9 P sﬂ?ca cores. We slightly modified this method in order to perforn

nd w tirred for ri f 4 weeks. We did not follow th .
and as st e(_JI or a period o eeks. We did not follo gcontrolled growth of a PMMA-Ilatex core with a latex shell.
conversion in time.

The reaction product wasisolated under reduced pressure w'thAn amount of 1.0'0 9 PMMA_NBPB reaction mixture (|.e.., the
. : Ispersion resulting after synthesis of PMMA-NBD8 particles

a rotating evaporator. The vyield of fluorescent monomer was . .
0.0643 g (0.0981 mmet 73.9%), See Table 1) was weighted in a 50-mL round-bottom flask. T
this solution 0.070 g ADIB and 0.029 g octyl mercaptan wa:

added. The mixture was stirred magnetically until the ADIB
was dissolved. In a beaker, 3.08 g MM, 0.063 g MA, 2.10 ¢
hexane, 1.05 g exxsol D 100, and 0.25 g stabilizer solution wé

The preparation of homogeneous fluorescent latex particlasxed thoroughly.

as described in this section was done analogous to the methodBhe mixture was poured into a dropping funnel with a wate

described in (10, 19, 20). For the synthesis a standard refjaxket, after which the entire system was evacuated and broug

3.4. Preparation of Fluorescent PMMA—-Latex
via a Single-Step Synthesis
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TABLE 1
Details of the Single-Step Fluorescent Latex Preparations (Amounts in g)»°

PMMA-NBD No.: 1 2A 2B 3 4A 5 6 7 8
ADIB 0.083 0.105 0.104 0.107 0.102 0.102 0.100 0.099 1.04¢
MM 9.94 10.0 10.0 10.0 10.0 10.0 10.0 10.0 100.0
MA 0.205 0.208 0.212 0.207 0.203 0.205 0.204 0.204 2.13
Hexane 3.64 6.36 6.82 6.37 5.56 5.61 5.28 3.77 68.2
Exxsol D 100 3.04 4.48 4.71 4.50 4.08 4.12 3.94 4.95 47.2
NBD/hexane/acetone mixture 3.29 3.31 3.3 3.31 3.3 3.30 3.30 3.29 3
Stabilizer solution (50%) 1.00 1.02 1.07 1.02 1.07 1.02 1.02 1.00 11
Octyl mercaptan 0.054 0.07 0.07 0.069 0.068 0.057 0.066 0.062 0.
2-Dimethyl aminoethanol 0.043 — — — — — — — —
SLS particle radius (nm) 1880 380 224 295 460 444 615 587 2472
SEM particle radius (nm) 1849 359 200 278 446 414 581 580 225
CSLM particle radius (nm) — — — — — — — — 258
SLS polydispersity (%) 25 6.0 12.0 7.5 6.0 5.5 5.0 5.5 8.5
SEM polydispersity (%) 3.7 5.8 6.7 4.7 2.9 4.0 2.5 3.3 6.5

PMMA-NBD9 PMMA-NBD10 PMMA-NBD11 PMMA-NBD12 PMMA-NBD13 PMMA-RITC3 PMMA-RITC4

ADIB 0.1 0.09 0.09 0.075 0.08 0.060 0.081
MM 10.0 10.0 5.0 5.0 5.01 3.0 3.0
MA 0.204 0.205 0.108 0.114 0.102 0.065 0.063
Hexane 4.44 3.99 10.04 6.03 6.95 5.46 8.77
Exxsol D 100 3.52 3.3 5.67 3.67 4.13 3.18 4.84
NBD/hexane/acetone mixture 3.3 3.3 1.65 1.66 1.65 — —
RAS/hexane/ethanol mixture — — — — — 1.80 1.80
Stabilizer solution (50%) 1.03 1.04 0.51 2.05 2.03 151 1.86
Octyl mercaptan 0.06 0.066 0.034 0.039 0.037 0.027 0.027
2-Diaminoethanol — — — 0.046 0.045 0.035 0.047
SLS particle radius (nm) 1000 1740 Aggr. 71 43 — —
SEM particle radius (nm) 949 — — — — 95 29
CSLM particle radius (nm) — — — — — — —
SLS polydispersity (%) 3.0 35 — — — — —
SEM polydispersity (%) 1.8 — — — — 15.0 13.6

a0nly the batches for which an amount of 2-diaminoethanol is stated have undergone the locking reaction.
b A small amount of ethanol was used in order to dissolve the RAS. The ratio in mass of hexane and ethanol in the RAS/hexane/ethanol mixture was

The RAS concentration in the particles was approximately 5 mM.

under a nitrogen atmosphere. The reaction mixture was heassdwell as a homemade apparatus. Incident and detected li
to 80°C in an oil bath. The solution in the dropping funnel wasvere vertically polarized. The wavelengtly of the incident
added slowly over a period of approximately 30 min. After thiight was 577 nm. The colloidal systems were made free of du
complete addition of the monomers the system was refluxbul filtering them through mitex filters.

for 2 h. The oil bath was then removed and the dispersion wasScanning electron microscopy (SEM) was also used to che
cooled down to room temperature. The latex particles grovacterize the particles. The dispersions were analyzed on
were coded PN8P#1. Philips XL30FEG microscope. Samples were prepared by dij

Six more growth reactions were done, using the same methadg formfar-coated grids into dilute dispersions. The particle
as described above. Five systems (PN8P#2—PN8P#6) contaimedhe grids were coated with a layer of platinum/palladium o
particles with fluorescent cores (PMMA-NBD8) and nonfluo10 nm. A number-averaged particle radausnd its standard
rescent shells. The particles of system P2CN1 were made by dleeiation ¢) were calculated on the basis of the surface area
growth of nonfluorescent cores (PMMA-2C) with NBD-labeledhe spheres. The polydispersity) ¢f the colloidal systems was
shells. The details of these preparations are listed in Table 2defined a$ = o/a.

Samples for CSLM were made by dispersing a drop of th
reaction mixture in approximately 5 mL hexane or petroleun
ether. A few drops of the solutions were dried on an object glas

In order to determine size and polydispersity of the particleSubsequently the particles were redispersed in a drop of imme
static light scattering (SLS) experiments were performed (2Ejon oil and covered with a cover glass. The solutions were ve
The measurements were carried out using a Fica-50 photomeli&rte in order to acquire single layers of particles on the obje

3.6. Characterization Techniques
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TABLE 2
Details of the Growth Reactions (Amounts in g)

System PN8P#1 PN8P#2 PN8P#3 PN8P#4 PN8P#5 PN8P#6 P2Ci
Flask
Reaction mixture 10.0 10.0 10.0 5.0 5.0 3.0 —
PMMA-NBD8
Reaction mixture — — — — — — 10.0
PMMA-2C2
ADIB 0.070 0.075 0.075 0.113 0.064 0.148 0.066
Octyl mercaptan 0.029 0.034 0.034 0.070 0.057 0.117 0.033
Dropping funnel
MM 3.08 3.08 3.08 10.77 4.616 15.68 2,94
MA 0.063 0.063 0.063 0.220 0.094 0.32 0.060
Hexane 2.10 2.10 2.10 7.33 3.14 11.79 142
Exxsol D 100 1.05 1.05 1.05 3.66 1.57 5.90 1.10
NBD/hex./acetone mixtuPe — — — — — — 1.00
Stabilizer solution 0.25 0.19 0.31 0.88 0.38 1.28 0.24
SLS particle radius (nm) 290 292 293 450 365 (aggr.) 690
SEM particle radius (nm) 265 266 270 407 336 — 637
CSLM particle radius (nm) 299 300 306 462 375 — —
SLS polydispersity (%) 7.5 7.5 7.5 6.0 6.0 — 4.0
SEM polydispersity (%) 7.1 6.7 5.6 7.6 7.5 — 3.9

aThis mixture initially consisted of 0.1 g ADIB, 11.28 g MM, 0.233 g MA, 7.98 g hexane, 3.99 g exxsol, 1.37 g stabilizer solution (50%), and O.
octylmercaptane. The resulting particles were nonfluorescent particles with a radius of 560 nm and polydispersity as determined by SLS of 6%.

b The NBD/hexane/acetone mixture that was used for the growth process was identical to the mixture used in the single step synthesis of fluoresiztex PM|
particles.

glass. Arough estimate of the mean particle radius resulted froion is found. A qualitatively similar result was found by Antl
the measurement of the distance of 15 to 20 particles in line.et al. (10). In Fig. 5, a comparison between the preparations
The systems described in Section 5 are dispersed in varidlu®rescent-labeled spheres and nonfluorescent spheres is ms
solvents and were sealed in capillaries of 0.1 mm width, unlefse nonfluorescent spheres were synthesized under analog
stated otherwise. conditions as described in Section 3. As can be seeninFig. 5, 1
identical monomer concentrations, spheres tend to grow larg
when fluorescent monomers are incorporated. This is due to t
presence of acetone. It makes the reaction mixture more pol
and therefore it takes a longer period of time before the growin

4. RESULTS AND DISCUSSION

4.1. Single-Step Fluorescent PMMA-Latex

The radii and the polydispersity of the particles were deter-
mined by performing static light scattering (SLS) experiments.
Each experimentally obtained scattering pattern was fitted to the:
oretical formfactors, using Mie theory (2, 21, 22). The size of the
smaller particles (PMMA-NBD12, PMMA-NBD13, PMMA-
RITC3, and PMMA-RITCA4) was calculated by doing a Guinier
analysis (21). The (SLS and SEM) results under varying condi-
tions are summarized in Table 1.

Figure 4 shows the scattering pattern of latex PMMA-NBDS .
(see Table 1). The deep minimum indicates a low polydispersity
of the system.

Relative large particlesa(>200nm) can be made very
monodisperse using the single-step method. The trend in thes™
preparations is that the larger the spheres, the lower the poly: . . . .
dispersity of the system. Even spheres with a radius as largea ~ © 1x10° Lo 3x107
1.9um could be prepared. The scattering pattern showed 12 min- K(m™)

. - . o
ima and a polydispersity of only 2.5% was found (see Table 1)'FIG. 4. Experimental (squares) and theoretical (line) scattering pattern c

. When .plotting th? monomer ConcenFrationS aga“:‘St the pafs system PMMA-NBDS (see Table 1). Mie theory was used to calculate th
ticle radii of the single-step preparations, a nonlinear relére, with 242 nm as particle radius, and 8.5% as polydispersity.
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_ FIG.5. Particle radiia, of_fluorescent and nonfluorescent latices as afungary of the system PN8P#4 in hexane (refractive index 1.375). The theoretic
tion of monomer concentrationsmono. All systems were prepared using thejine was calculated using 450 nm as a particle radius, and 6% as the polydisg

single-step dispersion polymerization. Open squares correspond to NBD-lab&lgd T refractive index of the particles is 1.50 and assumed to be homogene
latices (Table 1), and triangles to nonfluorescent PMMA (not shown in ﬂ?ﬁroughout the particles.

tables). The line is an exponential fit to the data that correspond to the NBD-
labeled latices and is given lay= —32.6 4+ 0.047exp(0216Cmono)-
smaller than those obtained by SLS. This is because particl

polymers become unstable. Fewer “nuclei” precipitate and tkend to shrink in vacuum (SEM), while multiple scattering anc
spheres grow larger. Similarly, it has been found that at highgolydispersity have qualitatively similar effects on scatterin
levels of the polar monomer, larger particles are formed (1@atterns (SLS). Thus, polydispersity values inferred from SL
The reason for adding acetone is to dissolve the fluorescane in general too high.
monomer. NBD-MAEM is not soluble in hexane, but it is in
acetone. 4.2. Core-Shell PMMA-Latex

A convenient method to obtain direct information on particle

size and polydispersity is scanning electron microscopy (SE’\QB . . : X

. ht scattering. This was done in the same way as describ
!n Fig. 6, a SEM photograph of the seed latex P.MMA'NBDm the previous section. Small amounts of dye are expected
is shown. As the SLS results already suggest, it can be s¢ nge the index of refraction of the particles. However, u:

from Fig. 6 that the particles are indeed fairly monodlsperse.ﬁnt the refractive index of nonfluorescent PMMA, no signifi-

can also be seen that no secondary latex nucleation took plg t difference with particle sizes obtained by CSLM was foun

while preparing the PMMA-NBD8 spheres. This was true fo(r ee Table 2). Figure 7 shows the scattering pattern of systs

all the single-step latex preparations. It is obvious from Table . S . .
that both particle size and polydispersity obtained by SEM a, 8Pi#4. The deep minima again indicate small polydispersi

Affhen comparing Fig. 7 to Fig. 4 one observes a shift of th
first minimum to lower scattering vector (K). Furthermore, twc
additional minima arise, implying that the core/shell particle
are larger than the PMMA-NBDS seeds. It should be noted th
the filling up of the minima at low wavevector is mainly due
to multiple scattering. At higher wavevector the minima tend t
fillup because of the system’s polydispersity. A SEM picture c
system PN8P#4 (Fig. 8) shows the formation of small seconda
nucleated particles during the growth step.

The larger the amount of PMMA that is grown onto the la-
tex core, the more of these secondary nucleations occur. Addi
too many monomers to the seeds leads to irreversible agg
gation. This happened when preparing system PN8P#6. Wh
relatively small amounts of monomer are added, as was do
in the preparation of PN8P#1, PN8P#2, and PN8P#3, all tt
PMMA grows onto the surface of the seed particles. Seconda
nucleated PMMA patrticles can hardly be detected with SLS. TF
FIG. 6. SEM picture of the system PMMA-NBDS. contribution to the scattering intensity of these small particle

The core—shell systems were also characterized with sta
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is negligible compared to the contribution of the large sphere
Only at higher wavevector the scattering of the smaller particle
becomes noticeable and the minima start to fill up.

When the secondary nucleations are small compared to t
core/shell particles, they can easily be removed by centrifug
tion.

Table 2 lists the experimental details of the growth reaction:
The SLS and SEM results are also given.

4.3. CSLM

Confocal microscopy was used to verify SLS and SEM result:
No extensive quantitative analysis of the pictures was done. P«
ticle radii are based on only 15 to 20 particles. The results a
listed in Tables 1 and 2. The CSLM radii are in good agreemel!
with SLS and SEM radii. However, an important conclusior
could be drawn after studying the CSLM photographs of th
core/shell systems. The thickness of the shells is less than mic
be expected on basis of the SLS and SEM results. It appes

FIG. 8. SEM picture of the system PN8P#4.
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FIG. 9. (a) NBD-labeled PMMA particles with a diameter of 1u2n in hexane; (bp(r) for small PMMA in hexane. Note that the particles behave as hart
spheres in this solvent. (c) As (a), but now with smaller magnification in order to visualize boundaries between different colloidal crystallites.
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that the dye is not stationary. In a matter of hours to days, the
dye migrates throughout the entire particle and what remains is
a system of homogeneous fluorescent spheres. Since the parti-
cles do not seem to leak fluorescent material into the solvents
(even in solvents where the particles significantly swell up), we
believe that fluorescent oligomers are migrating during this pro-
cess. More work on the mechanism of this process, and ways to
avoid it, is currently in progress.

Finally we note that we analyzed the diffraction pattern of a
crystallized sample of the system PMMA-NBD#1 (see Table 1),
leading to a particle radius of 2.12m, being in fair agreement
with the light scattering and the microscopy results.

5. APPLICATIONS IN COLLOID SCIENCE

The newly developed fluorescent PMMA particles are very
useful as mOde.I systems for studying a Vari.ety of.phenomena i[ﬂ'IG. 10. NBD-labeled PMMA particles with a diameter of 3.9n in 96%
real space andinrealtime. As already mentioned inthe IntrOdlégéloheptyl bromide. It can be seen that the interparticle distance is significan
tion, CSLM is a powerful tool for studying the PMMA particlesarger than the particle diameter.
in suspension. In this section we list a number of phenomena
that are currently being studied in our groups. 5.2. Polymer-Induced Phase Separation

Dilute colloidal suspensions may separate into a concentrat
and a dilute phase in the presence of polymers (23). This proce

As shown in Table 1, labeled PMMA particles with diame€an be followed in time using our newly developed particles i
ters ranging from 60 nm up to at leastuin can be prepared by combination with CSLM. In Fig. 11, a confocal image is showr
our procedures. The polydispersity of all these particles is smathere the growing nuclei of the newly formed phase of colloid
Figure 9a shows a confocal picture of particles with a diameterwith high concentration can clearly be distinguished.
1.2umin hexane (PMMA-NBD?7, see Table 1). Figure 9b shows
the radial distribution functiong(r), in two dimensions calcu- 5-3. Mixtures of NBD and RITC Labeled Particles

lated from the confocal image using image analyses. The firsty | 7¢. and NBD-labeled particles can be imaged at the san

peak ing(r) corresponds to the average positions of the near%ﬁt‘e, as the emission wavelengths of the two dyes NBD ar
neighbor particles. If the particles behave as hard spheres, this

spacing equals the diameter of the particles. Frongthgwe
corroborate that the particles indeed have a low polydispersity,
as many peaks ig(r) can be distinguished. In Fig. 9c we show
the same system but now with smaller magnification in order to
visualize boundaries between different colloidal crystallites.
Different solvents may cause different interactions between
the particles. Figure 10 shows a confocal image of a sample
of large PMMA particles (3.9«m in diameter) dispersed in a
mixture of 96% of cycloheptyl bromide and 4% ab-decalin.
An FCC crystal was formed in a very short time. The spacing is
4.7 or 4.86um, depending on which crystal plane is analyzed. As
the interparticle spacing is significantly larger than the particle
diameter, repulsive interactions between the particles must be
present. These repulsive interactions are probably caused by
charged groups that are present on the particle surfaces. This
charge was also found to be present on particles without dye, so
that we may conclude that it is not being caused by the presence
_Of_the dye \_Nlthm the PMMA. The m_eCha_msm by_WhICh c_ha_rge FIG. 11. NBD-labeled PMMA particles with a diameter of 1;am, and
isinduced is unclear at present, but is being studied. Prelimingkyime fraction of 1.7%, in the presence of polystyrene with a concentration 1
results suggest that the particles are positively charged. 2 mg/mL. Image taken 12 min after mixing colloids with polymer.

5.1. Real-Space Structure of Colloidal Crystals
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process, particles consisting of a fluorescent core and a nonf
orescent shell of at least 300 nm thick can be prepared. TF
growth method leads to stable monodisperse spheres. The si
of these patrticles can be tailored. Unfortunately, the dye slowl
diffuses throughout the entire particle, thus rendering homog
neous fluorescent spheres. It is at present not clear what t
mechanism is of this process.

Using confocal microscopy in combination with numerical
techniques, individual particle positions can be resolved so th
the newly developed systems are well-suited for studying fund
mental processes in colloid science, such as crystallization a
diffusion along crystal boundaries. However, as soon as the
particles are closer together, on average, than the wavelen
of visible light, particle positions cannot be resolved in three
dimensions. This will only be possible by using particles with
fluorescent core and a nonfluorescent shell (6, 7).
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