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Nanosecond Dynamics of Poly(methyl methacrylate) remove the linear polymer in solution generated from TsCl,
Brushes in Solvents Studied by Fluorescence which is called “free polymer.” The weight- and number-average
Depolarization Method mo_IecuIar weights M,, and M, of the graft_ chain can be
estimated from those of the free polynfénvhich was deter-
mined by size exclusion chromatography calibrated with the
PMMA standards. The thickness of the graft PMMA film was
determined by atomic force microscopy (SPM-9500, Shimadzu
Department of Polymer Chemistry, Kyoto Weisity, or NanoWizard, JPK). A part of the polymer film in the dry
Nishikyo, Kyoto 615-8510, Japan state was scratched with a sharp needle to expose the substrate,
. and the thickness was defined as the height difference between
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ised Manuscriot Receéd December 10. 2007 the polymer and subs_trate surfaces. The graft den:s;tyva_ls
Revise P ' evaluated from the thickness of the PMMA brush layer in the
) . ) ) dry state and molecular weight. We prepared three PMMA brush
Introduction. Grafting of the polymer chain on a solid samples, PMMA-L, PMMA —M, and PMMA—H, with differ-

substrate is a common technique to modify the surface propertiesgnt graft densities. The characterization of the brush samples is
and has been widely used in various fielddRecent develop- as follows: M, = 1.01 x 105, My/M, = 1.14:0 = 0.11 chains

ment of the controlled polymerization technique enabled us to nyy-2 for PMMA—L, andM, = 1.08 x 105 My/M, = 1.19:¢

graft the polymer chain onto a solid surface with an extremely — g 37 chains ni? for PMMA—M, andM, = 1.11 x 105

high chain density, so-called “polymer brust®.The high- My/M, = 1.17: ¢ = 0.46 chains ni for PMMA—H.

density polymer brush shows different properties from the  The time-resolved fluorescence anisotropy was measured by
equivalent polymer film: for example, a glass transition e time-correlated single photon counting (TCSPC) méthod
temperature higher than a bulk stété,the strong resistance  nder a home-built confocal microscope. The linearly polarized
against the compression in the normal direction to the sub$trate, oy citation pulse at 442 nm of the second harmonic of a Ti:
and the reduction of the swelling capacity by a solvefihe sapphire laser (Tsunami, Spectra-Physics) was focused on the
properties characteristic of the hlgh_-densny polymgr brush are ppMMA graft layer swollen in a solvent through a microscope
attributed to the stretched conformation and the restricted motion objective (20¢, 0.2 NA, Nikon). The fluorescence signal from

of the brush chain. The fundamental process of the dynamicsihe sample was collected by the same objective and input to a
of the polymer brush chain is important for understanding the ,qarizing beam splitter to separate the polarization components,
physical properties on the macroscopic scale. Whereas the| and|, parallel and perpendicular to the polarization direction
dynamic properties of the polymer brush has Eee” extensively of the excitation light, respectively, and they were simulta-
studied by theoretical and numerical meth&tis? few experi-  hequsly detected by two photomultipliers (H8632, Hamamatsu
mental works have been reported because it is difficult to obtain Photonics). The photon signal was fed to TCSPC electronics
the signal from the thin layer of the polymer brush tethered on (SPC-630, Becker & Hickl) to acquire the fluorescence decay
a substrate due to the extremely small sample voltfmié.in curve for each channel. The full width at the half-maximum of
this communication, we report the dynamics of poly(methyl the instrument response function was ca. 180 ps. The fluores-

methacrylate) (PMMA) brush investigated by the fluorescence ¢apce anisotropyi(t), defined as the following equation:
depolarization method. We examined the temporal profile in
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the nanosecond time range of the anisotropy of the fluorescence (0 — gl
signal from the dye-labeled PMMA brush, which corresponds r(t) = 0+ 20 140 (1)
to the second-order orientational autocorrelation function of the i(® g 15()

fluorescent moiety®-20 We examined the dynamics of the brush
chain for the PMMA brush samples with different graft densities
and discuss the effect of swelling solvents on the local chain
dynamics.

Materials and Methods. The dye-labeled graft PMMA was
prepared by the surface-initiated atom transfer radical copo-
lymerization of methyl methacrylate (MMA) and perylenyl-
methyl methacrylate (PeMMAJL22 A clean quartz plate was
immersed in a toluene solution of [2-(4-chlorosulfonylphenyl)-
ethyl]trichlorosilane (CTCS) and phenethyltrichlorosilane w
(PhTCS) for 2 h. The concentration of the surface initiator on T = j(; i (1)/r5(0) ct )
the substrate was adjusted by changing the feed ratio of CTCS
and PhTCS. The substrate was then transferred into a mixed Results and DiscussionFigure 1 shows the fluorescence
solution of MMA, PeMMA, CuBr, dinonylbipyridine, and anisotropy decay curves for the graft PMMA swollen in benzene
p-toluenesulfonyl chloride (TsCI). The fraction of the perylene and the free PMMA in benzene solutions. The time-resolved
moiety was less than 0.005% to avoid the fluorescence depo-anisotropy showed multicomponent exponential decay, indicat-
larization due to the energy migration among the perylene mole- ing that the local motion of a polymer chain should consist of
cules. The polymerization was carried out at°@in vacuum. the sum of various motional modes with different time scales;
The sample was cleaned by Soxhlet extraction with THF to however, the experimental anisotropy could be well fitted to a

double-exponential function practically. The free PMMA chain

* Corresponding author: Telephone:81-75-383-2613. Fax:-81-75- in the solution at a concentration of 0.33 g/mL showed the decay
383-2617. E-mail: aoki@photo.polym.kyoto-u.ac.jp. of fluorescence anisotropy with a correlation time of 9.9 ns

Hereg is the correction factor to compensate the difference of
the detection sensitivity between the two photomultipliers. The
measured anisotropy was fitted to a model functigr(t)
consisting of the sum of two exponential functions by a
nonlinear least-square method considering the convolution of
the instrument response function. The mobility of the brush
chain is discussed in terms of the correlation time defined
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10° € Table 1. Chain Dimension in the Normal Direction to the Substrate
£ Surface
sample solvent olchains nm? Le¢/nm Le/Lo
10 PMMA—L acetonitrile 0.11 25 0.098
= o PMMA—-L benzene 0.11 130 0.51
g PMMA—-H acetonitrile 0.46 161 0.58
102 PMMA—H benzene 0.46 253 0.91
] is. At the high graft density, the steric interaction between the
brush chains results in the suppressed molecular motion.

10° Now we discuss the solvent dependence of the dynamics of

the PMMA brush. For the PMMA brush with = 0.11 chains
Figure 1. Fluorescence anisotropy decay curves for the PMMA brush nm=2, the anisotropy decay curves (blue circles in Figure 2)
2‘(’)"&'&‘1 Z‘ttég’r‘éeerr‘frgigids‘gfr%e;% arr]igrtmhleeg)egnzg’\gégh?m_irzobeemzene clearly indicate that the mobility of the brush chain is high in
circles). The graft density of the brushgis 0.46 chainsgrﬂihe sglid agood soIV(_ant O.f be_nzene and !OW iBesolvent of acetpnltrlle.
curve indicates the instrument response function. The COI’I'e|atI0n time in the SWelhng SO|VentS Of ace'[onltl’ﬂe, ethyl
acetate, and benzene is 15, 5.4, and 2.3 ns, respectively. The
chain mobility is greatly dependent on the solvent quality: the
better the solvent quality is, the faster the segmental motion of
the brush chain is. Similar solvent dependence has been reported
also for the dynamics of a polymer brush at a longer time scale
of 1061038 s1617 This result indicates that the solvent
dependence of the PMMA brush is similar to the solution
system. The previous study showed that the local motion of
the polymer chains in solution depends on the solvent qulity.
The chain conformation in solution greatly affects the local
motion of the polymer chain; the shrunken conformation in a
poor solvent causes the steric interaction among the chain
segments, resulting in the lowest mobility in acetonitrile and
the highest in benzene. Similarly to the behavior of free polymer
chain in solution, the PMMA brush chain takes a more expanded
conformation in good solvents, resulting in the highest segmental
mobility in benzene.

On the other hand, the PMMA brush with a high graft density

0 5 tins 15 showed solvent dependence different from the solution state.

Figure 2. Fluorescence anisotropy decay curves for the PMMA brush The brush .Wlt.h. the high graft density of 0'46 ChamSﬁmId.
swollen in benzene (top), ethyl acetate (middle), and acetonitrile NOt Show significant solvent dependence as illustrated in Figure
(bottom). The filled circles, triangles, and open circles indicate the data 2. The correlation time was 39, 32, and 29 ns for the brush
for the brush sample with the graft densities of 0.46, 0.37, and 0.11 swollen in acetonitrile, ethyl acetate, and benzene, respectively.
chains nm?, rejspectively. The solid curves indicate the instrument As mentioned above, the nanosecond dynamics in solution
response function. depends on the chain conformation determined by the solvent
slower than that in the dilute solution.(= 2.3 ns). The motion quality. Also for the PMMA brush, the chain conformation
of the polymer chains is suppressed by the interchain interactionwould be a dominant factor of the chain mobility.
at the concentration of 0.33 g/mL, which is larger than the  The chain dimension in the normal direction to the substrate
overlap concentratiorc*.2* The concentration of 0.33 g/mL  was experimentally evaluated as the thickness of the brush layer
corresponds to the average polymer concentration in the PMMA immersed in a solvent, which can be observed by atomic force
brush layer with the graft density of 0.46 chains Tnfthe microscopy in a liquid conditio’ Table 1 summarizes the chain
averaged polymer concentration in the brush layer was estimateddimension normal to the substrate as the observed thickness in
from its thickness in the dry and swollen states). Even at the the equilibrium swelling statelL) and the ratio ofLe to the
same polymer concentration, the brush chain showed a largecontour length of the brush chailhg. The thickness of the
correlation time of 31 ns compared to the corresponding solution PMMA brush with ¢ = 0.46 chains nm? is 161 nm in
system. Such low mobility of the brush chain can be attributed acetonitrile, which is corresponding to approximately 60% of
to the effect of fixation of the chain end onto the solid substrate. the contour length of the brush chain. In the good solvent of
For the linear polymer chain in solution, both chain ends show benzene, the thickness ard/L, are 253 nm and 90%,
high mobility compared with the center segment in the main respectively. This indicates that the brush chain takes an
chain?®In the case of the polymer brush, one end is chemically extremely stretched conformation in the normal direction to the
bound to the substrate. Therefore, the segmental motion issubstrate surface at the high graft density. Such a stretched
greatly suppressed at the fixed end of the brush chain, resultingconformation of the brush chain results from the strong repulsive
in a large correlation time compared to the free chain in solution. interaction among the brush chains since the PMMA chain is

The dynamics of PMMA brush chains is discussed in terms densely packed on the substrate. It should be noted that the
of the effect of graft density. Figure 2 shows the fluorescence difference between the chain dimensions in both solvents is only
anisotropy decay observed for the graft PMMA chain swollen 36% for the PMMA brush with the high graft density. For the
in acetonitrile, ethyl acetate, and benzene. For each swellinghigh-density brush, the strong repulsive interaction between the
solvent, the chain mobility is dependent on the graft density. neighboring chains makes the chain conformation stretched even
The higher the graft density is, the slower the segmental mobility in the poor solvent. Therefore, the chain dynamics of the high-
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(@) Low density expanded conformation unaltered by the solvent quality due to

the strong repulsive interaction among the brush chains.
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Figure 3. Schematic drawing of the PMMA brush chain with the low
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(a) and high graft density (b). The left- and right-hand sides of each References and Notes

image illustrate the brush chains in poor and good solvents, respectively.

density PMMA brush does not show significant solvent
dependence. In the case of the low-density brush, the interaction
among the brush chains is relatively weak and the brush chain
can easily change its conformation, resulting in a sensitive
response of the chain conformation to the solvent quality.
Consequently, the chain dimensions in benzene and acetonitrile
differ by more than 5 times in Table 1. The solvent dependence
of the chain conformation is schematically depicted in Figure
3. As mentioned above, the chain dimension in the swollen state
in solvents is a dominant factor to determine the segmental
mobility of the PMMA brush chain. Because of the similar chain
conformations in the poor and good solvents, the micro-
Brownian motion of the high-density PMMA brush chain is
not affected by the solvent quality, whereas the low-density
brush chain changes its mobility dependent on the solvent. We
discussed the chain dynamics in terms of the correlation time,
7¢, Which correspond to the averaged relaxation time of the two
time constants for a double-exponential decay fitted to the
fluorescence anisotropy data. As mentioned above, the fluores-
cence anisotropy showed multiexponential decay. The concen-
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