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Brush-Sheathed Particles Diffusing at Brush-Coated Surfaces in the
Thermally Responsive PNIPAAmM System

Huilin Tu, Liang Hong, Stephen M. Anthony, Paul V. Braun,* and Steve Granick*

Departments of Materials Science and Engineering, Chemical and Biomolecular Engineering, Chemistry,
and Physics, Beckman Institute for /Aahced Science and Technology, and Frederick Seitz Materials
Research Laboratory, Unérsity of lllinois at Urbana-Champaign, Urbana, Illinois 61801

Receied July 27, 2006. In Final Form: December 9, 2006

Phase-contrast microscopy and particle tracking algorithms are used to study the near-surface diffusion of poly-
(N-isopropylacrylamide) (PNIPAAmM) brush functionalized micron-sized silica microspheres after sedimentation from
aqueous suspension onto planar substrates coated with a similar polymer brush above and below the lower critical
solution temperature (LCST) of PNIPAAm, 32. A small negative charge on the wall and the particigsatential
= —6 mV) prevents adhesion above and below the LCST. The near-surface translational diffusion codifigigst (
is compared to the bulk-phase translational diffusion coefficiegnii), which was measured by dynamic light scattering.

We find thatDsyacdDpu & 0.6 at temperatureb < 32 °C but rises abruptly te-0.8—0.9 atT > 32°C. Near-surface

diffusion is expected to be slower than bulk diffusion owing to hydrodynamic coupling to the wall, implying reduced
hydrodynamic coupling at the higher temperatures, perhaps mediated by enhanced electrostatic repulsion above the
LCST transition.

Poly(N-isopropylacrylamide) (PNIPAAmM) is a well-known wol @
thermally responsive polymer that, for free chains in aqueous

solution, shows a lower critical solution temperature (LCST) £ 6501 1
phase transition around 32.! End-grafted PNIPAAm brushes < 600l % ]
also undergo a LCST transition but over a broader temperature s }

range? Since the first work on atom transfer radical polymer- £ 550 { { l '
ization (ATRP) of PNIPAAm brushes, the thermal response of 2 =00l { ]

PNIPAAmM chains tethered onto various substrates has attracted
considerable research mterés‘i,dqe to the excellent control e e
offered over the brush homogeneity and length. Here, we focus Temperature (°C)

on hybrid particles consisting of a hard spherical silica core and Figure 1. Hydrodynamic diameter of the PNIPAAm-tethered silica

a soft PNIPAAm brush shell, which is tethered onto the core via iicrospheres at different temperatures as determined by dynamic
surface-initiated ATRP. This hybrid system presents an advanta-jight scattering in dilute suspension. A representative TEM image
geous model system for physical studies, because the graftingof a microsphere and higher magnification TEM image of the surface,
density of the PNIPAAmM brush remains constant upon heating showing the thickness of the polymer brush, is presented inthe inset.
or cooling, in contrastto PNIPAAm brushes grafted onto microgel The contrast of the TEM images is enhanced to show the polymer
: shell.

particles.

Prior reports of silicaa PNIPAAmM core-shell microspheres
focused on synthesis, the LCST-induced volume change, colloidalHere, on the basis of particle tracking, we have quantified near-
stability, and rheological behavidr!?2 What about diffusion  surface dynamics in this system, for what is believed to be the
dynamics? In the bulk, for dilute systems, the diffusion coefficient firsttime. Comparison of near-surface diffusion and bulk diffusion
is dominated by the particle diameter, a function of the shows that a small change of temperature, from a few degrees
temperature-dependent thickness of the brush coating. What ifbelow the LCST to a few degrees above it, results in a large
the diffusion occurs close to a similarly functionalized surface? increase of the ratio of near-surface to bulk diffusion.
PNIPAAmM brushes with an average dry thickness oft18
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synthesis. The PNIPAAmM brushes on planar substrates were 6 T
prepared using a similar procedure; we have estimated that the @) £
brush-coated substrates also contain a similar density of residual 44 E
surface charges. 220
A Nicomp 380 ZLS instrumentncigent= 633 nm) was used 24 * ot

to collect dynamic light scattering (DLS) data from a dilute n Displacement (um)
dispersion of the PNIPAAmM-coated microsphere$ (x 1075 f 04
in volume fraction). Nicomp software was used to analyze the
number-average particle size. The hydrodynamic diameters of -2
the PNIPAAm-tethered silica microspheres over the temperature
range 25-36°C, as determined by DLS, are presented in Figure -44
1, confirming the expected collapse of the PNIPAAm brush as ) 4 2 0 :
the temperature increases through the LCST. At°@5 the Y (um)
number-average diameter is 613 nm; it continuously decreases 0 T — v T v
as the temperature increases from 25 t0°82 The particle “E 1.0 (b) } |
diameter reaches a minimum of 496 nm at@and then increases :;:"
to 544 nm as the temperature increases tdG6r he reason for 8
the minimum at 32C is not understood at this time; however, é’ 0.81 A
similar effects were seen for PNIPAAmM brushes on planar 3 é
substrated.A key advantage of using microspheres containing ‘c’ 0.6 é |
a solid silica core is that the grafting density of the PNIPAAmM 2 é ¥ i $
brush stays constant upon heating or cooling, in contrast to £ 04

a 0.44 4

PNIPAAmM brushes grafted on microgel particles used in a prior o 3 2 30 B i 3

study**At 25 °C, the relative change in thickness of the dry and Temperature (°C)

hydrated brushes on the p'a“?r substrate apd th? m.'crO.Spherelgigure 2. (a) A typical trajectory of a PNIPAAm-tethered

is about t_he same, 3_.7 and 4.0 times, respect|vel_y, !ndlca_tlng thatmicrosphere diffusing near the planar PNIPAAM brush af@5

the physical properties of the two brushes are similar. Since the The inset shows the histogram of displacement steps and the Gaussian
surface of the PNIPAAm-coated microsphere contains residual fit to this histogram. (b) Near-surface diffusion coefficient plotted
charges, leading to an electric double layer, the electroviscousagainst temperature, obtained from raw data of the kind shown in
effect!* which increases the apparent viscosity and thus an panel (a). Reversibility is demonstrated from the comparison of data
overestimation of particle diameter as determined by DLS may obtained upon heating (filled squares) and cooling (open circles).
need to be considered. However, because of the §mpatential

of the brush-cqated.mlprospheres, the eIectrqwscOUS eff?Cff ONprush has stabilized the microspheres, presumably through the
the apparent V|s_(:05|ty is Iess_ t_han 0.1% and is thus negligible high osmotic pressure within the swollen brd&hwe believe
under our experimental conditions. the lack of adhesion above the LCST can be attributed to the
Near-surface diffusion studies were performed using phase- small residual surface charge and ensuing electrostatic repulsion.
contrast microscopy (Zeiss Axiovert 200) equipped with aback- This is also believed to be the reason that partiglarticle
illuminated electron multiplying CCD camera (AndoriXonDV-  aggregation was never observed, not even above the LCST.
887 BI) and a programmable heat stage. Sequential images wergxperiments were performed where only the microspheres or
collected using an LD Achroplan Ph2 g3objective (NA= substrate was coated with the PNIPAAm brush. In both cases,
0.75) with 1.6« postmagnification at the speed of 10 frames/s the particles irreversibly stick to the surface above and below
(except that, at 34 and 3&, 20 frames/s were acquired), and the LCST.
400 frames were collected continuously. In these studies, the  From the captured sequential images, the trajectories of the
brush-coated particles were allowed to sediment onto the planarmicrospheres were analyzed following a procedure described
PNIPAAm brush functionalized substrates that com_prlsed the previously by this laboratory to analyze single-molecule tra-
bottom of our sample cell. The surface packing fraction of the jectoriesté which is a modification of standard particle tracking
microspheres was only9 x 10°*. Therefore, hydrodynamic  methods in the literatur¥. Gaussian fittings to histograms of
interactiqns between microsphereswer'e negligible,anq diffusion particle displacements were then applied to yield diffusion
was dominated by temperature and microsphsteface inter-  coefficients of the microspheres. A typical trajectory of one
actions. The upper wall of the sample cell was located 1 mm mijcrosphere tracked at 2& and the corresponding histogram
above the bottom and thus did not influence particle diffusion ith its Gaussian fit are presented in Figure 2a. This method
either. All of the tracked microspheres were observed to remain combines both time-averaged and ensemble-averaged statistics,
within the depth of field~2.3um, throughout the tracking time,  and thus offers a fast and accurate statistical analysis of particle
as indicated by the fact that the brightness of the particles did motion.
not change over the tracking time. A small number of.mlcro- The diffusion coefficientsPsuiace Of the microspheres as a
spheres were observed not to move, presumably reflecting SOomenction of temperature are summarized in Figure 2b. Below 32
defects on the planar surface to which these microspheresec p_ o increases slowly with increasing temperature. Then
adsorbed; these microspheres were ignored in the analysis. at32°C, an abrupt increase Dsuracds observed, corresponding

Surprisingly, the microspheres were not observed to stick to to the LCST transition of PNIPAAm. Similar behavior is observed
the planar PNIPAAm brush at any of the studied temperatures. ypon cooling. There is minimal hysteresis in the diffusion

Belowthe LCST, thisis to be expected, as the hydrated PNIPAAM coefficients obtained from the heating and cooling traces.
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@ 1.2 interactions characteristic of the present system. The confining

"g_ 121 wall in our system is not a rigid wall as in several prior studies

= 110 of confined Brownian motioA%2%27 but is rather a polymer

:g 0.8 §° brush that undergoes continuous dynamic fluctuations of thick-

g 08 i ness. In spite of the differences between the experiment and the

3 TP assumptions that underlie eq 1, this equation still qualitatively

5 044 = explains the hydrodynamic coupling that slows down the

é’ 10-6 microsphere when it is near the bottom wall.

8 o0 - What causes the large increase in the relative diffusion

24 26 28 30 32 34 36 coefficient upon heating to the LCST? In the context of

Temperature (°C) hydrodynamic coupling, itis reasonable to deduce that the increase

Figure 3. Left ordinate axis: near-surface diffusion coefficient in the diffusion coefficient is due to a reduced hydrodynamic
Dsutaceand bulk diffusion coefficienDyuk (data acquired during  coupling effect between the particle and the bottom wall. Initially,
heating) are plotted against temperature. Right ordinate axis: thenis may appear counterintuitive. PNIPAAm surfaces become
ratio Dgyrtacd Douik IS plotted against temperature. . .

more hydrophobic above the LCSEp at first we expected the

On the basis of the radius as determined by DLS, the bulk Microspheres to stick to the bottom wall and slow down or stop
diffusion coefficient, Dpyy, is calculated using the Stokes ~ Moving, which is the opposite the observed effect. The total
Einstein relationshifd = kT/6zyr, wherey is the viscosity of microsphere-wall interaction energy also includes the previously
water and is the radius of the microsphere. Direct comparison Mentioned electrostatic repulsion due to the residual surface
of the diffusion coefficients of the microspheres near the surface charges, whichapparently prevents the microspheres from coming
and in the bu'k during hea“ng |s presented in Figur@%rface Into phySIca| COI’ltaCt, even above the LCST When PNIPAAM

is smaller tharDpyy at all temperatures; however, while both ~ brushes collapse upon heating through the LCST, the local
Dsurface aNd Dpui iNCrease as temperature rises, the difference dle_lectnc constant of the collapsed PNIPAAmM brushes decreases
between them becomes significantly smaller above the LCST of OWing to lower water content. For the planar brushes, a dry 43
PNIPAAm. The ratio of the surface diffusion coefficient to the =+ 2 nm thick PNIPAAm brush swells to 159 nm at 25 under
mean bulk diffusion coefficienDsuacdDpul is also presented ~ Water, then collapses to 64 nm when heated t6G8Using the
in Figure 3. This ratio remains almost constant, 8:64, upto  effective medium approximatict,we estimate that the local
32°C. Itthenincreases quite abruptly to 0.80 when the temperaturedielectric permittivity is changed frony48 at 25°C to ~12 at
is raised to 34C and continues to increase to 0.87 at°86 °
Clearly, the conformation of the PNIPAAm brushes on both the ~ This in turn has the intriguing consequence that counterions
spherical and planar silica surfaces significantly modulates t0 the residual surface charges are effectively expelled from the
microsphere motion. brush region at 36C, since the chemical potential for the
The retardation in microsphere diffusion at all temperatures counterions, which scales inversely to dielectric constaig,
can in part be attributed to hydrodynamic coupling between the too high inside the collapsed brush. This expelling of the
microspheres and the bottom wt20Given the large thickness ~ counterions increases the electrostatic repulsion between the
of the fluid layer between the surfaces{00 nm) relative tothe ~ Microspheres and the substrate. Since electrostatic effects operate
characteristic pore size in the PNIPAAm brusheg fim), the over a much longer range than van der Waals attraction, it is
assumption of no-slip boundary conditions is reasonable. The likely that this enhanced repulsion increases the microsphere
hydrodynamic effect of a solid no-slip boundary on the diffusion substrate separation above the LCST of the PNIPAAm brush.
coefficient of a solid Brownian particle in the tangential direction ~ Furthermore, even if the position of the microspheres relative

is given by eq 1720 to the top surface of the glass does not change, the collapse of
PNIPAAmM brushes increases the gap between the microsphere

Dsurface_ Nsurfacd ~* N and substrate PNIPAAm brush layers, which also decreases the

Dpui - Mouk ~ hydrodynamic coupling predicted from eq 1. The increase in the

3 2 5 gap distance alone, however, is not sufficient to explain the
1— ﬂ([) + 1-([) - 4_56([) _1 ([) 1) observed increase in the ratio of the diffusion coefficients; it can

16\z/  8\z 256z 16\z explain only an increase 6f25% in this ratio, not the observed
wherensutaceis the effective water viscosity near the bottom change o0f-50%, which enhances our confidence that electrostatic

wall; r andzare the radius of the particle and the distance between INtéractions are important.

the center Of mass Of the par“c'e and the Surface Of the polymer We W0u|d I|ke tonote thatthe therma”ytrlggerable acce|erati0n
brush, respectively. This predicts that the ratidafsace/Douik in colloidal diffusion reported here may find application in
should decrease monotonically as the particle approaches theSituations where near-surface particle mobility influences surface
boundary and eventually drop te0.33 if the particle were in ~ functionality, especially bearing in mind that PNIPAAmM is
physical contact with the walf In reality, there is always a  considered to be biofriendly and environmentally berfign.
distribution ofz-position of the particle given by a Boltzmann .
factor. If the energy profile of the partictevall interaction is ggg ‘L’\(’)‘k‘;n'/"-‘LJ:? g;‘r’gvr\‘lsm Q‘fg‘fsmg'gzgofggjé f2a 1254,
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