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Self-Condensing Vinyl Polymerization:
An Approach to Dendritic Materials

Jean M. J. Fréchet,* Masahiro Henmi, lvan Gitsov,
Sadahito Aoshima, Marc R. Leduc, R. Bernard Grubbs

Self-condensing vinyl polymerization was used to produce dendritic polymers with both
highly branched structures and numerous reactive groups. A vinyl monomer will undergo
self-polymerization if it contains a pendant group that can be transformed into an initiating
moiety by the action of an external stimulus. The self-polymerization combines features
of a classical vinyl polymerization process with those of a polycondensation because
growth is accomplished by the coupling of reactive oligomers. Highly branched, irregular
dendritic structures with a multiplicity of reactive functionalities are obtained by poly-
merization of 3-(1-chloroethyl)-ethenylbenzene.

The polymerization of vinyl monomers re-
mains one of the most heavily used organic
processes, and millions of tons of polymers
are produced by this route every year. De-
spite increased sophistication in the design
of catalysts, and the ability to better regu-
late growth processes, sequences of mono-
mers, or the chain ends of polymers, “lin-
ear” propagation is the usual method of
producing a relatively limited array of poly-
mer architectures. The development of new
polymer architectures is an important target
because it is soon followed by findings of
new properties and applications (1). For
example, the globular shape of three-di-
mensional polymers such as dendrimers
makes them attractive in applications rang-
ing from catalysis to drug delivery systems.
However, regular dendrimers are accessible
only through multistep syntheses that limit
their availability (I, 2). Less regular, hyper-
branched polymers are more accessible, but
their preparation has been restricted to the
polycondensation of AB, monomers (3-5).

We now report a versatile approach to
the production of highly branched polymer
architectures in which a type of vinyl poly-
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merization is encountered that proceeds
with features normally associated with poly-
condensation reactions. The fundamental
premise of our approach, in which an AB
vinyl monomer is used to prepare a highly
branched polymer, is contrasted with that
in which an AB, monomer such as 1 is used
to produce a hyperbranched polyether
(Schemes 1 and 2). Williamson etherifica-
tion of the benzylic bromide group A of 1
with one of the phenolic groups B of an-
other monomer unit yields the dimer 2
(Scheme 1). The overall growth process
involves two monomers containing a total

A OH
OH BIrCHy OH
Base
2 BrCHy —
Dimer °;°“2
s
1 OH /l OH
Bond formed 2
B
1" HaCCH — |—cuz-?u“
] p)
R A R
3 /

Bond formed

Scheme 1. (A) Typical polycondensation pro-
cess. Addition does not create any new reactive
centers. (B) Typical vinyl polymerization process.
Addition creates a new reactive center.
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14. The light flux for deposition was 18.8 mW/cm?, and
the polymerization time was 1.5 s.

15. Measurements were obtained by atomic-force
microscopy with a Digital Instruments Dimension
3000 scanning probe microscope. Microstructures
on imaging fibers were analyzed in the tapping
mode, whereas the microstructure on the glass
substrate was analyzed in the contact mode.
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of six potential reactive centers (2ZA + 4B)
and gives rise to a dimer with only four
remaining reactive centers (1A + 3B).
Therefore, bond formation consumes two
reactive centers (one A and one B), where-
as the newly formed ether bond is incapable
of participation in any further growth pro-
cess. In the case of the AB vinyl monomer
3, in which A is a vinyl group and B is a
pendant group (for example, the aromatic
ring of styrene), the polymerization is start-
ed by an activated initiating moiety, I*.
Depending on the type of polymerization,
I* could be a “living” free radical, an elec-
trophilic cationic moiety, or a carbanion. In
addition, reaction of I* with one carbon
atom of the double bond (DB) results in the
consumption of two reactive centers with
concurtent formation of a bond that is usu-
ally incapable of further reaction. However,
the process also creates a new active site on
the second carbon atom of the DB (Scheme
1) that is capable of reacting with yet an-
other DB in the process of propagation.
Because the DB behaves as an effective
difunctional moiety, the foundation may be
laid for growth of highly branched struc-
tures through appropriate manipulations of
the pendant group B.

Scheme 2 outlines the basic concept of
self-condensing vinyl polymerization. The
AB vinyl monomer 3 is now selected with a

A e
Hy y External H,C v cH One vinyl group
activation L * One initiating
- center
B
Hy IH Hzc"=IH 4
—_— *
A —H,C—CH-._
i * / -~ B*
One vinyl group |
One initiating /
Self-condensation and one ’
propagating
Hyperbranched polymer with ~ center
many reactive chain ends
Scheme 2.
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B group that may be activated by an exter-
nal stimulus to a B* moiety that itself is
capable of initiating the polymerization of a
vinyl monomer (for example, by means of
radical or cationic processes). The polymer-
ization process is initiated by reaction of
one initiating B* group with the DB A of
another AB* monomer unit to yield the
dimer 4 (Scheme 2). The reaction creates a
new reactive center capable of propagation
and the dimer now has one DB, one “initi-
ating” B* center, and one propagating cen-
ter. Because both the initiating B* and the
newly created propagating center have es-
sentially the same reactivity— both react in
the same way with a vinyl group—the AB
monomer has effectively been transformed
into an AB,-type monomer that is known
to give rise to hyperbranched structures (3—
5). Additional condensations involving the
activated AB* monomer, dimer 4, and
(eventually) larger oligomeric species pro-
duced by subsequent condensations gives
rise to a highly branched high molecular
weight polymer.

We have termed this polymerization pro-
cess self-condensing vinyl polymerization be-
cause it operates by the repeated stepwise
coupling of growing moieties with each oth-
er, using steps typically observed in classical
vinyl polymerizations. The polymerization is
therefore a hybrid of classical polycondensa-
tions and vinyl polymerizations. In principle,
this concept may be applied to numerous
vinyl polymerization mechanisms, depend-
ing on the nature of the B group and of the
external stimulus that is applied. The activa-
tion step may involve an external additive or
the application of heat or light. For example,
B may be activated by the action of a Lewis

300,000

+ -15°C
o -20°C

250,000 +

200,000+

IS 150000+

100,000 +

50,000+

0 6 12 18
Polymerization time (hours)

Fig. 1. Dependence of the weight-average mo-

lecular weight (M) of the polymers formed on the
polymerization time.

acid to yield an electron-poor initiating moi-
ety that reacts with A through a “living”
carbocationic mechanism (see below). Al-
ternatively, B might be activated to a “liv-
ing” free radical (6) that again would react
with A.

We have now demonstrated the con-
cept with the polymerization of a styrenic
monomer, 3-(1-chloroethyl)-ethenylben-
zene. Mechanistically, the coupling reac-
tion is based on findings reported for the
“living”-like polymerization of styrene (7,
8). In this process, styrene is polymerized
with 1-chloroethylbenzene as the latent
initiator that is activated by addition of
stannic chloride. The polymerization in-
volves rapid exchange between active
(cationic) and dormant (benzylic halide
and Lewis acid) species. To obtain more
regular, low-dispersity polymers, we added
a tetrabutylammonium halide to reduce
the lifetime of the active ion pairs.

The AB monomer, 3-(1-chloroethyl)-
ethenylbenzene (5), incorporates both the
polymerizable DB of styrene (A group) and
the latent initiator moiety of 1-chloroeth-
ylbenzene (B group). Monomer 5 is ob-
tained by addition of one molecule of HCI
to commercial, high-grade divinylbenzene
at —30°C (9). The reaction mixture is then
purified by vacuum distillation and flash
chromatography. The monomer usually
contains some of the 4-chloroethyl isomer
that cannot be separated readily, but this
does not affect the outcome of the subse-
quent polymerization. The polymerizations
are carried out in dry dichloromethane un-
der nitrogen by rapid addition of the chilled
monomer to a mixture of the activator,
SnCl,, and the added salt, tetrabutylammo-
nium bromide (10).

The kinetics of the polymerization
were observed at two temperatures, —15°
and —20°C (Fig. 1). As expected, a de-
crease in temperature slowed the reaction
rate and allowed monitoring of the forma-
tion of higher relative molecular mass
(M,) polymers. The time-dependence pro-
file of the molecular weights resembled
that of a typical polycondensation; an ini-
tial period of slow chain growth (up to 4 to
5 hours) was followed by a period of ex-
ponential increase of the molecular
weights. The polydispersity of the poly-
mers obtained also increased as the poly-
merization proceeded, thereby deviating

5 ¢l 6
SnCly

AB monomer
Scheme 3
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from the values typically encountered in a
polycondensation system (the ratio of the
weight-average and number-average mo-
lecular weights, M_/M_ = 6, whereas M/
M, approaches 2 in classic polycondensa-
tion). Although such high polydispersities
are commonly observed with other hyper-
branched polymers obtained by classical
polycondensations (5), the mechanism of
polymer growth is obviously complex. The
activated monomer AB* itself is a mixture
(I11) of species such as 6a, 6b, and 6¢c in
rapid equilibrium (Scheme 3). Previous
studies with styrene (7, 8) have shown
that because of the added salt, the equi-
librium does not favor highly reactive free-
ionic species with long lifetimes (such as
6¢). Instead, the actual initiating ion pair
has a short lifetime and collapses rapidly
to the dormant covalent species, 6a. To
simplify the schematic representation of
the stepwise growth process that actually
takes place, we represent the activated
AB* monomer by structure 6. Therefore,
two molecules of 6 can couple to form a
dimer, 7 (Scheme 4). Further growth by
reaction of either the propagating or the
initiating site of 7 with 6, or with itself,
would produce trimers 8a and 8b and tet-
ramers 9a and 9b (Scheme 4). Because of
the multiplicity of latent carbocationic
sites on these moieties, further growth can
proceed, yielding both linear or hyper-
branched oligomers. All of the growing
macromolecules contain both initiating
and propagating sites that are subject to
the same rapid equilibria between active
and dormant states (8) as outlined for 6.
Although some sites may be less hindered
than others, all are secondary benzylic and
have ‘a similar reactivity. Therefore,
growth is expected to be near statistical,
resulting in branched high molecular
weight products.

Side reactions such as the cyclization of
oligomers (12) likely contribute to the
broadening of the molecular weight distri-
bution and the formation of looped branch-
es in the final polymer. However, the pres-
ence of several reactive sites in each grow-
ing molecule allows even the cyclic moi-
eties that may be formed to participate in
further growth, in sharp contrast to the
back-biting reactions that terminate classi-
cal ionic polymerizations. Termination by
quenching with methanol, followed by an

ESnCI;

Activated AB* monomer
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acid wash to remove the large amount of
Lewis acid, yields a final polymer with an
irregular, branched structure (10) that in-
corporates numerous chloride, methoxy,
and other end groups, and with a molecular
weight >100,000 (Table 1).

Close monitoring of the polymerization
by size exclusion chromatography (SEC) in
the initial stages of the propagation process
supports the self-condensing vinyl polymer-
ization mechanism (Scheme 4). Figure 2, A
and B, shows the SEC chromatograms rep-
resentative of the composition of the whole
reaction mixture at regular time intervals.
For the first 45 min, the polymerization mix-
ture consists mainly of oligomers with de-
grees of polymerization (DP) ranging from 2
to 7 (Fig. 2A). Surprisingly, the amount of
trimer is very low compared to its higher
molecular weight analogs, suggesting that
the coupling of growing oligomers (that is,
dimer-dimer and higher) is the major reac-
tion pathway even after only 5 min of reac-
tion. This doubling of molecular weight ap-
pears to be the major contributor to growth
after 2 hours (Fig. 2B), in which each suc-
cessive curve can be roughly correlated to
this doubling phenomenon. It is likely that
at later stages of the self-condensation, with
the monomer and lower molecular weight
oligomers already consumed, the reaction
conditions are more favorable for statistical
hyperbranching than for linear growth.

Table 1 shows the influence of the poly-
merization conditions on the molecular
weight characteristics of the polymers

W, (log M,) —

log M,

Fig. 2. Time dependence of the composition of
the polymerization mixtures monitored by size ex-
clusion chromatography [M. is plotted versus the
mass-sensitive detector response W, (log M,) in
which W, is the weight fraction at a particular M,].
(A) Initial stage. The numbers of the peaks repre-
sent the degree of polymerization for the corre-
sponding oligomers. (B) Later stages.
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formed. The addition of approximately
equimolar amounts of the activator SnCl, to
the monomer used in relatively high con-
centration results in the formation of high
molecular weight polymers (Table 1, runs 2
to 4). Under other reaction conditions (runs
1, 5, and 6), the polymers that are obtained
have lower M, values. Consideration of the
proposed mechanism of growth suggests that
activation of a high percentage of the mono-
mer units may be a prerequisite for the for-
mation of high molecular weight products
and a key factor for the hyperbranching
pathway. However, under appropriate reac-
tion conditions, the occurrence of fast ex-
change reactions can also result in the for-
mation of hyperbranched products. As with
the “living” polymerization of styrene (7, 8),
the addition of a tetrabutyl ammonium ha-
lide suppresses the formation of free carbo-
cations and therefore contributes to slowing
the reaction. Because of the paucity of vinyl
groups available for growth in the latter
stages of the polymerization, it may be ex-
pected that elimination side reactions result-
ing in disubstituted DBs could also contrib-
ute to the overall growth process or the
formation of loops without causing gelation.

The polymer yields (Table 1) were ob-
tained after a single precipitation into meth-
anol. A classical Mark-Houwink-Sakurada

(MHS) plot (Fig. 3) shows that the intrinsic
viscosity ([1]) of the self-condensed poly-
mers is lower than that of polystyrenes (PSt)
of similar apparent M, as measured by SEC.
In addition, the slope of log [n] versus log
M, in which each data point represents a
separate polymer, is much lower than that
for the linear polymer (MHS exponent a =
0.702 for PSt versus 0.430 for the polymer of
5), which indicates a decreased level of in-
teraction between solvent and polymer as is
typically encountered in densely branched
macromolecules. A similar finding (5) with
data points obtained across a single M,
distribution was interpreted as an indica-
tion for the presence of a hyperbranched
structure (13). Because the MHS plot
(Fig. 3) was obtained with M’s for the
hyperbranched polymers, the value of the
MHS exponent a is not absolute. This
value should be considered as an upper
limit for o, and more accurate determina-
tions of the structural features of the hy-
perbranched polymers are being carried
out with multiangle laser light scattering.

The marked difference observed in the
M’s calculated by conventional PSt cali-
bration and “universal” calibration further
supports the notion of hyperbranching in
our polymers (14). For example, sample 2

(Table 1) has an M, of 68,000 as deter-

Table 1. Polymerization conditions and molecular weight characteristics of the materials formed. Sol-
vent, CH,Cly; Buy,N*Br~, 40 mol% SnCl,; temperature, —15° to —20°C. Gel-permeation chromatogra-
phy (GPC) analyses were carried out in THF at 40°C on a set of four PL Gel columns with pore sizes 100,
500, and 1000 A and mixed C. The eluent flow rate was 1 ml/min. The molecular weights were calculated
with the use of polystyrene standards and universal calibration.

Polystyrene standards

Universal calibration

Mon- ) .

Time  Yield [l

No. 4 SO howrs) ) M, My o My My . (diG)
(<109 (x109 MwMa (5189 (109 Ma/Mn

103 03 24 89 49 33 66 0056
2 053 11 8 80 33 68 20 46 130 29 0094
3 058 11 10 89 3 120 37 50 250 51 0170
4 053 11 12 80 47 240 50 68 660 98 0204
5 083 22 8 88 34 17 49 0085
6 025 31 8 62 36 17 47 0058

*GPC data were obtained from fractionated polymers with yields 41% (run 2), 60% (run 3), and 51% (run 4), respectively.
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Fig. 3. Mark-Houwink-Sakurada plot for linear
PSt standards and poly-5 obtained in THF at
30°C.

mined by PSt standards, whereas the M, of
the same sample is twice as high when
determined by the “universal” calibration
method that is heavily dependent on a ho-
mogeneous density distribution across the
entire macromolecule. This discrepancy in-
creases with M, (Table 1, runs 2 to 4).

Self-condensing  vinyl polymerization
may be broadly applicable to a large number
of polymerization techniques and different
AB monomer structures. We have succeeded
in applying it to the preparation of hyper-
branched polymers by the “living” free rad-
ical polymerization (6) of AB vinyl mono-
mers. The versatility of the approach stems
from the variety of architectures that may be
obtained with the use of several monomers
such as styrene and substituted styrenes to
produce unusual polymer architectures in
one pot reactions. For example, stars and
linear-dendritic hybrid structures can be ob-
tained by sequential addition of appropriate-
ly selected monomers. Given the interesting
properties of these hybrid structures (15, 16),
a fast synthetic process for their preparation
would be very beneficial.
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Scanning Interferometric Apertureless
Microscopy: Optical Imaging at
10 Angstrom Resolution

F. Zenhausern, Y. Martin, H. K. Wickramasinghe*

Interferometric near-field optical microscopy achieving a resolution of 10 angstroms is
demonstrated. The scattered electric field variation caused by a vibrating probe tip in close
proximity to a sample surface is measured by encoding it as a modulation in the optical
phase of one arm of an interferometer. Unlike in regular near-field optical microscopes,
where the contrast results from a weak source (or aperture) dipole interacting with the
polarizability of the sample, the present form of imaging relies on a fundamentally different
contrast mechanism: sensing the dipole-dipole coupling of two externally driven dipoles
(the tip and sample dipoles) as their spacing is modulated.

Near-field scanning microscopy at micro-
wave frequencies (1) and its extension to the
visible region [near-field scanning optical
microscopy (NSOM)] (2, 3) at resolutions
under 50 nm have attracted much attention
(4-7). Recently, a scanning interferometric
apertureless microscope (SIAM) was intro-
duced (8, 9) with which one can measure
the scattered electric-field variation caused
by a vibrating and scanning probe tip in
close proximity to a sample surface by en-
coding it as a modulation in the phase of one
arm of an interferometer. Here, SIAM imag-
es of various samples are presented at a re-
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solution of 1 nm, almost two orders of mag-
nitude superior to that of other NSOM im-
ages. A basic theory based on coupled di-
poles is put forward and compared with
experiments. [t shows that the contrast
mechanisms are fundamentally different
from those in regular near-field optical mi-
croscopes because of a unique dipole-dipole
coupling mechanism. Furthermore, the the-
ory predicts the ability to measure complex
susceptibility down to the atomic level.
Experiments were performed in the
transmission mode (9). An incident laser
beam is focused on the back surface of a
transparent substrate holding the sample
(Fig. 1). A tip vibrating in the z direction
(frequency f, = 250 kHz, spring constant =
20 N/m, tip-end diameter = 5 nm, vibra-
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