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The surface dynamics of amorphous and semicrystalline polymer
films have been measured using helium atom scattering. Time-
of-flight data were collected to resolve the elastic and inelastic
scattering components in the diffuse scattering of neutral helium
atoms from the surface of a thin poly(ethylene terephthalate) film.
Debye-Waller attenuation was observed for both the amorphous
and semicrystalline phases of the polymer by recording the decay
of elastically scattered helium atoms with increasing surface tem-
perature. Thermal attenuation measurements in the specular scat-
tering geometry yielded perpendicular mean-square displacements
of 2.7¢10% A’K-" and 3.1+ 10~* A2K-" for the amorphous and
semicrystalline surfaces, respectively. The semicrystalline surface
was consistently ~15% softer than the amorphous across a variety
of perpendicular momentum transfers. The Debye-Waller factors
were also measured at off-specular angles to characterize the
parallel mean-square displacements, which were found to increase
by an order of magnitude over the perpendicular mean-square
displacements for both surfaces. In contrast to the perpendicular
motion, the semicrystalline state was ~25% stiffer than the amor-
phous phase in the surface plane. These results were uniquely ac-
cessed through low-energy neutral helium atom scattering due to
the highly surface-sensitive and nonperturbative nature of these
interactions. The goal of tailoring the chemical and physical proper-
ties of complex advanced materials requires an improved under-
standing of interfacial dynamics, information that is obtainable
through atomic beam scattering methods.

atomic beam scattering | gas-surface Interactions | dynamics of polymer
interfaces | polymer surfaces

tom scattering has been used to quantify key surface dyna-
mical properties of systems of increasing complexity. Early
work focused on understanding the gas—surface interaction and
surface structure and dynamics of ionic (1, 2), metallic (3),
and semiconductor (4) surfaces. Building on the pioneering work
performed on single-crystal surfaces, further molecular beam
investigations examined systems of greater structural complexity
including surface defects (5), stepped surfaces (6), and adsorbates
on surfaces (7, 8). The success of these forays into disordered and
complex systems, bolstered by advances in scattering theory
(9-11), led to the study of soft organic interfaces such as liquids
(12, 13), self-assembled monolayers (SAMs) (14-17), and, most
recently, thin polymer films (18-20). In this work, we present the
successful extension of helium atom scattering, a uniquely sur-
face-sensitive probe, to determining the changes in local surface
vibrational dynamics due to crystallization of a thin polymer film.
Interfaces of thin molecular films have recently received sig-
nificant attention to uncover the surface structure and properties
as well as the interface’s ultimate effect on bulk material proper-
ties. In particular, polymer films present a complex, macromole-
cular interface of importance in fields ranging from electronics
to medicine. Free surfaces of thin polymer films (thickness <
1000 nm) significantly alter many of the film’s physical properties
including the glass transition temperature, T, and crystallization
kinetics (21-23). The mechanism of bulk polymer crystallization
still remains a debated topic (24), and the presence of a free sur-
face adds further complexity to this issue (25). The free surface
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potentially affects nucleation (26), chain configuration and
mobility (27), and local and segmental dynamics (28) leading
to significantly different crystallization kinetics and morphologies
than are found in the bulk (29, 30).

Poly(ethylene terephthalate) (PET) is an excellent model sys-
tem for understanding the surface properties of semicrystalline
films in both the amorphous and semicrystalline states. Thin
films of PET can be prepared in the amorphous phase at room
temperature by spin coating onto solid substrates. Crystallization
is accomplished by either heating the amorphous film above the
glass transition temperature (348 K), or by cooling a melted film
below the melt temperature, 7, (523 K). The total crystalline
fraction of the bulk of the film can be tuned from 0.0 to ~0.5
by adjusting the film thickness and the crystallization tempera-
ture. The crystallization kinetics and total crystalline fraction
of the film can be monitored and quantified with FTIR (26).

Extensive literature exists on the structure, dynamics, and crys-
tallization kinetics of bulk PET films (31). Recent work has
focused on the effect of the free surface on crystallization in
the bulk and in the selvedge region of ultrathin PET films
(thickness < 100 nm). Near edge X-ray absorption fine structure
spectroscopy (NEXAFS) measurements showed that the near-
surface region of a spin coated amorphous film is comprised
of a statistical distribution of PET chains with no preferential or-
ientation (32). Ordering and crystallization of the selvedge region
was found to be much more rapid than the bulk as observed by
grazing incidence X-ray diffraction (XRD) (33) and X-ray photo-
electron spectroscopy (34). Bragg reflections in the grazing
incidence XRD suggested that the crystallized PET chains are
aligned in the plane of the surface with preferential orientation
of the aromatic rings parallel to the surface (35). The fast crystal-
lization rate of the near-surface region was attributed to enhanced
chain mobility at the free surface combined with some localized
chain alignment in the surface plane. On the other hand, thin film
confinement has been shown to inhibit crystallization kinetics
and total crystallinity in the bulk of the film (26, 36). The overall
crystallization kinetics and morphologies are defined by the com-
petition between confinement induced effects and enhanced chain
mobility at the free surface. The interface is thus a key component
in the crystallization of thin polymer films and, at present, very
few measurements have been performed that probe the molecular
level structure, mobility, and dynamics of the true polymer surface
in either the amorphous or semicrystalline state.

Previously, we have shown that helium atom scattering (HAS)
is a useful probe for understanding surface vibrational dynamics
of and collisional energy transfer to the topmost interfacial layer
of SAMs (17) and thin polymer films (18-20). Helium atom scat-
tering offers the unique advantage of a nondestructive and purely
surface-sensitive technique that probes low-energy, molecular-
scale vibrational dynamics. In this sense, HAS provides a scatter-
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ing technique that is a complementary, surface-sensitive analogue
to X-ray and neutron scattering. The surface sensitivity arises
from the strong Pauli repulsion between the helium atoms and
the surface electron density. Our prior work focused largely on
the effect of nanoconfinement of molecularly thin polymer films
on the surface structure and dynamics.

Surface dynamics are accessible by measuring the decay of
elastically scattered helium atoms with increasing surface tem-
perature. Thermal attenuation of the elastic peak occurs as
the vibrational amplitude of the surface atoms increases with
temperature. The Debye—Waller attenuation of coherent diffrac-
tion peaks has been well studied in atom surface scattering (37).
The technique has been applied to study the surface vibrational
dynamics of solid surfaces (38), adsorbates on surfaces (39), and
self-assembled monolayers (14, 17). Recently, it has been applied
to systems where the scattering is strictly diffuse such as disor-
dered molecular crystals (40), amorphous silica glass (41), and
thin polymer films (18). Debye—Waller analysis of these systems
has quantified important surface properties such as the surface
Debye temperature, the well depth of the gas—surface interaction
potential, the effective surface mass, and the atomic mean-square
displacements (MSD).

In this work, helium atom scattering has been used to measure
the surface dynamics of the amorphous and semicrystalline
phases of poly(ethylene terephthalate). Mean-square displace-
ments perpendicular and parallel to the free surface have been
determined and show that the surface dynamical properties of
the two phases differ. The semicrystalline phase exhibits a surface
that is approximately 15% softer than that of the amorphous
in the perpendicular direction, whereas conversely, the thermal
motion in the plane of the semicrystalline surface is about 25%
stiffer compared to the amorphous system.

Results
PET presents a complex interface that is disordered both
statically and dynamically. Furthermore, the soft organic surface
readily accommodates incident particle energy and momentum
resulting in facile collisional energy transfer during the scattering
event. Due to these effects, the observed scattering of neutral
helium atoms from the PET surface was diffuse. The diffuse scat-
tering of helium atoms contains both elastic and inelastic compo-
nents. Time-of-flight (TOF) spectra were recorded to fully
resolve the elastic peak from the broad multiphonon background
(Fig. 1). This illustrative spectrum was collected at Tg =40 K
and at 0; = 6y = 37.7°, where the angles are defined with respect
to the surface normal. Sufficiently low beam energies (E;~
7 meV) and surface temperatures (75 < 120 K) were required
to observe the sharp elastic scattering component above the
broad multiphonon background. The TOF spectrum was trans-
formed to the energy transfer domain as shown in Fig. 1, Inset.
The energy transfer scale is with respect to the incident helium
atom so that positive (negative) energy transfer corresponds to
phonon annihilation (creation). The elastic peak was fit with a
Gaussian function with a FWHM of ~1 meV. Multiphonon
scattering has been studied extensively by Manson et al. (11)
and two different semiclassical scattering models were developed,
one composed of discrete atomic centers whereas the other
assumed a continuum of atomic centers. Prior work from our
group demonstrated the efficacy of the discrete atom centers
model through inelastic HAS measurements from poly(methyl
methacrylate), polystyrene, and polybutadiene (20). The multi-
phonon contribution from PET was fit well by the same model.
In the harmonic limit of atomic oscillations, the Debye—Waller
argument predicts that the elastic intensity follows an exponential
decay with surface temperature according to
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Fig. 1. Time-of-flight and energy transfer (Inset) spectra of helium atoms
scattered from the surface of an 80 nm amorphous PET film at Ts = 40 K.
Spectra are comprised of elastic and multiphonon components, which are
marked in the figure. The full width at half maximum of the elastic peak
was approximately 40 ps in the time-of-flight spectrum, corresponding to
an energy width of 1 meV.

where [ is the scattered intensity at 7y = 0 K and exp[-2W (T’s)]
is the Debye—Waller factor. The Debye—Waller factor as shown in
Eq. 2 has contributions from perpendicular (Ak,) and parallel
(AK) momentum transfer and associated components of
mean-square displacement.

2W = AkZ(u2) + AK? (uj) [2]

Since the observed scattering is diffuse, the mean-square displa-
cements are representative of the ensemble average of surface
vibrational modes. The perpendicular momentum transfer is
given by

D112 D11/2

Ak, = ki{ [cosz(é’f) +Ej + {cosz(ei) +E—J } [3]
where k;(E;) is the wavevector (energy) of the incident helium
beam, 6; (6f) is the incident (final) angle measured from the
surface normal, and D is the well depth of the helium—polymer
interaction potential. The well depth accounted for the added ac-
celeration of the helium atom before collision with the surface
(37). We used a 7 meV well depth for the He-PET interaction
potential, consistent with other soft organic interfaces such as

alkanethiol SAMs (14) and poly(methyl methacrylate) (20).
Fig. 2 shows three representative TOF spectra from a Debye—
Waller experiment of helium atoms scattered from an 80 nm thick
amorphous PET film over a temperature range of Ty = 40 K to
90 K, heating in steps of 10 K. The data were acquired in the
specular geometry with 6; = 6y = 37.7° and are vertically offset
for clarity. The Ts =40 K run was repeated at the beginning
of each day as verification of instrument performance and sample
quality. Both spectral components changed when the surface was
heated. The elastic peak decayed with a constant FWHM of ap-
proximately one meV. The peak maximum of the multiphonon
component shifted slightly to faster flight times whereas the peak
width broadened with increasing surface temperature. The inset
shows the normalized natural logarithm of the elastic peak
amplitudes as a function of surface temperature. The decay rate
represents the surface temperature derivative of the Debye—
Waller factor, designated here as 6. A linear decay was observed
for the amorphous system following the Debye model for atomic
oscillations in the harmonic limit. The temperature coefficient of
the perpendicular mean-square displacement was extracted from
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Fig. 2. Thermal attenuation of elastically scattered helium atoms. The inset
shows the normalized natural logarithm of the peak amplitudes versus

surface temperature. The dashed line is a fit to the data, demonstrating
the Debye-Waller behavior of the polymer surface (Eq. 1).

the thermal decay and for simplicity will be called the perpendi-
cular MSD.

Crystallization of PET occurs locally through a conformational
change of the glycol moiety from the gauche to the trans confor-
mer as shown in Fig. 34. The PET film was crystallized in the
ultrahigh vacuum (UHV) chamber by heating the sample to
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Fig. 3. Gauche (amorphous) and trans (crystalline) conformers of PET and
infrared absorption spectra. The figure shows the gauche and trans confor-
mers of the glycol moiety (A) and their corresponding FTIR spectra (B), which
are vertically offset for clarity. The total crystalline fraction in the film was
quantified using the trans and gauche absorbances at 1340 cm~' and
1370 cm~', respectively, and was ~55%.

Becker et al.

440 K for 30 min. In a separate chamber, Fourier-transform in-
frared reflection-absorbance spectroscopy (FT-IRRAS) was used
to determine the crystalline fraction of the entire film (Fig. 3B).
Using the method in ref. 26, the crystalline fraction of the film
was determined to be approximately 55% by comparison of
the wagging mode absorption peaks of the trans (1340 cm™')
and gauche (1370 cm™') conformations of the ethylene glycol
moiety (Fig. 3B, Inset). Several other features in the infrared
spectrum changed upon crystallization and are consistent with
literature values (42). Although the PET film is semicrystalline,
we will designate this surface as crystalline for simplicity when
comparing to the amorphous phase.

The specular Debye—Waller factors of the amorphous and crys-
talline phases are directly compared in Fig. 4. The amorphous
(crystalline) data are in black circles (red squares) and the dashed
lines are fits to the decays. Each Debye—Waller experiment was
comprised of four to seven TOF spectra acquired typically for
30 min each and the plotted points are averages over multiple
experiments. As before, the data were collected with E; = 7 meV
and at §; = 6y = 37.7°. Averaging over four independent mea-
surements, the amorphous decay rate was —0.023 4 0.002 K.
The crystalline phase had a consistently faster decay rate of
—0.027 £ 0.001 K~!. Because of the specular geometry, these
Debye—Waller factors are exclusively sensitive to motion perpen-
dicular to the polymer surface, indicating that the crystalline
phase was softer in the normal direction. To further confirm this
point, the same experiments were repeated at a total of five
specular angles, 6; = 6y = 37.7°, 33.7°, 29.7°, 25.7°, and 21.7°.
As expected from Eq. 2, the Debye—Waller factor increased as
the normal component of momentum transfer was increased
(i.e., as the incident angle became more normal to the surface
plane). Using Eq. 3, the perpendicular mean-square displace-
ments were calculated as (2.740.2)+10% A’K-' and
(3.1+0.1) » 104 A’K-! for the amorphous and crystalline
phases, respectively. These values indicate that the crystalline
phase was about 15% softer than the amorphous phase perpen-
dicular to the surface plane. As a consistency check, the Debye—
Waller factor of the crystalline surface was further measured
with multiple beam energies at 6; = 6 = 37.7°. The calculated
perpendicular mean-square displacements for beams of 9.9 meV
(k;=4.4 A™") and 13 meV (k; =4.9 A™") were within 0.2¢
104 A? K-! of the value obtained from the primary beam energy
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Fig. 4. Debye-Waller attenuation in the specular geometry for amorphous
(black dots) and semicrystalline (red squares) PET. Semicrystalline Debye-
Waller attenuations were consistently ~15% greater than those measured
from the amorphous film. The error bars represent standard deviations from
four (three) independent thermal attenuation measurements of the amor-
phous (semicrystalline) film demonstrating the reproducibility of the data.
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of 7.1 meV, confirming the efficacy of the analysis. The reported
mean-square displacements for the PET surface are weakly sen-
sitive to the well depth of the helium-surface potential (Eq. 3).
Increasing the potential to 7.5 meV decreases the mean-square
displacements by about 5%.

Parallel mean-square displacements were determined by mea-
suring the off-specular thermal attenuation of the elastic peak as
a function of the parallel momentum transfer, AK. Knowledge of
the perpendicular motions acquired through specular scattering
can then be applied to Eq. 2 to extract the parallel MSD. The
expression for the parallel component is given below.

AK = k;(sin(6y) — sin(6;)) [4]

The parallel momentum was changed by varying the final angle,
0, while keeping the incident angle, 6;, fixed. Fig. 5 shows the
off-specular Debye—Waller attenuation of helium atoms scattered
from 80 nm amorphous PET at three parallel momentum trans-
fers, AK = 0 A™" (black circles), —0.43 A™" (red squares), and
—1.38 A™! (blue diamonds). A representative set of tempera-
ture-dependent off-specular TOF spectra at AK = —1.38 A™!
is shown in the inset. As shown in the plot, the Debye—Waller
factor increased with increasing AK as expected from Eq. 2.
The plot shows that even at small values of AK the decay rate
was enhanced by the contribution from the parallel MSD.

In order to fully analyze these off-specular Debye—Waller fac-
tors, the influence of the perpendicular motions were removed
from each decay rate leaving only the parallel contributions. Fig. 6
shows the parallel contribution to the Debye—Waller factor (¢°) as
a function of AK? for the amorphous (black circles) and semicrys-
talline (red squares) surfaces. Linear fits to the data provided
the parallel MSDs for each surface. Parallel mean-square
displacements of (2.240.1) « 10 A?K~! and (1.64+0.1)e
1073 A2K-! were determined for the amorphous and semicrys-
talline PET surfaces, respectively. The vibrational amplitudes
parallel to the surface were an order of magnitude greater
than those in the perpendicular direction. This trend has been
observed previously for other soft molecular interfaces such as
long chain alkanethiol SAMs (14).
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Fig. 5. Off-specular decays of the elastic peak from 80 nm amorphous PET
showing contributions to the Debye-Waller attenuation from parallel mo-
tion. The decay rate increases with increasing parallel momentum transfer,
AK (Eq. 2). The dashed lines are fits to the data from which the Debye-Waller
factors are determined for each condition. The inset shows a representative
set of off-specular (AK = —1.38 A™") TOF spectra at Ts = 40, 60, and 80 K.
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Fig. 6. Debye-Waller factors as a function of the parallel momentum
squared. The plotted parallel components of the Debye-Waller attenuation,
denoted as ', have been determined by correcting the overall decay rate for
the perpendicular contribution. Linear fits to the data provided the parallel
mean-square displacements for the amorphous (black circles) and semi-
crystalline (red squares) surfaces as indicated on the figure.

Discussion

The thermal motion perpendicular and parallel to the surface can
be directly compared to HAS measurements on similar systems.
A perpendicular MSD of 6.9 ¢ 1073 A?K-! was measured by
diffuse helium scattering for a thin film of poly(methyl methacry-
late) (18), whereas helium diffraction from a SAM of undeca-
nethiol on Au(111) yielded a perpendicular MSD of 1.9
10+ A2K-! (43). The same alkanethiol monolayer exhibited a
parallel MSD of 2.0 * 10~ A>K~!, nearly equal to the motion
normal to the surface. On the other hand, a longer chain, 21 car-
bon alkanethiol monolayer had a parallel MSD that increased by
about a factor of three over that of the perpendicular (14). The
perpendicular components for the amorphous and semicrystal-
line PET surfaces studied here were of the same order of magni-
tude for other, similar systems studied previously by helium atom
scattering. Conversely, both the amorphous and semicrystalline
PET phases had parallel mean-square displacements that in-
creased by about an order of magnitude compared to the perpen-
dicular displacements.

Bulk dynamical properties of a variety of amorphous and
semicrystalline polymers have been measured by neutron scatter-
ing. Extrapolating from ref. 44, the amorphous phase of a PET
fiber had a mean-square displacement of approximately 2.3
10# A?K-! in the low temperature linear regime. Assuming an
isotropic distribution, the normal component is one-third the
total value, giving a perpendicular MSD of approximately 0.8
10-* A>K-!. The perpendicular mean-square displacement of
the spin-cast PET film measured here is roughly a factor of three
greater than the bulk normal component. Mean-square displace-
ments have been measured for highly crystalline polyethylene
(PE), where the crystalline fraction of the film approaches unity,
and bulk thermal motion for the crystalline phase was observed to
be approximately 70% of the amorphous phase (45). The reduc-
tion in MSD represents a stiffening of the crystalline phase.
Contrary to bulk measurements of polymer films, the surface dy-
namics determined here showed a softening of about 15% of the
semicrystalline surface relative to the amorphous in the perpen-
dicular direction. The thermal attenuation of diffuse elastically
scattered helium atoms is sensitive to the vibrational dynamics
of the entire film surface. As expected, atomic force microscopy

Becker et al.



Bane

/

I\

=y

images show that the amorphous PET surface is homogeneous,
whereas the semicrystalline surface is significantly disordered.
Furthermore, the semicrystal is comprised of three primary types
of material, the amorphous, the polycrystalline, and amorphous-
crystal interphase. The dynamics of each of these regions may
be drastically different and the diffuse scattering attenuation
captures the net effect of all three domains. The presence of
the interphase precludes delineation of amorphous and crystal-
line dynamics by simple comparison of the data.

The disordered nature of bulk semicrystalline polymers has
been demonstrated by inelastic neutron scattering. Inelastic
neutron scattering from highly crystalline and semicrystalline
PE was decomposed into the amorphous and crystalline contri-
butions to the observed scattering (46). There is a clear absence
of the low-energy mode called the boson peak, a low-energy
mode common to amorphous materials (47), in the crystalline
scattering that implies that the feature arises from disordered
regions of the film. The same investigation was performed on
PET with a fully amorphous film substituted for a highly crystal-
line one (48). The decomposed crystalline scattering component
contained the boson peak, and in fact it strongly resembled the
amorphous component. The similarity in inelastic neutron scat-
tering of the semicrystalline and amorphous phases indicates a
highly disordered bulk crystal. This disorder is also present at
the surface as examined by AFM, transmission electron micro-
scopy, dielectric spectroscopy, and neutron scattering studies,
which revealed amorphous-crystal interphases in lamellar stacks
of PET (49-51).

Theoretical and experimental investigations of some analo-
gous systems are useful in understanding changes in the local
dynamics due to PET crystallization. Molecular dynamics simula-
tions were performed on a polycrystalline nickel system to inves-
tigate the nature of the atomic motions in the grain boundaries
(52). The transverse atomic displacements of the grain boundary
were enhanced as compared to the crystal grain itself. Surpris-
ingly, these collective motions were analogous to glass forming
liquids indicative of frustrated packing. Another system of inter-
est is a thin polystyrene film with Cy, additives that act as plas-
ticizing agents (53). The presence of fullerenes in the PS film
frustrates the packing of adjacent polymer chains by “softening”
the local packing potential. This frustration was characterized by
enhanced proton MSD in neutron scattering measurements.
The presence of crystalline grains in a semicrystalline polymer
may induce similar frustrations in the local packing potentials
of the amorphous domains, as observed in the cases of PS-Cg,
nanocomposites and grain boundaries in polycrystalline metals.
The diffuse helium atom from PET contains contributions to the
surface MSD from crystalline and amorphous domains. The
observed softening of the semicrystalline surface in the perpendi-
cular direction may be due to frustrated chain packing in the
amorphous domains.

In summary, we have demonstrated the successful extension of
neutral helium atom scattering as a probe of complex, macro-
molecular interfaces. We observed dynamical changes of a poly-
mer surface resulting from crystallization of a thin film. This work
shows that it is possible to extract robust and valuable surface
dynamical properties from a highly disordered and inhomoge-
neous system using this approach. The efficacy of this method
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is based on the highly surface specific and nonperturbative nature
of neutral atom surface scattering for both elastic and inelastic
interactions. Such measurements of surface dynamical properties
provide complementary information to bulk properties eluci-
dated by neutron and X-ray scattering. Furthermore, the charac-
terization of the interface adds a greater understanding of how
free surface effects and polymer crystallization influence the
physical properties of nano-confined ultrathin polymeric films.
Building upon these successes, we envision neutral helium atom
scattering as an incisive probe for understanding the surface dy-
namical properties of a variety of structurally and dynamically
complex systems, including multicomponent molecular films,
nano-composites, semicrystalline, and glassy materials.

Materials and Methods

PET (MW ~ 100 kg/mol, Polymer Source) was dissolved in a solution of 9:1
chloroform:trifluoroacetic acid to a concentration of 2 mol%. Thin polymer
films were prepared by spin coating 40 pL of polymer solution onto a
polycrystalline Au substrate at 4500 rpm for 60 s. This procedure consistently
produced films of 80-100 nm thickness. The film thickness was determined ex
situ by elllipsometry and atomic force microscopy. After thickness measure-
ments, the samples were transferred to the UHV scattering chamber
(base pressure ~ 1 x 10~'° torr).

A high energy- and momentum-resolution helium atom scattering
apparatus was used to measure the diffuse scattering. The apparatus has
been described in detail elsewhere (54). Briefly, helium was expanded at high
pressure through a 20 pm nozzle source cooled by a closed-cycle helium re-
frigerator to generate a nearly monochromatic (AE ~ 200 ueV FWHM) super-
sonic neutral atom beam. A 7.1 meV beam energy was used as the primary
beam energy for these experiments (wavevector, k; = 3.7 A™', nozzle tem-
perature, T, ~33K). A cross-correlation time-of-flight technique with a
pseudorandom chopping sequence was employed to maximize the signal
to noise ratio. The beam was collimated to 0.22° (FWHM) and impinged
on the polymer surface (chopper-sample distance = 0.5473 m) housed in a
UHV surface-scattering chamber. The crystal was mounted on a six-axis
manipulator, which was positioned precisely to control the incident angle,
0;, the azimuth, ¢, and the tilt with respect to the scattering plane, y. Sample
temperatures ranging from 30 K up to 900 K could be achieved by tethering
the crystal to a closed-cycle helium refrigerator. Atoms were reflected into a
triply differentially pumped rotatable detector with an overall instrument
resolution of 0.5° (FWHM) and ionized by electron bombardment
(sample-ionizer distance = 0.5470 m). A quadrupole filter mass-selected
the helium ions, which were then collected by an electron multiplier.

Film thickness was assessed using atomic force microscopy acquired on an
Asylum MFP-3D microscope. The polymer film was repeatedly scratched
with the AFM tip until the substrate was exposed. The film thickness was
quantified to high precision by AC mode imaging. Images were acquired
using AppNano ACT silicon cantilevers with a spring constants of ~40 N/m
and resonant frequencies of ~300 kHz.

In situ FT-IRRAS experiments were conducted in a separate UHV chamber.
Briefly, the p-polarized IR light from a FTIR spectrometer (Nicolet 6700) was
directed through a ZnSe window into the UHV chamber. The IR beam was
guided through a series of transferring and focusing mirrors to the sample
at an incident angle of 75°. The reflected IR beam was directed from the
chamber onto a liquid nitrogen-cooled mercury cadmium telluride
(MCT/A) detector. The IRRAS spectra collected were an average of 25 scans
taken with a resolution of 4 cm~'.
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