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Chain adsorption to nanofiller interfaces creating bound layers has become central to understanding property
changes in polymer nanocomposites. We determine the impact different kinds of adsorbed layers can have
on the local glass transition temperature 7, of polymer matrices in a model film system using a localized
fluorescence method. This work compares the adsorption and desorption of adsorbed layers grown in solution
with the solution washing characteristics of adsorbed layers formed in the melt, leveraging knowledge about
polymer adsorption in solution to infer the structure of adsorbed layers formed in the melt. In the limit of
zero concentration after a long time in solution, we find that both kinds of adsorbed layers reach the same
limiting adsorbed amount Ao (¢ — 0) = 1 nm, appearing to evolve to the same thermodynamic equilibrium
state of a near monolayer of surface coverage. We propose that melt annealing leads to a coarsening of
polymer segment—surface contacts, increasing the length of trains and shrinking loops and tails, slowing the
subsequent kinetics of these adsorbed chains in solution. Considering how the pyrene-labeled chains intermix
with the adsorbed layer enables us to discriminate between the impact of tails, loops, and trains, as threading
of loops takes longer. We find that large fluffy loops, tails and trains have little to no impact on the local 7.
A large 30 K increase in local Ty is observed for 30-min solvent washed well-annealed films at long intermixing

ng

AlP
Publish

e

o

times that we attribute to the threading of small tight loops.

I. INTRODUCTION

Attachment of chains to interfaces is central to sur-
face modification, adhesion, and reinforcement mecha-
nisms in polymer materials.!™® Explicitly grafted chains
are used in some applications, but more common are
surface bound chains that simply become adsorbed to
the interface during processing.*® The degree of inter-
penetration between matrix chains and adsorbed chains
will then be key to obtaining reinforcement in the poly-
mer nanocomposite.”® Less appreciated is that the con-
formations of such adsorbed chains, and therefore their
impact on the resulting material, will be different de-
pending on how the material was formed.’'? For ex-
ample, a polymer nanocomposite cast from solution will
end up with a “bound layer” where the adsorbed chains
around the nanoparticles were formed in solution, com-
pared to a polymer nanocomposite where the nanofiller
and polymer were mixed by melt processing such that the
“bound layer” was formed during melt annealing. This
distinction typically goes unrecognized because the sub-
sequent investigation and characterization of the surface
adsorbed chains frequently employ solvent extraction to
remove “unadsorbed chains” with the belief that the re-
maining polymer is representative of the bound layer in
the melt.%10:13:14

In the present work, we compare chain adsorption in
solution with solvent-washed melt-annealed films to in-
vestigate chain adsorption in the melt. Chain adsorp-
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tion in solution is well understood having been heavily
studied for decades dating back to the 1950s.!5 Much
of the understanding developed for uncharged polymer
chains occurred from the 1970s-1990s culminating in the
1993 seminal book by Fleer, Cohen Stuart, Scheutjens,
Cosgrove, and Vincent,' with additional key experiments
demonstrating the motility of adsorbed chains in solu-
tion by Granick and coworkers.'62° Even in the limit of
strong adsorption (sticking energy x, = several kT'), ad-
sorbed chain segments readily adsorb and desorb on the
surface leading to highly mobile adsorbed chains that dif-
fuse across the surface by crawling and even hopping.'18
Thus, the long-standing notion of “irreversible adsorp-
tion” should be viewed as a dynamic equilibrium refer-
ring to the strong thermodynamic driving force based on
the free energy of the entire system to maintain a given
surface coverage in equilibrium with the bulk solution
concentration.!-2!

Chain adsorption in melts has been comparatively lit-
tle studied with most of it occurring during the past
decade as the importance of nonequilibrium chain confor-
mations near interfaces and the outsized impact of bound
chains in nanocomposites have become recognized.* 6:22
The main issue limiting the investigation of chain adsorp-
tion in the melt is that the adsorbed chains next to the
interface are intermixed with identical melt chains. The
typical investigative procedure has been to use solvent
as a means of exposing the adsorbed chains following a
given thermal annealing treatment.1423 This procedure,
referred to as the “Guiselin experiment” or approach,’ re-
lies on two theoretical assumptions made by Guiselin?*
that solvent washing removes only unadsorbed chains
and exposes the “irreversibly adsorbed” chains unaltered
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from the melt state. However, these theoretical assump-
tions made by Guiselin in a computational analysis are
experimentally unrealizable, having been demonstrated
to be untrue.®'? Yet use of the Guiselin procedure per-
sists, having been employed to infer various structural
features of adsorbed layers in the melt, including a two-
stage adsorption process during thermal annealing in the
melt above the glass transition temperature Tg.14’25’32
We recently reviewed this literature and tested the most
commonly used procedure to create adsorbed layers from
the melt by solvent washing melt-annealed films, conclud-
ing that the solvent washing strongly impacts the resid-
ual adsorbed layer thickness h,qs obtained after solvent
washing.?

Here, we leverage the previous understanding devel-
oped about adsorbed chain behavior in solution to infer
differences in chain adsorption that occur upon melt an-
nealing near substrate interfaces, recognizing that once
melt-annealed films are placed in solution to expose the
adsorbed chains, the physics of the system must return
to that known for polymer adsorption in solution re-
sulting in mobile chains. We investigate the adsorption
and desorption process of polymer chains in solution and
melt systems, and determine the impact different kinds
of adsorbed layers can have on the local glass transition
temperature T, of polymer matrices by using a local-
ized fluorescence method. Focusing on a system with a
polystyrene (PS) / silica interface that does not locally
impact T} by enthalpic interactions,* 3¢ we uncover the
topological impact of adsorbed chains on 7. Surface
bound chains adsorbed and desorbed in solution are com-
pared with the solution-washed melt-annealed films at
different solvent washing stages to infer the most likely
structure of adsorbed chains formed in the melt, as well
as discriminate between the impact of loops, tails, and
trains. Preformed adsorbed layers via different methods
are intermixed with thin pyrene-labeled PS probe layers
and then capped with a large PS matrix to enable the
local glass transition temperature Ty(z = 0) next to the
silica interface to be determined. Studying the impact
of the intermixing time of the pyrene-labeled chains with
the adsorbed layer is found to be key in deciphering the
adsorbed layer’s impact on local T, as threading of loops
takes longer than the intermixing of tails. We find that
large fluffy loops, tails, and trains have little to no impact
on Ty(z = 0), while it appears that the threading of small
tight loops that we propose can form during prolonged
thermal annealing in the melt state can strongly increase
Te(z =0) by 30 K.

1. EXPERIMENTAL METHODS

Adsorbed layers of polystyrene (PS) with M, = 400
kg/mol, M, /M, = 1.06 (Pressure Chemical), were made
on silicon or quartz substrates by either immersing the
substrates into a solution of PS in toluene of a given
concentration ¢ or by solvent washing spin-coated PS

films with toluene. All substrates were acid cleaned us-
ing hydrogen chloride (HCl) immediately prior to sample
preparation by immersing the substrates into 10 vol%
HCI for 30 min before being rinsed liberally and soni-
cated in DI water for 5 min, then dried with Ny gas. We
have previously demonstrated that this HCI acid cleaning
method produces the same adsorbed layer thickness h.qgs
as the more commonly used piranha cleaning method of
substrates.” Both cleaning procedures remove organics
and hydroxylate the surface, but the HCI acid cleaning
method is less hazardous and logistically easier.

Adsorbed layers grown from solution were done by
placing the HCI cleaned substrates into toluene solutions
with PS M,, = 400 kg/mol of different concentrations
¢ = 0.005 mg/mL, 0.1 mg/mL, or 1.0 mg/mL for vary-
ing lengths of time. Adsorbed layers formed by solvent
washing melt annealed films were made following the pro-
cedure that has become known as the “Guiselin experi-
ment” or approach, reviewed in Ref. 9. Specifically, ini-
tial PS films of bulk thickness >200 nm were made by
spin-coating a 2.5 wt% solution of PS M,, = 400 kg/mol
in toluene at 800 rpm onto freshly cleaned substrates.
For consistency, the same spin-coating conditions were
always used, but the resulting h,qs(t) values are inde-
pendent of the initial film thickness for sufficiently thick
films >5-10R,,3* where for our 400 kg/mol M, 200 nm
thick films are >10 times the radius of gyration R,. Films
were then annealed for 3 h, 6 h, or 23 h under vacuum
at 150 °C, prior to being washed in toluene for a min-
imum of 30 min, or up to 30+ h, to form a residual
adsorbed layer. During this procedure, samples were pe-
riodically removed from the solution and blown dry with
N> gas to measure the current adsorbed layer thickness
hags with ellipsometry, before being placed back into ei-
ther the same solution or fresh solvent, both of which
gave the same results. Similarly, adsorbed layers grown
from ¢ = 1.0 mg/mL solutions to reach the long-time
plateau h23%(c), adsorbed amount T',4s(c) = ph2d3(c),
were also washed in pure toluene solvent, while having
the haqs thickness periodically measured. In this man-
ner, the kinetics of desorption of the adsorbed layers in
solution can be ascertained. Both types of adsorbed lay-
ers were washed in toluene solvent until a constant limit-
ing hoo(c — 0) was reached, upwards of 100+ h in some
cases.

Ellipsometry measurements to determine the thickness
hags of the adsorbed layer on silicon substrates were done
using spectroscopic ellipsometry (Woollam M-2000) at
three angles of incidence, 55°, 60° and 65°, where the
measured ¥(A) and A(\) data from all three angles were
fit simultaneously for A = 400-1000 nm. The optical
layer model was comprised of three layers: a Cauchy
layer n(A\) = A+ B/\?+ C/\* for the polymer layer with
thickness h,qs, a native oxide layer, and a semi-infinite
Si substrate.?” The 1.32 nm thickness of the native oxide
layer was determined from an average of multiple mea-
surements across several different silicon wafers.® Because
the adsorbed layer is so thin, the refractive index n(\)
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of the PS adsorbed layer was held fixed at bulk PS pa-
rameter values A = 1.563, B = 0.0079 pm?, and C' =
0.00038 ym*, determined from an average over multiple
PS films of bulk thickness.?3” This is commonly done
when measuring the h,qs thickness of residual adsorbed
layers?23:28:31 hecause of the limitations that ellipsome-
try has to independently resolve film thickness and refrac-
tive index for very thin films less than ~10 nm.?®3° For
fluorescence measurements, the adsorbed layers need to
be formed on quartz substrates. In these circumstances,
identical adsorbed layers were formed simultaneously on
quartz and silicon substrates, following the same proce-
dure, by placing both substrates in the same solution.
The thickness h,qs was then determined by measuring
the adsorbed layer formed on the silicon. The silica sur-
face chemistry of both quartz and silicon substrates with
native oxide layers are the same such that we would ex-
pect the same adsorbed layer thickness h,q4s to be formed
on both.?

Fluorescence was used to determine the local glass
transition temperature T,(z = 0) next to different ad-
sorbed layers within bulk PS films by assembling samples
with a multilayer geometry (see Fig. 3a) that intermixes
a thin pyrene-labeled polystyrene (PS-Py) layer with the
h.dqs adsorbed layer prior to being capped by a thick,
high molecular weight neat PS layer. Specifically, the
sample preparation starts by forming an adsorbed layer
of known thickness h,qs on quartz substrates following
the procedures described above. A 12-nm thick PS-Py
layer with 1.4 mol% pyrene content (M, = 672 kg/mol,
My, /M, = 1.3) is then floated atop the ha,qs layer using a
water transfer method.34:36 This bilayer geometry is then
annealed under vacuum at 170 °C for a time t,; = 2 h,
24 h, or 48 h to get the PS-Py chains to interpenetrate
the adsorbed layer. A final 400 nm thick layer of neat PS
(My, = 1,920 kg/mol, My, /M, = 1.26, Pressure Chem-
ical) is then floated atop the bilayer. A final annealing
step at 170 °C for 20 min is done of the entire multi-
layer sample to consolidate the layers into a single mate-
rial with no air gaps. This sample preparation protocol
creates films where the fluorescent PS-Py chains are in-
termixed with the surface bound chains at the substrate,
enabling measurement of the local T, (z = 0) next to the
adsorbed layer.3436 As the total film thickness is ~400
nm, the local Tg(z = 0) next to the substrate interface is
not affected by the free surface.

Fluorescence measurements were performed using a
Photon Technology International QuantaMaster spec-
trofluorometer with samples mounted in an Instec
HCS402 hot stage with MK1000 temperature controller.
After equilibration of the sample at the starting tem-
perature above Ty, the fluorescence intensity was mon-
itored at a emission wavelength of 379 nm (6 nm band
pass) on cooling at 1 °C/min, with excitation wavelength
of 332 nm (4 nm band pass), following our previous
works.?436:40° After cooling, the sample was reheated to
the starting temperature to ensure that the fluorescence
intensity recovered was the same, verifying that no signif-

icant photobleaching occurred. Values of the glass tran-
sition temperature T, were determined from the intersec-
tion of linear fits made to the liquid and glass lines of the
temperature-dependent fluorescence intensity I(7") above
and below the transition. While individual I(T") curves
are shown in Figures 3 and 4, multiple measurements
were collected on nominally identical samples to ensure
reproducibility of the results. Bulk T, for PS was deter-
mined from measurements on single layer films of 240 nm
thickness with fluorescence giving a Ty of 99 + 3 °C,
in agreement with the T,(z = 0) = 100 £ 2 °C measured
for bare silica substrates with no adsorbed chains.3¢

I1l. RESULTS AND DISCUSSION

A. Comparing Solvent Grown Adsorbed Layers and
Solvent Washed Melt Annealed Films

1. Solvent Grown Adsorbed Layers

We start by characterizing the adsorption and des-
orption kinetics of polystyrene (PS) chains (M, = 400
kg/mol, M, /M, = 1.06) onto silica substrates in toluene
at different concentrations. This well-understood behav-
ior in solution will form our baseline for comparison. The
choice of this relatively high molecular weight ensures
that we will have substantial tails and loops of differ-
ent sizes, and not merely flat trains as is common for
low molecular weights.*! Freshly acid cleaned silicon sub-
strates with native oxide layers SiOx—Si were immersed
in toluene solutions with varying PS concentration. Such
a PS/SiOx system in good solvent is considered weakly
adsorbing with PS-silica “sticking” energies ~ kgT at
room temperature.*3

In Figure 1a, we plot the adsorption kinetics as a
function of time the SiOx—Si substrates spend in PS—
toluene solutions of different concentrations: 1.0 mg/mL,
0.1 mg/mL, and 5 x 1073 mg/mL. The adsorbed amount
I' = phags is quantified by the adsorbed layer thickness
hads(t) measured by ellipsometry on dried samples peri-
odically removed from solution,’ where I can be deter-
mined by multiplying h,q4s with the density p of the dried
polymer film. The dashed adsorption curves are fits of
the hags(t) data to a saturating exponential of the form

hads(t) = B2 (c) [1 - e—t/fads} , (1)

giving long-time adsorption plateau values h3d%(c) of
5.14+0.2 nm at 1 mg/mL and 0.9+£0.2 nm at 0.1 mg/mL.
The time constant 7.qs was 0.8 h and 3.1 h for the
1 mg/mL and 0.1 mg/mL solutions, respectively, indicat-
ing that the adsorption process was slower at lower con-
centrations. At very low concentrations, the adsorption
process is much slower, taking 96 hours to reach the long-
time plateau of h3d%(¢c) = 0.8 0.2 nm for ¢ = 5 x 1073
mg/mL, because in extremely dilute solutions the kinet-
ics for adsorption is diffusion limited® as the chains must
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FIG. 1. (a) Measured adsorbed layer thickness haqs(t) as a function of time SiOx—Si substrates spend in toluene solution with
PS chains (M, = 400 kg/mol) at different concentrations: ¢ = 1.0 mg/mL (green upward pointing triangles), ¢ = 0.1 mg/mL
(blue dotted triangles), and ¢ = 5 x 107% mg/mL (orange solid triangle). Red downward pointing triangles show the desorption
kinetics when h,gs ~ 5 nm adsorbed layers grown in solutions at ¢ = 1.0 mg/mL are switched to pure toluene. Cartoon
schematics are based on the Scheutjens and Fleer theory*!*? to estimate tail and loop lengths. (b) Schematic of adsorbed
amount I' = p hags as a function of solution concentration ¢ demonstrating hysteresis leading to the same limiting adsorbed
amount in the limit of zero concentration on adsorption I'aqs(c — 0) and desorption Iges(c — 0).

first find the substrate prior to adsorbing. However, the
final adsorbed layer thickness h2d%(c) reached at such low
concentrations is to within experimental error the same
as that reached at 0.1 mg/mL. Even at very low concen-
trations, the total free energy of the system favors having
a near monolayer of surface coverage at the SiOx—Si sub-
strate interface.!»?!

We have also characterized the desorption process
by taking adsorbed layers with a long-time adsorption
plateau value of h34%(¢) = 5.1 nm formed at ¢ = 1 mg/mL
and placing them in pure solvent. As shown in Fig. 1a,
the kinetics of this desorption process for adsorbed layers
grown in solution is very rapid, quickly reaching a limit-
ing desorbed amount h4%(c — 0), where further time in
solution or replacement with fresh pure solvent does not
reduce this adsorbed amount further. These h,q4s(t) data
were fit to an exponential decay of the form

hads(t) = Ah e/ 4 pd% (e — 0) (2)

giving 7ges = 0.02 h and h3%(c — 0) = 1.6 £ 0.2 nm.
Interestingly, this limiting value of the adsorbed layer
thickness on desorption h%(c — 0) is within experimen-
tal error nearly the same as the long time plateau mea-
sured on adsorption at very low concentrations h2d$(c —
0). We highlight these long time limits at extremely low
concentration by a dashed red box in Fig. 1a, identifying
an average value of h39" (¢ — 0) = 1.240.4 nm, which we

believe represents a near monolayer of surface coverage of
chains for adsorbed layers formed in solution. This hys-
teresis in the adsorbed amount I'(c) on adsorption and
desorption (increasing versus decreasing concentration),
illustrated schematically in Fig. 1b, has been observed
previously for polymer chains in solution.!444°

2. Adsorbed Layers from Solvent Washed Melt Annealed
Films

Most efforts to study chain adsorption in the melt take
a spin-coated polymer film of bulk thickness and anneal
it in its melt state for some prolonged length of time at a
given temperature well above Tg.9’2‘0”25*26’28 The result-
ing film is then washed with a good solvent, the details of
which are highly variable and often vague,?25:26:28 where
the resulting solvent washed adsorbed layer is then used
to comment on the state of the chains in the film near
the substrate interface.'%25732 However, in this process
the resulting adsorbed layer in solvent is quite mobile
and will restructure accordingly.'® ' When a polymer
film is placed in pure solvent, solvent enters the film and
chains diffuse away. This process continues until a solvent
swollen adsorbed layer remains near the substrate sur-
face. Initially the surface concentration of this adsorbed
layer is extremely high such that unadsorbed chains with
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FIG. 2. Measured residual adsorbed layer thickness hags of
polymer films melt annealed at 150 °C for 3 h (purple open
circles), 6 h (gray crossed circles), and 23 h (blue dotted cir-
cles) as a function of solvent washing time in pure toluene.
Adsorbed layers from melt annealed films show a continual
decrease in hags until they reach a minimum limiting adsorbed
layer thickness hi™ (¢ — 0) = 1.3 4 0.6 nm, where the long
time plateau values are shown as filled circles. For compar-
ison, the dashed curves are the fits to the data in Fig. la
showing the trends for the adsorbed layers in solution. Inset
shows the average hads(t) after 30 min of washing the films
as a function of time annealing the film at 150 °C, typical of
the procedure commonly used in the literature.

no direct substrate contacts may be pinned under loops
of adsorbed chains. Even though this adsorbed layer may
be far from an equilibrium adsorbed layer formed in so-
lution, the same physics must apply to the system. Over
time in solution, the adsorbed layer will slowly restruc-
ture with polymer segment—substrate contacts continu-
ously desorbing and readsorbing on the surface allowing
some chains to diffuse away. As more chains diffuse away,
the remaining chains will slowly form an adsorbed layer
that is similar to one formed on desorption in dilute so-
lution. Based on experimental observations, Granick has
suggested that large scale restructuring of an adsorbed
layer in solution can take many hours.*6-47

We try to elucidate this process in Figure 2 by taking
spin-coated PS films (M,, = 400 kg/mol, 200 nm thick)
that were annealed in the melt state at 150 °C (T, +
50 K) for 3 h, 6 h, or 23 h, and then monitoring how
their residual adsorbed layer thickness h.qs evolves with
time in solution. The thickness of the adsorbed layer hqs
is measured in a dry state by periodically removing the
sample from the toluene solution, drying it, and deter-
mining its thickness with ellipsometry.® The concentra-
tion of this solution is extremely low, where immersing

the entire film already corresponds to a concentration
of only ¢ ~ 1072 g/mL for a 200 nm thick film (later-
ally 2 cm x 2 cm) dissolved in 100 mL of toluene. We
observe that with prolonged time in solution, all the ad-
sorbed layers evolve to the same limiting h,qs value of
Rfm(c — 0) = 1.3 + 0.6 nm, which we find to be equiv-
alent to the limiting adsorbed layer formed in solution
at extremely low concentrations h$2"(c — 0) = 1.2 4+ 0.4
nm. We note that this limiting h.qs value of A" (c — 0)
is comparable to limiting residual adsorbed layers found
by Koga et al. termed “flattened layers” after extreme
solvent washing of films over 120 days in toluene or sev-
eral days in the more aggressive solvent chloroform.2% 27

3. Adsorbed Amount in the Limit of Zero Concentration

The adsorption process in solution is typically treated
as a thermodynamic process where the total free energy
of the system is minimized by having the fewest molecules
in contact with the substrate interface because this causes
the smallest reduction in the total entropy.!:21:41:42:48 Ag
an individual polymer chain takes up more surface area
than an individual solvent molecule, a layer of polymer
chains will eventually coat the substrate interface. The
observation in Fig. la that we reach the same limiting
adsorbed amount h2%(c — 0) ~ 1 nm at long times
for the two lowest concentrations ¢ = 0.1 mg/mL and
c = 5 x 1073 mg/mL strongly suggests that this is a
thermodynamic equilibrium state likely corresponding to
a near monolayer of surface coverage with few chains re-
maining in the bulk solution.

Interestingly, on desorption in solution, the same lim-
iting adsorbed amount hd%(c — 0) is basically being
reached in the limit of zero concentration, suggesting the
system is evolving to the same thermodynamic equilib-
rium state corresponding to a near monolayer of surface
coverage. This is in contrast to the interpretation put for-
ward by Fleer et al. that the limiting desorbed amount
hdes(c — 0) should be viewed as effectively a kineti-
cally trapped nonequilibrium state?? where repeated ex-
changes with pure solvent represent such a small change
in the bulk solution concentration that any further des-
orption of chains from the substrate needed to reestab-
lish a new equilibrium solution concentration represent
a tiny change in the adsorbed amount at the substrate
interface.! Fleer et al. cautioned that the remaining ad-
sorbed amount after repeated exchanges with pure sol-
vent should not be viewed as an indication that the ad-
sorbed layer is irreversibly adsorbed, but simply that fur-
ther desorption becomes insignificantly small.! Given the
results of Fig. la, it appears there is an equilibrium ad-
sorbed amount I'eq(c — 0) in the limit of low concen-
tration that the system is trying to maintain. However,
we stress that all experimental evidence suggests this is
a dynamic equilibrium?' where the adsorbed chains at
the substrate interface are still exceedingly mobile and
readily exchange with those in the bulk solution.!6-19:49
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In Fig. 2, we find that adsorbed layers formed by sol-
vent washing melt annealed films are also slowly reaching
this same residual adsorbed amount h%%(c — 0) in the
limit of zero concentration. Given the high mobility of
adsorbed chains in solution,'61949 perhaps this evolu-
tion is unsurprising because the system is effectively the
same, a layer of polymer chains at the substrate inter-
face in thermodynamic equilibrium with a solution of
extremely low concentration. Thus, the same physics
must apply. These results then suggest that all the ad-
sorbed layers at extremely low concentrations in the limit
of spending a long time in solution he(c — 0) are equiv-
alent, regardless of whether they were formed in solution
or by solvent washing melt annealed films.

However, Fig. 2 also shows that films that were an-
nealed for a longer amount of time in the melt state prior
to being placed in solution take longer to reach this lim-
iting plateau value in residual adsorbed layer thickness
hoo(c = 0): ~5 h, ~25 h, and >100 h for the 3 h, 6 h,
and 23 h of melt annealing, respectively. Thus, it is clear
that some evolution of the chains near the substrate in-
terface has occurred during melt annealing of the films,
and that this has subsequently slowed their kinetics in
solution. As we will discuss in section III C, we suspect
that melting annealing causes a coarsening of polymer
segment—surface contacts such that the length of trains
increase for the chains that have the largest number of
polymer segment—surface contacts making these chains
remaining at the substrate interface harder to displace in
solution.

B. Comparing Local T; Next to Different Types of
Adsorbed Layers

In terms of understanding polymer material properties
near interfaces, we are most interested in characterizing
how different adsorbed layers may impact the local dy-
namics of a neighboring polymer matrix. To do this, we
use a localized fluorescence method to measure the lo-
cal Ty of pyrene-labeled polymer chains intermixed with
the different adsorbed layers. The multilayer sample ge-
ometry constructed for these measurements is depicted
in Figure 3a. We start by forming the desired type
of adsorbed layer as described in the previous section.
A 12 nm thick pyrene-labeled PS probe layer with 1.4
mol% pyrene content (M, = 672 kg/mol, M, /M, =
1.3)3436:5051 g then floated immediately atop the ad-
sorbed layer, and these two layers are then intermixed
by annealing this bilayer for a time t;, at 170 °C. As
we will demonstrate, this intermixing time ¢,,;x is very
important and informative for understanding how differ-
ent parts of the adsorbed layer can alter the local T} of a
neighboring polymer matrix. After the dye-labeled probe
layer has intermixed with the adsorbed layer, a bulk PS
layer (M, = 1,920 kg/mol, My, /M, = 1.26) is placed on
top to cap the probe layer, creating samples where the
local glass transition temperature T, (z = 0) next to this

adsorbed layer interface can be measured without any
impact from free surface effects. Immediately prior to
these localized T, fluorescence measurements, the sam-
ples are further annealed at 170 °C for 20 min to en-
sure all the individual layers have formed a consolidated
sample with no air gaps and to equilibrate the sample
above T, removing any thermal history. This is the same
sample geometry that our group previously used to mea-
sure the local Ty(z = 0) next to end-grafted chains.?4-36
In these multilayer samples, high molecular weights are
used for the layers to limit diffusion of the pyrene-labeled
probe layer during the fluorescence measurement.3436:50
We note our sample geometry is measuring the local Ty
of the polymer chains intermixed with the adsorbed layer
to identify the impact the adsorbed layer can have on the
local matrix chains, as opposed to other studies that have
measured the local Ty of the adsorbed layer.?? 55

For our measurements of the local T,(z = 0) next to
silica interfaces with different adsorbed layers, we will
make comparisons between two groups of adsorbed layers
formed with the My, = 400 kg/mol PS. Group 1 will com-
pare relatively thick adsorbed layers with h,qs =~ 4.5 nm
either formed in solution or by solvent washing melt an-
nealed films. Specifically, the solution grown adsorbed
layers were formed in a ¢ = 1 mg/mL toluene solution
giving a long-time plateau value of h,gs = 5.2 nm. The
solvent washed films were formed by annealing bulk PS
films for 23 h at 150 °C and then washing them in toluene
for 30 min to give residual adsorbed layer thicknesses of
hads = 3.6 nm. This procedure is typical of that com-
monly used in the literature to obtain residual adsorbed
layers by solvent washing melt annealed films. Group 2
will compare adsorbed layers with h,qs = 1 nm formed
after a long time in solution in the limit of extremely
low concentration heo(¢c — 0). This will include solution
grown adsorbed layers formed at ¢ = 0.1 mg/mL with
haas = 0.9 nm, as well as films annealed at 150 °C for
either 3 h or 23 h and then subsequently washed in sol-
vent for 100+ hours to reach h,qs = 1.4 nm and 1.1 nm,
respectively.

To measure the local glass transition temperature
Tg(z = 0) of the pyrene-labeled PS chains intermixed
with the adsorbed layer, the fluorescence intensity I(T)
of pyrene is monitored at 379 nm, corresponding to the
first peak of the pyrene emission spectrum that is highly
sensitive to its local environment,?®>7 on cooling the mul-
tilayer sample at 1 °C/min.34:36:40:50.51 The temperature
dependence of the fluorescence intensity reflects the lo-
cal density, polarity, and stiffness of the polymer matrix
surrounding the dye, where the glass transition temper-
ature Ty is identified by the intersection of linear fits to
the liquid and glass regimes.33:34,36,40,50,51

1. Group 1: 5 nm Adsorbed Layers

Figure 3b shows representative plots of the temper-
ature dependent fluorescence intensity I(7") for the two
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FIG. 3. (a) Schematic of the sample geometry used to measure the local T, via fluorescence adjacent to the adsorbed layer.
(b) Temperature dependent fluorescence intensity for pyrene-labeled PS probe layers adjacent to the hags ~ 4.5 nm adsorbed
layers of Group 1, ¢ = 1.0 mg/mL solution grown adsorbed layers (green triangles) and 30 min solvent-washed films annealed
for 23 h at 150 °C (blue circles), where the lighter colors correspond to an intermixing time tmix = 2 h and the darker colors
are for tmix = 24 h. (c¢) Changes in local Ty (z = 0) next to the adsorbed layers with increasing intermixing time tmix at 170 °C
used to interpenetrate the pyrene-labeled probe layer with the adsorbed layer prior to the local Ty measurement.

different types of adsorbed layers of Group 1, solution
grown versus solvent washed films, with h,qs ~ 4.5 nm.
Data are shown for two different intermixing times t,;x =
2 h and 24 h for each type of adsorbed layer, demonstrat-
ing that this intermixing time t;x at 170 °C can have
a significant impact on the measured local T,(z = 0)
value. For the ¢ = 1.0 mg/mL solution grown adsorbed
layer, the local Ty(z = 0) next to the adsorbed layer in-
creases from 93 °C for tmix = 2 h to 98 °C for tnix =
24 h. The impact of increasing t,,;x is more significant
for the 30 min solvent washed films annealed for 23 h at
150 °C, where the local T,(z = 0) next to the adsorbed
layer increases from 105 °C for ¢y = 2 h to 130 °C for
tmix = 24 h. For comparison, equivalent measurements
of the local T,(z = 0) next to bare silica substrates give
T, = 100+2 °C, equivalent to bulk 7}.3 3¢ We note that
even when the pyrene-labeled probe layer is annealed for
up to 48 h at 170 °C on the bare silica substrate the local
T, value still reports bulk 7T,.3

Annealing at 170 °C for an intermixing time ¢, en-
ables the pyrene-labeled PS matrix chains to interpene-
trate with the adsorbed layer. From these results we can
conclude that good intermixing between the adsorbed
chains and the pyrene-labeled PS chains is necessary for
local T, increases to occur. This observation is consis-
tent with previous work showing local Ty changes near
polymer-polymer interfaces only when the interface was
annealed to equilibrium.?"°® How long of an intermix-
ing time tyix is required is a somewhat unknown pro-
cess. Adsorbed layers consist of three main structural
elements: tails, loops, and trains. Intermixing between
the pyrene-labeled PS chains and the adsorbed chains

will occur for tails and loops, while trains are simply
monomers that lie flat along the substrate interface.

The interpenetration of tails with a high molecular
weight polymer matrix presumably occurs in a manner
similar to end-grafted polymer chains, which is a sys-
tem that has been well studied.? Experimentally, the
time scale and degree of interpenetration between end-
tethered polymer chains and a high molecular weight
polymer matrix has been measured using neutron reflec-
tivity for different annealing conditions.?® 6! Theoreti-
cally, interpenetration is understood as resulting from
chain-end retraction “breathing” modes that extend the
end-tethered chains into the matrix.5%%3 It is based on
these literature studies that our group’s previous works
studying Ty(z = 0) next to end-grafted chains selected
2 h at 170 °C as the annealing conditions necessary to
ensure good interpenetration of end-grafted chains with
the pyrene-labeled PS layer.3*36 For this reason, we use
a minimum intermixing time t,;x = 2 h, where we believe
that at this stage tails of the adsorbed layer will be well
intermixed with the pyrene-labeled PS matrix chains.

The intermixing with loops of the adsorbed layer by
the pyrene-labeled PS matrix chains is more challenging
and therefore expected to require a much longer inter-
mixing time ¢y,;x due to the additional topological con-
straints. Interpenetration with loops requires threading
of the loops by the high molecular weight pyrene-labeled
PS matrix chains. The dynamics of this process will be
set by the reptation time of the pyrene-labeled PS chains
(My = 672 kg/mol), but the probability of threading will
be strongly dependent on the size of the loops.®* Small
tight loops can be expected to take longer to thread than



larger fluffy loops. Given the unknown time scale needed
for this process, we therefore explored the effect that in-
creasing intermixing time ¢,,;x has on the measured local
T,. Figure 3c plots the measured local T, (z = 0) next to
the substrate interface with the given adsorbed layer as a
function of increasing ty,;x at 170 °C for both types of ad-
sorbed layers from Group 1, solution grown and solvent
washed films with haqs =~ 4.5 nm. In both cases, the local
T, g(z = 0) is observed to increase and saturate for ¢ix >
24 h at 170 °C, although be it at significantly different
values. The values plotted in Fig. 3c are the average and
standard deviation of multiple measurements on nomi-
nally identical samples. For the ¢ = 1.0 mg/mL solution
grown adsorbed layer with hags = 5.2 nm, T,(z = 0) is
initially measured to be below T, é’““‘ at only 93 + 3 °C
after 2 h of annealing at 170 °C, and then saturates to
10342 °C after 48 h of annealing. In contrast, the 30 min
solvent washed films that had been annealed for 23 h at
150 °C giving hadqs = 3.6 nm, initially report a Tg(z = 0)
=105+ 2 °C after 2 h of annealing at 170 °C, and then
saturates to Ty(z = 0) = 131+ 2 °C after 48 h. Figure 3c
also shows measured Ty(z = 0) values for the pyrene-
labeled probe layer next to the bare silica substrate that
were similarly annealed for up to 48 h at 170 °C, where
Ty(z = 0) remains at 100 + 2 °C, equivalent bulk T, for
PS.

We believe that desorption of the 400 kg/mol adsorbed
chains is not occurring during the annealing at 170 °C.
Desorption has been experimentally observed at such
elevated temperatures in polymer nanocomposites and
films for adsorbed chains with molecular weights of ~100
kg/mol or less.!1:65:66 However, there is a strong molec-
ular weight dependence to desorption as the adsorbed
chains must unzip from the substrate interface releasing
all their adsorbed monomers before the desorbed chain
can diffuse away.20:21:66 For example, Bailey et al. found
for solution grown adsorbed layers that the desorption
time scale increased by roughly a factor of 10 for an
increase in molecular weight of only a factor of 3.5° In
addition, if we compare the desorption time scales from
Bailey et al.%® for solution grown adsorbed layers with
that of Jimenez et al.!'' on adsorbed layers formed by
melt annealing, it appears that the melt annealed ad-
sorbed layers take roughly 4 times longer to desorb for
equivalent molecular weights at comparable desorption
temperatures. Ren et al. showed that the time scale for
desorption increased exponentially with chain length N
as exp(N'/?), where PS chains with molecular weights
>57 kg/mol where not observed to desorb even after
120 h of annealing at 170 °C for these adsorbed layers
made by solvent washing well-annealed films.%¢ Based on
the time scales reported in these studies, we can con-
clude that desorption would take well in excess of the
48 h of annealing we performed at 170 °C. Figure 2 al-
ready demonstrated that the adsorbed chains from melt-
annealed films are strongly adhered to the silica substrate
interface as they require an extremely long time (1004
h) in solution to wash off and reduce the measured h,qs

value.

We are also able to safely rule out that the ~30 K
Ty (z = 0) increase observed for the adsorbed layers from
solvent-washed melt-annealed films is not due to adsorp-
tion of pyrene-labeled PS chains resulting from an ex-
change of adsorbed chains at the substrate interface. As
shown in Fig. 3c, annealing of the pyrene-labeled PS
probe layer directly next to the bare silica substrate did
not result in any T,(z = 0) increase even after 48 h of
annealing at 170 °C. This observation is consistent with
there being no enthalpic drive for adsorption in a melt as
there is no reason to favor one polymer segment—surface
contact over another. This point is discussed further in
section III C where the definition of the substrate sticking
energy, Eq. (3), is considered.

A puzzling aspect about these results is that we find no
evidence of local T, increases when pyrene-labeled chains
are annealed in the melt state next to bare silica sub-
strates. In this and previous studies, we have explicitly
tested pyrene-labeled probe layers annealed at tempera-
tures of 120-130 °C and 170 °C for annealing times span-
ning from 30 min to upwards of 48 hours.?4 36 These are
similar to conditions under which others claim chain ad-
sorption is occurring in the melt. Napolitano et al. has
reported chain adsorption occurring when melt anneal-
ing PS films on silicon substrates with native oxide lay-
ers at temperatures between 140 and 180 °C for times
spanning from 1 to 60 hours, based on residual adsorbed
layer thicknesses haqs obtained after solvent washing.?®
Koga et al. has reported the same residual adsorbed layer
thickness h,.qs obtained after five 10-min solvent washes
in toluene for PS films annealed between 40 and 150 °C
for 24 hours.?® Under conditions similar to where others
have claimed chain adsorption is occurring during melt
annealing, we observe no local T increase with pyrene-
labeled chains. Also noteworthy is that Priestley et al.,
who adsorbed pyrene-labeled chains to measure the lo-
cal T, of the adsorbed chains, have never reported a Ty
higher than bulk.52:53 Thus, we find that simply anneal-
ing polymer chains near a substrate interface in a melt
state at high temperature does not result in an increase
in local T;. In contrast, it appears to us that solvent
washing the films is an essential step to forming ad-
sorbed layers.” The Ty(z = 0) increases we observe in
Fig. 3 are the result of preforming adsorbed layers cre-
ated by solvent washing well-annealed films. In addition,
the large T, (2 = 0) increases only occur after long inter-
mixing times suggesting that the pyrene-labeled chains
are threading loops in the preformed adsorbed layer.

2. Group 2: Adsorbed Layers in the Limit of Zero
Concentration

Figure 4 compares the temperature dependent flu-
orescence intensity curves used to measure Ty(z = 0)
for various different adsorbed layers from Group 2 with
residual adsorbed layer thicknesses of only h.gs ~ 1 nm.
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FIG. 4. Temperature-dependent fluorescence intensity data
collected to measure the local Ty(z = 0) next to substrates
with different adsorbed layers from Group 2 in the limit of
extremely low concentration hoo(c — 0) with hags =~ 1 nm.
Solution grown adsorbed layer from ¢ = 0.1 mg/mL (navy
triangles), compared to films that were solvent washed for
100+ h after annealing for either 3 h (purple circles) or 23 h
(cyan circles) at 150 °C with tmix = 2 h, or 23 h annealed
with tmix = 24 h (blue circles).

Group 2 are adsorbed layers that result after a long
time in solution in the limit of extremely low concentra-
tion heo(c — 0), all with residual adsorbed layer thick-
nesses of h,gs = 1 nm. Specifically, we compare a so-
lution grown adsorbed layer in the low concentration of
¢ = 0.1 mg/mL, whose long-term plateau after 24+ h
in solution resulted in h,gs = 0.9 nm. Recall that from
Fig. 1, the same h,qs values are obtained after a suf-
ficiently long time in solution for even lower concentra-
tions like ¢ = 5 x 1073 mg/mL. The solvent-washed melt-
annealed films are from annealing for either 3 h or 23 h at
150 °C and subsequently solvent washing for 100+ h in
toluene to obtain residual adsorbed layer thicknesses of
hags = 1.1 nm and 1.4 nm, respectively. Given the high
mobility of adsorbed chains in solution,'® ' we believe
these different adsorbed layers have been able to reach
a roughly equivalent long-term state where chains are
primarily extended on the surface forming long trains.*!
For our high molecular weight chains in a good solvent,
atomic force microscopy studies in the literature exam-

ining residual adsorbed layers after different solvent and
annealing conditions suggest this is a near monolayer of
surface coverage on the substrate interface with few small
holes.57 69

For all these adsorbed layers in the limit of extremely
low concentration Ao, (¢ — 0), we find the local T, (z = 0)
value to be comparable to bulk T, for PS. As shown in
Fig. 4, Tg(z = 0) = 100 °C for the ¢ = 0.1 mg/mL
solution grown adsorbed layer with h,qs = 0.9 nm and
Ty (z = 0) = 101 °C for the 3 h melt-annealed film washed
100+ h, where these used an intermixing time of t,;x =
2 h. Even the 23 h melt-annealed film washed 100+
h had a Ty(z = 0) of only 108 °C for tmix = 2 h and
Te(z = 0) = 107 °C after tyix = 24 h, which is consid-
erably reduced relative to the large T,(z = 0) increases
observed in Fig. 3. The slight elevation in T,(z = 0)
suggests that more time in solution is likely required to
fully reequilibrate these adsorbed layers in solution and
obtain T,(z = 0) values closer to Ty"'*. The insensitiv-
ity of Ty(z = 0) to the intermixing time tmix at 170 °C
for these very thin adsorbed layers with h,qs =~ 1 nm is
unsurprising for such thin adsorbed layers that are pri-
marily dominated by trains. This observation is consis-
tent with work by Koga et al. showing that little to no
adhesion is possible between a polymer matrix and such
thin adsorbed layers, even under an applied load at high
temperature.70

C. Inferring the Structure of Adsorbed Chains and
Understanding Their Impact on Local Ty

The adsorption and desorption process in solution has
been well-studied in the literature.!*'6 At higher solu-
tion concentrations, the surface crowding of chains leads
to fewer surface contacts per chain (shorter trains) pro-
ducing adsorbed chains with long tails and large fluffy
loops. In contrast, at lower concentrations, each chain
can spread out on the surface with long trains resulting
in short tails and small loops. The adsorption lattice
model developed by Scheutjens and Fleer can be used
to get a sense of the tail, loop, and train distribution at
different solution concentrations.*!424® This Scheutjens
and Fleer model is a self-consistent mean field theory
(SCFT) treatment formulated as a lattice theory similar
to Flory-Huggins solution theory with an added interac-
tion energy parameter Y5 to account for the substrate
interaction. The substrate sticking energy is defined as

Xs = —(us — ug)/kBTv (3)

the difference in free energy to transfer a polymer seg-
ment from bulk polymer to the substrate surface and the
free energy to transfer a solvent molecule from pure sol-
vent to the substrate surface.*® A positive value of y,
favors polymer contacts at the substrate interface.
Based on the Scheutjens and Fleer theory, the average
tail length for a ¢ = 1 mg/mL solution (volume fraction
¢~ 1073) is ~10% the total chain length,*? giving tails
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of ~40 kg/mol for our M,, = 400 kg/mol; although this
distribution of tail lengths is broad, especially at long tail
lengths. Loop lengths are comparable to tail lengths, but
as loops must return to the surface, they extend roughly
half as far as tails from the surface.'*! At very low con-
centrations, ¢ = 5x 1072 mg/mL (¢ ~ 107°), tail lengths
are only ~3% the chain length,*? giving ~10 kg/mol for
our My, = 400 kg/mol, with loop lengths also being sim-
ilarly short."*! Schematics of these tail, loop, and train
distributions are illustrated in Fig. 1a.

Given these estimates of average tail and loop lengths
from the Scheutjens and Fleer theory for adsorbed layers
grown in solution,*42 we revisit the differences in local
Ty(z = 0) with increasing intermixing time tyix shown
in Fig. 3c to inform us about what parts of the adsorbed
layer impact the local T, of the matrix. For the ¢ =
1 mg/mL solution grown adsorbed layers with huqs =
5.2 nm, the tails are expected to be ~40 kg/mol with
comparably large fluffy loops.*1*2 At long intermixing
times tmix > 24 h, the local Ty(z = 0) is comparable to
bulk 7, and the local T, measured next to bare silica
substrates with no adsorbed or grafted chains Ty(z = 0)
= 100 + 2 °C. This suggests that intermixing with these
~40 kg/mol tails and threading of these comparably large
fluffy loops by pyrene-labeled chains does not impart an
increase in Ty(z = 0). We suspect the slightly reduced
Te(z = 0) observed at short intermixing times tmix =
2 h likely results from trapped void space acting as free
surface caused by the comparatively large fluffy loops of
these solution grown adsorbed layers. It is worth noting
that Burroughs et al. have also observed local T, values
less than T, gbulk for capped adsorbed layers with minimal
intermixing time.?? In fact, Ren et al. has shown that the
degree of Ty(h) increase that occurs in thin PS films due
to the adsorbed layer correlates directly with the degree
of overlap between the adsorbed chains and overlaying
PS film as measured by neutron reflectivity.”

In contrast, chain adsorption in the melt is significantly
less well understood. The problems with simply extend-
ing adsorption theories from solution to melts are two
fold. The Eq. (3) definition of the substrate sticking en-
ergy xs used in solution becomes identically zero in poly-
mer melts. Without the presence of solvent, there is no
enthalpic reason to favor one polymer segment—surface
contact over another because it is simply replaced with
an equivalent polymer segment—surface contact. Thus,
the free energy change associated with chain adsorption
in melts is entirely entropic, determined by the statis-
tics of chain conformations possible near the substrate
interface.*14872 Assuming, of course, that the system is
ergodic and in thermodynamic equilibrium.

However, more problematic with interpreting chain ad-
sorption in the melt is that the kinetics are exceedingly
slow, meaning the assumption of thermodynamic equilib-
rium made for adsorption theories in solution is likely not
valid. The adsorbed layer formed in the melt will likely be
more representative of some kinetically limited structure.
To get an idea of what this may be, let us review what can
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be concluded from the experimental observations of Fig-
ures 2 and 3. In Fig. 2, we found that melt annealed films
took a much longer time in solution to reach the same
limiting adsorbed layer amount hd¢(c — 0) in the limit
of zero concentration. This suggests that some evolution
of the chains near the substrate interface has occurred to
make their subsequent dynamics in solution slower. We
posit that the chains remaining at the substrate inter-
face have a larger number of polymer segment—surface
contacts making them harder to displace in solution.

In Fig. 3, we investigated how the local T, (z = 0) var-
ied with increasing intermixing time. For the short i«
= 2 h that would allow for the interpenetration of tails,
the local Ty (z = 0) value is only slightly increased relative
to Tgbulk by a few degrees. From the h,qs = 3.6 nm for
these melt-annealed films, we can calculate an effective
density of tails oya5s = 2(%) = 0.012 tails/nm?, as-
suming two tails per chain. This formula is based on that
commonly used for determining grafting density from a
measure of the dry brush thickness, where M, is the
number average molecular weight of the surface attached
chains, N4 is Avogadro’s number, and p the bulk density
which for PS is 1.045 g/cm?.34367 From our previous
work measuring the local glass transition temperature of
PS matrices next to end-grafted PS chains on silica, we
would expect a Ty(z = 0) increase of ~45 K, indepen-
dent of grafting density from 0.003 to 0.33 chain/nm?
and grafted chain length between M,, = 8.6 kg/mol to 212
kg/mol.36 Thus, it is clear that tails of adsorbed chains
do not behave in the same manner to grafted chain ends
when it comes to restricting the local mobility.

In contrast, at long intermixing times, the adsorbed
layers from 30 min solvent washed films that were an-
nealed at 150 °C for 23 h exhibited a significant increase
in Ty(z = 0) with increasing tmix. After the intermixing
time of tmix = 48 h, the local Ty(z = 0) is observed to
increase by ~30 K to Tg(z = 0) = 131 £2 °C. As dis-
cussed in section IIT B 1, we have been able to rule out the
possibility that this Ty(z = 0) increase is caused by the
desorption and exchange of chains during the intermix-
ing time. Thus, we believe that the increase in T, (z = 0)
with intermixing time associated with the 30 min solvent
washed films is the threading of loops. Given the large
~30 K T,(z = 0) increase, these loops must be more re-
strictive to the mobility of the pyrene-labeled PS chains
than the large fluffy loops of the solution grown adsorbed
layers, i.e., smaller than ~40 kg/mol. It is possible that
the small increase in T,(z = 0) observed at tyix = 2 h is
caused by the initial threading of a few such small loops.

The melt annealing step is largely unknown, and what
we seek to better understand. Given the conclusions we
have been able to draw from the experimental results,
let us consider how the chains near the substrate inter-
face may evolve kinetically during melt annealing. The
initial starting state of the polymer chains near the sub-
strate surface in the freshly spin-coated film are likely
not too far from that of an adsorbed layer formed in so-
lution at relatively high concentration having long tails
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and large loops.*1? Sum frequency generation (SFG)
spectroscopy measurements by Dhinojawala and cowork-
ers have found that the local monomer orientation at
the substrate interface for poly(methyl methacrylate)
(PMMA) spin-coated films is similar to that observed for
adsorbed layers formed in solution.™ Next, consider the
process of monomer and chain exchange at a substrate
surface. In solution, individual polymer segment—surface
contacts continuously detach and reattach, over time ex-
changing with solvent or other polymer segment—surface
contacts from another chain.?! In this manner, a given
adsorbed chain can unzip from the surface and drift away.
The rate limiting step in this desorption process is often
considered to be the final diffusion of the desorbed chain
away from the surface.? If we consider this process in a
melt, the exchange of polymer segment—surface contacts
should occur readily at the surface interface at a rate as-
sociated with local segmental dynamics. However, the
final diffusion away from the interface, especially for en-
tangled polymer melts, will be exceedingly slow. Over
prolonged annealing in the melt, we can expect that
chains with initially few segment-surface contacts will
be the ones more likely able to drift away. These surface
contacts will be replaced with contacts from neighbor-
ing polymer chains that are more likely to already have
many segment—surface contacts. In this manner, we sus-
pect that this kinetic process leads to a coarsening of the
number of polymer segment—surface contacts per chain,
favoring those chains with already the greatest number
of contacts with the surface. In Figure 5a, we illustrate
this proposed kinetic coarsening mechanism of polymer
segment—surface contacts. Consistent with our experi-
mental observations, such a mechanism would result in a
layer of chains near the substrate interface with a larger
number of polymer segment—surface contacts per chain
making their subsequent kinetics in solution slower, and
would lead to a shrinking of loop sizes as the neighboring
trains increase in length.

In Figure 5b, we summarize our findings by illus-
trating the various different mechanisms we have identi-
fied that can cause local T changes to PS matrices at
PS/silica interfaces. The adsorbed layers grown in solu-
tion with ¢ = 1.0 mg/mL have comparatively large loops
and tails of ~40 kg/mol for our 400 kg/mol M,,.41:42
These adsorbed layers did not cause any increase in
Ty(z = 0), even at long intermixing times indicating such
large loops and tails do not provide any restriction in lo-
cal mobility. At small intermixing times a slight T}, reduc-
tion below T;“lk was observed for these fluffy adsorbed
layers indicating some trapped free surface. In contrast,
adsorbed layers resulting from 30-min solvent washing of
well melt-annealed films at 150 °C for 23 h produced a
large +30 K increase in Ty(z = 0) at long intermixing
times that we attribute to the threading of small loops.
Unsurprisingly, the thin h,qs =~ 1 nm adsorbed layers
with predominantly trains obtained after a long time in
solution in the limit of low concentration ho(c — 0) did
not result in Ty(z = 0) increases, regardless of intermix-
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(a) Proposed coarsening mechanism of polymer segment-surface contacts

(b) Inferred impact of different chain structures on local Ty(z=0):

Threaded small End-grafted

tight loops chains

Tk + 30 K Tghuk + 45 K

Threaded large Tails

fluffy loops

Tgbulk Tgb“'k

Long trains Bare silica
hoo(c — 0) substrate

bulk
TQ

i i i i i i Touk

FIG. 5. (a) Schematic illustration of the proposed coarsen-
ing process occurring during melt annealing that increases
the number of polymer segment—surface contacts per chain
for those chains with already many segment—surface contacts,
thereby increasing the length of their trains and decreasing
the size of loops. (b) Illustration of the various different fac-
tors we have identified that cause local Ty(z = 0) increases
of matrix PS chains next to silica substrates, along with the
many that do not. From the present work, we conclude that
adsorbed layers are only able to cause large increases in the
local Tg(z = 0) when PS matrix chains are able to thread
small loops resulting in Ty (z = 0) + 30 K. In contrast, larger
loops, trains, and tails do not impact Tx(z = 0). The later is
surprising given our previous work showing that end-grafted
PS chains cause large +45 K increases in Tg(z = 0) indepen-
dent of grafting density and chain length,3® suggesting that
chemical grafting is distinctly different from physically ad-
sorbed segments. These changes in Tx(z = 0) are all topolog-
ical in origin as the bare PS/silica interface does not perturb
T,(z = 0), even after 48 h of annealing at 170 °C.

ing time. We find that tails have essentially no impact
on local T, compared with end-grafted chains. Recent
results from our group found that end-grafted PS-OH or
PS-COOH chains with M, = 8.6 kg/mol to 212 kg/mol
result in large T, (z = 0) increases of +45 K independent
of grafting density.3¢ This suggests that adsorbed tails
do not provide the same immobilization as the covalent
bond of grafts.

What sized loops cause increases in local 7,7 Based
on the theory of Scheutjens and Fleer,*!*? the ¢ =
1.0 mg/mL solution grown adsorbed layers have loop
sizes ~40 kg/mol. As these adsorbed layers do not cause
any increase in the measured Tg(z = 0) value, we con-
clude that such large fluffy loops do not provide any sig-
nificant restriction in mobility. In contrast, the 30 min
solvent washed films that were annealed at 150 °C for
23 h exhibited a large increase in Ty(z = 0). How-
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ever, it is unclear what sized loops such adsorbed lay-
ers may have other than we anticipate that melt an-
nealing leads to a decrease in loop size. It is interesting
to compare to the film average glass transition tempera-
ture T,(h) measurements by Zuo et al. on poly(styrene-
ran-4-hydroxystyrene) P(S-r-HS) copolymer where the
random hydroxystyrene monomers act as strong pinning
sites causing loops.”™ Notable increases in T,(h) relative
to the behavior of T,(h) for regular PS films were ob-
served for the largest loops they measured that were only
~4.5 kg/mol in size, which we suspect were the easiest
to thread. A systematic study of T(z = 0) for different
loop sizes would be warranted.

It is worth noting that the average density of loops per
chain is relatively large for high molecular weight poly-
mers with upwards of ~60% of the chain segments in
loops for 1 mg/mL solution grown adsorbed layers.!:#!
For loop lengths comparable to tail lengths,*!*2 this
would give us an average of approximately 5 loops per
chain for our 400 kg/mol PS chains, resulting in an aver-
age loop density of order 0.05 loops/nm? for the solution
grown adsorbed layers at ¢ = 1 mg/mL. For the solvent
washed films, again much is unknown. However, the av-
erage surface density of loops for the initially spin-coated
films were probably not much different than that for so-
lution grown adsorbed layers at high concentration. The
subsequent annealing of the film in the melt state would
then be expected to shrink these loops to a smaller size
as the length of the trains increase for the most well ad-
hered chains. In both cases, it is clear the surface is
covered with many more loops than tails.

IV. CONCLUSIONS

We have compared the well understood system of ad-
sorbed layers grown in solution to the solvent washing
characteristics of adsorbed layers formed by annealing
bulk polymer films in the melt state for extended peri-
ods of time. In the limit of zero concentration, we find
that the same limiting adsorbed amount h23%(c — 0) ~ 1
nm is reached at long times strongly suggesting there is
a thermodynamic equilibrium state likely corresponding
to a near monolayer of surface coverage with few chains
remaining in the bulk solution. On desorption, this same
limiting adsorbed amount h4%(c — 0) ~ 1 nm is reached
at long times by both adsorbed layers formed in solution
and from solvent washing melt annealed films. As both
systems are now equivalent, adsorbed layers in solution,
the same physics must apply. Longer annealing times in
the melt state slow the dynamics of this desorption pro-
cess, which we attribute to the chains near the substrate
interface having more polymer segment—surface contacts
per chain.

By leveraging the wealth of existing understanding
about polymer conformations in solution, we are able
to deduce distinctions in chain conformations between
the different kinds of adsorbed layers. For the well-
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understood system of solution grown adsorbed layers, the
theory of Scheutjens and Fleer can provide a reasonable
estimate of the length of loops, tails, and trains at differ-
ent solution concentrations c.*"*2 In contrast, the impact
of melt annealing on the conformations of chains near the
substrate interface is comparatively unknown. When no
solvent is present in the melt, there is no enthalpic driving
force for adsorption as the difference between one poly-
mer segment—surface contact and another are equivalent.
We propose that extended annealing in the melt state
causes a coarsening of the number of polymer segment—
surface contacts that favors chains with the most number
of existing polymer segment—surface contacts, increasing
the length of their trains and shrinking loops and tails.

A multilayer sample geometry was utilized to measure
the local glass transition temperature T,(z = 0) with
pyrene fluorescence of PS matrix chains intermixed with
the different types of adsorbed layers formed on silica
substrates. The total thickness of the multilayer film is
large enough to avoid competing interfacial perturbations
from the free surface, isolating the impact the adsorbed
chains can have. The PS/silica system we are working
with is athermal in that the bare silica substrate does
not impact the local T,(z = 0) of the pyrene-labeled PS
chains, even when annealed for 48 h at 170 °C, meaning
the observed Tg(z = 0) changes are entirely topologi-
cal in origin. In particular, we compare two different
groups of adsorbed layers. The first having relatively
thick adsorbed layers with residual adsorbed layer thick-
nesses hags &~ 4.5 nm, while the second with h,qs &~ 1 nm
are in the limit of low concentration ho(c — 0) after the
adsorbed layers have spent a long time in solution. In
each group, we compare the well-understood system of
solution grown adsorbed layers with the comparatively
unknown system of adsorbed layers obtained after sol-
vent washing films that were annealed in the melt state.
By varying the time scale t,,;x for intermixing the pyrene-
labeled PS matrix chains with the adsorbed layer, we are
able to discriminate between the impact loops, tails, and
trains can have on the local T, of matrix chains. At
short intermixing times of t,;x = 2 h, tails are able to
intermix with the pyrene-labeled PS chains, while longer
intermixing times, up to tmix = 48 h, would allow for
the threading of loops. In contrast, to our previous work
on end-grafted chains,3*3% we find that tails do not im-
part any local Ty increase. The only local T increase
we observe from adsorbed layers is a =30 K increase in
Ty(z = 0) above bulk T, for adsorbed layers formed by
30-min of solvent washing films that were melt annealed
at 150 °C for 23 h, which we attribute to the threading
of small tight loops.
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