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Abstract   The number of polymer chains irreversibly adsorbed onto a solid substrate decreases systematically in films thinner than roughly ten

macromolecular  radii  of  gyration,  an  effect  attributed  to  the  weakening  of  the  van  der  Waals  interaction  under  nanoconfinement.  Here,  we

demonstrate that this phenomenology has a precise spectral signature. Within our recently developed framework, the adsorption kinetics are de-

scribed as a superposition of thermally activated processes, and reducing the film thickness exclusively suppresses the weight of the loop-medi-

ated component of the rate spectrum, leaving the slowest and fastest accessible adsorption rates invariant. The apparent growth rate in the loga-

rithmic regime decreased in proportion to the adsorbed amount and, through the effective Hamaker constant, to the film geometry. Therefore,

the rate spectrum is a topological property of the polymer melt, while the amount adsorbed through each pathway is set by the depth of the in-

terfacial  potential.  Temperature and film geometry act as orthogonal control  parameters,  tuning the kinetics and adsorbed amount indepen-

dently, which provides a microscopic basis for the rational design of adsorbed polymer layers.
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INTRODUCTION

Polymer  adsorption  at  solid  interfaces  controls  phenomena  of
technological  relevance,[1] such  as  adhesion,[2] wettability,[3,4]

viscosity,[5] molecular  mobility,[4,6−10] crystallization,[11−15] and
the long-term mechanical stability of thin-film devices and coat-
ings.[16,17] The chains of polymer melts deposited onto solid sub-
strates adsorb irreversibly on timescales ranging from hours to
years, forming a dense interfacial layer whose thickness hads in-
creases with annealing time until saturation at a value h∞.[18−21]

The  kinetics  exhibit  a  characteristic  two-stage  behavior:  an  ini-
tial  regime  of  linear  growth,  governed  by  direct  monomer  at-
tachment  at  the  surface  up  to  a  crossover  thickness hcross,  fol-
lowed by a pronounced slowdown[22,23] as available adsorption
sites become scarce and newly arriving chains must bridge free
sites via loops  of  progressively  increasing  size;[18,19,21,24−27] see
the sketch in Fig. 1.

Over  a  broad  intermediate  time  window,  this  slowdown
manifests  as  an  approximately  logarithmic  increase  in hads.
Logarithmic relaxation has been explained using different ap-
proaches,  including  the  early  time  asymptotics  of  a  single
nonlinear relaxation equation[28] and a uniform distribution of
activation energies.[29] Following the latter path and inspired

by  a  pink-noise  formalism  previously  established  for  aging
phenomena,[30,31] we  recently  established  a  unified  spectral
interpretation  of  the  logarithmic  growth  of  adsorbed  poly-
mer layers.[32] Pink noise has a power spectral density propor-
tional to 1/f, where f is the frequency of the observed fluctua-
tions. In our case, each molecular adsorption event occurs at
its  own  characteristic  rate λ,  and  a  single  event  mainly  con-
tributes  to  noise  near  the  frequency  matching  its  rate.  Be-
cause the rates λ across all molecules are spread broadly (log-
uniformly, meaning roughly equal numbers of events at each
order  of  magnitude  of λ),  their  combined  contributions  pro-
duce a total spectrum that falls off as 1/f. We proved that the
full  kinetics  of  adsorption  emerge  from  a  superposition  of
thermally  activated  processes  sharing  a  common  activation
barrier but spanning a log-uniform distribution of prefactors,
with  two  distinct  spectral  components  corresponding  to  di-
rect monomer attachment and loop-mediated adsorption, re-
spectively.[32]

A  central  question  in  this  context  is  what  sets  the  rate  at
which  the  kinetics  proceeds,  which  can  be  experimentally
linked  to v =  dhads/dt,  evaluated  for hads < hcross,  setting  the
adsorption  rate  in  the  linear  regime.  A  recent  study[33]

showed  that v can  be  quantitatively  predicted  from  bulk
molecular dynamics alone, without any knowledge of interfa-
cial chemistry. In the case of polymer layers grown on silicon
oxide,  the  key  molecular  mechanism  is  the  slow  Arrhenius
process  (SAP),  a  localized  relaxation  mode  observed  in  both
polymers  and  small  molecules,[34−36] the  thermal  barrier  of
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which  matches  that  of  adsorption  across  a  broad  range  of
chemically  distinct  systems.  Within  this  framework,  the  sur-
face  only  acts  as  a  geometrical  factor.  Experiments  verified
that the number of chains present near the interface per unit
area  scales  as ρN–1/2,[37,38] and each SAP relaxation event  ad-
sorbs  a  constant,  chemistry-independent  number  of  them,
yielding v = ΥρN1/2fSAP(T),  where N is  the degree of polymer-
ization, ρ is  the  bulk  density,  Υ is  a  universal  constant,  and
fSAP is the SAP relaxation frequency,[19,33,37] which can be pre-
dicted  from  a  simple  thermodynamic  characterization  of
polymer  melts.[39,40] Crucially,  this  model  exclusively  de-
scribes  the  non-equilibrium,  short-time  growth  of  the  ad-
sorbed layer. At long times, the kinetics eventually saturate at
h∞,  the value of  which is  determined by the depth of  the in-
terfacial potential,[21,41] a parameter that the model is not de-
signed to predict.

However, testing the effect of interfacial interactions on ad-
sorption  is  nontrivial.  The  most  direct  approaches,  compar-
ing the same polymer on chemically distinct substrates or the
same  substrate  with  different  polymers,  are  both  complicat-
ed  by  uncontrolled  variables.  In  the  former  case,  the  sub-
strate roughness varies across materials and is known to influ-
ence  the  adsorption  independently  of  the  interfacial  poten-
tial.[19,42−45] In  the  latter,  the  total  polymer-substrate  interac-
tion decomposes into dispersive and polar  components that
vary simultaneously across pairs,  making it  difficult to isolate
the role of the interaction strength from that of the chemical
specificity.[45,46] A  more  controlled  strategy  is  to  vary  the  ef-
fective interfacial interaction while keeping both the polymer
and the substrate fixed. This condition can be achieved by ex-
ploiting the geometry of the polymer coating. In a thin poly-
mer layer deposited on a solid substrate,  the long-range van
der  Waals  interaction  between  the  polymer  and  substrate  is

screened by the proximity of the polymer-air interface, and its
strength therefore depends on the film thickness L. Changing
L modifies  the  interfacial  potential  in  a  quantifiable  way
through  the  effective  Hamaker  constant Aeff,  without  intro-
ducing  any  chemical  change  to  the  system;  more  negative
values  of Aeff yield  a  larger  adsorbed  amount.  When L is  re-
duced below approximately 7Rg–10Rg, h∞ drops substantially
below its bulk value[46,47] reflecting the reduction in the abso-
lute  value  of Aeff as  the  two  interfaces  approach  each  other.
Bilayer experiments, in which Aeff is tuned by a capping layer
without altering L, confirm that h∞ depends on Aeff alone, and
not on the specific film geometry.[46] Strikingly, v and hcross are
unaffected by L,  which is  consistent with the physical  frame-
work described by Thoms et al.[33] where the adsorption rate
is insensitive to interfacial interactions. The selective action of
interfacial  interactions  on h∞ alone,  leaving v and  the  entire
kinetic  pathway  unchanged,[46] points  to  a  clean  separation
between  the  thermodynamic  and  dynamical  aspects  of  ad-
sorption, whose spectral content has not been characterized.

Here,  we analyze the adsorption kinetics of  polymer melts
at  fixed  temperatures  for  films  of  varying  thickness  and  find
that one-dimensional confinement leaves the full hierarchy of
adsorption  rates  unchanged,  while  uniformly  reducing  the
amount  of  material  deposited  through  each  loop-mediated
pathway. Within the spectral framework, this reduction mani-
fests as a suppression of the spectral weight of the loop-me-
diated component, with the logarithmic slope of the kinetics
scaling linearly with the effective Hamaker constant, whereas
the  slowest  and  fastest  adsorption  rates  remain  invariant.
Therefore,  the  range  of  loop  sizes  accessible  to  the  chain  at
the interface is  governed by chain connectivity and entropic
constraints  alone,  independent  of  the  strength  of  the  poly-
mer-substrate interaction.  Our results  establish that the hier-
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Fig. 1    Spectral origin of confinement effects on polymer adsorption kinetics. (a) Schematic representation of the evolution of chain conformations
during adsorption. At short times, chains adsorb predominantly through direct monomer attachment, forming flat train-rich structures (channel 1).
As adsorption proceeds and available surface sites become scarce, the interfacial layer grows through the incorporation of loops of progressively
increasing size (channel 2). (b) Schematic of the sample geometry, with a film of thickness L and an adsorbed layer of thickness hads. (c) Sketch of the
adsorption kinetics as a function of the temperature of the experiment. Increasing temperature accelerates the kinetics and shifts tcross to shorter
times, while leaving hcross and h∞ basically unchanged. (d) Sketch of the adsorption kinetics as a function of the whole film thickness, L. Reducing L
leaves the early-stage kinetics and hcross invariant, while suppressing the saturation adsorbed amount h∞.
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archy of adsorption timescales is a topological property of the
chain,  whereas  the  amount  of  material  deposited  at  each
timescale  is  set  by  the  depth  of  the  interfacial  potential.  Be-
cause  these  two  aspects  respond  to  independent  physical
controls,  the  equilibrium  adsorbed  amount  can  be  tuned
through  the  sample  geometry  without  modifying  the  kinet-
ics themselves; conversely, the kinetics can be accelerated by
temperature without affecting the final adsorbed amount.

SPECTRAL DESCRIPTION OF ADSORPTION
KINETICS

In this section, we summarize the spectral framework for the ad-
sorption of polymer melts introduced by Di Leva et al.[32] The ad-
sorbed  amount Γ(t),  which  provides  the  number  of  chains  ad-
sorbed  per  unit  surface,  is  written  as  a  superposition  of  inde-
pendent adsorption channels,  each characterized by a spectral
density P(i)(λ):

Γ (t) = ∑
i
∫ [1 − e−λt] P(i) (λ)dλ (1)

where  index i labels  distinct  adsorption  regimes  with  different
spectral  structures  and λ is  the  rate  associated  with  each  ele-
mentary  process.  The  adsorbed  amount  is  experimentally
tracked through the thickness of the adsorbed layer hads, which
is  proportional  to Γ,  and  is  measured  (e.g., via ellipsometry  or
atomic  force  microscopy)  after  the  removal  of  non-adsorbed
chains.[18,37] For  polymer  melts,  we  identify  two  sequential  ad-
sorption channels. Channel (1) governs the early stage, in which
the  direct  monomer  attachment  builds  the  adsorbed  layer  lin-
early  from h0 (≈ 0  nm)  at  short  times  to  hcross at  the  crossover
time tcross.  Beyond tcross,  channel  (2)  takes  over,  as  adsorption
proceeds  through  the  progressive  incorporation  of  loops  into
the  interfacial  layer,  giving  rise  to  characteristic  logarithmic
growth.  In  this  late-time  regime,  the  available  surface  sites
where adsorption is  possible  are  scarce and the growth of  the
interfacial  polymer  layer  is  mediated  by  loops  of  progressively
increasing  size.[24−26] Although  the  transition  between  the  two
regimes  is  physically  smooth,  we  adopt  a  minimal  description
and  model  it  as  abrupt  on  a  logarithmic  timescale  through  a
sum of Heaviside step functions H, defined as H(x) = 0 for x < 0
and H(x)  =  1  for x ≥ 0.  Based  on  these  hypotheses,  Eq.  (1)  ex-
pands into an explicit form:

Γ (t) = Γ1 (min (t, tcross)) + H (t − tcross) Γ2 (t − tcross) (2)

Switching to hads as the observable leads to two sequential
spectral components,[32]

P(1) (λ) = hcross − h0

λ(1)max − λmax

H (λ(1)max − λ) H (λ − λmax) (3)

P(2) (λ) = h∞ − hcross

ln (λmax/λmin) 1
λ
H (λmax − λ) H (λ − λmin) (4)

λ(1)max

λ(1)max

λ−1
max

λ−1
min

where P(1) is a flat distribution over the interval [λmax, ] and
P(2) follows a 1/λ law over [λmin, λmax]. Equivalently, in channel (2),
each logarithmic interval of adsorption rates contributes equal-
ly  to  the overall  adsorption kinetics  over  [λmin, λmax],  as λ–1dλ =
dlnλ. Here, ( )–1 is the shortest timescale at which a measur-

able increase in adsorbed amount can be detected,  marks
the crossover time via λmaxtcross ~ 1 and is shared as the bound-
ary  between  the  two  spectral  components,  and  sets  the

time beyond which all accessible modes have relaxed, at which
hads reaches its maximum value h∞.  Note that λmin is not identi-
fied with a specific polymer relaxation rate (e.g., Rouse, Zimm, or
reptation  rate).  Instead,  it  is  defined  as  the  slowest  adsorption
rate  in  the  adsorption  spectrum,  corresponding  to  the  largest
loop  conformations  that  remain  statistically  accessible  before
the  adsorbed  layer  reaches  saturation.  The  logarithmic  width
ln(λmax/λmin)  encodes  the  range  of  accessible  loop  conforma-
tions and is  determined by chain topology alone. The distribu-
tion of  the form P(λ)  ~  1/λ,  characteristic  of  pink-noise  spectra,
naturally  leads  to  logarithmic  time  dependencies  in  a  wide
range  of  disordered  and  out-of-equilibrium  systems.[30,48−51]

Substituting P(1) into  Eq.  (1)  and expanding the  kernel  at  short
times yields linear kinetics,

hads (t) ≃ h0 + vt (5)

with a constant rate v,[18] which is consistent with the early time
regime  in  which  surface  coverage  is  low  and  adsorption  pro-
ceeds through direct monomer attachment. Substituting P(2) in-
to Eq. (1) gives

hads (t) = hcross + (h∞ − hcross) ∫ λmax

λmin

(1 − e−λ(t−tcross)) dλ
λ

ln (λmax/λmin) (6)

≪ ≪In  the  intermediate  window λ–1
max  t – tcross  λ–1

min,
where the fastest  modes have already relaxed and the slow-
est  remains  effectively  frozen,  Eq.  (6)  reduces  to  logarithmic
growth:

hads (t) ≈ hcross + C ln [(t − tcross) /t0] (7)

where t0 =  1  s  ensures  dimensional  consistency,  and C =  (h∞ –
hcross)/ln(λmax/λmin) measures the total spectral weight of P(2) nor-
malized  by  the  logarithmic  width  of  the  rate  distribution.  We
stress that the choice of t0 is  a  simple and convenient conven-
tion that does not affect the logarithmic slope C.  The value ex-
tracted experimentally from the logarithmic slope of the kinet-
ics is the lower bound of its asymptotic value. When λmax/λmin is
not  sufficiently  large,  the  two  spectral  edges  overlap  in  time,
and the observable slope falls below C,  although this deviation
can be quantified analytically.[32] Both spectral cutoffs can be ex-
tracted directly from the experimentally accessible quantities v,
hcross, h∞, and C without fitting the full kinetic expression: [32]

λmax ≈ v/hcross, λmin ≈ (v/hcross) exp (−h∞ − hcross

C
) (8)

and these relations form the basis of the analysis presented be-
low.

THICKNESS DEPENDENCE AND SPECTRAL
PREDICTION

Experiments on films of polystyrene, poly(methyl methacrylate),
poly(4-tert-butylstyrene),  and  poly(4-methylstyrene)  deposited
on silicon oxide have shown that the adsorption kinetics are in-
dependent  of L up  to  the  crossover  time tcross,  with  the  linear
growth rate v and the crossover thickness hcross taking the same
values regardless of the amount of material available above the
substrate.[19,46] However, beyond tcross, the kinetics depend on L
(see Fig.  1).  The  approach  to  saturation  slows  down  progres-
sively as L decreases, and the equilibrium value h∞ is systemati-
cally reduced in thinner films.[46] The reduction in h∞ was ratio-
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nalized by noting that nanoconfinement modifies the depth of
the  interfacial  potential  through Aeff but  leaves  the  molecular
mobility  unaffected.[46] Within  the  framework  developed  by
Thoms et al.,[33] the insensitivity of v to L is  expected on micro-
scopic grounds. Because v(T) ~ fSAP(T) and the SAP relaxation fre-
quency  is  a  bulk  quantity  that  is  not  appreciably  affected  by
confinement,[52,53] the  adsorption  rate  is  fully  determined  by
bulk dynamics and does not depend on the film geometry.

In  spectral  terms,  the L-independence  of v and hcross im-
plies  that via Eq.  (8),  a  thickness-independent λmax ≈ v/hcross,
such that P(1)(λ)  is identical for all  film thicknesses and λmax is
geometry-invariant,  in  direct  correspondence  with  the  ob-
served  superposition  of  the  linear  growth  regimes.  The  cen-
tral  question is  how the reduction in h∞ with  decreasing L is
distributed  between  a  change  in  spectral  weight  and  a
change in spectral support, that is, whether λmin is affected by
confinement.

Several  physically  distinct  scenarios  are  envisaged.  First,
confinement could introduce a geometrical cutoff for the ac-
cessible loop sizes. In a film of finite thickness, one might ex-
pect  that  loops cannot grow beyond a characteristic  size set
by the available material; therefore, the slowest accessible ad-
sorption  mode  is  limited  by  geometry  rather  than  by  chain
statistics  alone.  In  this  case,  the  largest  loops  become  geo-
metrically inaccessible, the slowest modes disappear from the
spectrum, λmin increases  toward  faster  values,  and
ln(λmax/λmin)  decreases  with L.  The  logarithmic  slope C then
decreases faster than h∞ – hcross, with the ratio (h∞ – hcross)/C =
ln(λmax/λmin)  shrinking as L is  reduced. Second, a more subtle
possibility arises if loop formation carries not only an entrop-
ic  but  also  an  energetic  cost.  If  the  probability  of  forming  a
loop of a given size is modulated by the depth of the interfa-
cial  potential,  then  the  reduction  in Aeff under  confinement
would  reshape  the  rate  spectrum  in  a  nontrivial  manner.  In
particular, if longer loops are disproportionately penalized by
weaker  interactions, λmin increases,  and  the  spectral  width
narrows  as L decreases,  which  is  qualitatively  similar  to  the
geometrical scenario.

Both scenarios predict that the spectral support [λmin, λmax]
is L-dependent and that C and h∞ – hcross are not simply pro-
portional,  providing a  clear  experimental  signature to distin-
guish them from the simpler case, in which confinement acts
only  on  the  spectral  weight  while  leaving  the  rate  hierarchy
intact.  To discriminate between these possibilities,  we exam-
ined whether the ratio (h∞–hcross)/C and the extracted value of
λmin remained constant across the film thicknesses. If loop-for-
mation statistics are governed by chain topology alone, inde-
pendent of the strength of the polymer-substrate interaction,
then the spectral width and λmin should be L-invariant, with all
thickness  dependence  absorbed  into  the  amplitude h∞ –
hcross. If confinement reshapes the accessible rate distribution,
either  through  a  geometrical  cutoff  of  loop  sizes  or  through
an  energetic  modulation  of  the  loop  formation  probability,
deviations from this proportionality will appear.

Under  the  hypothesis  that  ln(λmax/λmin)  is L-independent,
C(L) ∝ h∞(L) – hcross, with λmin remaining invariant. This predic-
tion can be tested by examining the normalized kinetics h̃(t)
≡ (hads(t) - hcross)/(h∞ – hcross). From Eq. (6), h̃ depends on L on-
ly through the spectral support [λmin, λmax]; if that support is L-

invariant,  all  kinetic  curves  collapse  onto  a  single  master
curve in h̃, regardless of film thickness. We stress that equiva-
lently, the collapse can be verified without knowledge of h∞. If
the spectral support is L-invariant, the kinetic curves at differ-
ent  thicknesses  differ  only  by  the  multiplicative  amplitude.
This condition implies that for any two thicknesses Li and Lj a
time-independent scalar aij = (h∞(Li) – hcross)/(h∞(Lj) – hcross) ex-
ists, such that aijhads(t;Li) – hads(t;Lj) = 0 for all t in the logarith-
mic  regime,  which  can  be  checked  directly  on  the  raw  data
without prior knowledge of h∞.  If these conditions were veri-
fied, nanoconfinement would then act as a uniform rescaling
of the spectral weight of P(2). The 1/λ shape and support [λmin,
λmax]  are  preserved,  whereas  the  prefactor  (h∞-hcross)/
ln(λmax/λmin) decreases with L. Because the work of Simavilla et
al.[46] establishes a linear relationship between the saturation
value of  the adsorbed layer  thickness  and the Hamaker  con-
stant, and hcross is L-independent, this directly implies C(L)  ∝
|Aeff(L)|,  linking  the  logarithmic  slope  of  the  kinetics  to  the
depth of the interfacial potential.

To assess the validity of these predictions, we analyzed the
adsorption  kinetics  of  polystyrene  (Mw=1000  kg·mol–1)  on
SiO2 at T=433  K  for  spin-coated  thicknesses L=130,  235,  and
325 nm (data from Ref. [46]). First, we tested whether the da-
ta  rescale  as  predicted.  At  short  timescales,  exploiting  the
thickness-independent overlap of the early-stage kinetics, we
performed a global fit and obtained v=(5.4±0.8)×10–4 nm·s–1,
consistent with the values extracted from individual datasets;
v325=(5.3±0.8), v235=(5.6±0.7), v130=(5.3±0.5),  all  values  ex-
pressed  in  10–4 nm·s–1.  At  longer  timescales,  in  agreement
with Simavilla et al.,  we identified a common crossover point
(tcross, hcross) beyond which the kinetics became thickness-de-
pendent, confirming that λmax ≈ t–1

cross is confinement-invari-
ant. We then verified whether the post-crossover kinetics col-
lapses  onto  a  master  curve  by  plotting  the  data  in  terms  of
the normalized thickness h̃(t),  defined above,  going from ze-
ro  at hcross to  unity  at h∞ (see Fig.  2).  The  observed  collapse
confirms the confinement invariance of λmin and λmax, and we
determined their values by fitting the normalized data to

h̃ (t) = ∫ λmax

λmin

(1 − e−λ(t−tcross)) dλ
λ

ln (λmax/λmin) (9)

where λmin and λmax are free parameters. The results are shown
in Fig.  3 together  with  the  spectral  representation  of  the  ad-
sorption kinetics in the lower panels. Consistent results were ob-
tained for the other polymer systems.

DISCUSSION

The invariance of λmin and λmax across all  three film thicknesses
rules out the aforementioned alternative scenarios. A geometri-
cal  cutoff  on  accessible  loop  sizes  causes λmin to  increase  sys-
tematically  as L decreases,  shrinking  the  ratio  (h∞ - hcross)/C =
ln(λmax/λmin).  A  size-dependent  modulation  of  the  loop  forma-
tion rate  by  the interfacial  potential  would instead deform the
spectral shape away from 1/λ and again shift λmin with L. Neither
effect was observed.  Confinement acts exclusively on the pref-
actor C,  rescaling  the  spectral  weight  of P(2) uniformly  without
altering the rate hierarchy (see inset of Fig. 3).
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The physical origin of this separation lies in the decoupling
between the conformational statistics of the loops and inter-
facial potential. The 1/λ spectrum encodes the conformation-
al  landscape  accessible  to  the  chain,  with  each  decade  of
timescale λ–1 corresponding to a family of loops, whose rela-
tive abundance is set by chain connectivity alone. The interfa-
cial potential controls the overall adsorption yield without re-
shaping  the  landscape.  Therefore,  reducing  |Aeff(L)|  under
confinement suppresses all adsorption pathways by the same
factor, leaving the spectral bounds [λmin, λmax] as properties of
the chain rather than of the substrate.

The  orthogonality  between  the  temperature  and  geome-
try  as  control  parameters  has  direct  practical  consequences.
Properties such as the glass transition temperature,[54−57] crys-
tallization  rate,[58−60] molecular  mobility,[6−8] and  viscosity  of
thin  polymer  coatings[5] are  governed  by hads,  which  can  be
tuned through the sample geometry without altering the ad-
sorption timescales. Conversely, the time required to reach h∞
can  be  accelerated  by  temperature  without  affecting  the  fi-
nal adsorbed amount. The spectral framework quantifies this
independence. More generally, any experimental handle that
modifies Aeff without  perturbing  the  chain  topology  (sub-
strate  dielectric  environment,  capping  layer  composition,

polymer-substrate  chemical  affinity  within  the  same  van  der
Waals class, etc.) would shift C while leaving [λmin, λmax] invari-
ant.  Modifications that alter the entropic or enthalpic cost of
loop formation, such as changes in chain stiffness or molecu-
lar  weight,  are  expected  to  shift λmin and λmax while  leaving
the proportionality C ∝ |Aeff|  intact.  Regardless of the extent
of confinement, a separate consideration applies to the pres-
ence of solvent molecules, which screen excluded-volume in-
teractions  and  thus  change  the  scaling  exponent  governing
loop statistics. Such screening breaks the logarithmic kinetics
in  dilute  solutions,  whereas  concentrated  solutions,  where
near-ideal statistics are restored, are expected to be retained.
Future  work  should  test  this  crossover  experimentally,  al-
though  we  anticipate  that  experimental  uncertainties  may
obscure  the  sharp  boundary  between  the  two  limiting
regimes.

CONCLUSIONS

We showed that  nanoconfinement modifies  the adsorption ki-
netics of polymer melts exclusively through the spectral weight
of  the  loop-mediated  component,  leaving  the  rate  spectrum
support  invariant.  At  longer  times,  the  apparent  growth  rate
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Fig.  2    Normalized  adsorption  kinetics h̃(t)  for  four  polymers  deposited  on  silicon  oxide:  polystyrene  (PS),  poly(4-tert-butylstyrene)  (PtBS),
poly(methyl  methacrylate)  (PMMA),  and  poly(4-methylstyrene)  (P4MS),  measured  at  different  film  thicknesses L (indicated  in  the  legend  of  each
panel). The time axis is shifted by tcross to align the onset of the loop-mediated regime. Data collected at different L collapse onto a single master
curve in each panel, confirming that the spectral support [λmin, λmax] is L-invariant. The dashed line is the fit to Eq. (9), with λmin and λmax as the only
free parameters (data from Ref. [46]).
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scales  linearly  with  the  effective  Hamaker  constant,  which  de-
pends  on  the  sample  geometry,  whereas  the  spectral  bounds
λmin and λmax are not affected by nanoconfinement. The hierar-
chy of adsorption timescales is, therefore, a topological proper-
ty  of  the  chain,  whereas  the  amount  of  material  deposited  at
each timescale depends on thermodynamics.  The temperature
and film geometry act as orthogonal control  parameters,  inde-
pendently tuning the kinetics and adsorbed amount. More gen-
erally, in systems where the rate spectrum is generated by chain
statistics,  the  strength  of  the  driving  interaction  governs  only
the amplitude of that spectrum and not its structure.
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