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ABSTRACT: We measured the local glass transition temperature 7g(z) of polystyrene (PS) as a
function of distance z from a silica substrate with end-grafted chains using fluorescence, where
competing effects from the free surface have been avoided to focus only on the influence of the
tethered-interface. The local Ty(z) increase next to the chain-grafted substrate is found to exhibit
a maximum increase of 49 + 2 K relative to bulk at an optimum grafting density that corresponds
to the mushroom-to-brush transition regime. This perturbation to the local Ty(z) dynamics of the
matrix is observed to persist out to a distance z = 100-125 nm for this optimum grafting density
before bulk 7} is recovered, a distance comparable to that previously observed by Baglay and

Roth [J. Chem. Phys. 2017, 146, 203307] for PS next to the higher-7; polymer polysulfone.
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Direct interrogation of how end-tethered chains affect the local properties of a
neighboring polymer matrix has been little studied, but widely utilized to alter adhesion,
lubrication, and improve matrix reinforcement in polymer nanocomposites.!”’ There are few
local experimental techniques that can interrogate material properties next to such buried
interfaces, usually leaving local properties to be inferred from global macroscopic measurements
or investigated by theoretical and simulation methods.>®® The influence tethered chains can
have on the neighboring matrix is complicated by various interconnected parameters such as
grafting density, surface coverage, tethered-chain length, matrix interpenetration, and substrate
curvature, with the macroscopic properties of nanocomposites being further affected by the filler
content and dispersion.®” Studies on thin films provide an accessible planar geometry where the
grafting density can be well controlled, serving as a simplified system to mimic polymer
nanocomposites.'!%!2 However, most thin film studies investigating substrates with grafted
chains are additionally affected by the competing effects of the free surface.!*?! Here, we
purposely avoid such competing effects of the free surface and experimentally map the local
glass transition temperature 7,(z) as a function of distance from a tethered-chain interface using a
localized fluorescence method.

Studies of the average glass transition temperature 7,(/) of thin polystyrene (PS) films
with substrate grafted chains date back to Keddie and Jones in 1995."* Over the years studies

141518 and decreases'® in the average Ty(h) value relative to films of

have reported both increases
equivalent thickness 4 with no grafted chains. Generally, these changes are only observed for
very thin films /# < 30 nm, and can be sufficiently small to appear as effectively no change.'’

Recently, Hénot et al."

have made great efforts to compare and correlate different studies based
on the grafting density and ratio of matrix-to-grafted chain lengths, ultimately concluding that
the grafted chains have little to no effect on the measured average film 7y(%). However, such
measurements are complicated by the presence of a strong, and potentially dominating, free
surface effect. Lan and Torkelson used fluorescence to measure the local 7, of grafted chains
within a thin film finding large variations in local 7, within the films with increases as high as
~35 K near the substrate, while the near free surface region was reduced by ~15 K.!” This large
variation in local 7, within the film suggests there is strong competition between free surface and

chain-tethered substrate effects such that much benefit would be gained from isolating only the

impact of the chain-tethered substrates.



In the present work, we have created a sample geometry that allows us to measure the
local glass transition temperature 7¢(z) as a function of distance from an end-grafted PS
substrate. End-grafted polystyrene substrates were created by spin-coating a film of
monocarboxy-terminated polystyrene (PS-COOH) (M = 101.8 kg/mol, Mw/M, = 1.03) onto
either silicon wafers or silica substrates cleaned by washing in ~10 vol% hydrochloric acid for
20 s. These films were annealed under vacuum at 170 °C for 1.5 h to establish covalent bonding
between PS-COOH and Si-OH, and then washed in a 90 °C toluene bath for 20 min to remove
any ungrafted chains and subsequently rinsed in acetone and DI water, dried with nitrogen gas
and annealed overnight in a vacuum oven at room temperature; a procedure following previous
works.!3!> The final dry-bush thickness Zbrush Was measured by ellipsometry (Woollam M-2000)
for those samples made on silicon wafers modeling the PS layer with a standard Cauchy model
n(h) = A4 + B/A* + C/A, fitting A and B with C held at the bulk value, and including a 1.25 nm
native oxide layer for the silicon substrate.?? The grafting density ¢ was calculated as ¢ =

P Na hyrush 23
My >

where p = 1.045 g/cm® was taken to be the bulk density of PS,** Na is Avogadro’s
number, and M, is the PS-COOH number average molecular weight.

Multilayer samples as depicted in Figures 1 and 3 were then assembled by floating on
additional PS layers of known thickness made from either neat PS (My = 1920 kg/mol, Mw/M, =
1.26) or pyrene-labeled PS (M= 672 kg/mol, Mw/M, = 1.3, with 1.4 mol% pyrene’>?%). The
dry-brush layer and first PS layer floated atop were annealed separately at 170 °C for 2 h to
ensure good interpenetration of the tethered chains with the neighboring PS matrix.?”?® Prior to
the fluorescence measurements, the entire multilayer stack was annealed at 170 °C for 20 min to
consolidate the stack into a single material, but keep the pyrene-labeled layer localized, as well
as remove thermal history of the sample before 7(z) was measured. In some samples, the PS-
pyrene layer was also lightly crosslinked using UV light to limit diffusion at such high
temperatures (see Supporting Information for further details). Following our previous

25,26,29

works, pyrene fluorescence emission at 379 nm was monitored on cooling at 1 °C/min for 3

s every 27 s while exciting at 330 nm (band passes 5-6 nm). The local Ty(z) was determined by
the change in slope of the temperature-dependence of the fluorescence intensity, as established

30-32 3 value that has been shown to agree well with the change in

by Torkelson and coworkers,
thermal expansion coefficient by ellipsometry and differential scanning calorimetry (DSC) in

bulk.



Figure 1 compares the local Ty(z = 0) next to end-tethered substrates as a function of
grafting density 6. The multilayer samples assembled for this place the 12 = 1 nm pyrene-
labeled layer directly next to the dry-brush layer, which were then separately annealed together
such that the pyrene-labeled chains become well intermixed with the tethered chains. A 590 + 5
nm bulk neat PS layer is then added to avoid competing effects from the free surface. Thus, the
Ty(z = 0) value being reported here is for a (12 nm + Aorush) layer next to the silica substrate.
When no chains are grafted to the substrate, the 12-nm pyrene-labeled layer reports a 7Ty(z =0) =
101 + 2 °C, equal to the bulk value for PS, and in agreement with that previously measured by
Ellison and Torkelson.*® In contrast, with the addition of end-tethered chains to the substrate, the
local Ty(z = 0) is increased dramatically: for ¢ = 0.011 chains/nm? (hprsh = 1.7 £ 0.2 nm), Te(z =
0) =150 £ 2 °C; 6 = 0.042 chains/nm? (/brush = 6.6 = 0.2 nm), Te(z = 0) = 143 £ 2 °C; where
these values represent the average of multiple samples. These increases in local Te(z = 0) appear
large given previous reports on end-grafted PS films,!3'%!81° byt in those studies competing free
surface effects were also present. In the current study, the addition of the top bulk neat PS layer

allows us to isolate only the effect of the end-tethered substrate.
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Figure 1. Sample geometry used to measure the local 7g(z = 0) next to end-tethered substrates

with different grafting densities o, where the temperature-dependent fluorescence intensity

curves show large increases in this local 7 value.



In Figure 2, we plot this Ty(z = 0) value measured next to end-tethered substrates as a
function of grafting density. We observe a maximum Ty(z = 0) increase at ¢ = 0.011 chains/nm?
(horush = 1.7 = 0.2 nm) suggesting an optimum grafting density exists for greatest 7
reinforcement of the PS matrix. This result may seem surprising initially, but makes sense if one
considers the limits at low and high grafting density. Clearly at ¢ = 0, we must recover bulk 7§
of PS, as has been previously demonstrated® for this non-interacting substrate. At extremely
high grafting densities, the tight chain packing of the tethered chains in the true brush regime

3334 resulting in a decrease in

will limit interpenetration of the free (untethered) matrix chains,
the measured Ty(z) of the neighboring PS matrix as the two become decoupled. For example, the
recent study by Lan and Torkelson'” measured the local T, of pyrene-labeled PS brushes made
by a “grafting from” technique that results in much higher grafting densities. Their closest
measurement to our current study is the local T of an 11-nm thick brush with ¢ = 0.3 chains/nm?
covered with a 101-nm thick neat PS overlayer resulting in a local 7y = 126 °C for the brush
chains next to the silica substrate. This value is consistent with our data presented in Fig. 2a if

we were to extrapolate an estimate out to this value of ¢ that is an order of magnitude larger than

our largest c.
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Figure 2. (a) Local Ty(z = 0) measured next to end-tethered substrates as a function of grafting
density o (bottom axis) and reduced tethered density Z (top axis). (b) Cartoon illustrating the
three different regimes associated with increasing X as the tethered chains go from isolated

mushrooms to highly stretched brushes.

A better measure of how much end-tethered chains cover a substrate is the reduced
tethered density X = nRé 0,2333 which multiplies the grafting density ¢ (chains/nm?) by the
projected area of the surface (ﬂRﬁ) each tethered chain nominally covers, where the radius of
gyration Ry = 8.7 nm for our molecular weight.>” This enables characterization of the grafted
surface into different regimes. Values of £ < 1 refer to the “mushroom” regime where the chains
are still predominately isolated, while the “true brush” regime where the grafting density is high

enough for chains to becomes highly stretched is generally observed for £ > 5.2%% The



mushroom-to-brush transition regime where the conformations of neighboring chains begin
overlapping happens between 1 <X <5, the precise onset of which can vary somewhat from
system to system.>*33 Interestingly, we observe that the optimum grafting density 6 = 0.011

chains/nm? that shows the maximum T(z = 0) increase occurs at a value of X = 2.6, near the

middle of the mushroom-to-brush transition (well within the “wet” brush regime ov/N < 1).3%°
It is worth noting that nearly all previous studies that have investigated 7, changes in thin films
due to grafted chains are very close to or well within the true brush regime, £ = 5,'*"! with the
general belief being that higher grafting density should lead to larger effects.!” Our results
suggest more is not necessarily better and that a lower grafting density can lead to a higher T,
increase. However, we caution that blindly applying this reasoning to polymer nanocomposites
may cause additional complications, as low grafting densities often lead to increased
nanoparticle aggregation.®

The extent to which end-tethered chains can interpenetrate into a matrix depends not only
on the grafting density, but also on the relative difference in molecular weight between the
tethered and matrix chains. For the case of a polymer melt where the brush is chemically
identical to the matrix, the scaling behavior of the penetration length L over which the end-
tethered chains extend from the substrate has been well studied.>*** For our case where the
matrix chain length P is larger than the tethered chain length N, the tethered chains retain their
ideal conformation from the mushroom regime all the way up to the beginning of the true brush
regime such that L~N". This means that within the mushroom-to-brush transition regime, as the
grafting density increases, the number of matrix chains P that interpenetrate into the brush region
L decreases continuously, while the tethered chains retain their ideal conformation. Finally at the
start of the true brush regime, little interpenetration will occur when the tethered chains must
finally stretch beyond their ideal chain conformations to accommodate further increases in
grafting density. We can estimate the amount of chain interpenetration present for our optimum
grafting density 6 = 0.011 chains/nm? by comparing the initial dry brush thickness (Abrush = 1.7
0.2 nm) to the penetration length L. For an ideal chain conformation, we estimate L = 2R, = 17

Rbrush

nm, giving a volume fraction ¢ = ~ 0.1 for the tethered chains within this layer L near the

substrate. This estimate for L is consistent with theoretical calculations by Matsen and
Gardiner®® where an extrapolation down to our grafting density gives a value of = 18 nm. In

addition, neutron reflectivity profiles by Clarke?’ for deuterated PS-COOH tethered chains (My =



79.8 kg/mol) with grafting density 6 = 0.074 chains/nm? in a hydrogenated PS matrix (M, =
500.8 kg/mol or 8,000 kg/mol) show the volume fraction depth profile for the grafted chains
extending out to = 18-20 nm.

What seems surprising is that the observed maximum increase in 7,(z = 0) occurs when
only ~10% of this near substrate region is comprised of tethered chains. Little is known about
how tethered chains would cause an increase in 7,. The closest theoretical efforts are those that
have tried to account for attractive substrate interactions. For example, Long and Lequeux*
developed a percolation model of the glass transition that defined 7, based on when dynamically
slow regions percolate across the sample, envisioning that attractive substrate interactions
increased the fraction of slow regions. Lipson and Milner*' developed this idea into a more
detailed picture of how a profile in local Ty(z) increase would look near substrates with attractive
interactions, a prediction that is qualitatively consistent with our experimental observations
shown below. Within such a framework one could imagine how a few extra slow domains that
included segments of chains tethered to the substrate could have a large influence on such a
percolation rigidity transition. However, chain connectivity is not typically associated with the
glass transition. The molecular weight dependence of Te(M,) saturates to =100 °C for PS at M, =
20 kg/mol,*>* which has been correlated with when chain dynamics asymptotically display

Gaussian behavior,***

as local chain flexibility near free chain ends are different. This suggests
that tethered chain ends may in a similar fashion alter local mobility of the chain influencing
local T,. Experimentally, recent studies by Foster et al.***” have shown that substrate tethered
chains can significantly slow surface relaxation times of PS films, even when films include
substantial amounts of untethered matrix chains, which likely results from the increased entropic
penalty to stretch tethered chains.**

Figure 3 addresses how far this strong perturbation to local 7 near the end-tethered
substrate propagates into the neighboring polymer matrix. To locally measure 7y(z) as a function
of distance from the substrate, we insert a high molecular weight neat PS spacer layer of
thickness z = 0 — 250 nm between the dry brush and 12-nm thick pyrene-labeled PS layer. Again
to ensure good interpenetration of the grafted chains with the PS matrix, while still avoiding
diffusion of the pyrene-labeled layer, the PS z-layer and dry brush were separately annealed at
170 °C for 2 h prior to floating on the remaining layers. Figure 3 plots the local Ty(z) measured

as a function of distance from the end-tethered substrate for the optimum and maximum grafting



densities shown in Fig. 2. We also include data for 7,(z) with zero grafting density that confirms
no 7Ty increase is observed for PS next to bare silica. To accommodate the slight differences in
dry brush thickness /urush With increasing grafting density, we defined the distance from the
interface (x-axis of Fig. 3) as z + Aurush, although this correction is minor on the scale of Fig. 3.
For both grafting densities shown, the 7y(z) perturbation is observed to propagate far from the
interface (z ~ 100 nm) before bulk 7 is recovered, a distance much larger than the end-tethered
chains extend from the substrate, L ~2 R, =~ 17 nm. Interestingly, the 7y(z) perturbation for the
optimum grafting density 6 = 0.011 chains/nm? which gave the maximum Ty(z = 0) in Fig. 2,
appears to influence the PS matrix out to a somewhat greater distance (z = 100-125 nm) from the

interface, compared with that (z = 75-100 nm) for the higher grafting density of ¢ = 0.042

chains/nm?.
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Figure 3. Local Ty(z) profiles extending from end-tethered substrates for grafting densities ¢ =
0.011 chains/nm? (red squares) and ¢ = 0.042 chains/nm? (blue circles), as well as for substrates
with no grafted chains (c = 0, gray triangles). For comparison, data from Baglay and Roth?® for

the Ty(2) profile in PS next to polysulfone (PSF, T,*>F = 186 °C) is shown as green diamonds.

For comparison, Figure 3 also includes data from Baglay and Roth?® for the Ty(z) profile
measured in PS next to a polymer-polymer interface with polysulfone (PSF). As the bulk 7 of
PSF (T,"™F = 186 °C) is much higher than that of PS, this polymer-polymer interface is somewhat

analogous to that of the end-tethered silica interface studied in the present work. Figure 3 shows



that the Ty(z) profile in PS next to the PS/PSF interface is comparable to that observed in PS next
to the end-tethered silica substrate at the optimum grafting density of 6 = 0.011 chains/nm?. In
their paper, Baglay and Roth?® discussed three possible differences for why dissimilar polymer-
polymer interfaces may show such long-ranged 7¢(z) perturbations, in contrast to a polymer-free
surface: increased breadth of the interfacial width, chain connectivity across the interface, and
increased interfacial roughness. The results of the present study suggest that chain connectivity
may play the dominant role in causing such long-ranged 7(z) perturbations, with factors such as

interfacial breadth®® and substrate roughness’!-*? having more limited effects.
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