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Nanoporous hard templates containing arrays of aligned
cylindrical channels, such as nanoporous alumina (anodic
aluminum oxide, AAO), have been used for the fabrication of
nanotubes and nanorods by various techniques, including
polymerization of monomers inside the channels'? as well as
layer-by-layer deposition of polypeptides and proteins.®> Nan-
oporous membranes functionalized with apoenzymes,* antibod-
ies,>® and DNA” were used for enantioselective separations,*>
detection of antigens,® and selective DNA permeation with
single-base mismatch selectivity‘7 However, macromolecules
located inside AAO hard templates may have different seg-
mental dynamics from that in bulk systems that could affect
the performance of membrane configurations based on the
functionality of biomolecules. Even though dynamics of poly-
mers near interfaces and in thin films has received a great deal
of attention,® only a few synthetic materials confined to
cylindrical nanopores, such as poly(alkylsiloxanes),” "' poly-
(poly(methyl acrylate) (PMA),'? polystyrene,'® and liquid
crystals,* !¢ have been investigated by different methods, but
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with different results: enhanced local mobility,'® unchanged

glass temperature but an enhanced chain mobility,'* whereas
in PMA the glass temperature was increased relative to the
bulk.'?

Moreover, previous studies of the dynamics of macromol-
ecules in AAO were predominantly carried out using com-
mercially available filter membranes characterized by disordered
arrays of nanopores having diameters D scattered around 200
nm. However, mesophase textures'’ and crystallization of
polymers'® 2 in self-ordered AAO hard templates®' character-
ized by narrow pore diameter distributions showed a clear
dependence on D. Remarkably, little is known as to how pore
diameter and rigid pore walls influence the dynamics of
biomolecules confined to AAO, even though it is well-known
that, for example, the self-organization of polypeptides in the
proximity of interfaces is different from that in the bulk.?***

Polypeptides are polymers of exceptional interest because of
their close relationship to proteins, their flexibility in functional-
ity, and their molecular recognition properties. They form
hierarchically ordered structures containing a-helices, which can
be regarded as rigid rods stabilized by intramolecular hydrogen
bonds, and fS-sheets (stabilized by intermolecular hydrogen
bonds) as fundamental secondary motifs.**** Recent dynamic
studies of bulk polypeptides as a function of molecular weight
and external pressure revealed that the segmental dynamics is
associated with the relaxation of amorphous-like segments
within the chain and at the chain ends related to broken hydrogen
bonds (largely of intramolecular origin).>**” A different inter-
pretation emphasizing the side-group mobility has also been
provided for the same dynamic process by another group.?® The
existence of (a defected) a-helical secondary structure gives rise
to a larger dipole moment parallel to the helical axis that relaxes
on a longer time scale.?°~2° Hence, the slower mode reflects
the migration of helical sequences along the chain.?’

In particular, the polypeptide poly(y-benzyl-L-glutamate)
(PBLG) has been studied as a model rigid-rod polymer in
solution,*® in the melt,?* 2%3! and grafted to surfaces.>? Here
we report the strong dependence of the segmental dynamics of
PBLG synthesized in self-ordered AAO with mean D values
of 25, 35, 65, 200, and 400 nm and a pore depth of 80—95 um
on the pore diameter. Whereas both released PBLG nanorods
(by etching the AAO) of all diameters and nanorods located in
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Figure 1. Scanning electron microscopy images of (a) AAO (D = 400 nm) modified with APTES, (b) AAO (D = 400 nm) containing PBLG

nanorods, and (c) the same PBLG nanorods released from AAO.

Scheme 1. Synthesis of PBLG Nanorods in Nanoporous AAO
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AAQ with D values of 200 and 400 nm show bulklike behavior,
considerably different segmental dynamics was found for PBLG
confined to AAO hard templates with D values equal to or
smaller than 65 nm.

PBLG nanorods were synthesized in the pores of AAO hard
templates as follows. The AAO was immersed in a 1 vol %
solution of dried and distilled 3-aminopropyltriethoxysilane
(APTES, obtained from Sigma-Aldrich) in anhydrous ethanol
for 6 h, rinsed with anhydrous ethanol, sonicated, and finally
baked at 120 °C under argon for 20 min. Under the conditions
applied here, it is reasonable to assume that the APTES forms
a cross-linked film with a thickness of one to three mono-
layers (1—3 nm)**** on the pore walls. BLG-NCA monomer
was synthesized following procedures reported elsewhere.*> 100
mM NCA dissolved in 20 mL of anhydrous tetrahydrofuran
(THF) was dropped onto the APTES-modified AAO hard

templates (Figure la) under argon. The polymerization of the
infiltrated BLG-NCA into the pores of the AAO (Scheme 1)
proceeded overnight at 110 °C under vacuum (1—2 mbar). After
the removal of residual material from the top surface of the
AAO with sharp blades, the samples were again heated to 100
°C under vacuum for 3 days. Thus, AAO containing PBLG
nanorods with uncovered pore openings is obtained (Figure 1b).
Optionally, the PBLG nanorods were released by etching the
AAO with aqueous 45 wt % hydrofluoric acid solution at 0 °C
for 1.5 h and subsequent neutralization of the suspension by
several filtration steps (Figure Ilc; Figure S1, Supporting
Information).

Even in AAO hard templates with the smallest pore diameter
of 25 nm, a-helices, which are stable in PBLG containing more
than 18 repeat units,”” were found. Figure 2a displays infrared
(IR) spectra of PBLG nanorods residing in AAO with a D value
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Figure 2. Characterization of the secondary structure of the PBLG nanorods. (a) IR spectra of bulk PBLG with a degree of polymerization of 430
(black line) and of PBLG nanorods located in AAO with a pore diameter of 25 nm (red line). The amide II and amide I bands of PBLG in its
o-helical conformation at 1550 and 1650 cm™! are indicated by red and green shading. (b) '*C NMR spectra of PBLG nanorods located in AAO
with a pore diameter of 25 nm (bottom) and of PBLG nanorods released from AAO with a pore diameter of 25 nm (top). The intense resonances
at 0 ~ 176 and 57.5 ppm indicated by red and green shading originate from the carbon atom of the amide carbonyl group and the C, carbon,
respectively, and evidence the presence of PBLG a-helices. (¢, d) WAXS patterns of randomly oriented PBLG nanorods released from AAO with
a pore diameter of 25 nm after annealing for ~12 h at 433 K and measured at the same temperature. (c) Two-dimensional WAXS pattern; (d)

equatorial WAXS intensity profile.

of 25 nm and, for comparison, of bulk PBLG. Both spectra show
amide I and II bands at 1650 and 1550 cm™! associated with
the a-helical conformation of PBLG. Likewise, '°C chemical
shifts (6) in '3C NMR spectra are very sensitive to the local
conformation of peptides.*® In Figure 2b, characteristic '*C NMR
spectra of PBLG nanorods both released from and located in
AAO with a D value of 25 nm are seen. The intense resonances
at 0 ~ 176 and 57.5 ppm arise from the carbon atoms of the
amide carbonyl group and from the C, carbon atoms, respec-
tively, and indicate the presence of a-helical secondary struc-
tures. Additional IR and '*C NMR spectra for other pore
diameters are given respectively in Figures S2 and S3 (Sup-
porting Information). In all cases the PBLG secondary structure
is a-helical. A two-dimensional wide-angle X-ray (WAXS)
diffraction pattern of randomly oriented PBLG nanorods released
from AAO with a D value of 25 nm after annealing for ~12 h
at 433 K and measured at the same temperature is shown in
Figure 2c, and a radial intensity profile as a function of the
scattering vector ¢ in shown in Figure 2d. The occurrence of a
strong peak at ¢ = 4.6 nm~! and the higher order peaks can be
indexed according to the (10), (01), and (11) reflections of a
hexagonal unit cell (the broad feature at around g~14 nm™!
originates mainly from the long amorphous side chains of
PBLG). Thus, the PBLG helices are arranged in hexagonal
structures.?” Nevertheless, the presence of the peptide secondary
structure does not lead to crystallization as the thermal
investigation (Figure S4, Supporting Information) revealed only
a glass temperature associated with the disordered PBLG
segments.

The segmental dynamics of the amorphous-like fraction of
the PBLG nanorods was studied by means of dielectric
spectroscopy (DS). DS is a versatile technique to probe both
segmental dynamics and global chain dynamics of macromol-
ecules interacting with external alternating electric fields.*” The

complex dielectric permittivity e* = &' — ie", where &' is the
real and &" is the imaginary part, is generally a function of
frequency o and temperature 7.3’ Both the orientation polariza-
tion of permanent dipoles and conductivity contribute to &*.
The orientational contribution can be fitted using the empirical
equation of Havriliak and Negami.*® Released PBLG nanorods
of all diameters and PBLG nanorods located inside AAO hard
templates with pore diameters of 400 and 200 nm showed,
similar to bulk PBLG,?® a strong temperature dependence of
the segmental dynamics that is well described by the Vogel—
Fulcher—Tammann (VFT) equation

D TTO
Tmax = tO exp T — T()

where 7o = (5.0 & 0.5) x 1072 s is the limiting time at very
high temperatures, Dr (= 5.5 £ 0.2) is a dimensionless
parameter (VFT parameter), and T, (= 241 £ 1 K) is the “ideal”
glass temperature.

PBLG nanorods located in AAO with pore diameters of 65
nm and below show systematic shifts of the segmental relaxation
times relative to bulk PBLG, as it is obvious from the dielectric
loss spectra seen in Figure 3a (¢ refers to the volume fraction
of PBLG within AAO; Supporting Information). At 333 K, the
segmental relaxation process of the PBLG nanorods residing
in AAO hard templates with a pore diameter of 35 nm appears
at ~50 Hz, a frequency significantly lower than that of the
segmental relaxation process of bulk PBLG at ~1 x 10° Hz.
Consequently, the segmental dynamics of PBLG nanorods inside
the AAO is slowed down. Below the glass transition temperature
of bulk PBLG at 263 K, however, the segmental relaxation
process in the PBLG nanorods residing in AAO hard templates
with a pore diameter of 35 nm can clearly be detected at ~3
Hz, whereas the segmental relaxation process of bulk PBLG

)]
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Figure 3. (a) Dielectric loss spectra of bulk PBLG (black open squares)
and normalized spectra of PBLG nanorods located in AAO with a D
value of 35 nm (blue solid triangles) at 333 K (top) and at 263 K
(bottom). The spectra of silanized but empty AAO with a D value of
25 nm (pink solid rhombuses) are also shown for comparison. Notice
the shift of the a-process maximum in the nanorods located in the AAO
hard templates (indicated by blue arrows) to lower and higher
frequencies respectively at 333 and 263 K as compared to bulk PBLG
(indicated by the black arrow). (b) Segmental relaxation times plotted
in the Arrhenius representation: black squares, bulk PBLG; blue circles
with horizontal lines, nanorods located in AAO with a D value of 400
nm; green left triangles with horizontal lines, nanorods located in AAO
with a D value of 200 nm; red down triangles with horizontal lines,
nanorods located in AAO with a D value of 65 nm; dark blue up
triangles with horizontal lines, nanorods located in AAO with a D value
of 35 nm; dark yellow rhombuses with horizontal lines, nanorods
located in AAO with a D value of 25 nm. The lines are fits to the VFT
equation.

lies below 1072 Hz, i.e., outside the experimentally covered
frequency range. This indicates that at 263 K the segmental
relaxation in PBLG nanorods inside AAQ is faster than in bulk
PBLG (a process due to surface polarization appears at much
lower frequencies). Dielectric loss spectra of silanized but empty
AAO with a pore diameter of 35 nm, which are shown in Figure
3a for comparison, are essentially featureless so that artifacts
such as presence of water or other contaminants can be ruled
out.

Figure 3b displays an Arrhenius plot of the segmental
relaxation times 7(7) of disordered PBLG segments in PBLG
nanorods confined to AAO with various pore diameters as a
function of the inverse temperature. Bulk PBLG and the PBLG
located in AAO with D values of 200 and 400 nm show typical
“fragile” dynamic behavior, that is, pronounced 7(7) depen-
dence. The VFT parameters of PBLG residing in pores with D
values of 400 and 200 nm deviate only slightly from that of
bulk PBLG. Strikingly, PBLG confined to pores with D values
between 25 and 65 nm exhibits completely different segmental
dynamics characterized by “strong” dynamic behavior with a
significantly weaker dependence of the segmental relaxation
times on the temperature. Moreover, the glass temperatures, 7T,
(defined as the temperature where the segmental relaxation time
is at T ~ 10 s), are reduced by as much as 50 K relative to that
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of bulk PBLG or PBLG located in AAO with pore diameters
of 200 and 400 nm.

The steepness index m,*° defined as m = d(log DIA(T/T)
and determined at T, decreases from a bulk value of ~65 to a
value of =10. Such significant changes in the temperature
dependence of the segmental dynamics have been reported for
some synthetic polymers***!' whereas no change has been
reported by other groups.**** We mention here that this effect
cannot be caused by the fixation of one chain end at the pore
walls since no such effect has been observed in copolypeptides.®
Independent density measurements of the PBLG inside AAO
pores using a microbalance (Supporting Information) revealed
insensitivity to pore diameter. In addition, increased density of
the PBLG inside the pores can be ruled out as densification
leads to an increase of 7,.”® Remarkably, the glass transition in
released PBLG nanorods of any diameter occurs at the bulk
glass temperature of PBLG of about 284 K (Figure S5,
Supporting Information), and they show “fragile” 7(T) depen-
dence like bulk PBLG. Apparently, it is the presence of the
rigid pore walls in AAO with pore diameters of 65 nm and
below that induces the change of segmental dynamics rather
than the geometric confinement itself. In a strong and irreversible
adsorption scenario, i.e., when the sticking energy of a repeat
unit exceeds the thermal energy, kg7, chains can be trapped in
unusual long-lasting conformations. It is reasonable to assume
that the pore walls of the AAO hard templates are screened by
the APTES layer, but unreacted ethoxy groups of the APTES
are prone to hydrolysis,**-** and the silanol groups thus formed
(Scheme 1) can form hydrogen bonds with the amide groups
of the polypeptide chains. The propensity for hydrogen bonding
between carbonyl groups and hydroxyl groups is well-known.
Thus, the weak 7(7T) dependence in the present case has a
different origin than the one discussed earlier; it results from
the redistribution of hydrogen bonds of the polypeptide back-
bone with the silanol groups. The additional hydrogen bonds
disrupt the backbone conformations and are also responsible
for the absence of the slower process associated with the
migration of helical sequences along the chain.

In conclusion, nanorods consisting of the polypeptide PBLG
were synthesized in nanoporous AAO hard templates with pore
diameters ranging from 25 to 400 nm. Independent of the pore
diameter of the AAO, the PBLG nanorods contained a-helical
PBLG segments packed in hexagonal superstructures in the
absence of long-range order. The segmental dynamics of PBLG
located in AAO with pore diameters of 200 and 400 nm, as
well as of PBLG nanorods of all diameters released from the
AAO hard templates, corresponded to that of bulk PBLG
characterized by “fragile” temperature dependence of the
relaxation times. A striking change from “fragile” to “strong”
dynamic behavior occurred if PBLG was confined to AAO hard
templates with pore diameters equal to or smaller than 65 nm.
A distinct change of the dynamic behavior rather than a
gradually increasing interphase contribution was observed. The
temperature dependence of segmental dynamics became sig-
nificantly weaker than in case of bulk PBLG, and the effective
glass temperature was reduced by as much as 50 K. Both are
discussed in terms of the newly formed hydrogen bonds between
the silanol groups and the peptide backbone. Therefore, these
results have to be considered when designing membrane
configurations based on the functionality of biopolymers located
in nanopores. Lastly, the altered segmental mobility of PBLG
within the smaller pores was confirmed by independent variable
temperature 'H NMR measurements that will be reported
elsewhere in detail.**
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