End-Tethered Chains Increase the Local Glass Transition Temperature of
Matrix Chains by 45 K Next to Solid Substrates Independent of Chain Length
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Abstract: The local glass transition temperature T, of pyrene-labeled polystyrene (PS) chains intermixed with end-
tethered PS chains grafted to a neutral silica substrate was measured by fluorescence spectroscopy. To isolate the
impact of the grafted chains, the films were capped with bulk neat PS layers eliminating competing effects of the free
surface. Results demonstrate that end-grafted chains strongly increase the local T of matrix chains by ~45 K relative
to bulk T, independent of grafted chain molecular weight from M, = 8.6 to 212 kg/mol and chemical end-group,
over a wide range of grafting densities ¢ = 0.003 to 0.33 chains/nm? spanning the mushroom-to-brush transition
regime. The tens-of-degree increase in local T, resulting from immobilization of the chain ends by covalent bonding
in this athermal system suggests a mechanism that substantially increases the local activation energy required for
cooperative rearrangements.

This is the accepted version of the article. This article may be downloaded for personal use only. Any other use requires
prior permission of the author and ACS Publications. This article appeared in ACS Macro Letters and may be found at

https://doi.org/10.1021/acsmacrolett.2c00582, and cited as ACS Macro Letters 2023, 12, 1-7.

Grafted chains are widely used to tune the adhesion
and lubrication of interfaces and alter the physical prop-
erties of polymer matrices.’* Polymer nanocomposites
(PNCs) frequently use grafted chains to improve matrix
adhesion and dispersion of nanoparticles.®® However,
the precise mechanism by which material properties of
polymer matrices are altered in the vicinity of grafted
chains is not well-understood, especially those associated
with the glass transition.%19719 Part of the difficulty is
that there are limited experimental techniques capable of
probing local material properties that can provide direct
insight into how matrix chains next to the tailored in-
terface are changed. In PNCs, the impact grafted chains
at a solid surface have are characterized by several inter-
dependent quantities related to nanoparticle geometry
and preparation methods: grafting density, grafted and
matrix chain lengths, as well as their degree of inter-
penetration, surface curvature of the nanoparticle, not
to mention their loading fraction and spatial dispersion.
The geometrical complications of PNCs can be simplified
by making comparisons to thin films with similar inter-
facial interactions. 2023 In this vein, we use a planar film
geometry with a localized fluorescence method to char-
acterize the local glass transition temperature of matrix
chains next to the substrate interface T, (2 = 0) as a func-
tion of grafting density and chain length of end-grafted
chains, providing insight into the underlying mechanism
responsible for the large observed local T, increase.

Attempts to characterise the impact of grafted chains
on the film-average T, (h) as a function of decreasing film
thickness h in polystyrene (PS) films date back to Ked-
die et al. in 1995.2% An in-depth analysis of the existing
literature by Restagno and coworkers in 2017,2° con-

cluded that grafted chains appear to have little to no
impact on Ty(h).?53% However, measurements by Lan
and Torkelson showed that the local T, of end-grafted
polymer brushes could have a gradient of 50 K across
the depth of the film, being strongly reduced near the
free surface and increased near the substrate interface.!
This would suggest that the strong free surface effect can
mask a large T, increase near the substrate interface due
to grafted chains.

Huang and Roth avoided the competing effects of the
free surface, using localized fluorescence to measure the
local glass transition temperature T,(z) within a PS ma-
trix as a function of distance z from a silica substrate
with end-tethered PS chains, 3? where the bare silica sub-
strates (o = 0) do not impart any local T, perturba-
tion. 3334 These results demonstrated a large Ty(z = 0)
increase as high as 49 + 2 K above bulk 7, of the PS
matrix (Tp"% = 100 °C) for end-tethered monocarboxy-
terminated polystyrene (PS-COOH) with a molecular
weight of M), = 98.8 kg/mol (M, /M, = 1.03) at a graft-
ing density o = 0.011 chains/nm?. They identified that
the highest Ty(z = 0) increase occurred at an optimum
grafting density in the middle of the mushroom-to-brush
transition region when the matrix chains still had good
ability to interpenetrate with the end-grafted chains. 32
In the strong brush limit at very high grafting densities
(o — 00), the matrix chains would be expected to re-
cover Ty"!¥ because they would be incapable of penetrat-
ing into the tight brush, resulting in an effectively neutral
interface. A similar nonmonotonic change in T, (h) with
grafting density was also observed by Lee et al.°

As the grafting densities o over which the mushroom-
to-brush transition occurs depend on the length N of
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Figure 1: (a) Multilayer geometry assembled to measure the local glass transition temperature Ty (z = 0) next to end-grafted
silica substrates where a 12-nm thick pyrene-labeled PS probe layer is intermixed with the end-grafted chains, prior to capping
the sample with a bulk neat PS layer to isolate the fluorescent layer from the free surface. (b) Temperature dependence of
normalized fluorescence intensity of pyrene-labeled PS probe layers intermixed with end-grafted chains of 100k PS-COOH
(o = 0.022 chains/nm?, blue circles), 100k PS-OH (o = 0.021 chains/nm?, purple circles), and next to a bare silica substrate
(o = 0, gray squares), data sets are vertically offset for clarity. (c¢) Local Ty(z = 0) as a function of grafting density o next
to end-grafted chains of 100k PS-COOH from both this study (filled blue circles) and Ref. 32 (open blue circles), and 100k

PS-OH (filled purple circles), relative to bare silica substrates (gray squares from both this study and Ref. 32 at o = 0).

the end-grafted chains, one might expect a molecular
weight dependence to how Ty(z = 0) varies with graft-
ing density. Often characterized by the reduced teth-
ered density X = wRé o, the mushroom-to-brush transi-
tion region typically occurs in the range 1 < X < 5-
10,3536 where the radius of gyration R, ~ N'2 as
the end-tethered chains are still in their ideal conforma-
tions at these low grafting densities.®”3® In the present
work, we investigate how the grafting density depen-
dence of Ty(z = 0) varies with the molecular weight of
the end-grafted chains, varying M, from 8.6 kg/mol to
212 kg/mol (as specified in Table 1).

The multilayer geometry depicted in Figure 1la il-
lustrates how we measured the local glass transition
temperature Ty(z = 0) of PS matrix chains next to
PS end-grafted silica substrates. End-grafted substrates
were made by annealing films of either PS-COOH or
PS-OH on piranha cleaned silica substrates at 170 °C
for 30 min to cause chemical grafting, and then bathed
in 90 °C toluene for 20 min to wash away ungrafted

Table 1: Number average molecular weight M, and disper-
sity My /M, of the end-grafted polystyrene investigated, ter-
minated with either a carboxy (—COOH) or hydroxy (- OH)
end-group, along with their designation.

polymer designation M, (g/mol) M /M,
9k PS-OH 8,600 1.08
14k PS-COOH 13,600 1.07
50k PS-COOH 45,700 1.07
100k PS-OH 96,500 1.12
100k PS-COOH 98,800 1.03
200k PS-COOH 212,000 1.08

chains. 24:26:27:32 Grafting density was varied by reducing

the initial thickness of the PS-COOH or PS-OH films.
After washing, the final dry brush thickness hp,usn Was
determined by ellipsometry to determine the grafting
density o = ’W“‘J\ZL&, where p = 1.045 g/cm? was taken
as the bulk density of PS,3? N, is Avogadro’s number,
and M, is the number average molecular weight of the
end-grafted chains. Fluorescent probe layers of pyrene-
labeled PS (M, = 672 kg/mol, M, /M,, = 1.3, 1.4 mol%
pyrene3240:41) with 12-nm thickness were initially spin-
coated onto mica and then floated atop the end-grafted
substrates. These two layers were then annealed to-
gether at 170 °C for 2 h to ensure good interpenetra-
tion of the pyrene-labeled matrix chains with the end-
tethered chains. 3242744 A neat PS (M,, = 1920 kg/mol,
My, /M, = 1.26) layer of bulk thickness (=600 nm) was
then floated on top to avoid any impact of the free sur-
face on the fluorescent probe layer. Immediately prior
to the fluorescence measurements the samples were fur-
ther annealed at 130 °C for 20 min to consolidate the
multilayer stack into a single material with no air gaps.
This step was also used to remove thermal history and
equilibrate the samples prior to measuring 7,, where the
fluorescence intensity of pyrene was monitored at the
first emission peak (A = 379 nm) on cooling at 1 K/min
from 170 °C.3240:45

Pyrene fluorescence is well-established as a method
of measuring 7, based on its sensitivity to the den-
sity, polarity, and stiffness of the dye molecule’s lo-
cal environment.334® The resulting temperature depen-
dence reflects the relative probability of radiative (fluo-
rescent) versus nonradiative decay, exhibiting a transi-
tion as the local environment vitrifies, where the inter-



section of linear fits to the temperature-dependent in-
tensity in the liquid and glassy states corresponds to
T,;. Figure 1b shows representative data sets of the
temperature-dependent fluorescence intensity for 100k
PS-COOH (M, = 98.8 kg/mol) at a grafting density
of o = 0.022 chains/nm? and 100k PS-OH (M,, = 96.5
kg/mol) at o = 0.021 chains/nm? demonstrating the
large increase in local T, that both these end-tethered
chains produce: T,(z = 0) = 145 £ 3 °C for PS-COOH
and Ty(z = 0) = 146 = 3 °C for PS-OH. This is notably
in strong contrast to the Ty (z = 0) = 100£2 °C observed
for the bare silica substrate (¢ = 0), which is consistent
with Tgbulk for PS. The grafting density dependence of
Ts(z = 0) is plotted in Figure 1c, where we demon-
strate good reproducibility between the present study’s
measurements of 100k PS-COOH with those from Ref.
32. The previously observed®? peak in Ty(z = 0) oc-
curs in the same location, at ¢ = 0.011 chains/nm?, but
appears less distinctive now with the additional data.
Thus, we conclude that all grafting densities measured
with 100 kg/mol grafted chains from o = 0.004 to 0.042
chains/nm?, which broadly span the mushroom-to-brush
transition regime, result in primarily the same strongly
elevated local T, of the matrix chains next to the sub-
strate interface.

In Figure 2, we compare the impact of varying the
length of the end-grafted chains on the local Tg(z = 0) in-
crease, varying the molecular weight of the PS-COOH or
PS-OH from M,, = 8.6 kg/mol to 212 kg/mol as denoted
in Table 1. Representative traces of the temperature de-
pendent fluorescence intensity measured for the pyrene-
labeled PS chains intermixed with the end-grafted PS
chains next to the silica substrate interface are plotted
for select grafting densities 0. To within experimen-
tal error, we observed similarly elevated Tg(z = 0) val-
ues (145 + 4 °C) for all the end-grafted chains shown
in Fig. 2 regardless of chain length. For example, the
200k PS-COOH with M, = 212 kg/mol at ¢ = 0.023
chains/nm? results in a Ty(z = 0) = 148 & 3 °C, exper-
imentally equivalent to the 100k PS-COOH with M, =
98.8 kg/mol at o = 0.022 chains/nm? where Ty(z = 0) =
145 £+ 3 °C, despite the end-grafted chains being twice
as long. More remarkable is that even the very short
end-grafted chains impart similarly strongly elevated lo-
cal T, values to the intermixed pyrene-labeled PS matrix
chains regardless if the grafting density is high or low:
14k PS-COOH with M, = 13.6 kg/mol at ¢ = 0.151
chains/nm? gives Ty(z = 0) = 145 £+ 3 °C and 9k PS-
OH with M, = 8.6 kg/mol at o = 0.070 chains/nm?
gives Ty(2 =0) = 149 £ 3 °C.

Figure 3a plots all the measured T,(z = 0) values as
a function of grafting density o for the different molec-
ular weights of end-grafted chains as indicated by sym-
bol. For all the grafting densities we investigated from
o = 0.003 to 0.33 chains/nm?, the Ty(z = 0) values are
strongly elevated (146 + 3 °C) relative to the zero graft-
ing density case of the bare silica substrate that reports
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Figure 2: Fluorescence intensity vs. temperature measured
for pyrene-labeled PS chains intermixed with the end-grafted
PS chains at the substrate interface demonstrating elevated
T (z = 0) values of 145 £4 °C for all end-grafted substrates.
The M, and o of the grafted chains are labeled for each data
set, which have been normalized to their mean intensity and
vertically shifted for clarity.

a Tyg(z =0) = 100 £ 2 °C equivalent to Tgb‘ﬂk. The lack
of grafting density dependence in T, (z = 0) is surprising
given that the surface coverage of the substrate inter-
face by the end-grafted chains changes markedly with
the molecular weight of end-grafted chains. At a con-
stant grafting density o, the areal coverage of the surface
increases linearly with the length N of the end-grafted
chains. This difference in surface coverage can be ac-
counted for by plotting the Ty(z = 0) values as a func-
tion of the reduced tethered density ¥ = wRé o as shown
in Figure 3b, where the grafting density ¢ is multiplied
by the projected area of the tethered chain onto the sur-
face assuming a spherical shape with radius equal to the
radius of gyration Rg.%53¢ For the low grafting densities
we are investigating, the end-grafted chains are expected
to have close to an ideal conformation when intermixed
with the matrix chains.373® Thus, R, values were calcu-

lated assuming ideal chain statistics as Rg = Né’z with
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Figure 3: Local Ty(z = 0) of the pyrene-labeled PS matrix
chains intermixed with the end-grafted PS-COOH or PS-OH
chains next to the silica substrate interface plotted as a func-
tion of (a) grafting density o and (b) reduced tethered den-
sity X = 7TR§ o that accounts for the greater surface coverage
provided by the higher molecular weight grafted chains. No
obvious trend is observed with varying grafting density or
molecular weight of the end-grafted chains, all imparting a
consistently elevated Ty (z = 0) of 146 + 3 °C on average, rela-
tive to silica substrates with no grafted chains (gray squares).

b = 0.67 nm for PS.46:47

We stress that this strong increase in local Tg(z = 0)
only occurs when PS-COOH or PS-OH chains are grafted
to the silica substrate. Several control measurements,

described at length in Supporting Information, were per-
formed to verify this point. These include taking 100k
neat PS, without the -COOH or -OH grafting groups,
through all the same sample preparation steps resulting
in noncovalent adsorbed layers, with the local T,(z = 0)
measured next to such adsorbed layers found to be equiv-
alent to Tgbulk. These tests allow us to conclude that the
strong increase in local Ty(z = 0) is the result of the
covalent bond formed between the substrate and end-
grafted PS-COOH or PS-OH chains, and not the result
of some noncovalent adsorption or other sample process-
ing condition.

From the observed Ty (z = 0) results shown in Fig. 3,
we can draw several conclusions about the possible un-
derlying mechanism for the large increase in local T
caused by the end-grafted chains. The observation that
Ty(z = 0) does not vary with grafting density or grafted
chain length indicates that the mechanism for the large
increase in local T}, of the matrix chains is not caused by
a change in surface energy of the substrate resulting from
either an increase in surface coverage of PS monomers
or the grafted chain-end chemistry. Similarly, T,(z = 0)
would also be expected to increase with increasing graft-
ing density if the local T}, increase were associated with
a loss of free volume at the grafting site.*® Previous ef-
forts by our lab have not found local T,(z) changes in
thin films to be correlated with density. 4% The mag-
nitude of the large ~45 K increase in local T, caused
by the grafted chain-ends is also informative. In their
study of films with grafted chains, Lee et al. attributed
the Ty(h) increase to enhanced friction imparted by the
brush as complementary computer simulations observed
a factor of two slow down in segmental dynamics of ma-
trix chains intermixed with end-grafted chains.3? How-
ever, an increased segmental friction coefficient would
not be expected to increase T, by more than a few de-
grees, as it would only modify the time scale for barrier
hopping attempts.51:52

Immobilizing chain ends to the substrate interface in
this athermal system is reminiscent of computer simula-
tions that have demonstrated two-orders of magnitude
increases in the local alpha-relaxation time 7, (7) next
to “rough” walls created by immobilizing Lennard-Jones
(LJ) particles on a surface,”®®® or studies that have
investigated the impact of randomly pinned particles
on cooperative dynamics.®°62 For the range of grafting
densities we investigated, ¢ = 0.003-0.33 chains/nm?,
the lateral spacing between grafting sites z, = o~/
is between 1.8 nm and 18 nm, roughly the same order
of magnitude as the ~3 nm characteristic length scale
associated with cooperative motion in PS.%% However,
the chain connectivity of grafting to the substrate in-
terface appears to create a larger effect than the pin-
ning of disconnected LJ spheres. Rather, the magnitude
of the Ty increase caused by grafting is comparable to
that observed in associating polymers such as ionomers,
vitrimers, and telechelic polymers where chains become



tethered to cluster centers.%* 67 Recent theoretical ef-
forts by Ghosh and Schweizer modeling associating poly-
mers treated the “sticky” groups as causing persistent
caging units, finding that the energy barrier for hop-
ping could double for only 10% sticky groups, leading
to slower segmental dynamics by ~9 orders of magni-
tude, equivalent to a T increase of ~30 K.% How ex-
actly chain connectivity alters the energy barrier for co-

operative rearrangements is still an area of active re-
search, 64,65,68-70

Given all these considerations, we conclude that chain
connectivity to the substrate interface by covalent bond-
ing is key to causing the large increase in local Ty, yet we
note that the pyrene dye is only attached to the inter-
mixed homopolymer chains, not to the tethered chains
themselves. The large ~45 K magnitude in local T in-
crease implies slower segmental dynamics by at least ~10
orders of magnitude suggesting that grafting causes a
substantial (at least factor of two) increase in the en-
ergy barrier associated with local cooperative rearrange-
ments. We are also left with several open questions.
Most significantly is the range of the T,(z) increase away
from the grafted interface. Huang and Roth observed
that the Ty(2) profile extended to z ~ 100-125 nm be-
fore T, gbulk was recovered for the 100k PS-COOH tethered
chains.®? Current theoretical understanding for how far
interface perturbations to dynamics propagate would ex-
pect a much shorter distance.?”647L72 Future work will
map how the extent of the T,(z) profile might vary with
tethered chain length, which should shed light on this
mechanism. Also puzzling is the related work of Paeng
and coworkers that used rotational fluorescence correla-
tion microscopy of dyes tethered to ~10 kg/mol chains,
where no change in the 7,(7") dynamics were observed
when these probe chains were grafted to the substrate
interface. ™™ We speculate that this may be due to a
discrepancy in how dynamic versus thermodynamic mea-
sures report T, near interfaces, ™7 or from some dif-
ference in how disparate fluorescent dyes are sensitive
to the altered local dynamics.?38082 Future efforts will
also work on investigating these possibilities.
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EXPERIMENTAL METHODS

Sample preparation

Grafting of monocarboxy-terminated polystyrene (PS-COOH) or monohydroxy-terminated
polystyrene (PS-OH) chains on 25 mm X 25 mm substrates of both optical quality quartz for
fluorescence and silicon for ellipsometry measurements were done in parallel together to ensure that
both underwent the same grafting process. This allowed us to determine the dry brush thickness
for both substrates by measuring hpusn with ellipsometry on the silicon substrates that provide
better optical contrast and hence greater accuracy. Immediately prior to spin-coating PS-COOH or
PS-OH, the silicon and quartz substrates were immersed in a 1:2 mixture of 13 M hydrochloric acid
(HCl) and deionized (DI) water for at least 30 s, followed by a rinse in fresh DI water for 30 s, and
then blown dry with Na gas. To vary the grafting density, PS-COOH or PS-OH films of varying
thickness from sub-nanometer up to bulk were spin-coated and then annealed at 170 °C for 30 min.
In our previous study grafting PS-COOH chains, 90 min at 170 °C was used for the grafting time
in accordance with existing literature.?? In our experimental tests, we found 30 min at 170 °C to
be sufficient, producing an equivalent dry brush thickness hyusn to any longer grafting time up to
72 h. After the grafting step at 170 °C, the PS-COOH or PS-OH films were immersed in heated
toluene at 90 °C for 20 min, to wash away any ungrafted chains, then rinsed with acetone and DI
water, while being blown dry with nitrogen gas after each step, as outlined by Huang and Roth.>?
Finally, the washed, grafted substrates were dried under vacuum at room temperature overnight.

To clean the optical quartz substrates between samples and ensure that any previously grafted
or adsorbed chains were completely removed, the quartz substrates were piranha cleaned by im-
mersing ~15 of them at a time into a 3:1 mixture of concentrated HoSO,4 heated to 60 °C and
30 vol% H2O29 for 20 min [1]. Substrates were then rinsed thoroughly with DI water, and stored

in a jar of DI water until use. We verified this procedure removed grafted chains by creating
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grafted substrates on silicon and demonstrating that zero thickness (<0.2 nm within error of the

ellipsometer measurement [1]) was recovered after piranha cleaning.

Ellipsometry (Woollam M-2000) was used to measure the dry brush thicknesses hpusn of
the resulting grafted layers on silicon produced simultaneously in the same batch with the quartz
substrates for fluorescence. Because the typical thicknesses of the grafted layers are below 10 nm,
U(A) and A(X) data were collected at multiple angles of incidence (5 s each at 55°, 60°, 65°) and
globally fit to the optical layer model over the wavelength range of A = 400-1000 nm. The layer
model consisted of a standard Cauchy layer, n(\) = A + % + %, for the polymer layer, supported
atop a silicon substrate with a native oxide layer. The 1.4 nm thickness of the native oxide layer was
determined from ten measurements across three different 4 inch wafers. For such thin films, we held
the optical constants of the polymer film A, B, and C fixed at the bulk value for polystyrene (PS)
and fit only the film thickness h [1]. Each sample was measured three times at different locations

across the 25 mm x 25 mm film surface with the average of these values was taken to be hAprugh-

P Na hbrush
>

n

The grafting density was calculated assuming ideal chain conformations from o = as

described in the main text.

Pyrene-labeled PS with M, = 672 kg/mol and My, /M, = 1.3 was produced by copolymerizing
1-pyrenyl butylmethacrylate at trace levels with styrene, resulting in a fluorescent label content of
1.4 mol% pyrene. 324 Fluorescent probe layers of this pyrene-labeled PS with a thickness of 12+ 1
nm were spin-coated from toluene onto freshly cleaved mica and then annealed for ~12 h under
vacuum at 120 °C. In order to keep the pyrene-labeled PS chains in this probe layer localized during
the fluorescence measurements at elevated temperatures (<170 °C), the probe layers were lightly
crosslinked by exposing them to 254 nm UV light, held at a distance of 16 mm from the film,
for 10 min at room temperature, following the protocol used previously in Ref. 32. These 12-nm
thick fluorescent probe layers were then floated atop the grafted substrates using a water transfer
process [2]. Pieces of the film were also floated onto silicon wafers for film thickness determination
by ellipsometry. To ensure good interpenetration of the pyrene-labeled chains with the end-grafted
chains, the samples were then annealed at 170 °C for 2 hours under vacuum.

Finally, to isolate the fluorescence signal from interface perturbations due to the free surface,
the probe layer was capped with a bulk layer of neat PS. These caps were made by spin-coating
580 + 10 nm layers of high molecular weight PS with My, = 1,920 kg/mol and My /M, = 1.26
onto mica, separately annealed for ~12 h under vacuum at 120 °C, before being floated onto the

intermixed pyrene-labeled PS / end-grafted PS substrates. The final annealing step of 20 min at
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130 °C to consolidate the layers and remove any air gaps was done on the fluorometer temperature

stage (Instec HCS402) immediately prior to the fluorescence measurements.

Fluorescence measurements and control tests

Fluorescence measurements, using a Photon Technology International QuantaMaster spec-
trofluorometer, were initiated by stabilizing the samples at 170 °C for 810 min. Fluorescence
intensity at 379 nm, using a 6 nm emission bandpass, was then collected on cooling at 1 K/min
over a 3 s window every 30 s, as the pyrene dye was excited at a wavelength of 332 nm with 4 nm
excitation bandpass. This 379 nm emission wavelength® corresponds to the first peak of pyrene’s
emission spectrum that is the most sensitive to its local environment [3]. Using plots of the fluo-
rescence intensity I as a function of temperature T', linear fits to the I(7") data were performed in
the liquid (7' > Ty) and glassy (T' < T,) regimes, minimizing the mean squared error per degree of
freedom within the fitting window, where the glass transition temperature T, was determined from

the intersection of these linear fits.

Several control measurements were performed to confirm that the large increase in local
Ty(z = 0) was only observed when the PS-COOH and PS-OH chains were grafted to the silica sub-
strates. For example, when films of PS-COOH or PS-OH chains are spin-coated onto the piranha
cleaned silica substrates, but not annealed at 170 °C for 30 min to cause chemical grafting, the
PS-COOH and PS-OH chains are readily washed away by the 90 °C toluene for 20 min bathing
conditions we use to remove ungrafted chains, leaving behind a residual hy,.sn thickness experimen-
tally equivalent to zero thickness [1]. In addition, when piranha cleaned silica substrates skip the
PS-COOH or PS-OH grafting step and the 12-nm-thick pyrene-labeled PS probe layer is floated
directly onto the bare silica substrate, we always measure a Ty(z = 0) = 100 + 2 °C, equivalent to
T gb‘ﬂk for PS. This occurs even when the 12-nm-thick probe layer was annealed on the silica sub-
strate at 170 °C for 2 h (annealing conditions used to interpenetrate the grafted and homopolymer
chains) prior to adding the 600-nm-thick neat PS layer and making the fluorescence measurement
as usual. Such T,(z = 0) control measurements on bare silica are included in Fig. 3 as gray squares
at zero grafting density (o = 0). We also confirmed that UV crosslinking of the probe layer did not

alter the measured T,(z = 0) values.3?

To verify that the T,(z = 0) increase is caused by chemical grafting and not some physical
adsorption process, we also performed control tests where we took 100k neat PS (M, = 97.7

kg/mol, My, /M, = 1.04), without the -COOH or -OH grafting groups, and made samples following
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all the same preparation steps that are used to create grafted layers. After annealing at 170 °C
for 30 min and washing off the unattached chains by bathing in 90 °C toluene for 20 min, the
equivalent annealing and washing conditions used for making grafted layers, we were left with a
residual adsorbed layer h,qs = 2.5 + 0.5 nm. The same sample preparation steps used for the
grafted layers were continued by adding the pyrene-labeled layer and annealing at 170 °C for 2 h
to interpenetrate the two layers, followed by capping the film with a bulk ~600 nm layer. The

204 100k PS-OH
J h =3.5nm

brush

144c=0,170°C
412 h pre-anneal

Intensity at 379 nm (a.u.), vertically offset

|
40 60 80 100 120 140 160 180

Temperature (°C)

Figure S1: Normalized fluorescence intensity vs. temperature for various sample types,
vertically shifted for clarity: An adsorbed layer formed with 100k neat PS (h.qs =
2.5 nm, T,(z = 0) = 102 °C, green stars) is compared to 100k PS-COOH (hbrush =
3.4 nm, T(z = 0) = 145 °C, blue circles) and 100k PS-OH (hprush = 3.5 nm, T, (z = 0)
= 146 °C, purple circles), all made with identical sample preparation steps. Data
representing control tests where the pyrene-labeled probe layer was floated directly
onto bare, piranha cleaned quartz (corresponding to ¢ = 0) are shown for a sample
either annealed at 170 °C for 2 hours under vacuum (black squares) or a sample without
this pre-annealing step (gray squares), prior to the addition of the bulk PS cap and
fluorescence measurement, resulting in Tg(z = 0) values equivalent to Tgbulk =100 £2
°C. Thus, only the samples where chemical grafting occurred exhibit a significantly
elevated Ty (z = 0) relative to that of bulk PS.
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local Ty(z = 0) measured next to such adsorbed layers were found to be equivalent to Tgbun‘, giving
Ty(z = 0) = 10242 °C. Such an adsorbed layer thickness h,qs = 2.5 nm is comparable to our grafted
brush layer thicknesses, Apruen varied from 0.6 nm to 6.6 nm for the 100k PS-COOH and PS-OH
chains corresponding to grafting densities ¢ = 0.004 to 0.042 chains/nm?, but such noncovalent
adsorption does not result in an increase in local Ty(z = 0) relative to bulk. In addition, as these
adsorbed layer samples underwent all the same sample processing steps as for grafted samples,
the Tg(z = 0) increases cannot be attributed to some other sample processing condition such as a
substrate cleaning or solvent washing step.

Figure S1 compares temperature-dependent fluorescence intensity curves for several of these
different control tests. Data are shown for 100k PS-COOH, 100k PS-OH, and 100k neat PS, all
following the same sample preparation protocol. The 100k PS-COOH and PS-OH chains lead to
grafted layers with hprusn = 3.4 and 3.5 nm, corresponding to grafting densities of o = 0.022 and
0.023 chains/nm?, resulting in strongly elevated local Ty(z = 0) = 145 + 3 °C and 146 + 3 °C,
as was demonstrated in Fig. 1. In contrast, the 100k neat PS produces a residual adsorbed layer
hads = 2.5 nm under the same conditions, resulting in a local Ty(z = 0) of 10242 °C. Also included
are two datasets corresponding to bare silica substrates (¢ = 0). The pyrene-labelled layer was
floated onto the bare piranha-cleaned quartz substrate and either annealed at 170 °C for 2 hours
under vacuum to mimic the annealing conditions used to interpenetrate the pyrene-labelled chains
with the grafted chains, or without this pre-annealing step, where both such measurements report
a Ty(z =0) = 100 + 2 °C, equivalent to T;“lk for PS.

Thus, we conclude that the large ~45 K increase in local T observed when the PS-COOH
and PS-OH chains are grafted to the silica substrate are specifically the result of the covalent bonds

formed.

Interpenetration of matrix chains with end-grafted chains

An important consideration is that varying the molecular weight of grafted chains can also
change the ability of the matrix chains to wet and interpenetrate the grafted surface. There are
two factors here that impact the amount the grafted chains interpenetrate with the matrix chains:
wetting and kinetics. Although the transition between the wet and dry brush regimes is somewhat
arbitrary, Matsen and Gardiner have defined it based on the homopolymer’s ability to penetrate all
the way through the brush to the substrate interface [4]. The wet brush regime was defined in their

self-consistent field theory calculations as when the dimensionless grafting density % < 0.8,
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primarily independent of the ratio of homopolymer to grafted chain molecular weights o = %
for « 2 1. The grafted chain length N and statistical segment length b are the same as given in
the main text, while p, 1= mio = 0.165 nm? is the monomer volume. For the range of grafted chain
molecular weights we investigated (Table 1), « varies between 2.4 and 60, with the pyrene-labeled
PS homopolymer chains (M, = 517 kg/mol). The dimensionless grafting density of our samples
has one as high as 0.73, corresponding to the highest grafting density obtained for the 9k PS-OH
chains, with all others being less than 0.5. Thus, our samples can be considered to be in the wet

brush regime. With the “grafting to” method we are employing, it is not possible to increase the

grafting density further.

The second factor to consider is the annealing conditions used to weld the homopolymer chains
with the grafted chains. The kinetics of end-grafted chain interpenetration with an overlaying
high molecular weight polymer layer can be quite slow,?? as the relaxation mechanism of end-
grafted chains is limited by the chain-end retraction “breathing” modes,** a time scale which
grows exponentially with chain length, ¢ ~ eV [5,6]. This would suggest that samples of the
higher molecular weight end-grafted chains such as the 200k PS-COOH could take significantly
longer to interpenetrate with the pyrene-labeled homopolymer chains. However, these homopolymer

chains can themselves diffuse by reptation and interpenetrate with the end-grafted chains. As the
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Figure S2: Measured T(z = 0) values for 200k PS-COOH grafted chains at o =
0.007 chains/nm? as a function of annealing interpenetration time at 170 °C, all equiv-
alently elevated at T,(z = 0) = 145 £ 3 °C. Error bars represent standard deviations
of repeated measurements of nominally identical samples.
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reptation time for these chains is only ~5 s at 170 °C [7], this strongly suggests that our 2 h
anneal at this temperature is more than sufficient to ensure the pyrene-labeled homopolymer chains
are fully interpenetrated with the grafted chains. This is consistent with the neutron reflectivity
measurements of Chenneviere et al.*> who investigated the kinetics of interdigitation between h-PS
brushes and d-PS melts. Although they did demonstrate that higher molecular weight end-grafted
chains took a considerable length of time to interdigitate with high molecular weight matrices, our
2 h anneal at 170 °C is an order of magnitude longer than their longest annealing time needed to
fully interdigitate 250 kg/mol end-grafted chains with 525 kg/mol matrices. We have also varied
the annealing time at 170 °C for this interpenetration step between 10 min and up to 120 h (5
days) for the 200k PS-COOH samples with a grafting density of o = 0.007 chains/nm?, observing
that the measured Ty(z = 0) was always elevated at 145 + 3 °C, a finding that is consistent with
the above reasoning that the pyrene-labeled homopolymer chains are fully interpenetrated with the
end-grafted chains. Figure S2 shows these data, graphing 7,(z = 0) as a function of annealing
interpenetration time at 170 °C. We note that the extremely long annealing times (>4 days) at 170
°C, even though it occurs under vacuum, significantly reduces the fluorescence intensity produced
by the sample, indicating that some thermal oxidative degradation of the dyes occur during this
process. Thus, the fluorescence intensity from samples annealed for such extremely long times was

substantially noisier, resulting in larger error bars for these measured T, values.
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