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ABSTRACT: The effect of surface chemistry on the glass
transition of polycarbonate (PC) inside cylindrical nanopores is
studied. Polycarbonate is melt-wetted into nanoporous anodic
aluminum oxide (AAO) treated with hydrophobic alkyl- and
fluorosilanes of varying length. The curvature observed at the
nanowire tips is consistent with a contact angle descriptive of
polycarbonate−AAO surface interactions. Differential scanning
calorimetry (DSC) thermograms reveal a distinct broadening of
the Tg that is related to the motion of polymer chains at the
nanopore wall as well as at the core. DSC and thermal gravimetric
analysis (TGA) show that polycarbonate infiltrated into a naked
AAO template (without silane treatment) degrades upon heating, suggestive of a surface-catalyzed degradation mechanism. It is
further shown that silane treatment largely prevents PC thermal degradation.

The effect of confinement on the glass transition temper-
ature (Tg) remains a topic of intense discussion. As a

polymer film decreases in thickness, the effect of the surface
grows in dominance, and the films’ properties differ from bulk.
The nature of the supporting surface can drastically alter the Tg
for amorphous polymer thin films. For instance, free-standing
poly(styrene) films showed a greater reduction in Tg as
compared to films deposited on hydrogen-passivated Si(111).1

Elsewhere, the Tg of poly(styrene) thin films decreased or
increased depending on whether the supporting surface was
repulsive or attractive, respectively.2

In this work we report the effect of surface chemistry on
interactions between polycarbonate (PC) and nanoporous
silane-modified anodic aluminum oxide (AAO) templates as
well as the resulting changes in the glass transition of the
polymer (Figure 1). This configuration is convenient for
isolating the effect of surface chemistry because AAO templates
are easily modified via silanes and because the infiltrated

polymer has negligible free surface. Modification of AAO
templates using silane chemistry has been previously
demonstrated using both vapor-phase3−6 and solution
approaches.7−11

PC, popularly used in many industrial applications, is a
semicrystalline polymer. The reported melting temperature
(Tm) and Tg is 220−260 °C and 140−151 °C, respectively.12

Crystallization of PC is slow, occurring on the order of days
and weeks.13 For the purposes of this investigation, the
experimental conditions are manipulated such that only the
amorphous phase is observed.
Significant effort has been made to study the segmental

dynamics of polymers confined in AAO pores.14−17 Serghei et
al. found no alteration in poly-2-vinylpyridine chain dynamics
in pores as small as 18 nm in diameter.17 On the other hand,
Duran et al. observed slower dynamics for AAO-confined
polypeptides.15 Krutyeva et al. proposed dual-mode dynamics
attributed to an anchored surface layer separate from bulk for
poly(dimethylsiloxane) inside AAO pores 26 nm in diameter.16

Blaszczyk-Lezak et al. reported highly constrained relaxation of
poly(methyl methacrylate) (PMMA) at the surface of the AAO
pores 28 nm in diameter.14

AAO templates possess a local environment similar to that of
controlled pore glasses (CPGs), for which there have been
numerous reports on the effects of confinement of glass
formers.18−23 For instance, two distinct Tg’s were observed for
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Figure 1. Schematic representation of functionalization of nanoporous
AAO templates.

Letter

pubs.acs.org/macroletters

© 2015 American Chemical Society 151 DOI: 10.1021/mz500725s
ACS Macro Lett. 2015, 4, 151−154

pubs.acs.org/macroletters
http://dx.doi.org/10.1021/mz500725s


4-cumylphenol cyanate ester18 and bisphenol M dicyanate
ester20 confined inside CPGs. Primary and secondary Tg’s were
associated with the material at the center and surface of the
pores, respectively.20 Researchers also observed that both Tg’s
shifted to lower temperatures as the pore diameter decreased.
Similarly, a reduction in Tg and Tm with increased confinement
was observed for a series of organic liquids.21−23 Elsewhere,
Shin et al. observed a broadening in the Tg of AAO-confined
poly(styrene) but no distinctive shift in absolute value.24

Recently Li et al. presented work on the effect of cooling
conditions on the glass transition of PMMA inside cylindrical
nanopores. Upon fast cooling a single Tg was detected, while
slow cooling resulted in two Tg’s.

25

To our knowledge, there exists a lack of knowledge on the
effect of surface chemistry on the Tg of the cylindrically
confined amorphous polymer. On the other hand, silane-
modified AAO membranes have been previously used to study
the effect of confinement on polymer crystallization.26

Confined syndiotactic polystyrene (sPS) exhibited an increase
in crystallinity as the crystallization temperature decreased,
whereas the crystallinity of bulk sPS remained constant. In
addition, crystallization of sPS confined inside AAO passivated
with n-hexyltrimethoxysilane was suppressed as compared to
sPS crystallized inside pristine AAO.26 These results with
semicrystalline polymer suggest that the surface may similarly
influence the glass transition of amorphous PC.
PC was melt-pressed into nanoporous AAO templates of 200

nm pore diameter. Native, unmodified AAO templates were
compared to those modified with a series of silanes to study the
effect of chain length and chain composition: (tridecafluoro-
1,1,2,2-tetrahydrooctyl)trichlorosilane (C8H4F13Cl3Si, “CF

8”),
(heptadecafluoro-1,1,2,2-tetrahydrodecyl)trichlorosilane
(C10H4F17Cl3Si, “CF

10”), n-octyltrichlorosilane (C8H17Cl3Si,
“CH

8”), n-decyltrichlorosilane (C10H21Cl3Si, “CH
10”) (Figure

1). A detailed description of the preparation is provided in the
Supporting Information.
Attempts to infiltrate PC into templates with smaller pore

diameters (40 and 15 nm) proved unsuccessful because of the
slow rate of infiltration. The rate of polymer infiltration into
nanopores has been previously expressed as follows27

γ θ η=dz dt R z/ ( cos( ))/4c (1)

where t is time; z is the depth of polymer melt infiltration; η is
polymer melt viscosity; R is hydraulic radius; θc is contact
angle; and γ is surface tension. Accordingly, as pore diameter
decreases, so does the rate of infiltration. This slow rate may
also be attributed to the high viscosity of the PC melt. To
promote infiltration, increased pressures and temperatures were
explored, but both resulted in yellowing of the sample. For
these reasons, we selected melt-pressing of PC for 8 h at 232
°C under 0.25 Torr of pressure as an optimum for the 200 nm
diameter porous templates.
Figure 2 shows PC nanowires prepared by melt-pressing after

selective removal of the template. Nanowires prepared from
bare AAO (Figure 2(a)) exhibited cupped tips, reflective of the
θc between PC and the pore wall. The cupping is consistent
with a low θc and is suggestive of favorable interactions between
the polymer melt and the nanopore surface. Further, the
nanowire diameter is comparable to the diameter of the original
template. Nanowires obtained from alkyl- and fluoro-silanized
AAO templates also exhibit similar diameters of about 200 nm
(Figure 2(b)), but the tips for the nanowires from the
fluorosilane samples are remarkably flat (Figure 2(d,f)). The

flat nanowire tips are consistent with a relatively higher θc and
are indicative of less favorable interactions between the PC and
silane-treated wall, as compared to the native AAO. In
comparison, the alkylsilane-modified AAO yielded PC nano-
wires (Figure 2(c,e)) with tips intermediate to that of bulk and
fluorosilane samples.
PC-infiltrated AAO templates were analyzed using modu-

lated differential scanning calorimetry (DSC) to identify the
glass transition and other thermal features. Excess polymer was
removed from the template’s surface prior to the measurement.
Modulated DSC proved necessary because the Tg was weak and
overlapped with physical aging. Figure 3 and Figure S1

(Supporting Information) show consecutive heating scans for
PC infiltrated into a native AAO template. The first heating
scan shows evidence of cold crystallization and melting at 177.4
and 224.0 °C, respectively. Subsequent heating scans are devoid
of crystallization and exhibit a Tg that drifts toward higher
temperatures with each successive scan. Because of the drift, a
reliable assignment of the Tg proved untenable. The drift in Tg
is likely due to degradation of the polymer or its reaction with
hydroxyl groups on the nanopore’s surface. This is consistent
with our prior observation that native AAO can catalyze
reactions with the infiltrated polymer.28 Further, the sample in

Figure 2. Scanning electron microscope (SEM) images of the released
PC nanowires; structures prepared from (a) untreated AAO templates
and AAO templates silanized using (b) CH

8, (c) CH
8, (d) CF

8, (e)
CH

10, and (f) CF
10.

Figure 3. Reversing heat flow of PC infiltrated into untreated AAO
templates for the second through fourth heating cycles. The arrow
indicates the shift in the Tg. The inset shows the total heat flow from
the first heating cycles. Data were obtained using modulated DSC at a
scan rate, amplitude, and period of 2 °C/min, 1.272 °C, and 60 s,
respectively.
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native AAO showed distinctive yellowing following melt-
pressing, which is suggestive of degradation. Other studies
have shown a drift in the thermal transition temperatures of
poly(trimethylene malonate)29 and electrospun chitosan-gelatin
nanofibers30 due to degradation using DSC.
The thermal properties of PC infiltrated into silanized AAO

templates were compared to that of bulk (Figure 4 and Figure

S2, Supporting Information). Silanization appeared to arrest
degradation in that little to no drift in the Tg or yellowing of the
sample was observed. This result supports the hypothesis that
the native AAO surface participates in PC degradation. The
position and shape of the glass transition for PC in the silanized
templates largely resembled that of bulk PC with the exception
that the glass transition for the confined samples appeared to
overlap with a second feature at slightly higher temperatures.
The secondary feature observed herein for the confined PC is
suggestive of a second overlapping Tg, although it is difficult to
resolve. These results are similar to previous studies of
bisphenol M dicyanate ester20 and tris(4-cumylphenol)-1,3,5-
triazine31 confined inside CPGs, where two distinct Tg’s were
reported. One Tg was related to the material at the center of the
pore, and a second higher Tg was related to the material at the
pore surface. It is also possible that the secondary feature is
simply a broadening of the Tg brought about by slower
dynamics caused by interfacial effects.
Thermal gravimetric analysis (TGA) was employed to

determine the mass of PC melt-pressed into the nanoporous
AAO templates of varying surface chemistry (Table 1). For this

purpose, samples were prepared using conditions identical to
DSC preparation. The percent weight loss was monitored as
the samples were heated to 800 °C under nitrogen (Figure S3,
Supporting Information). Onset temperature (To) denotes the
beginning of weight loss. Samples prepared from untreated
AAO exhibited a higher mass loss (34.1 wt %) and lower To
(243 °C), likely due to PC degradation. No clear trend was

observed among the samples prepared from silanized AAO
templates.
From Table 1, the mass of polymer inside the AAO

templates was approximated as the percent weight loss
measured during TGA. Using this information, DSC data
were analyzed to determine the change in heat capacity, glass
transition temperature, and glass transition breadth, as marked
in Figure 4. In Figure 5(a), the change in heat capacity ΔCp

shows no clear dependence for bulk and PC-infiltrated
fluorosilanized AAO templates. However, ΔCp is slightly higher
for PC in alkylsilane-modified AAO templates. This result
suggests that bulk and fluorosilane samples have similar
fractions of amorphous material undertaking the transition
and that alkylsilane samples have a slightly larger fraction.
On the other hand, Figure 5(b) shows a reduction in Tg for

PC-infiltrated silanized AAO templates as compared to bulk
(152.4 ± 0.2 °C). PC-infiltrated alkylsilane-modified AAO
templates exhibited the largest reduction in Tg at 144 ± 2 and
145 ± 2 °C for CH

8 and C
H
10. Comparable fluorosilane samples

exhibited Tg’s of 149.8 ± 0.8 and 149.6 ± 0.2 °C for CF
8 and

CF
10, respectively. Lower Tg values have been previously

observed for glass formers inside CPGs21,31,32 and for
poly(methyl methacrylate) inside AAO.25

Besides a reduced Tg, the PC-infiltrated alkylsilane-modified
AAO templates exhibit a larger transition breadth (ΔT) as
compared to bulk and fluorosilane samples. The increased
breadth for the alkylsilane samples is consistent with a
distribution of microstates sampled by polymer chains and
captures the breadth brought about by the secondary features
shown in DSC thermograms (Figure 4). This result further
supports the idea that the pore’s surface influences the nature of
PC’s glass transition. Additionally, the observed changes in the
glass transition could also be due to nonequilibrium chain
conformations brought about during the infiltration of the
polymer into the nanopore.
It is notable that the chemistry of the silane should have such

a varied effect on PC’s glass transition. For example,
fluorosilanes appeared to have little influence on the nature
of the glass transition, except for a slight reduction in the Tg
value. On the other hand, the alkyl silane engendered a greater
reduction in Tg, an increase in ΔT, and a slight increase in ΔCp.
These differences may be attributed to the various surface
energies presented by the silanes, in which the fluorosilane is
more hydrophobic than the alkylsilane. It is possible that the
coverage of alkyl and fluorosilanes within the AAO nanopore is
not equivalent.
In summary, the glass transition of PC inside cylindrical

surface-modified AAO nanopores is affected by surface

Figure 4. Modulated DSC heating scans for bulk PC and PC-
infiltrated into silanized AAO templates. The second scan is presented
with the exotherm oriented down. Scan rate, amplitude, and period for
confined samples were 2 °C/min, 1.272 °C, and 60 s, respectively.
Scan rate, amplitude, and period for bulk samples were 1 °C/min,
0.159 °C, and 40 s, respectively.

Table 1. TGA Weight Loss and Onset of Thermal
Degradation (To) for PC-Infiltrated AAO Templates

untreated CF
8 CF

10 CH
8 CH

10

weight loss (wt %) 34.1 25.5 30.0 27.2 26.3
To (°C) 243 269 266 274 257

Figure 5. (a) Change in heat capacity (ΔCp), (b) glass transition
temperature (Tg), and breadth (ΔT) for bulk PC and PC melt-wetted
into silanized AAO templates. Data are averaged over three samples.
ΔCp is reported based on mass of polymer.
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chemistry. As compared to bulk PC, an alkyl surface broadened
and reduced the Tg to a greater degree than the fluorinated
surface. The length of the silane (8 vs 10 carbons) did not
strongly influence the outcome. Without surface modification
PC shows evidence of thermal degradation in the presence of
the bare AAO surface. Additionally, the tips of the nanowires
showed a significant change in the contact angle resulting from
the reversal of the nanopore surface from hydrophilic to
hydrophobic. These results allow one to isolate the effect of the
surface, as there is little free surface available in the cylindrical
geometry.
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