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Abstract

Zhang and Yu (Zhang, W.; Yu, L. Surface Diffusion of Polymer Glasses, Macromolecules
2016, 49, 731-735.) reported the first measurement of surface diffusivity for low molecular
weight polystyrene (PS) glasses. They found the enhancement of polymer surface diffusivity
is much less compared to small molecule glasses, and correctly identified the penetration of
polymer chains into the interior and a steep mobility gradient away from the surface are
important factors for the cause. In this Note we point out yet another factor entering the
consideration of surface diffusion of PS. Unlike small molecular glass-formers, PS diffusion
is carried out by the polymer chain mode, which has dynamics very different from the
structural a-relaxation as evidenced by the breakdown of thermorheological simplicity in bulk
PS. Enhancement of surface diffusion of PS chain mode becomes a new problem, which has
to be considered in conjunction with the penetration of polymer chains into the interior for a
full explanation of the experimental data. Attempt is made to address this problem in part by

use of the Coupling Model.

Measurements of the surface self-diffusion coefficients of glass-forming small molecules,

indomethacin (IMC)*, nifedipine (NIF)? and o-terphenyl (OTP)* by Yu and coworkers using



the method of surface grating decay have found exceedingly large enhancement of molecular
mobility at the surface. The decay of surface grating in all three molecules occurs by viscous
flow at high temperatures, but by surface diffusion at lower temperatures starting at about ten
degrees above Ty Surface diffusion coefficient Ds is 10° and 10° times larger than bulk
diffusion coefficient Dy at Ty in IMC and OTP respectively, and even larger at lower
temperatures in the glassy state. Such spectacular findings have attracted quantitative
explanations by the Random First Order Transition (RFOT) theory*, and the Coupling Model
(CM)?, both are based on the reduction of the structural o-relaxation time at the surface from
that of the bulk material. These two attempts*® consider the diffusion of IMC and OTP
observed by the surface grating decay technique’* are all at the surface with a single surface
diffusion constant, and possible spatial mobility gradient of the a-relaxation and diffusion is
ignored. There is also the Elastically Collective Nonlinear Langevin Equation (ECNLE)
theory for the a-relaxation of free-standing polymer films with a spatial mobility gradient and
friction of the a-relaxation averaged within some depth beneath the free surface to account for
the penetration of a chain into the bulk.>” The results are in accord with the available
experimental data. Parenthetically, the dependence of the mobility of the a-relaxation on
distance from the free surface of polymer thin films also was considered by the CM and
accounted for by depth dependent coupling parameter.?

In a recently published paper®, Zhang and Yu (ZY) reported the first measurement of
surface diffusivity for low molecular weight polystyrene (PS) glasses. The results at T show a
5 orders of magnitude enhancement of diffusion at the free surface, much weaker than that for

small-molecule glasses, especially OTP. The difference is convincingly attributed by ZY to a



steep mobility gradient away from the surface and deeper penetration of polymer chains into
the interior compared to small-molecule glasses.

In this Note we point out another factor entering the consideration of diffusion of low
molecular weight PS at the free surface not present in the case of small-molecular glass-
formers. For the PS with low molecular weights of 1.1 and 1.7 kg/mol studied by ZY?, chain
diffusion is carried out by the chain diffusion mode, which in the bulk has dynamics very
different from the structural a-relaxation. The difference is evidenced by the breakdown of
thermorheological simplicity, manifested by the viscosity 7, chain relaxation time z, and
chain diffusion coefficient D, all having different temperature dependence than that of the
structural o-relaxation time z,.*°™ For low molecular weight (MW) PS such as those studied
by ZY, the large decrease of the plateau or steady state compliance, Js, with decreasing
temperature towards T is another manifestation of thermorheological complexity. %1%,

Clearly the enhancement of diffusion observed at the free surface of the low MW PS
by surface grating decay originated from the PS chain mode and not the structural o-
relaxation. Since the dynamics of PS chain mode are so different from the structural o-
relaxation, the existing explanations*”’ of enhanced surface mobility for small molecule
glasses all based on z, no longer apply. A new approach based on the chain diffusion mode
of the low MW PS, but not the structural a-relaxation, is needed to fully understand the size
of the enhancement of its surface diffusion. In addition, the effect of the chain mobility
gradient and the penetration of polymer chains into the interior has to be included as
emphasized by ZY®. The enhancement of PS chain surface diffusion coefficient measured by
surface grating decay method becomes a novel and interesting problem. Thus the study by

ZY° of PS brings into the field another new perspective. This one is the intriguing connection



of the polymer surface diffusion data to chain dynamics and thermorheological complexity in
viscoelasticity of bulk polymers.

In substantiating the points made above, we collected the data of the viscosity, 7,2 the
recoverable compliance, J;, and the o-relaxation time, z,, of PS with MW=2 kg/mol (PS2K) *°

and plotted them against reciprocal temperature in Fig.1.
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Figure 1. Arrhenius plot of various quantities of PS2k. Local segmental relaxation times™ z,
(blue squares), zero-shear rate viscosities 7 (green diamonds)®, the shift factors (arp) for the
translational relaxation times 7 obtained from the D,y in ref. 20 (x), and the chain relaxation
times (z) calculated by the product 7Js (red filled circles)™. Left Y-axis is for the logarithm
of the viscosity data, right Y-axis is for logarithm of relaxation times and shift factors. The
two scales span over similar amount of decades and have been chosen to superpose 7 with z
at the highest temperatures (not shown). The two solid lines are the VFTH fits to z, and the
shifted log#. The dashed line on top of arp and z has T-dependence calculated from that of z,

according to eq.(2). The inset shows the T-dependence of the steady-state recoverable

compliance Js of PS2k *° and PS1.1k.*°

The decrease of Js on lowering temperature towards Tg is a general property of low MW PS,
as shown for PS2K and PS with MW=1.1 kg/mol in the inset, and other polymers elsewhere
10111619 From these data of shear creep compliance, the chain shear relaxation time z is
calculated by the product, nJs. Also included in Figure 1 are the shift factors arp for the
translational relaxation time, 7p, obtained from the bulk self-diffusion coefficients of PS2K. %
The shift factors arp were chosen so that they overlap with the =z in Figure 1. The overlap
makes evident that the two chain relaxation times z and 7o have identical temperature
dependence, but it is significantly weaker than that of z,. Thus the dynamics of chain modes
are distinctly different from the structural a-relaxation, and any explanation of enhanced

diffusion of low MW PS at the free surface must address the polymer chain diffusion mode,
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the size of the enhancement of its mobility at the surface, and its mobility gradient. The
polymer chain mobility gradient is important for consideration of the effect due to the
penetration of PS chains into the interior as pointed out before by ZY®.

The weaker T-dependence of . and 7zp than 7z, of low MW PS is part of the
comprehensive breakdowns of thermorheological complexity discovered by Plazek in the

10-12

glass-rubber transition zone as well as its relation to the terminal zone if the polymer is

entangled.?*??

The thermorheological complexities cannot be explained by conventional
viscoelasticity theory, which has the same friction coefficient Co(T) for the a-relaxation and
all the chain modes, and consequently the same temperature dependence of their shift factors
to predict instead thermorheological simplicity. The Coupling Model (CM) is
different'**>!"1%% Dye to interaction, any cooperative relaxation and diffusion are slowed
down to some degree determined by the size of its coupling parameter.?* For the a-relaxation
the slowing down is given in the CM by the stretched exponential function, ¢(t) =
exp[(t/t,)t "], where n, is the coupling parameter of the a-relaxation. The CM merely
predicts the cooperative a-relaxation function has the stretched exponential time dependence,
but not the values of n, and z, for any polymer or glass-former in general. Notwithstanding,
the values of these parameters at any temperature were obtained by comparison with the
stretched exponential function directly obtained by experiments such as photon correlation
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spectroscopy (PCS) , or by fitting the time dependence of creep compliance J(t).*® The

PCS experimental value of n, at temperatures above T, are 0.65 and 0.50 for high® and low®
MW PS respectively. Another PCS study of poly(methylphenylsiloxane)™® gave the value of
n,=0.56. The Rouse chain modes within the glass-rubber transition zone are entropic and non-

22,27

cooperative , and hence their coupling parameter, ng, has value zero. From the key result



of the CM, it  follows  that  7,(T) X arq « [{o(T)]Y/E") and
TR(T) & ar g & [{o(T)]V/O~R), 14181923 \where ar, and arg are respectively the shift factors.
With the values of n,=0.64 larger than ng=0, which are independently obtained and not
empirical adjustable parameters, these relations readily explain the weaker T-dependence of
ar rthan az, and thermorheological complexity of the glass-rubber transition zone®*+1324:22
The shear compliance of the glass-rubber transition zone in high MW PS rises from
the glassy compliance J4=0.93 x 107°Pa™! up to the entanglement plateau compliance
Js=Jplateau = 107 Pat. Williams®" had shown that the Rouse modes can only account for
compliance J(t) larger than 1.3x10”" Pa', while the a-relaxation contributes to the
compliances in the range from J;=0.93 x 10~°Pa~" and up t0 J,, ~ 4 x 10~°Pa~'. ' The
missing compliance from J,, ~ 4 x 1072 Pa~! to Jro=1.3x10" Pa* has to be filled by
contributions from another viscoelastic mechanism. It was found by experiments in high MW

1314 ' ps?30 and other polymers®, and it has been referred to as the sub-

polyisobutylene
Rouse modes. Thus the contribution Jsx(t) of the sub-Rouse modes to J(t) in the glass-rubber
transition zone of PS falls within the range,
4x107%Pa~! < Jp(t) < 1077Pa™?, (1)
The inset of Fig.1 shows the plateau compliance Js(T) of PS2K ** and PS with
MW=1.1 kg/mol *® measured at temperature above and down to the respective Ty of the two
samples. | can be seen from the inset that Js(T) lies within the range of J(t) stipulated in
eq.1. Therefore, for the PS samples studied by ZY® with molecular weights ranging from 1.1
to 3.0 kg/mol, the PS chain modes responsible for surface grating decay by diffusion are the

sub-Rouse modes. The good agreement in T-dependence of 7=z and arp shown in Fig.1 is

equivalent to the shift factor ar = ar sz Of 7.=1sr have the same T-dependence as arp, and hence



the coupling parameter ns of the sub-Rouse modes is the same as that of self-diffusion, np.
The temperature dependence of ars and arp is given via the CM by arp = ar g %
[(,(T)]Y/A=nsR) = [, (T)]Y/A-mp), 14181922 Comparing this expression for arp with that of

ar . given before, we have the relation,

1-ng
logarpy = [

—Jlogar,q. 2)
Evaluating the right-hand-side of eq.2 with the ratio (1-n,)/(1-np) put equal to 0.81, the result
represented by the dashed magenta line in Fig.1 captures well the T-dependence of loga;p, =
logar sg. Together with the value of n, of low MW PS estimated to be about 0.5 %% this result
give an estimate of np=ns, Which is approximately 0.38. Such a smaller value of np=nss for
the PS chain diffusion mode compared with n,=0.50 for the structural a-relaxation of OTP?
and 0.41 for IMC® means the enhancement of diffusion at the surface of PS is smaller than in
the cases of IMC and OTP according to the CM (see eq.3 and the discussion immediately
following it in ref.5). However the PS chains penetrate deeper into the interior as pointed out
by others®® and by ZY®. Larger the distance from the surface, smaller is the effect of the free
surface in the reduction of np, and lesser is the corresponding enhancement of mobility of PS
chains and the increase of chain diffusion constant. The effective surface diffusion constant
D.s of PS chains measured by surface grating decay is determined by the average of the
reductions of np over the distance of penetration of the PS chains into the interior from the
surface. After averaging, the enhancement of surface diffusion mobility of PS is further
reduced from that obtained at the surface. The effects combined explain why the increase of
surface diffusivity of PS measured by surface grating decay is much less than that of OTP and
even less than IMC, although the coupling parameter n,, of the structural a-relaxation of bulk
PS is about the same as OTP, and even larger than IMC.
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In summary, we point out the obvious fact that surface diffusion of polystyrene (PS) is
carried out by the polymer chain diffusion mode and not by the structural a-relaxation. Based
on the modification the structural a-relaxation of small-molecule glass-formers at the free
surface, extant theoretical explanations*® of enhancement of surface diffusion are no longer
applicable to account for the enhancement of surface diffusion of PS observed by ZY® in
surface grating decay experiment. Solution of the new problem requires understanding of the
change of polymer chain diffusion mode due to the presence of the free surface, which is
different from the corresponding change of the structural o-relaxation because of
thermorheological complexity of polystyrene. In addition, the PS chain mobility gradient
away from the surface together with the deeper penetration of polymer chains into the interior
has to be considered, in accord with the suggestion of ZY®. Applied to surface polymer chain
diffusion, the results from the CM are consistent with the much reduced enhancement of
surface diffusion in PS glass® compared with o-tephenyl® and indomethacin® observed by the
surface grating decay method. Further advance may come from the ECNLE theory for the a-
relaxation of free-standing films ® by extending it to consider the sub-Rouse modes of free-

standing films.
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