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Abstract

The structural mobility of monomeric units of molecular bottle-brushes was studied by a systematic evaluation of NMR relaxation dynamics.
The spin—spin relaxation time (7,) was determined by Carr—Purcell-Meiboom—Gill (CPMG) NMR spectroscopic measurements. 7, for
protons that reside on the exterior and interior of the bottle-brush macromolecules varied with the grafting density and side chain length in
bottle-brush copolymers. Poly((2-(2-bromopropionyloxy)ethyl methacrylate-stat-methyl methacrylate)-graft-butyl acrylate) (poly((BPEM-stat-
MMA)-graft-PBA) was studied as a model brush copolymer. The T, values for protons of MMA units in the brush backbone significantly
decreased with increasing side chain length and grafting density of PBA. The mobility and relaxation times 7 for the side chain PBA protons
decreased with grafting density. However, after initial increase, the relaxation times eventually decreased with PBA side chain length.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Bottle-brush polymers have extended cylindrical shapes
[1—6]. The chain-extended conformation is the result of
intramolecular excluded volume interactions, a consequence
of the high grafting density along the backbone of the co-
polymer [7—9]. Therefore, variation in the grafting density
along the backbone of the copolymer affects the conforma-
tions of the bottle-brush polymers. There are several reports
that correlate the shape of the bottle-brush macromolecules
to their architectural parameters [9—11]. Numerous techniques
have been used to characterize the solution properties of
bottle-brush molecules, including sedimentation velocity [12]
and viscosity [13,14] measurements, dynamic light scattering
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(DLS) [7,13,15], static light scattering (SLS) [13,15,16],
small-angle neutron scattering (SANS) [17], and small-angle
X-ray scattering (SAXS) [15,18].

Nuclear magnetic resonance has been extensively used to
study the molecular dynamics of polymers in solution and
in the solid state, since longitudinal (7;) and transverse (75)
relaxation times are extremely sensitive to chain motions.

In solution, the relaxation of polymers is caused by the com-
bination of rapid vibrational motions, gauche—trans isomeri-
zation, and even slower segmental motions. Conformational
transformations of melted or dissolved polymers are quite
rapid as compared to the tumbling and looping motions of
entire chains. These localized molecular motions are very
effective in causing relaxation, and even for high molecular
weight polymers, the reorientation of the entire chain makes
only a small contribution to the overall relaxation [19—21].

Modeling the molecular dynamics of polymers in solution
requires that the relaxation times of distinctive nuclear pairs
(i.e. 13C-IH) be measured in solution as a function of magnetic
field strength and temperature and then compare the fits to var-
ious models. From these calculations, the motional correlation
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times (7.) can be obtained, and in this way the solution relax-
ation of polymers has been extensively studied. By '°C NMR
studies, longitudinal relaxation times (7;) and correlation
times (7.) from a variety of polymers were calculated [22] us-
ing the isotropic correlation time model [23]. Although corre-
lations obtained from this model are by no means quantitative,
their gross trends led Bovey and Jelinski to postulate a series
of conclusions about the dependence of chain mobility as
a function of side chains, heteroatoms, double bonds and ste-
reochemistry [22].

According to the Bloembergen—Purcell—Pound relaxation
theory [24,25], at low correlation times (fast motion), 7| = T>.
However, for higher correlation times (slower motion), T
differs from T,, and T; goes through a minimum, while T,
decreases monotonically with correlation time. This trend is
no longer valid near the rigid-lattice limit (solid state), i.e.
when the correlation time 7. > T, since the spins dephase due
to differences in resonance frequencies before relaxation due
to motion. At the rigid-lattice limit, T, reaches an asymptotic
limit where the relaxation behavior is far from being a single ex-
ponential [26—29]. These clear and predictable trends of the T,
relaxation times as a function of molecular motion in the liquid
state make it simple and convenient to monitor the local flexibil-
ity of polymeric segments as a function of their architecture
[30—34]. Solid state transverse 'H relaxation experiments
have also been extensively used to characterize different aspects
of the structure and dynamics of polymer chains, like cross-link
density and chain dynamics of elastomeric materials [35—40]
and polydimethylsiloxane (PDMS) grafted onto a silica surface
[41], among other systems [19—21].

The aim of the current report is the qualitative correlation
of architectural parameters of bottle-brush copolymers with
the spin—spin relaxation time (75) of protons residing on the
interior and exterior of bottle-brush macromolecules in solu-
tion. The 'H transverse relaxation times (T) of each individual
functional group in the brush molecules were measured using
the Carr—Purcell—-Meiboom—Gill (CPMG) pulse sequence
[42—44] at 500 MHz with a liquid state probe. The trends of
T, values were correlated with the brushes’ architectural
parameters such as grafting density and side chain length.

Atom transfer radical polymerization (ATRP) and other
controlled radical polymerization (CRP) processes are suitable
for the synthesis of molecular brushes since the low concentra-
tion of radicals present during the polymerizations reduces the
contribution of inter- and intramolecular termination [45—47].
This is especially important for the preparation of brush
macromolecules, due to the high concentration of chains that
exist in the vicinity of the brush backbone and to the propen-
sity for crosslinking when intermolecular termination occurs
between multifunctional (co)polymers. As was demonstrated
in previous studies, ATRP was successfully used for synthesiz-
ing brushes with different architectures, such as star-like
multiarm structures [48—50], cylindrical brush—coil block co-
polymers [51,52], brushes with block copolymers as side chains
[53—57], and brushes with a gradient in grafting density along
the copolymer backbone [58—61]. In the current study, a series
of bottle-brush polymers containing poly(n-butyl acrylate)

(PBA) side chains were synthesized by ATRP from poly(2-(2-
bromopropionyloxy)ethyl methacrylate-star-methyl methacry-
late) with different compositions of methyl methacrylate
(MMA) along the backbone of the copolymer. The grafting
density was reduced by increasing the amount of MMA in the
backbone. In addition to the grafting density, the length of the
side chains was also systematically varied.

The synthesis of poly(2-(trimethylsilyloxy)ethyl methacry-
late) (P(HEMA-TMS)) and poly(2-(2-bromopropionyl-
oxy)ethyl methacrylate) (PBPEM) was previously reported
[2]. To prepare P(BPEM-stat--MMA) macroinitiators, MMA
was added to the reaction mixture as a comonomer in the
polymerization of HEMA-TMS. The mol% of MMA in the
mixture with HEMA-TMS was 78, 53 and 8. P((BPEM-stat-
MMA)-graft-BA) (B1-6) and linear PBA (L1) were prepared
as described below.

2. Experimental
2.1. Materials

All chemicals were purchased from Aldrich and used as re-
ceived unless otherwise stated. Methyl methacrylate (MMA),
n-butyl acrylate (BA, 99+%), and 2-(trimethylsilyloxy)ethyl
methacrylate (HEMA-TMS, 99%) were distilled under vacuum
prior to use. CuBr (98%) was purified by stirring with glacial
acetic acid followed by filtering and washing the resulting solid
with ethanol (x3) and diethyl ether (x2).

2.1.1. P((BPEM-stat-MMA )-graft-BA) (B1)
P(BPEM-stat-MMA) (0.100 g, 0.166 mmol BPEM-Br initi-
ating sites, M, = 60,200, M/M,=1.10, 22 mol% PBEM),
CuBr, (99%) (0.001 g, 0.004 mmol), dNbpy (0.0686 g,
0.166 mmol), BA (8.5 g, 66.4 mmol), and anisole (5.0 mL)
were added to a 25-mL Schlenk flask equipped with a magnetic
stir bar. The flask was sealed, and the resulting solution was
subjected to three freeze—pump—thaw cycles. After equilibra-
tion at room temperature, CuBr (0.012 g, 0.081 mmol) was
added to the solution under nitrogen flow, and the flask was
placed in an oil bath preheated to 70 °C. Aliquots were removed
by syringe in order to monitor conversion and molecular weight
evolution. After a predetermined time, the flask was removed
from the oil bath and opened to expose the catalyst to air. The
polymerization solution was diluted with CHCI; and passed
over an alumina (activated neutral) column to remove the cata-
lyst. Solvent was removed by rotary evaporation, and the poly-
mer was isolated by precipitation into cold methanol. Several
polymerizations were conducted under similar conditions using
macroinitiators with different MMA contents and also with
varying reaction times. This facilitated the determination of
conversion by GC and gravimetry at various time intervals.

2.1.2. Linear PBA (L1)

For an analogous linear polymerization (L1), BA was
polymerized under conditions similar to those employed for
the synthesis of P((BPEM-stat-MMA)-graft-BA), except that
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dimethyl 2,6-dibromoheptanedioate (DMDBrHD, 97%) was
employed as a low molecular weight ATRP initiator.

2.2. Characterization

Monomer conversion was determined either by gravimetry
or by a Shimadzu GC 14A gas chromatograph with a flame
ionization detector and a J & W Scientific 30 m DB608
column (injector temp.= 250 °C; detector temp.= 250 °C;
column initial temp. = 40 °C; heat ramp = 40 °C/min; column
final temp. = 160 °C). The degree of functionalization of the
macroinitiator was determined by '"H NMR spectroscopy in
CDCl; with a Bruker Avance DMX-500 spectrometer operat-
ing at 500.13 MHz. Apparent molecular weights were deter-
mined by GPC (Waters Microstyragel columns (guard, 10°,
103, and 10%> A), THF eluent at 35 °C, flow rate = 1.00 mL/
min). GPC molecular weights were evaluated with a calibration
based on linear poly(methyl methacrylate) (PMMA) for the
backbone and linear polystyrene for the molecular brushes.
T, NMR measurements were recorded in a Bruker Avance
DMX-500, using a liquid state BBI probe with Z-gradients.
Measurements were performed as discussed in the paper. Con-
centration of the polymer solutions in chloroform used for the
T, NMR measurements was ~ 0.02 mg/uL. The experimental
error estimated from the signal to noise ratio and the experi-
ment repetition were £5%.

3. Results and discussion
3.1. Brush syntheses

The general conditions for the brush syntheses are listed
in Table 1. The molecular weight distributions remained

Table 1

Results from polymerizations of n-butyl acrylate (BA) as linear chains and
from a poly(2-(2-bromopropionyloxy)ethyl methacrylate-stat-methyl metha-
crylate) with varying copolymer composition

Sample Grafting density Convgc® DPgc” My
(mol% BPEM) (%)

Mn,GPC Mw/Mn

B1° 22 2.5 10 184,000 115,000 1.10
B2° 22 34 17 271,000 220,000 1.15
B3° 22 10.5 42 582,000 322,600 1.13
B4° 22 16.0 89 1,170,000 453,000 1.22
B5¢ 47 6.4 29 642,000 265,000 1.14
B6° 92 5.1 23 820,000 320,000 1.15
L1 - - 42 5400 5700 1.15

Convgce — monomer conversion during PBA side chains synthesis, DPsc —
degree of polymerization of PBA side chains.

? Determined by gravimetry or gas chromatography.

® Calculated from DPsc . = ([BA]/[BPEM-Br]) x conversion. B1: [BA]:
[BPEM-Br]:[CuBr]:[CuBr,]:[dNbpy] = 400:1:0.5:0.025:1.05 at T = 70 °C with
100 vol% anisole; B2, B4: [BA]:[BPEM-Br]:[CuBr]:[CuBr,]:[dNbpy] = 554:1:
0.7:0.035:1.47 at T =70 °C with 4 vol% MEK; B3, B5, B6: [BA]:[BPEM-Br]:
[CuBr]:[CuBr,]:[dNbpy] = 400:1:0.5:0.025:1.05 at T=70°C with 4 vol%
MEK; L1: [BA]:[DMDBrHD]:[CuBr]:[PMDETA] = 60:1:0.5:0.5 at 70 °C with
10 vol% anisole.

¢ Macroinitiator: M, = 60,200, M/M, = 1.10.

4 Macroinitiator: M, = 65,400, M/M, = 1.10.

¢ Macroinitiator: M, = 77,200, M /M, =1.17.

relatively narrow throughout the polymerizations. The abso-
Iute molecular weights are significantly higher than that mea-
sured from GPC using linear standards. The previous MALLS
and AFM analyses indicate that the molecular brushes should
have molecular weights very close to the theoretical values
calculated on the basis of conversion of BA and concentration
of the backbone [62].

3.2. General T, measurements for PBPEM
macroinitiator and PBA brushes

All '"H NMR spectroscopic experiments were conducted
on a Bruker Avance DMX-500 spectrometer operating at
500.13 MHz using a liquid state BBI probe with Z-gradients.
All measurements were performed in CDCl; solution at
300 K. During all measurements, the spinner was off. 7, NMR
measurements were recorded using the standard CPMG pulse
sequence ((0/2)x —T — Ty — 27 — Ty — 27 — Ty —...) from
the Bruker software library [43]. Spectra were collected in
pseudo-2D mode: high-resolution chemical shifts in the F2
dimension and T, decays in the F1 dimension, as shown in
Fig. 1. Measurements were obtained for each samples using
the following parameters: 90° — pulse width (8.4 ps), echo delay
D20 (1 ms) to prevent error due to translational diffusion,
recycle delay (10 s), time domain TD (16 K), acquisition time
(1.36 s), variable delay list of 50 points, sampling from
0.004 s to 3.0 s. In order to calculate the T, values, the peak
intensity of each individual decay was fitted to a single exponen-
tial, since the experiments were carried out in solution where the
molecular motion is isotropic and chemical shift-related
artifacts do not occur. T fits were performed using the Bruker
relaxation analysis routine within the XWINNMR 3.5 software.

The aforementioned conditions were chosen because T, is
generally more difficult to measure than 7. The simplified
method of determining 7, is by varying 7 in the standard

i
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0.004 s
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10s
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Fig. 1. "H NMR spectra of poly((BPEM-star-MMA)-graft-BA) brush molecule
(B2), grafting density: 22 mol% BPEM, DPgc =17, M, gpc = 220,000, M,/
M, =1.15 as a function of delay time (7). Some spectra from the CPMG
experiments obtained at the 7 increments are omitted for clarity.
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spin echo experiment then measuring the decay of the echo
amplitudes. However, this method is not generally efficient,
especially for long values of T,. There are also some problems
with this method in solution. 75 is independent of any inhomo-
geneities in the magnetic field, however, T,* is the field depen-
dent time constant. Because of this, molecules should not
diffuse during the experiment. For the echo to work properly,
the speed of individual vectors must be the same before and
after the 180° pulse, and this is not true if the molecular diffu-
sion is significant. This is a more important problem at long
values of 7. Spinning the sample can also interfere with mea-
surements of 7, as molecules are promoted to move in the
magnetic field during the experiment. Hence, spinning is gen-
erally turned off, or the rate is slow as compared to the values
of T,. Finally, 7 pulses are always a problem due to off-
resonance effects and incorrect calibration. The 180° flip
must be exact or the experiment fails. These are the reasons
why we decided to use the CPMG pulse sequence, which to
some extent corrects for the errors mentioned above.

The 'H NMR spectra with peak assignments of poly((BPEM-
stat-MMA)-graft-BA) molecular brush (B2) with DPgc =17
(M, gpc =220,000; M/M,=1.15, 22mol% BPEM) syn-
thesized from the backbone with MMA content 78 mol%
(M, =60,200; M,/M,, = 1.10) are shown in Fig. 1 as a function
of delay time (7). Calculated T, values for peaks a—g are directly
illustrated in Fig. 1 and shown in Table 2 for comparison. The
degree of functionalization of the macroinitiator was deter-
mined by '"H NMR.

As expected, the changes in intensity as a function of 7
depend on the proton environment (peaks a—d ). The follow-
ing comparisons are qualitative, and although the T, values
are from different functional groups, they show an interesting
trend that is also related to the mobility of the different frag-
ments. The T, values range from 823 ms for peak a (methyl
of n-butyl chain) to 231 ms for peak d (methylene adjacent
to ester oxygen). The two methylene units in the middle of
the n-butyl chain (b and c¢) have similar T, values, and the
resonances e and f show values of 73 and 74 ms, respectively.
As noted below, all of these values are different from those
measured for linear PBA chains (L1, Table 2). The methoxy
groups of the MMA units in the interior of the brush (g) are
excellent probes to monitor backbone mobility. In sample

B2, the backbone protons are densely surrounded by PBA side
chains and therefore relax very quickly with T, = 128 ms. This
value can be compared to 7, =226 ms for the same protons in
the poly(BPEM-star-MMA) macroinitiator with no side chains
attached (Table 2). This difference in the T, values is evidence
for the congested environment on the interior of the molecular
brush.

The most common mechanism of relaxation in liquids is
a result of dipole—dipole interactions between proton spins
and their averaging due to molecular motion. As opposed to
3C NMR spectroscopy in which bound protons dominate
the dipole—dipole interactions with carbon, in "H NMR spec-
troscopy, proton dipole—dipole interactions with each nearby
proton is the predominant relaxation process. Hence, T, relax-
ation rates will depend on the proton—proton distances and
on the number of proton dipole—dipole interactions. Because
of these factors, the comparison of 7, values for functional
groups in different chemical environments in relation to
molecular mobility is not straightforward. Therefore, the com-
parison of T, values for the protons of molecular brushes as
a function of grafting density and side chain length was be-
tween identical functional groups. Nonetheless, the significant
difference in T, values observed between protons belonging to
different groups in the backbone and side chains is likely not
only the effect of differences in chemical environment but also
to significant differences in mobility (Table 2). In most of the
cases, a gross difference of one order of magnitude in the 7,
values between the inner and the outer protons of the brushes
was observed. Although, in different time scales (liquid vs
solid state), these results are comparable to those reported for
PDMS chains attached to silica surfaces in which the segments
adjacent to the surface had a Ti{‘ ~ 0.08 ms, and more mobile
segments further from the interface had a T5'° ~ 1—3 ms [41],
where a difference of one order of magnitude for the T, values
was similarly observed.

3.3. Effect of side chain length

Polymer brushes containing PBA side chains with different
degrees of polymerization (DPgc) were synthesized from one
poly(BPEM-star-MMA) macroinitiator containing 78 mol% of
MMA. DPgc was varied from 10 to 90. Table 2 contains the

Table 2
T, values of protons of poly[(BPEM-stat-MMA)-graft-BA] brushes with different DP of the PBA side chains and different grafting densities of the copolymer
brushes
DPgc Grafting density T, (ms)

(mol% BPEM) a b P d e f g
0 (BPEM) 22 - - - - - - 226
10 (B1) 22 651 453 337 194 86 50 152
17 (B2) 22 823 580 395 231 73 74 129
42 (B3) 22 897 654 446 215 78 71 95
89 (B4) 22 716 500 343 188 61 69 64
42 0 (L1) 1042 780 453 394 113 117 -
17 22 (B2) 823 580 395 231 73 74 129
29 47 (BS) 680 491 336 209 63 75 41
23 92 (B6) 660 468 116 188 59 67 -
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T, values for methoxy protons from MMA units in the back-
bone (g) and side chain protons of BA units (a—f). A signif-
icant decrease in the T, values for protons from MMA units in
the backbone ( g) ranging from 152 ms for DPgc = 10 to 64 ms
for DPsc =89 was observed. As might be expected, the
molecular constraint in the vicinity of the backbone increased
with the molecular weight of the side chains.

The peaks of the n-butyl groups of the side chains relax in
a more complex way. When the DP of the PBA side chains
was increased from 10 to 42, T, values for most of the protons
(a—f) increased. However, when the side chain length was fur-
ther increased to DPsc = 89, a decrease in the composite 75
values was noted. A similar trend was previously reported
by Vega et al. [39] for the T, values of PDMS networks as
a function of molecular weight in solid state NMR. It is well
known that the longer the amplitude and/or the frequency of
chain motions, the higher the T, value [41]. As the length of
the PBA side chains increases, the amplitudes of the chain os-
cillations increase, resulting in larger 7, values until a certain
range of DPgc is reached. Eventually, the interactions between
longer side chains, due to excluded volume effects, may
reduce side chain mobility and enhance spin—spin relaxation
rates, resulting in a lower 7, value. Although the increment
in PBA side chain length increases the molecular weight of
the brushes, leading to an increase in the overall molecular
correlation time, we do not think this causes the above behav-
ior, since the overall reorientation of the entire chain makes
only a small contribution to the relaxation, as previously
described.

Fig. 2 illustrates the change in relaxation times for the pro-
tons from the brush backbone (g) and side chains (arbitrarily
chosen ¢ protons from PBA side chains) with different DPgc.

grafting density, mol% BPEM

0 20 40 60 80 100
500 T T T T T T T T T 1
400 -

g

G ]

£ 300

c

S

©

&

B 200 -

100 - *
T T T T T T T T T 1
0 20 40 60 80 100

degree of polymerization of PBA

Fig. 2. T, relaxation times of ¢ MMA protons from the backbone (I, DPsc
varied, grafting density: 22 mol% BPEM) and ¢ protons from the PBA side
chains (average values) (A, DPgc varied, grafting density: 22 mol%
BPEM) (@, grafting density varied, DPsc =23 4 6) of the brush molecules.
Empty symbols correspond to the backbone ([J, DPsc = 0) and linear PBA
(O, grafting density =0).

3.4. Effect of grafting density

Molecular brushes with different grafting densities were
studied. The backbones with the low grafting density were
prepared by copolymerization of two methacrylates (MMA
and HEMA-TMS) with similar reactivity ratios (~1). Thus,
the backbone grafting density was uniform and corresponded
to the feed ratio. The interior and exterior parts of the bottle-
brushes were investigated by measuring the T, values of the
MMA backbone units and PBA side chains and also by the
comparison to linear PBA.

Higher grafting density increased steric congestion and
affected the mobility of g protons in the interior portions of
the brushes. Therefore, the T, values were lower for the brush
with higher grafting density (BS). Unfortunately, the signals
from the MMA units were not detectable for the molecular
brush with 92 mol% of BPEM, (B6) (Table 2, not shown in
Fig. 2).

Grafting density also affected the T, values of the side
chains (Table 2). Fig. 2 shows the continuous decrease in re-
laxation times with grafting density for ¢ protons from PBA,
for which this trend was most visible. T, values decreased
from 395 ms for 22% grafting density to 116 ms for 92%
grafting density. This indicates the progressive loss of mobility
of side chains upon congestion due to higher local chain den-
sities. For comparison, linear PBA was also studied, and the T,
values for ¢ protons were only slightly higher (453 ms) than
those for the brush with 22% grafting density, which indicates
that the side chains of the loosely grafted brush relax in a
similar manner to free linear chains.

4. Conclusions

T, measurements using the CPMG NMR pulse sequence
give significant insight into the organization and structure
of molecular brushes in solution. The analysis of spin—spin
relaxation times for protons in different locations throughout
the brushes provided information on local molecular mobility.
T, values for MMA units in the core of the brushes strongly
decrease with increasing grafting density and side chain
length. The average T, values for the side chains decrease
with grafting density, and after an initial increase, a reduction
in T, was observed for longer side chain lengths. T, measure-
ments support the concept of high molecular congestion on
the interior of bottle-brushes and may provide insight into
local environments of other highly congested polymeric
systems.
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