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Reversible addition—fragmentation chain transfer (RAFT)
polymerization' is a very versatile controlled radical polymer-
ization technique. The use of thiocarbonylthio chain transfer
agents (CTAs) yields polymers terminated with a dithioester,
which is sensitive toward radicals, nucleophiles, temperature,
and reducing agents. Thus, many postpolymerization methods
may be employed to modify this dithioester end group. By
thermolysis or reduction®* the dithioester group may be
removed, whereas treatment with an excess of a diazo compound
allows for the introduction of functional end groups.*> Very
popular is the aminolysis of the dithioester end group; however,
the products of this procedure depend very much on the
chemical structure of the polymer. Polystyrene derivatives and
poly[(meth)acrylamides] yield terminal thiols (or symmetrical
disulfides if oxygen is present).® '? These end groups are
particularly interesting for producing self-assembled monolayers
(SAMs) on gold surfaces'*'* which find applications in bio-
chemistry,'>™!7 catalysis,'®'® nanotechnology,”® and microelec-
tronics.?' ~2* Further, thiol-terminated polystyrene,? polystyrene
derivatives,® and several poly[(meth)acrylamides]678 have been
used to encapsulate gold nanocrystals, and thiol-terminated
poly[(meth)acrylamides] have been used for end-group modi-
fications”' and fluorescent labeling.'""'? Poly[(meth)acrylates],
however, suffer from the great drawback that the aminolysis
affords the desired terminal thiol only in low yields.?*~2® It has
been reported that reduced polymers with an H end group, a
double molecular weight material even in the absence of
oxygen,”®?” and other ill-defined products*® are produced.
Quantitative analysis of a thiol end group such as with Ellman’s
reagent’ is only rarely presented. Xu et al.*® investigated the
aminolysis of polymethacrylates in the absence of oxygen in
greater detail, providing evidence that the resulting polymer
bears a terminal thiolactone, which is obtained by backbiting
of an initially formed thiol into the penultimate monomer unit.
Although being a defined polymer end group, this thiolactone
cannot be employed for conjugation or for surface modifications,
very much in contrast to a thiol end group. Also, the native
dithioester end groups have been investigated for adsorbing onto
a gold surface by Duwez et al.;>* however, they could only
obtain a grafting density of 0.013 chains/nm?, which is very
low compared to the literature values for terminal thiols grafted
to gold nanoparticles such as 0.94 chains/nm? for polystyrene®°
or 1.8—3.6 chains/nm? for poly[N-isopropylacrylamide].®

In this Communication we investigate the effect of methyl
methanethiosulfonate (MTS, 2) during the aminolysis reaction
of polymethacrylates that have been prepared by RAFT po-
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lymerization with the goal of producing a defined poly-
methacrylate end group capable of producing a dense SAM on
a gold surface. MTS reacts quickly and selectively with thiols
to yield the respective methyl disulfides. Amines increase the
hydrolyzation rate but do not attack the sulfur atoms themselves.
Thus, methanethiosulfonates have found intensive use in selec-
tive®! labeling of cysteine groups for the determination of
structure and function of ion channel,*? receptor,33 and mem-
brane®* proteins. We expect thiols that are released by ami-
nolysis from the polymer dithioester end group also to react
with MTS and to prefer this reaction over the competing
reactions of thiolactone formation and oxidation to symmetrical
polymer—polymer disulfides by oxygen.

As a model compound we synthesized a short poly(methy]l
methacrylate) (PMMA) (1) (M,, = 3900 g/mol, M/M,, = 1.08)
using cumyl dithiobenzoate as chain transfer agent.> First, we
subjected it to 10 equiv of n-propylamine in THF in the presence
of oxygen.*® After 3.5 h the pink color had vanished, and a gel
permeation chromatography (GPC) analysis showed a bimodal
product distribution (see Figure 1a,b), probably composed of a
thiolactone and a polymer—polymer disulfide caused by oxygen

¢) Aminolysis with MTS

b) Aminolysis without MTS
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Figure 1. Gel permeation chromatograms of PMMA (a) with dithioester
end group (1), (b) aminolyzed with 10 equiv of n-propylamine without
inert atmosphere, and (c) aminolyzed with 10 equiv of n-propylamine
after addition of 20 equiv of MTS without inert atmosphere (3).
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Figure 2. 400 MHz '"H NMR spectra (CDCls, internal signal at 7.24 ppm used as reference) of (A) the starting PMMA with dithioester end group
(1) and (B) the product of aminolysis with MTS (3). Part C is an enlarged region showing the single proton denoted @ and the methyl end group
with integrals. HSQC spectra of polymer 1 (D) and polymer 3 (E) show the shift of the methylene protons denoted A and B and the appearance of

the distinct signal of the terminal methyl group.

oxidation (see upper part of Scheme 1). A polystyrene with M,
= 1170 g/mol aminolyzed under the same conditions completely
transformed into the double molecular weight material,*
suggesting that the oxygen concentration was sufficient for
complete disulfide formation. An aminolysis of PMMA was
repeated under the same conditions, except that 20 equiv of
MTS was added.?” The resulting polymer (3) was then analyzed
by GPC, UV —vis spectroscopy, and NMR. The GPC peak of 3
(Figure 1c) had the same shape and position as the signal of
the starting PMMA (1) (Figure 1a). No peak of double molecular
weight was found, suggesting that thiols formed by aminolysis
found a more preferable reaction pathway than being oxidized
although oxygen was present. The pink dithioester color had
vanished from the MTS aminolysis reaction after 3.5 h, and
the precipitated polymer was colorless. UV—vis measurements
showed that the characteristic dithioester absorbance peak
centered at 302 nm had completely vanished for the polymer
that was treated with amine and MTS.* 'H, 13C, and HSQC-
NMR spectra were measured of both the reactant (1) and the
product (3) polymers and are shown in Figure 2. The '"H NMR
spectrum of 1 (Figure 2A) showed exactly the same signals as
discussed in detail in the literature,® and we could attribute
the peaks accordingly. Both end groups were clearly visible in
the '"H NMR. The aromatic signals of the cumyl o-group,

(denoted b, c, d) appeared in the spectra of both polymer 1 and
polymer 3 (see parts A and B of Figure 2, respectively), whereas
the three distinct signals of the dithiobenzoate w-end-group
(labeled j, k, [) vanished completely after amine/MTS treatment.
Most interesting was a single methylene proton signal of the
ultimate monomer unit (denoted « in Figure 2), which gave rise
to a set of signals at 2.40—2.70 ppm well detached from the
rest of the methylene group resonances. All signals of this proton
were shifted upfield to 2.35—2.58 ppm due to the end-group
conversion. The terminal methyl group of polymer 3 (denoted
i in Figure 2B) gave rise to a broad singlet positioned at 2.31
ppm. By comparison of the integrals of the single backbone
hydrogen (1 H) and the terminal methyl group (3 H), a
quantitative end-group conversion can be assumed within the
accuracy of the NMR evaluation (Figure 2C). Further evidence
of the complete transformation could be obtained from '3C and
HSQC NMR measurements. The latter are shown in Figure 2D
(polymer 1) and Figure 2E (polymer 3). The shift of the ultimate
methylene group protons A and B through the MTS/amine
reaction can be seen as well as the appearance of the SSCHj3
group signal. For reference, interpreted '*C NMR spectra of
both polymers are given in the Supporting Information.
Organic disulfides are very stable in air, toward water, toward
nucleophiles, and bind strongly to gold surfaces forming the
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Figure 3. Reflectance vs time from SPR measurements of the starting
poly[diethylene glycol monomethyl ether methacrylate] (PDEGMA)
with dithioester end group (curve A) and of PDEGMA with methyl
disulfide end group (curve B). Both samples were measured in 0.1 mg/
mL ethanol solution. Position 1 marks the injection of solutions into
the cell. Layer thicknesses before position 2 were 1.93 nm (A) and
3.23 nm (B). At position 2 the surface was washed with pure ethanol;
after washing the self-assembled PDEGMA-SSCHj film had a thickness
of 3.22 nm. Layer thicknesses were calculated using e = 2.25 for
all organic layers.
SAMs as the corresponding thiols.>® We expected that the
methyl disulfide-terminated polymer would show a stronger
affinity toward gold surfaces and would therefore result in better
SAM:s than the dithioester-terminated polymers. We compared
the self-assembly of polymers that differed only by their end
group (dithioester vs methyl disulfide) on a gold surface by
surface plasmon resonance (SPR) measurements. PMMAs 1 and
3 were measured in 0.1 mg/mL ethyl acetate solution. We also
prepared a set of poly(ethylene glycol monomethyl ether
methacrylate) (PDEGMA)*® (M, = 5900 g/mol, M,/M, = 1.09)
exhibiting dithioester and methyl disulfide termini** and com-
pared their self-assembly behavior on gold surfaces by SPR
using ethanol as solvent. The results are shown in Figure 3.
After an initial overshoot, which was probably caused by chains
adsorbing onto the surface and then rearranging into a denser,
more ordered packing, the SSCH;-terminated PDEGMA reached
a reflectance plateau, implying that a stable SAM had been
formed. Washing with pure solvent could not remove the
adsorbed polymers. The dithioester-terminated polymer also
adsorbed onto the gold surface; however, after an overshoot
the reflectance showed a steady decrease, suggesting that the
polymer desorbed from the surface again and no dense SAM
was formed.?® Similar results were obtained for PMMAs 1 and
3.% SAMs from asymmetric disulfides are known to phase
separate upon annealing by S—S bond cleavage,*® and we
therefore analyzed both PDEGMA-SSCH; and PMMA-SSCH3
covered surfaces by AFM before and after annealing them at
100 °C for 8 h. The measurements revealed a smooth polymer
coverage and no influence of annealing for both PMMA and
PDEGMA.*® Tt is likely that only PMMA-sulfyl groups re-
mained attached to the gold surface with methyl thiols or methyl
disulfides being desorbing into the solution again, similar to
the results discussed for asymmetric disulfides in the literature,*®
thus producing the same monolayer that would have been
obtained from a theoretical PMMA-SH. We also used the
disulfide-terminated PMMA to prepare polymer encapsulated
gold nanoparticles using a two-phase reduction of auric acid in
the presence of PMMA-SSCH3,*! resulting in particles of 5 4 2
nm diameter, which were characterized by UV—vis and TEM.*
In conclusion, we presented a simple modification of the
aminolysis of polymethacrylates prepared by the RAFT process
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overcoming the problems of thiolactone and side product
formation. The method uses the high reactivity of methyl
methanethiosulfonate toward thiols, thus favoring methyl di-
sulfide formation even in the presence of oxygen. The trans-
formed disulfide end group showed a higher affinity toward a
gold surface than the dithioester end group and could success-
fully be employed for encapsulation of gold nanoparticles. This
method enables polymethacrylates to be grafted onto metal
surfaces and also opens new routes to end-group functional-
ization of RAFT polymers.
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