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ABSTRACT: Polymacromonomers consisting of oligostyrene side chains (700 < M, < 5000 g/mol) and of
a high molar mass polymethacrylate main chain are shown to exhibit a bottlebrush structure in that the
PMA main chain adopts an extremely stiff conformation (i.e., a Kuhn statistical segment length of up to
I, = 2000 A) which is surrounded by the expanded but still flexible polystyrene side chains.

Introduction

In a previous communication, we reported on the
conformation of one polymacromonomer with a side
chain length of 28 styrene units.! Neglecting the effect
of butyl groups originating from the initiator and of the
ethylene oxide/methacryloyl moieties on the refractive
index increment of the polymer, i.e., assuming dn/dc =
0.108 cm?3/g for polystyrene, the radius of gyration vs
the molar mass relationship could well be fitted by a
wormlike chain model of I, = 1000 A, if the contour
length per monomer is taken as | = 2.5 A (all-trans
conformation). Qualitatively similar conclusions were
drawn from diffusion and sedimentation measure-
ments,? whereas viscosity results are not well under-
stood.13

In the present publication, we additionally reanalyze
the former data in terms of exact refractive index
increments (i.e., polymacromonomer molar mass) and
exact macromonomer molar mass obtained by mass
spectrometry and provide measurements on polymers
with different side chain lengths. The cross-sectional
characteristics of such “molecular bottlebrushes” are
investigated by X-ray scattering (cross-sectional radius
of gyration, Ry ) and by the hydrodynamically effective
diameter, dy, as derived from the diffusion coefficient
measured by dynamic light scattering.

Experimental Section

The synthesis of methacryloyl end-functionalized poly-
styrene macromonomers by anionic polymerization and the
subsequent radical homopolymerization of the macromonomer
was performed as described elsewhere.*¢ Two sets of samples
were investigated which were prepared in Kyoto (samples
KPSXMAY with X the approximate macromonomer molar
mass and Y the approximate degree of polymerization of the
polymacromonomer main chain) and in Bayreuth (samples
BPSXMAY), respectively. The light scattering characteriza-
tion of the polymacromonomers is summarized in Table 1.

The macromonomer molar mass, M,, was determined by a
MALDI-TOF spectrometer (Bruker, reflection mode) utilizing
a 5-chlorosalicylic acid matrix which contained silver ions in
form of AgCFsCOOQ. Since no unreacted macromonomer was
available for the Kyoto samples, part of the polymers were
hydrolyzed and the resulting oligostyrenes, each with an

t Dedicated to Prof. Werner Borchard on the occasion of his 60th
birthday.

® Abstract published in Advance ACS Abstracts, December 15,
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Table 1. Light Scattering Characterization of
Polymacromonomers with Different Side Chain Length?

dn/dc Mw x 1078 Ry Rnh

sample (emi®g™) (gmol™) (nm) (nm) Rg/Rnx
KPS800MA258 0.081 0.2 15.0
KPS800MA549 0.496 25.5
KPS800MA1730 15 43.0
BPS1000MA903 0.0896 0.894 257 176 1.46
BPS1700MA1867 0.0914 3.1 477 30.0 159
KPS2900MA165 0.096 0.577 16.0 11.0 1.45
KPS2900MA212 0.872 19.0 134 142
KPS2900MA1019 3.17 51.0 245 2.08
BPS3900MA558 0.1031 2.2 416 274 152
BPS4000MA602 0.1031 2.38 40.0 250 1.6
BPS5000MA547 0.1046 2.70 447 224 20
KPS5500MA59 0.342 11.0 105 1.05
KPS5500MA216 0.1060 1.27 235 17.7 132
KPS5500MA305 191 280 210 1.33

a2 The routine measurements exhibit errors of approximately
+1% of dn/dc, £2% for Ry, and £3% for My and Rg.

Table 2. Characterization of the Macromonomers by
Mass Spectroscopy (MALDI-TOF-MS)

sample Mn (g mol—1) Mw (g mol~1) Mw/Mn
KPS800MAL1 720 770 1.07
BPS1000MA1 990 1030 1.04
BPS1700MA1 1660 1740 1.04
KPS2900MA1 2780 2870 1.03
BPS3900MA1 3940 4000 1.015
BPS4000MA1 3950 4040 1.024
BPS5000MA1 4940 5050 1.021
KPS5500MA1 4940 5180 1.048

ethanolic end group, were analyzed. The characterization of
the macromonomers is shown in Table 2. A detailed compari-
son of the MALDI-TOF results with size exclusion and
adsorption chromatography will be presented elsewhere.?

Small-angle X-ray scattering experiments were carried out
with the small-angle equipment for solutions® installed on the
2.5 GeV storage ring in the Photon Factory, KEK, Tsukuba,
Japan. The intensities of all samples including solvent were
measured at 25 °C with a wavelength of 1, = 0.149 nm for a
600 s duration at 512 different scattering angles. Manipula-
tion of the data and the detailed experimental procedure are
described elsewhere.1®

Dynamic light scattering measurements were performed
with standard equipment utilizing an ALV SP-86 goniometer
and either an ALV 3000 correlator and a Kr ion laser light
source (647.1 nm wavelength, 500 mW power) or an ALV 5000
correlator and a Nd-YAG laser (532.0 nm, 80 mW power).
Correlation functions were analyzed by the method of cumu-
lants.

© 1996 American Chemical Society
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Figure 1. Increased scattering intensity of toluene in the flow
cell (If) as compared to toluene in a 20 mm cuvette (I;) for the
different scattering angles, expressed as sin?(6/2).

The structure characterization of the polymacromonomers
was performed with a size exclusion chromatography con-
nected to an on-line Knauer combined viscometer/refractive
index detector and an ALV 1800 multiangle light scattering
instrument equipped with an Ar ion laser operating at 514
nm (300 mW power) and with a home-made, cylindrical flow
cell with a 38 uL total volume.>*! The size exclusion chroma-
tography (SEC) was performed in toluene on polystyrene gel
columns (5 um, 10* A, 105 A, 106 A nominal pore diameter,
PSS Co., Mainz). Typical runs utilized a 100 uL injection
volume and a 2—3 g/L polymacromonomer concentration.

The absolute calibration of the light scattering detection
system was performed by toluene in a “state of the art”
cylindrical Suprasil cuvette with a diameter of 20 mm which
was subsequently replaced by a cylindrical flow cell, also
consisting of schlieren-free Suprasil, with a 6 mm inner
diameter, a 20 mm outer diameter, and a 1 mm height. The
scattering intensity of the flowing toluene was then recorded
as solvent scattering, which was later subtracted from the
scattering intensity measured from the eluting macromolecules
in order to determine the “excess” scattering intensity. It
should be noted that the scattering intensities of toluene in
the flow cell were always slightly higher as compared to the
20 mm cuvette, because some extraneous scattering, particu-
larly at small and large scattering angles, caused by reflections
in the flow cell was unavoidable and could only be minimized.
A typical pattern is shown in Figure 1, where the ratio of the
scattering intensities of the flow cell and the 20 mm cell is
shown for the different scattering angles. This ratio is
expected to increase with increasing refractive index difference
between solvent and Suprasil (np = 1.479) but has not yet been
quantified for solvents other than toluene for our flow cell
design. Careful inspection of Figure 1 reveals the scattering
intensity to exhibit an oscillatory pattern in alternate scat-
tering angles. This originates from the fact that the scattering
angles are distributed on both sides of the cuvette, i.e., in a
360° circle with alternate angles on different sides. The
pattern simply reflects the accidental fact that extraneous light
is a bit higher on the right-hand side of the cuvette as
compared to the left-hand side. Within a few percent, such
subtle effects are definitely beyond the control of the operator.

One important point is that the scattering pattern shown
in Figure 1 does not alter with time, if the flow cell position
remains unchanged, but the pattern does change when rein-
serting the flow cell into the light scattering instrument.
Keeping the cell position constant ensures that all extraneous
light is subtracted via the solvent scattering and that the
calibration of the instrument by the 20 mm cuvette is precise
within +0.2% for all scattering angles (+0.1% for repeated
measurements of 1 s duration with the cell position un-
changed). The details described above are absolutely crucial
for precise and correct measurements of the molar mass and
radius of gyration, because for calibration purposes the influ-
ence of extraneous light has to be completely eliminated.
Moving the cell after solvent recording could seriously influ-
ence the measurement range at small excess scattering
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Figure 2. Online measured reduced scattering intensity Kc/
Ry vs g? for polymacromonomer BPS4000MA obtained at
different elution times: (a) ¢ =6.22 x 1073 g/L (M, = 1.01 x
107 g/mol, Ry = 100.6 nm); (b) c = 4.21 x 1072 g/L (My, = 3.77
x 108 g/mol, Rg = 47.7 nm); (c) c = 4.14 x 102 g/L (M, = 7.61
x 10° g/mol, Ry = 14.3 nm).

intensities and could also cause systematic errors if the
changes of the scattering pattern are not random. Typically,
the scattering intensity is averaged over a period of 2 s and
subsequent measurements during the elution of the sample
are taken every 4 s. In order to document the quality of the
measurements, the angular dependence of the reduced scat-
tering intensity is shown during the elution of the polymac-
romonomer BPS4000MA602 in Figure 2a—c.

Despite the extremely low concentrations of ¢ = 6.22 x 1073
g/L, the eluting high molar mass fractions are measured with
high accuracy (Figure 2a) which even increases toward the
light scattering peak concentrations ¢ = 4.21 x 1072 g/L
(Figure 2b). Only at the small molar mass regime do the data
scatter significantly, but still allow a reasonably accurate
determination of the radius of gyration (Figure 2c, c = 4.14 x
102 g/L). In general, the uncertainties in the extrapolations
as shown above are much smaller than the symbol size in the
following Figures 3—5 and never exceed the size of symbols
even at the very low concentrations in both wings of the
distribution. The reproducibility can be estimated by the
overlap of different molar mass samples as shown in Figures
3-5.
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Figure 3. Radius of gyration—molar mass relation for poly-
macromonomers KPS2900MA165 () and KPS2900MA1019
(0). Solid line: wormlike chain theory with I, = 890 A and |
= 2.5 A. Dotted line: I, =1130A, 1=22A
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Figure 4. Radius of gyration—molar mass relation for poly-
macromonomers BPS3900MA558 (<) and BPS4000MAG602 (O).
Solid |ir}§: lk=1280 A, 1 =25 A. Dotted line: I, = 1690 A,
1=22A.
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Figure 5. Radius of gyration—molar mass relation for poly-
macromonomers BPS5000MA547 (<) and KPS5500MA305 (O).

Solid |ir'1£2 I, =2076 A, | = 2.5 A. Dotted line: I, = 3329 A,
1=22A.

Results and Discussion

In Figures 3—5, the measured Ry—M relations of some
polymacromonomers are shown for different side chain
molar masses where the lines represent the best fit of
the data by a wormlike chain model, i.e.

2 L b KW 1 2L1)) (1
¢ — 5 4+I_E( —exp(=2L/1y)) (1)

with L the contour length of the chain and Ik the Kuhn
statistical segment length.

A fit of the data according to eq 1 requires precise
knowledge of the contour length L, which is usually
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derived from the molar mass and the known length of
a monomer unit, |, i.e., 2.5 A for a vinyl main chain. It
should be noted, however, that in principle | could be
considerably smaller if some degree of stereoregularity
forces the main chain into a helical conformation.
Whereas for usual radical polymerizations this effect is
negligible, a stereospecific addition of the monomers
could result for the present highly overcrowded struc-
tures. In Figures 3—5 the best fits of the Kuhn
statistical segment length are shown for | = 2.5 A (full
curves) and—arbitrarily chosen—for | = 2.2 A (dotted
curves). The qualities of both fits are excellent and do
not allow an unambiguous choice of I. As deduced from
the Ik values listed in Table 3, Ik values derived by | =
2.5 A are always smaller than those fitted with | = 2.2
A. The former represent the lower limit of the experi-
mentally determined chain stiffness, because | > 2.5 A
values would lead to unphysical bond angles. Restrict-
ing the discussion to the | = 2. 5 A results, the chain
stiffness is found to increase with the side chain molar
mass Mg for Iy, = 890 A for Mg, = 2780 g/mol to Iy =
1280 A for Mg, = 3950 g/mol to Iy = 2076 A for Mg =
4940 g/mol. The coincidence in the side chain molar
masses of the samples prepared in Kyoto and Bayreuth
as shown in Figure 5 is accidental, and fortunately no
difference between the samples prepared at the different
locations is observed.

With increasing side chain length, the theoretical
curve utilizing the wormlike chain model deviates from
the data in the small molar mass regime. This is most
probably caused by the onsetting influence of the finite
cross-section of the chains when the main chain degree
of polymerization becomes only slightly larger than that
of the side chain.

The polymacromonomers with side chain molar masses
Mn < 2000 g/mol yield Rg—M relations which cannot be
well fitted by the wormlike chain model as shown for
the samples BPS1000MA903 and BPS1700MA1867 in
Figure 6. It should be noted that the smaller side chain
curve lies above the larger side chain curve because of
the significantly smaller contour length at the same
polymer molar mass which is not completely compen-
sated by the increased chain stiffness. Although the
Kuhn length is approximately given by I, = 230 A and
by I = 390 A, respectively, the theoretical lines deviate
significantly from the measured data. One explanation
for this discrepancy could originate from the molar mass
distribution of the macromonomer. Parts a and b of
Figure 7 show the MALDI-TOF results and the HPLC
trace, respectively, for the BPS1000MA1 sample. Itis
seen that the sample is composed of tetramers up to
pentadecamers, with a maximum occurrence of octam-
ers. The numbers attached to the peaks in Figure 7
refer to the number of styrene units in the macromono-
mer. The molar masses shown at the top of Figure 7a,
e.g., 1111.8 g/mol, have to be reduced by the molar mass
of silver (108), by the butyl group from the initiator (57),
and by the ethoxymethacrylate (113) in order to arrive
at M = 833.8 g/mol, which is in good agreement with M
= 833.2 g/mol for the polystyrene octamer; the small
difference is caused by calibration inaccuracies. None-
theless, the point to be stressed here is that both
MALDI-TOF and HPLC identify exactly the same
number of peaks.

Since the rate of polymerization of tetramers and
pentamers is much larger than that for decamers and
higher molar mass macromonomers, a heterogeneous
sample could result, as predominantly more flexible
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Table 3. Kuhn Statistical Segment Length Ik, Twice the Contour Length of the Side Chain 2Ls, the Hydrodynamically
Effective Diameter of the Cylinder dn, the Measured Cross-Sectional Radius of Gyration Rgc, and the Effective
“Hard-Core” Diameter des for Different Polymacromonomers2

sample Kuhn length Iy (A) with | =25 A Kuhn length I (A) with 1 =22 A dn (A) R (A) der (A)
KPS800MA1730 (261) (300) 12.2 34.5
BPS1000MA903 (232) (273) 60°
BPS1700MA1867 (390) (454) 80¢
KPS2900MAY®P 890 1130 80 315 89.1
BPS3900MAY®P 1280 1690 150 36.4 103.0
BPS4000MA602 1280 1690 100¢
BPS5000MA547 2076 3329 100¢
KPS5500MAYP 2076 3329 180 52.0 147.1

aThe numbers in parentheses represent approximate “mean” values; see text. Y indicates that the results are derived from several
samples with different main chain lengths. ¢ Approximate values derived from a single data fit only.

T T

100

Rg [nm]

T
10° 107
M,, [g/mol]

Figure 6. Radius of gyration—molar mass relation for poly-
macromonomers BPS1700MA1867 (O) and BPS1000MA903
(©). Solid lines: I,=390Aand I, =232 A, 1 =2.5A. Dotted
lines: k=454 Aand I, =273 A, 1=22A
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Figure 7. MALDI-TOF mass spectrum (a) and HPLC trace
(b) of the macromonomer BPS1000MAL.

small side chain polymacromonomers are formed at the
beginning and stiffer large side chain polymers are
formed toward the end of the polymerization. This

100 ————rrrr - ———

Ry, [nm]

T T T
10° 10° 107
M,, [g/mol]

Figure 8. Hydrodynamic radius—molar mass relation for
polymacromonomer KPS2900MAY: (@) fractionated; (O) un-
fractionated. Solid line: I, =890 A, di, = 60 A. Dashed line:
I =890 A, d, = 100 A.

would result in a mixture of more and less flexible
polymers eluting at the same time which cannot be
fitted theoretically. Also, due to the “quasi-living”
character of the polymerization, a block copolymer
character of the polymers could result with one end
more flexible than the other. Only for larger side chain
macromonomers of My > 2000 g/mol does the reactivity
difference become negligible between the homologues
and, additionally, the chain stiffness no longer critically
depends on the side chain length. This point will be
addressed in a future work where, for instance, the
pentamer will be isolated and polymerized.

The origin of the stiffness of the main chain is not
yet clear. Possible explanations are (i) simple steric
overcrowding, (ii) specific phenyl ring interaction, i.e.,
stacking, and (iii) a certain degree of tacticity caused
by the steric requirements during the addition of a
monomer to the highly overcrowded radical at the chain
end. The different possibilities will be investigated in
a future work on polymacromonomers without phenyl
rings in the side chain and by NMR investigations of
13C labeled methacryloyl groups in the main chain.

In order to support the conclusion drawn from the
Ry—M measurements, dynamic light scattering was
performed on narrow fractions of the eluting polymers,
as previously described, the results of which are shown
in Figures 8 and 9 for the samples KPS2900MAY and
BPS3900MAY in terms of the hydrodynamic radius Ry,
which is derived from the measured diffusion coefficient
via Stoke’s law

_ KT
Rn= 67r17,D

)

with KT the thermal energy and 7, the solvent viscosity.
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Figure 9. Hydrodynamic radius—molar mass relation for
polymacromonomer BPS3900MAY: (@) fractionated; (O) un-
fractionated. Solid line: wormlike chain theory with I, = 1280
A, dn =150 A. Dotted line: I, =1280 A, d, =100 A. Dashed
line: I, = 1280 A, d,, = 200 A.
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Figure 10. X-ray scattering on polymacromonomer BPS-
3900MA558 at two different concentrations: (O) ¢ = 2.66 g/L;
(©) ¢ = 3.42 g/L. Ignoring the upturn at small g, the linear
slope at high q values yields the cross-sectional radius of
gyration, Rgc = 36.4 A

Unfortunately, the hydrodynamic radius of stiff poly-
mers depends not only on the contour length L and on
the Kuhn length Ix but also on the hydrodynamically
effective cross section, dy, of the chain.’? Thus, the
hydrodynamic data alone will not allow the determina-
tion of chain stiffness without knowledge of d, and vice
versa. We here keep L (with | = 2.5 A) and I fixed as
derived from the analysis of the Rg—M plot and deter-
mine dy from the best fit to the data.

The results are shown in Figures 8 and 9 and the
corresponding dy, values are given in Table 3. The fact
that good fits with reasonable dy, values can be achieved
merely indicates that also the diffusion data are com-
patible with the interpretation in terms of a large chain
stiffness. It should be noted that for given L and I, Rn
~ 1/In(L/dy); i.e., small errors in Ry, result in a large
uncertainty in the dy values, which is reflected in the
scatter of the dy, values shown in Table 3.

In order to obtain more information concerning the
side chain dimensions, the cross-sectional radius of
gyration was determined by X-ray scattering from the
slope of In(1(q)q) vs g2 as shown for sample BPS3900MA
in Figure 10 (see also Table 3). Also here, the side chain
conformation is only qualitatively characterized because
there is no definite relation between the single side
chain radius of gyration and the measured cross-
sectional one, except for cylinders of uniform or well-
defined segment density. In a future work, this ques-
tion will be addressed quantitatively by using copolymers
with deuterated and hydrogenated side chains.
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Figure 11. Double-logarithmic plot of the cross-sectional
radius of gyration vs the side chain molar mass. The least
squares fit to the values is shown by the solid line with a 0.71
slope.

Presently, we assume a constant segment density
across the cylinder and derive an effective diameter

deff = \/gRg,c (3)

from the measured Ry which is included in Table 3.
So far, we have no evidence on the expansion of the
side chains due to overcrowding. However, scaling
arguments predict the layer thickness d, to scale with
the side chain length or side chain molar mass as?!?

dl ~ Msc3/4 (4)

for flexible chains tethered to a straight line (cylinders).
An experimental test of eq 4 is shown in Figure 11,
where the layer thickness d, is identified with the
measured cross-sectional radius of gyration. Although
only four data points are available, the experimentally
determined exponent of 0.71 seems to support the
scaling relation eq 4. Still, the results should be taken
with caution because the assumed proportionality be-
tween d; and Ry holds only if the segment density
profile perpendicular to the long cylinder axis does not
change with the side chain molar mass. To the best of
our knowledge this is the first experimental evidence
for scaling arguments of flexible chains attached to a
cylindrical surface.

As already reported in a previous publication,® the
viscosity—molar mass relations do not support the
conclusion derived from the light scattering experi-
ments. It was previously speculated that the difference
is due to the failure of the wormlike chain theory when
applied to such “bottlebrush”-like structures, which
exhibit no “hard-core” cross-sectional density profile but
rather a decaying segment density toward the cylindri-
cal surface. We here confine our discussion to the
statement that the present data (not shown) support
this hypothesis as the deviation from the wormlike
chain theory increases with increasing side chain lengths
in exactly the same manner as shown in Figure 3 to ref
1. Certainly, much more theoretical effort is needed in
order to derive a viscosity theory for such complex
structures.

Conclusion

Multidetection GPC consisting of a multiangle light
scattering and a viscosity detector constitutes an ex-
tremely powerful technique for the structure determi-
nation of complex molecular architectures. Applied to
the characterization of polymacromonomers, the exceed-
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ingly high main chain stiffness of such “overcrowded”
structures is unambiguously proven, thus establishing
an easy route to prepare rodlike macromolecules con-
sisting of “commodity” monomers. Such structures are
expected to form lyotropic main chain liquid crystals,
which have indeed been observed.1415
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