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ABSTRACT: Next-generation surfactants provide extended

functionality apart from their amphiphilic properties. We

present two novel metallosurfactants characterized by an N-

heterocyclic carbene (NHC) head bearing Cu(l) and Fe(ll).

An innovative approach for their application in emulsion

polymerizations under atom transfer radical polymerization

(ATRP) conditions was developed. Thereby the complexes

ful lled the role of emulsrs, active catalysts, and

stabilization agents at once. Polymerization of methyl

methacrylate (MMA) yielded stable poly(methyl methacry-

late) (PMMA) colloids in water with the catalyst located at

the surface of the colloids. The termination of PMMA with a

bromine moiety enabled the subsequent copolymerization

with styrene via macroinitiation and PMMA-polystyrene (PS)shetk particles were obtained. Gel permeation
chromatography (GPC) and selective gradient NMR experiments revealed a covalent linkage between the PMMA core and
the PS shell.

INTRODUCTION the preparation of metallosurfactants represents an elegant way

Converting two reactants withetfient solvent compatibility, to introduce SUCh, properties. Mmgotauq et al. have
gesented a Hoveysiaype catalyst comprising a peri-

one hydrophilic and the other lipophilic, is a classic challen . ' .
in chemistry. This problem can be addressed by teverdi ﬁated G-chain attached to Ru via a carboxylate group in

1 . . . .
approaches. One approach is widely known as phase—trangﬂ%g% Some impressive examples exist on pincer complexes
catalysiS? in which one component is moved into the With the amphiphilic design used forCCcross-coupling
unfavorable phase by coordination with auxiliaries changing'ff@ction. For mst?nce, Uprz]uml et al. prepared Pallil(a?mm
solubility. Another method is to increase the chance for N plncer: Com%exes with one side rrEIIrj:by t\;]vo alky
reaction by providing a large interface of the immisciblEN@ins as hydrophobic moieties and (on the other side) two
phases. This can be done by creating micelles or emuls@:fgo glycol chains for water solubility. In_s_ev:_eral publ_lcatlons,
droplets. The current state in the associati*micellar the authors show that the product selectivity in the Miyaura
catalysisivas described in excellent review articles from Scar¥fichael reaction can be improved in comparison to using
et al. in 2015 and Lipshutz et al. in 2018he situation  conventional, nonamphiphilic catalyjstS. N-Heterocyclic
becomes even more intricate, as soon as the catalysts itsefffbenes (N_HCS) represent a C_Iass of I|gan_ds that are
not soluble in the desired medium. Many molecular catalydigWadays widely used in catalysis due to their robustness
are soluble in apolar solvents due to bulky, organic ligangg@inst thermal and oxidative stress compared to other ligands
coordinating to the metal. The application of thoseSUch as phosphariéAdditionally, NHC ligands can easily be

compounds in polar media, ultimately water, requires ex nthesized with a broad range of introducible additional
e orts. Here. we recomm’end the review,published b@nctionsl.sRecently, we have presented surfactants containing

Bhattacharya in 200%iowever, a remaining challenge is o* attached to an NHC head grdtlji. was also shown, the
the compatibility of the catalytically active species with tweHrfactants with NHC head group are capable to coordinate to
solvents of opposing miscibility at the same time. Therefore €t@lS, but functionality has been explored only for the Pd
would be desirable, if the surfactant itself plays a more actRRMPound. It was described that the surfactant is not only
role during catalysis. active in CC cr.oss'—.couplmg reactions of the Suzuki type but
Surfactants are functional compounds containing hydr!S0 the amphiphilic design proved to be advantageous for
philic and hydrophobic parts attached to each other in ongPUPling hydrophobic with hydrophilic compounds.
molecule. They allow the generation of structures with a high
interfacial area and are used for multiple technologies i July 12, 2019
industry and society. Next-generation surfactants provideRavised: October 30, 2019
broader spectrum of properties beyond amphipfilftipd Published: November 7, 2019
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Surfactants represent inevitable constituents in emulsic (CH)11CH3
polymerization techniques. A particularly powerful method i
the so-called atom transfer radical polymerization (ATRP) the

(a)

utilizes molecular Cu(l) as the catdlydt.is a tempting : y
concept to realize surfactants that simultaneously act ast £ o
polymerization catalyst. Back in 2001, the group ol | | CNTNTINY
Matyjaszewski has reported, amorgretit copper catalysts, d«N f N)\
also those with long alkyl chains attached to the 4yand. Cu(}“
However, the authors did not consider any amphiphilic ‘ % ¥ )

- . R N N 2CI
properties at that time. The arguments for the application ¢ r e a—— §

Intensity / [a.u.] —

>t ! A | ¢ 601 602 603 604 7 N N N)
an amphiphilic NHC-system in emulsion polymerization cai miz — Ol
be summarized as follows: The huge potential of NHC-systen () \
in the eld of catalysis was mentioned above. The non (CH2)11CH,
amphiphilic compounds have already been used successfull
ATRP. In polymerizations, NHC systems often play the role ¢ Sy CH
organocatalysts,but metal NHC systems are used only ~ ™) an
seldom. Grubbs et?aland Zhang et af presented interesting PN S PN (JHahCHs
reports on Fe(ll)-catalysts and Demonceau %t 24. on N+=/ \
Ru(ll)-catalysts. NHC-systemsep su cient exibility for \< 2¢r )»
chemical modeation, see for instance the review article by ®) @
Szczepaniak et @l.which allows the preparation of tailor- ) SN N,

Intensity / [a.u.] —

made molecules. (b) N,\ /\N
The aim of the current publication is to establish a surfactar | — )=

system, which is able to futhe following two tasks. It acts as ] Fe

a novel emulsiation agent for emulsion polymerization in  ; ¥N \3’

which no additional catalyst has to be added, because tl &L NNJ 20T

surfactants head group is the catalyst at the same time. Ba: g

on our own preliminary restftand the mentioned reports in Y

the literature, the head group is characterized by an NH( - b I | . |

system containing Cu(l) or Fe(ll)Figure ) % e 8

m/z———

(CH2)11CHg

EXPERIMENTAL SECTION Figure 1.Synthesis scheme towards metallosurfactants with NHC

Synthesis. All reactions were carried out under nitrogen in ahead. Reaction conditiong) Cu,O, MeOH, 60°C, 3 days;J) 1.
nitrogen-lled glovebox (MBraun) or using common SchlenkLi[N(SiMes),], Tetrahydrofuran (THF), rt, 2 h, 2. Fe@if),5
techniques. THF and diethyl ether were distilled from sodiumMeOH, 24 h. (a) Measured electrospray ionization high-resolution
benzophenone ketyl. Dichloromethane was distilled fromToaH mass spectrometry (ESI-HRMS) patter2s(bfack) and calculated
solvents were degassed by repetitive freeze/pump/thaw cycles guadtern for molecular iorn@gCwN; 2" (grey). (b) Measured ESI-
stored under dry nitrogen or argon. All other reagents wertlRMS patterns & (black) and calculated pattern for molecular ion
commercial grade and used as received. The amphiphilic NHG,HqFeNZ (grey).
precursor Y)*° and FeGlthf), £° were prepared according to
literature procedures. . . . .

Amphiphilic Cu(l) Catalyst (2). The amphiphilic Cu(l) catalyst %’l'r‘";‘]pﬁipohi‘l‘iiﬂgtsxg‘i%em'g[];gof“e'd the stock solution of the
was prepared via an improved procedure prewoqsly report&d by us. 1H-NMR (400 Mhz, CDG): 5 (ppm) = 8.85 (bs, 2H), 8.66 (bs,
Compoundl (100 mg, 163{mol) was dissolved in 5 mL of _dry H), 8.30 (bs, 2H), 7.41 (bs, 2H), 6.92 (bs, 2H), 2.66 (quint, 2H)
methanol and copper(l) oxide (233 mg, 1.63 mmol, 10 equiv) w 47 (bs, 2H), 1.64 (bs, 2H). 1.27 (m, 18H), 0.87 (t, 3H), 0.73 (d,

added. The mixture was heated t6@G®@or 24 h. A color change to ; . ; '

light green was observed. The insolubles were removed v 0.4512H). Broadening of NMR resonances and integral mismatch, typical
! i ; MB8 U %5%0r Fe-NHC-compounds, is obseRfed.

syringe lter to yield the catalyst stock solufiém methanol. For the ESI-HRMS (pos.)m/z = 567.3647 (measured), 567.3655

NMR analysis, the solution was evaporated to dryness. T g N ) ' '

2+ Tt .
dissolution of the residue in acetone and addition of hexane yield aacl;ceur:itr?i?) é,%igesgﬁi\ehc’] fdrd?r:neatlggl.y%ir?zpz;ntibn of Methyl

compound as a yellow precipitate. Methacrylate (MMA). Methylmethacrylate (1.06 mL, 1 g, 9.98
H-NMR (400 Mhz, CDG): 5 (ppm) = 8.20 (S, 2H), 8.09 (S,  mmol) and degassed water (10 mL) were mixed and 1.25 mL of the
2H), 7.87 (d, 2H), 7.34 (d, 2H), 7.18 (s, 2H), 4.98 (quint, 2H), 2.64 cy(1)/Fe(ll) catalyst stock solution (4pmol) was added. The

(t, 2H), 1.59 (d, 12H), 1.28 (m, 20H), 0.87 (t, 3H). mixture was exposed to an ultrasonic bath for 5 min and placed in a
ESI-HRMS (pos.):m/z = 603.3358 (measured), 603.3300 preheated oil bath (ST). After the nal temperature was reached,
(calculated) [GHqdCN,d ", deviation: 9.6 ppm. the initiator ethyd-bromoisobutyrate (64, 8.8 mg, 4zmol) was

Amphiphilic Fe(ll) Catalyst (3). Compoundl (100 mg, 163  zqdded. The polymerization washed after 2 h, as no monomer was
umol) was suspended in 5 mL of dry toluene. A solution of lithiumppservable via gas chromatography. A liquid sample was taken for
bis(trimethylsilyl)amide (1 M solution in THF, 0.33 mL, 0.33 mmol, dynamic light scattering (DLS) analysis and the polymer dispersion
2 equiv) was added dropwise and the orange solution was stirred fafds freeze-dried to yield the particles asyapowder for electron
h until all the starting materials dissolved. The solvent was remove(hiﬂbroscopy and ge| permeation Chromatography (GPC) ana|ysisl
vacuo and a dark orange solid was obtained. A portion of dry General Procedure for the Synthesis of Poly(methyl
methanol (5 mL) and Fe(thfiCl, (7 mg, 2 equiv) was added and methacrylate)/Polystyrene (PMMA/PS) CoreShell Particles.
the solution was stirred for 24 h at room temperature. A color chang®r the synthesis of PMMA/PS cashkell particles, the total amount
to dark purple was observed. All insoluble compounds were removadmonomer (9.98 mmol) was divided between MMA and PS.
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Methylmethacrylate (0.53 mL, 0.5 g, 4.99 mmol) and degassed water @
(10 mL) were mixed and 1.25 mL of the Cu(l) catalyst stock solution 251
(40 umol) was added. The mixture was exposed to an ultrasonic bath
for 5 min and placed in a preheated oil batlf@J0After the nal 201
temperature was reached, the initiator ethydmoisobutyrate (6.6
ul, 8.8 mg, 45umol) was added. The monomer conversion was
monitored via gas chromatography. When no MMA was left, styrene
(0.56 mL, 0.51 g, 4.99 mmol) was added and the temperature was 104
raised to 70C. Raising the temperature at this point was the result of
extensive screening tad the optimum reaction conditions and is 54
consistent with temperatures used in literature for polymerization of
MMA compared to styrefi@After no styrene was observed in gas 0 .ll. .
chromatography, a liquid sample was taken for DLS analysis and the 10 100 1000
particle dispersion was freeze-dried to yield thesbeteparticles as (b) Size / [nm]
a u y powder for electron microscopy and GPC analysis. Az oo e
Analytical Methods. Gas chromatographyass spectrometry .
(GC-MS) measurements were carried out on a Thermo-Fisher Trace
1310 (FID detection, injection temperature 200 temperature
gradient 50230 °C within 10 min) coupled to an ISQ QD single
quadrupole mass spectrometer. ESI mass spectra were recorded on a
Bruker micrOTOF focus Il mass spectrometer coupled with a Dionex
3000 UHPLC (RP-C18, water/acetonitrile, 0,1% formic acid). DLS
size distributions were measured on a Malvern Zetasizer Nano ZSP at
20 °C in water or methanol. Transmission electron microscopy
(TEM) images were recorded either on a JEOL JEM-2200FS in
scanning transmission electron microscopy (STEM) mode or on a
Zeiss Libra 120. Scanning electron microscopy (SEM) images were
acquired with a Zeiss Crossbeam IS40XB instrument operatihg at 2
kV. UV vis spectra were recorded on an Agilent Cary 60 UV-Vis
Spectrophotometer. For the CV measurements (BdfNPF;), a
Wenking POS 2 potentiostat by Bank Elektronik-Intelligent Controls
GmbH was used. Size exclusion chromatography (SEC) for molecular s
weight determination was carried out on a Polymer Laboratories PL- : AL 5 S

GPC 50 with two PLgel/&n MIXED-C columns in THF at 3%

against polystyrene (PS) standards with refractive index and jgure 2.(a) Particle size distribution functions derived by DLS. (b)
detection. High-temperature SEC was performed in 1,2,4-trichlq}! M micrograph (scalebar = 100 nm) of a single vesicular structure

obenzene at 168C on a Polymer Laboratories 220 instrument ormed by the copper-containing surfac@nt (
equipped with Olexis columns with infrared and viscosity detection.

Counts

Both 2 and 3 were capable of stabilizing a water/olil
RESULTS AND DISCUSSION emulsion, as we showed exemplary for the system of interest
water/methyl methacrylate (MMAFigure SB We used an

Compounds2 and 3 are obtained by the reaction of the ATRP recipe for testing the activity of compoRraisl3 in

organic ligand with @0 or FeCj. Unambiguous proof for the alytic emulsion polymerization. Methyl methacrylate was

successful synthesis of the compounds was given by N'ﬁ ed as a monomer and, as often applied in ATRP, the initiator

spectroscopy and electrospray ionization high-resolution m%?ﬁyl a-bromoisobutyrate ((M[Cu] = 100:0.01, [I] varied

spectrometry (ESI-HRMS) as showfigure 1 . ;
Because the focus of the current paper is on the catalyHom 0.01 to 0.1). Both compounds are obviously catalytically

properties of the discussed compounds, basic surfactwr%;\éf'Wgssé%?;?nggi%igog).Of spherical polymer particles in
characterization is kept short. Further, when working with ¢ cqjioidal stability originates from a high surface charge
the surfactant, care has to be taken concerning the exclosurg gf \mented by-potential measurements= 50 mV). The
oxygen, because of the ease of oxidatior! r €', which 76 of particles prepared by uSingas smaller (118 nm)
was alsq mvestlgateq by cyclic voltammetry (CV) as shown dBmpared t@ (166 nm) according to DLS-igure 8) and
Supporting Informatiorrigure S1 The latter fact also scanning electron microscopy (SEMy(re B). The size of
aggravated the characterization of the properties of surfactagfs, particles could be adjusted 8 nm— 79 nm) by
because most techniques like tensiometry are done in aiiwering the MMA concentratiorrigure 8). Molecular
However, dynamic light scattering (DLS) could be performegeight 1, = 3.1x 10*to 1.05x 1¢F Da for2 and 3.0x 1CP

and the occurrence of aggregates in we2d0(m;Figure ¥ Da for3) and polydispersity index of the resulting PMMA
could be shown. In transmission electron micrographs, one q@D| = 1.9 2.0 for2 and 3.0 fo) was investigated by gel
nicely observe the formation of vesicles with 250 nm diametggrmeation chromatography (GPC) as showiyine 4and
(Figure B). The preference for vesicle formation overSupporting Informatioffigure SAThe kinetic studies of the
micellization suggests tBat more similar to a lipid regarding MMA polymerization showed a linear growth of Ing[M]

its amphiphilic properties. DLS data for compdurzde [M],) over time, indicating a living character of the reaction
shown in Supporting Informatiéigure S2Unfortunately,  using2 (Figure 4). Although the PDI = 1.2.0 is slightly
TEM was hampered by the redox activity of the surfactarttigher than expected for ideal ATRP conditions (PDI <
which leads to the rapid decomposition of the aggregates in th&)° > it is much smaller than for a free radical process
electron beam. (PDI  6).>* First of all, one has to consider that PDI values
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metal catalyst in its thermodynamically more stable oxidation
state (e.g., Cuinstead of Ci could reduce the sensibility
against oxygéf.However, the access to'/€d' NHC
complexes is much more straightforward that is why we used
classical ATRP conditions in this work. Because of the much
better performance, we have concentrated on compound
instead o8B for further experiments.

The PMMA patrticles were washed in several steps and were
then analyzed via energy-dispersive x-ray spectroscopy (EDX).
In addition to Cu and CI from the surfactant catalyBr
could also be detected (Supporting Informatignre Sp
The presence of Br can be explained by PMMA chains
10 100 1000 terminated by bromine groups. Therefore, we concluded that

the particles might be able to act as a macroinitiator for further
/[
[

(a)

polymerizations under ATRP conditions since their surfaces
\ were decorated by the catalyst and bromine end groups. To
\ \L check, if this was the case and the catalyst was still active, we

investigated next, if it was possible to attach a second

3 : : monomer (styrene) to the PMMA patrticles in a succeeding
= '/7\- step. The addition of styrene induced shell growth of the
A\\ particles and yielded stable PMMA/PS colloids, although the
/: A\ surfactant remained bound to the inner core during
(@ ’/ /' RN copolymerization. The particles did not change in morphology
11

as indicated by SEM (Supporting Informefignre Sy but

their diameter increased, which could also benoe by

DLS (Figure d). Because D, was of the order of 20 nm a
Figure 3.Photographic image of the diluted PMMA dispersion (10%core shell structure with a shell thickness of 10 nm consisting
of the resulting polymer latex in water) prepared @sae an of polystyrene (PS) was expected. The latter waseohby
emulsion-catalyst (a) and SEM micrograph (scale bar = 500 nm) ransmission electron microscopy (TEM) as shoWwiyime

(c) DLS data of PMMA prepared I8 §quares) andB( circles) as a L . - -
catalyst. Samples prepared by lowering the monomer concentrat%%’ Additionally, an important detail was revealed by high

are shown in black, red, and blue (JMjat] = 100:0.01, 50:0.01 angle annular_ darkid (HAADF) images shownfigure 5_' .
and 25:0.01). (d) DLS data of PMMA core particles (blue, PDI =Between the inner PMMA core and the PS shell, a bright rim
0.06) and coreshell particles after copolymerization with PS (red,was observed. Since the contrast in HAADF micrographs also
PDI = 0.02). depends on the atomic numberthe shown data indicated

the presence @fon the surface of the PMMA spheres. This is

for polymerization achieved by ATRP in emulsion are usuafjost likely because of the higimity of the apolar surfactants
higher compared to a homogeneous pricEssthermore,  backbone to the PMMA, which occurs at a very early stage of
di usion of the amphiphilic catalyst is hindered, because it#€e polymerization when thest colloids are forming. The
xed to the interface due to its amphiphilic character. observed bright spots can be explained by the reduction of the
Using 3, the PDI was signcantly higher, so living Cu catalystto elemental copper by the electron beam. After the
polymerization conditions were not achiévéd potential  copolymerization wasished, the zeta potentfatlecreased
reason is the lower redox stability of the iron comp®und to 25 mV (Supporting Informatidfigure Sp The reduction
(Figure S), which is an important prerequisite for ATRP. of the electrostatic surface potential can be rationalized by two
Although much more slowly, exposure to oxygen can also ldadtors $cheme)l (a) The polystyrene shell partially shields
to the formation of Cly which is unfavorable for ATRP. the charge of the metal centers. (b) The number of surfactant
Applying the concept of reverse ATRP, i.e., the usage of thmlecules per particle iged, so is the number of surface

Dy/ [nm] ——

1.2

4{(a) (b)
(1 1.0 1
=3 > — 0.8
s =
= <]
=2 " S 0.6
= 3
=4 0.4-
0.2
04 [
T T T T T T 0.0 T T
0 50 100 150 200 250 10000 100000
Time / [min] M/ [Da]

Figure 4.(a) Kinetic plot of the MMA polymerization usth@etermined via gas chromatography using dodecane as an internal standard). (b)
Molecular weight distribution of the resulting PMMA determined via GPZGNII] = 100:0.01:0.01,M, = 31000 Da, PDI = 2.0).
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Figure 5.(a) TEM micrograph of PMMA-core (blue line) PS-shell (red line) particles prepared) usirgy datalyst; scale bar = 20 nm. (b)
HAADF image of the particles; scale bar = 50 nm. For an overviegyise&7lin Supporting Information.

Scheme 1. Formation Mechanism of the PMMA-PS C8tell Particles Using 2a as a Surfactant Catalyst

charges. But, when the particle radius increases, also its surgeémolar added amount of MMA and styreviguf

increases @?), and this reduces the charge density, which iMgyrend- FUrthermore, the copolymer eluted in one fraction at

turn leads to a lower surface potential. Fortunately, we foundower elution volumes i.e., higher molecular wéight ¢ .

= 25 mV is sucient for colloidal stabilization. We observed Because GPC alone does not represent unambiguous proof

that the PMMA/PS coreshell particles remain stable in for the linkage of the twoolymer blocks, additional

dispersion over a period of one month and more. techniques have to be applied. NMR spectroscopy (1D, 2D)
The critical question to answer is, if the PS is just depositdths become a very powerful tool in polymer analytics. NMR

on the PMMA core, or if there is the covalent linkage of thepectra are shown in the Supporting Inform@atipme S91D

two polymer segments resulting in a PMMA/PS blockselective gradient NMR experiments enable the irradiation of

copolymer in coreshell architecture. Thest indications  distinct resonances to determine the proximity of other

were given by GPC measurements (see also Supportirggonances via spspin coupling “over bonds TOCSY)

InformationFigure Sp The analysis showed an increasg, of M or spin lattice relaxatiorigver the spateNOESY/ROESY).

from 3.0x 10* to 6.1x 10" g mol?!, which matches the Covalent linkage of both polymers should generate a signal

16518 DOI:10.1021/acs.langmuir.9b02152
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the vacant ligand sites. This would allow to grow the second
shell by an entirely dirent mechanism, e.g., via Suzuki
PMMA core Miyaura polymerization.

high low

PMMA/PS
core-shell

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the
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Figure 6.GPC chromatogram of the PMMA cores (black) and the CV of the Cu compound (2); CV of the Fe compound
PMMA/PS coreshell particles (red). (3); aggregate formation of (2) and (3) in water; TEM
micrographs of aggregates; enwalson properties of

(2) and (3); UV-Vis spectra of (2) and (3); TEM/SEM
micrographs, GPC curves and EDX analysis of the
prepared MMA particles; evolution of size and zeta
potential during the polymerization; SEM/HAADF-
STEM micrographs, GPC curves and NMR analysis of
the prepared PMMA/PS core-shell partidh&s
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between PS and PMMA groups. Irradiation of the aromatic PS
resonance at around 7 ppm revealed a strong NOE from the
PS methylene signals (1.82 and 1.40 ppm), and also an answer
from the PMMA methoxy and methyl protons (3.6, 1.04, and
0.85 ppm). Furthermore, 2D NOESY experiments showed,
among the cross-peaks from each polymer itself, signals
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