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Surface Enhanced Raman Scattering Monitoring of Chain Alignment
in Freely Suspended Nanomembranes
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The molecular chain reorganization in freely standing membranes with encapsulated gold nanoparticles
was studied with surface enhanced Raman scattering (SERS) in the course of their elastic deformations.
The efficient SERS was enabled by optimizing the design of gold nanoparticle forming chainlike
aggregates, thus creating an exceptional ability to conduct in sifu monitoring. Small deformations resulted
in the radial orientation of side phenyl rings of polymer backbones while larger deflections led to the
polymer chains bridging adjacent nanoparticles within one-dimensional aggregates.
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The ultimate miniaturization of membrane-based sensor
devices demands extremely robust membranes, while
being sufficiently compliant enough to achieve record sen-
sitivity, along with shrinking dimensions. Complex, freely
standing nanostructures fabricated by the layer-by-layer
(LBL) assembly can integrate various functional materials
with nanoscale precision [1-4]. Such nanocomposites
have already demonstrated extraordinary mechanical prop-
erties combined with high toughness [5]. These LBL nano-
membranes have already demonstrated excellent sensing
properties with an estimated limit of uncooled thermal
detection below 1 mK, which is an order of magnitude
better than ceramic cantilever-based assemblies [1]. The
peculiar deformation behavior of their multilayered archi-
tecture was speculated to be responsible for the outstanding
micromechanical properties [5,6]. However, the nature of
the molecular mechanisms remains to be revealed.

To address this critical issue, a conformation sensitive
spectroscopic technique, such as Raman spectroscopy, can
be applied. It is known that stresses in bulk ceramic and
metal matrices are widely analyzed with Raman spectros-
copy [7-9]. However, for polymeric materials, a tremen-
dous increase in signal intensity must be achieved to get
structurally sensitive information. This becomes even more
critical in the fast detection for materials with nanoscale
thicknesses undergoing structural reorganization. Surface
enhanced Raman scattering (SERS) generated by a curved
metal surface (nanoparticles or nanocavities) must be ap-
plied in such cases [10,11]. SERS can tremendously en-
hance the signal for polymeric materials if properly
designed metal surfaces are incorporated [12—14]. How-
ever, real-time monitoring of ongoing structural reorgan-
izations from nanoscale materials (in femtogram amounts)
is still a supreme technical challenge.

In this Letter, we report the in sifu observation of mo-
lecular reorganization within nanocomposite (polymeric-
metallic nanoparticles) LBL. membranes in the course of
their deformations by designing the optimal conditions
for efficient SERS. The nanomembranes fabricated with
spin-assisted LBL assembly are composed of a central
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layer of gold nanoparticles (12.7 nm diameter) encapsu-
lated within multilayered polymer walls (each wall with
thickness around 20 nm) [Fig. 1(a)] [15,16]. The nano-
membrane was freely suspended over openings with a di-
ameter of 150 wm [Fig. 1(b)]. The concentration of gold
nanoparticles confined within a two-dimensional inner
layer was varied between 5% and 30% to achieve chainlike
nanoparticle aggregation critical for the SERS enhance-
ment [see inset in Fig. 1(b)]. The polymer walls were
assembled from polyelectrolyte bilayers of poly(allyla-
mine hydrochloride) (PAH, M,, = 70000) and poly(sodium
4-styrenesulfonate) (PSS, M,,=70000) with the gen-
eral formula (PAH-PSS),PAH/Au/(PAH-PSS),PAH,
nAun, where n is the number of bilayers.

The behavior of nanomembranes has been studied on
both a home-built interferometer and confocal Raman
setup by applying pressure from one side and monitoring
a corresponding membrane deflection from the resulting
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FIG. 1 (color online). (a) Microstructure of 9Au9 nanomem-
brane as suggested in Ref. [1]. (b) SEM image of the nano-
membrane suspended over an opening in a copper plate; inset:
TEM image of gold nanoparticle distribution into the nano-
membrane, some chainlike aggregates are marked; bar: 40 nm.
(c) Stress-strain plots derived from pressure-deflection data
(solid lines show linear fits); inset: the deflected nanomembrane
obtained from interferometry; the diameter is 150 wm.
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FIG. 2 (color online). Raman spectra of polymer and polymer-
nanoparticles freely suspended nanomembranes in the rest state
obtained under identical experimental conditions and showing
dramatic enhancement of selected Raman bands. Inset: Raman
spectra of bulk materials used for nanomembrane assemblies.
The vibration modes are assigned according to the literature (v,
stretching; 8, bending; p, out-of-plane bending) (Table I).

formation of Newton’s rings (interferometer) and SERS
spectra (Raman spectrometer) [1]. A low laser intensity
was used to avoid film damage (within 0.3—0.8 mW) and
independent measurements showed the initial position of
the main peak staying within =2 cm™! with a broad varia-
tion of laser intensity (0.1-2 mW) and the peak positions
remained identical to those obtained for the bulk polymers.

All nanomembranes studied here possessed nanoscale
thickness within 35—-60 nm and surface microroughness of
4-10 nm. Gold nanoparticles (3.9 vol. %) were randomly
distributed as a central layer with a significant fraction
forming chainlike aggregates composed of 6—10 nanopar-
ticles with narrow (2—8 nm) gaps between neighboring

TABLE I. Raman peak positions and corresponding assign-
ments.

PAH, PSS, Position,
Bulk Bulk  SERS PSS/PAH  Assignments  Reference
3058 3053 vC-H, 3058, [19]
2908 2907 vC-H 2915, [19]
1594 oNH, 1600, [20]
1589 1583 vC-C (ring) 1584, [19];

1598, [20]
1457 vC-C (ring), 1449, [19];
vC-N 1461, [21]

1380 vC-C (ring) 1367, [19]

1125 vSO, 1128, [20]

1035 vSO, 1037, [22]

1048 6CH 1061, [21]
696 691 vC-S 697, [23];

698, [24]

nanoparticles [inset of Fig. 1(b)]. The nanomembrane de-
flection under external pressure was converted into stress-
strain data by using elastic plate theory [Fig. 1(c)] [1,17].
From near-linear stress-strain behavior found at low strains
(<0.2%), the elastic modulus of the 9Au9 nanomem-
brane was derived to be 5.7 = 3.0 GPa as discussed else-
where [18].

The Raman spectra obtained for bulk materials (cast
films) displayed an excellent correspondence to the litera-
ture data with several strong peaks related to vibrations of
different molecular groups as tabulated for identical and
similar polymers in the literatures (Fig. 2, Table I). An
assignment of the major sharp peaks of PSS according
to the literature data for PSS and polystyrene (PS) materi-
als included stretching vibrations at 2907 and 2831 ¢cm™!
(C-H), 1589 cm™! (phenyl ring in-plane C-C stretching),
and 1035 and 1125 cm™! (SO; and SO, stretching, re-
spectively) [19,20,22,25]. The Raman spectrum for PAH
showed strongest peaks with C-H stretching at 2908 cm ™!
and bands at lower frequencies which have been associated
in the literature with the stretching, bending, and wagging
of the backbone groups [19,21,26]. Raman scattering from
gold nanoparticles showed weak bands related to citric acid
bonds (Fig. 2) [27].

In contrast, Raman scattering of free-suspended, purely
polymeric nanomembranes was close to the instrumenta-
tion background without strong peaks (Fig. 2). Oscillations
above 2500 cm™! are spectral harmonics from the back-
illuminated CCD camera, which are intensified by a strong
background [28]. The only weak band observed at
696 cm ™! can be assigned to the C-S stretching of PSS
chains. In fact, although the peak position differs from that
reported in the literature for C-S stretching (761 and
670 cm™ 1) [29], it is very close to 698 cm™~! position
reported for antisymmetric C-S stretching for the com-
pounds with C-S-O fragments which is more close to 1
studied here [24] and can be due to minor redistribution
caused by the presence of oxygen [23].

The Raman scattering changed dramatically for the
9Au9 nanomembrane with encapsulated gold nanopar-
ticles with chain-aggregated morphology. The overall in-
tensity increased by several orders of magnitude and two
strong dominating peaks became clearly visible (Fig. 2).
The strongest peak around 1583 cm™! is identical to that
observed for bulk PSS for the in-plane C-C stretching of
the side phenyl rings of PSS as assigned above (Table I)
[19,20]. A strong peak was also observed for similar
PSS:PAH LBL membranes [20]. The peak is wider
(~90 cm™!) than that usually observed for bulk materials,
which can be due to contributions from PAH with slightly
different positions (e.g., 1461 cm™! for C-N bond) and the
variable nanoparticle-polymer interactions as observed for
LBL membranes [20]. A broad maximum between 1050 to
1400 cm ™! includes vibrations related to the bending and
wagging of CH, groups, as well as stretching of the phenyl
rings and C-N bonds according to literature data for similar
polymers [26,30,31]. SO; - - - NHj; interactions which are a
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' can also con-

signature of these multilayers at 1200 cm™
tribute to this maximum [20].

Finally, a peak observed at 691 cm ™! can be assigned to
antisymmetric C-S stretching as discussed above with a
slight redshift caused by interactions for gold surface.
Additional weaker band at 628 cm™! is more difficult to
assign but considering the presence of the paired weaker
symmetric band observed for C-S bond shifted by 31 cm™!
we can tentatively assign this peak to symmetric C-S
stretching [23]. Larger redshift of this band in our mem-
branes can be related to environment effect caused by the
presence of gold surfaces and SO; - - - NHj; interactions. In
fact, a significant redshift of this band (down to 612 cm™')
was initiated by lower temperature and deuteration [24].

It is well known that the surface enhancement for se-
lected vibrations indicates the preferential vertical orienta-
tion of the corresponding vibration and the proximity to the
metal surface (within 1-4 nm) [10]. Considering that the
estimated fraction of polymer chains confined between the
gold nanoparticles is below 1%, we can evaluate the SERS
enhancement factor to be 10°. Such high enhancement for
the 1583 cm™! peak and the absence of the peaks at
1000 cm ™! indicate that the side phenyl rings are oriented
along the normal to the gold surface according to the
literature data [32—-35]. The enhancement of the peak at
1375 cm™!, corresponding partially to C-N bonds from
PAA side groups, confirms the close proximity of the
PAH segments to the metal surface as well. Overall, this
indicates an efficient intermixing of the PSS and PAH
segments in the vicinity of the nanoparticles [5].

Because the optimal surface density of the nanoparticles
within our nanomembrane (20%—25%) is well below the
2D percolation limit, and the nanoparticles form chainlike
aggregates, most “‘hot spots” are localized within these
chainlike aggregates providing the large enhancement un-
achievable otherwise. In fact, the narrow gap between the
nanoparticles (2—8 nm) allows for several PSS-PAH chains
(with a diameter of 0.5 nm) to be confined between neigh-
boring nanoparticles promoting an efficient surface en-
hancement for polymer chains trapped [36—38]. The
presence of strong SERS peaks caused by optimized one-
dimensional aggregation of gold nanoparticles encapsu-
lated between polymer multilayers allowed for fast, real-
time monitoring of the internal structural reorganization of
the free-suspended nanomembranes in the course of their
elastic deflection, an unprecedented possibility.

The high-resolution SERS spectra from the 9Au9 nano-
membranes were collected while pressing nanomembranes
either to low (50—400 nm) or high (0.4-7 wm) deflections
by applying up to 100 mbars from one side (Fig. 3). Two
Raman peaks were analyzed using Lorentzian fitting to
obtain their positions at different membrane deflections.
Changes in relative peak intensity associated with group
reorientation should be considered along with frequency
shifts caused by delocalizations arising from an increase in
the distance between the group and metal surface [39].
Despite significant scatter in the data due to the strong

background and different locations (=2 ¢cm™! for peak po-
sition and =30% for the intensity ratio), the overall trend
was reproducible and reversible (within =1 cm™! for the
peak position and *15% for the intensity ratio for an indi-
vidual set) with high temporary stability of all parameters.
The most important result obtained here is that all
variations point to nonmonotonic internal reorganization
with unexpected changes occurring at intermediate deflec-
tions. In fact, for small deformations (deflections below
2 wm or strain below 0.05%), the position of the main peak
was gradually shifted to a higher frequency (from 1583 to
1589 cm™!) while the position of the 1375 cm™! peak
shifted in the opposite direction, to 1368 cm™!
[Figs. 3(b) and 3(c)]. The trend changed to the opposite
for the elastic deformation larger than 2 um (a strain of
0.05%—0.6%): the main peak shifted 5 cm™! to a lower
frequency, and the secondary peak shifted to a higher
frequency (1377 cm™!) with the relative intensity
I,s35/11375 decreased by 50% (not shown). Considering
the results obtained, we can conclude that the two-stage
molecular reorganization occurs during microscopic de-
flections of free standing nanomembranes. This two-stage
mechanism of the structural reorganization can be associ-
ated with two deformational regimes in continuum theory
of elastic deformation of free-suspended plates. Bending
deformation followed by in-plane tensile stretching [17].
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FIG. 3 (color online). (a) High-resolution SERS spectra ob-
tained for free-suspended 9Au9 nanomembrane under increas-
ing pressure (marked in mbars on the plot). (b), (c) The peak
shift vs nanomembrane deflection for two peaks collected for
five independent measurements from different locations (1-5);
dashed lines show boundaries of variations of independent sets
(£2 cm™1). (d), (e) Sketches of reorientation of side groups and
backbone segments for low deformation (d) followed by the
formation of bridging chain segments between gold nanopar-
ticles for larger deformation (e).
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For the membrane elastic behavior, we suggest that in a
resting state, PSS/PAH backbones are spread close to the
metal surface with a significant portion of the segments
being in a planar orientation while the PSS side phenyl
rings are oriented perpendicular to the nanoparticle surface
[Fig. 3(d)]. The initial, small deformation of the elastic
nanomembranes (below 0.05%) results in a slight increase
of a gap within the one-dimensional, chainlike nanopar-
ticle aggregates. This “gap widening’’ provides higher free
volume which allows for the orientation of phenyl rings
perpendicular to the backbone and, thus, in the radial
direction in respect to the gold nanoparticles [Fig. 3(e)].
This segment realignment leads to the increasing intensity
at 1583 cm™! and the corresponding shift to a higher
frequency. It is worth noting that long flexible chains
(with an extended length up to 190 nm) could cover several
neighboring nanoparticles, thus creating effective molecu-
lar bridging within the nanoparticle chain aggregates
[Fig. 3(e)]. Therefore, further widening of the interparticle
gap can no longer be accommodated without significant
stretching of backbone segments in the radial direction.
Their reorientation and the formation of the bridging seg-
ments lead to accompanying rearrangement of the side
phenyl groups in the transversal direction, making them
parallel to and increasing their distance from the metal
surfaces. This reorganization inevitably makes the back-
bone segments orient perpendicular to and decouple from
the metal surface.

In conclusion, the efficient SERS enabled by the opti-
mized design of a gold nanoparticle inner layer encapsu-
lated between polymer nanoscale walls (each about 20 nm
thick) created an exceptional ability to conduct in situ,
real-time monitoring of the internal reorganization of elas-
tic nanomembranes in the course of their reversible elastic
deformation. This unique experimental achievement re-
vealed the two-stage molecular mechanism of the free-
suspended LBL nanomembrane deformation in the form
of the reorientation of the side groups followed by the
stretching of the polymer backbone segments between
neighboring nanoparticles. We suggest that such chain
bridging of macromolecules spread, in the course of
spin-assisted LBL assembly, over a number of adjacent
gold nanoparticles within one-dimensional aggregates cre-
ates an effective toughening mechanism responsible for the
outstanding robustness of these freely standing structures
reported very recently [1,6].
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