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ABSTRACT. The morphological characterization of polymer nanocomposites over multiple length
scales is a fundamental challenge. Here, we report a technique for high-throughput monitoring of
interface and dispersion in polymer nanocomposites based on Forster resonance energy transfer (FRET).

Nanofibrillated cellulose (NFC), fluorescently labeled with 5-(4,6-dichlorotriazinyl)aminofluorescein
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mailto:zammarano@gmail.com

(FL) and dispersed into polyethylene (PE) doped with Coumarin 30 (C30), is used as a model system to
assess the ability of FRET to evaluate the effect of processing on NFC dispersion in PE. The level of
energy transfer and its standard deviation, measured by fluorescence spectroscopy and laser scanning
confocal microscopy (LSCM), are exploited to monitor the extent of interface formation and composite
homogeneity, respectively. FRET algorithms are used to generate color-coded images for a real-space
observation of energy transfer efficiency. These images reveal interface formation at a nanoscale while
probing a macroscale area that is large enough to be representative of the entire sample. The unique
ability of this technique to simultaneously provide orientation/spatial information at a macro scale and
nanoscale features, encoded in the FRET signal, provides a new powerful tool for structure-property-

processing investigation in polymer nanocomposites.

KEYWORDS. Nanocomposite, interface, fluorescence, FRET, confocal microscopy.

MANUSCRIPT TEXT. One of the most enduring problems in the evolution of science and technology
using nanoscale materials is the characterization of their morphology in macroscopic systems.'** This
involves spatial and orientation distribution, which may be multimodal and hierarchical, and requires
information from the nano- to the macroscale, i.e., over six orders of magnitude in length scale. Several
techniques have been developed for characterizing the morphology of polymer nanocomposites, but
none of them is a stand-alone method, capable of addressing all these requirements simultaneously;

thus, a multitude of techniques is generally necessary.

According to Vaia et al.*, characterization methods can be categorized into four groups: (1) real-space
observations which allow a direct morphological observation (e.g., optical®, transmission® and scanning
electron microscopy’); (2) macroscopic property measurements which require a theoretical response
model and provide indirect morphological information (e.g., rheology®’); (3) physical response

measurements which are directly related to the amount of interfacial area (e.g., NMR!® and



fluorescence'"!1?); (4) reciprocal space observations based on scattering which provide a bulk
measurement of alignment and dispersion (e.g., X-ray*® , light'® and neutron scattering'#). The most
widely used of these methods is transmission electron microscopy (TEM) which requires time-
consuming sample preparation (i.e., microtoming) and the acquisition of tens of micrographs with
statistical analysis of data to provide a representative view of nanocomposite structure®. Solid-state
NMR can quantitatively measure the extent of dispersion but requires paramagnetic nanoparticles,
deoxygenated samples (for quantitative measurement only), sophisticated instrumentation, that may not
be readily available, and is also a bulk measurement that does not provide spatial and orientation
information.!® Fluorescence methods have been used to characterize the dispersion of layered silicates
and carbon-nanotubes in polymer nanocomposites.!"!? Previous studies in fluorescence microscopy and

5 indicate the potential for the

resonance energy transfer in imaging cellulose fiber interfaces!
exploration of non-microscopically based systems in the development of readily available on-line
characterization methods. LSCM is used as a high-throughput technique capable of visualizing the
morphology of a nanocomposite in three dimensions with minimal sample preparation; however it does
not provide nanoscale resolution.!*>!® The coupling of photochemistry or photophysics to microscopy

has great promise for agile characterization of nanoscale systems. !’ ¥

Here, we show how FRET combined with spectroscopic analysis or LSCM can be used to monitor
interface formation at the nanoscale through an easily accessible method that is amenable to high
throughput testing. FRET is a process by which a fluorophore (the donor), in an excited state, transfers
its energy to a neighboring molecule (the acceptor) by non-radiative dipole-dipole interaction.??! The
energy transfer efficiency between a donor and acceptor at a distance R decreases sharply with R: it is
equal to 50 % for R=Ry (where Ry is the Forster distance) by definition and drops to about 1 % for
R=2Ry. Typical values of Ry are between 2 nm and 6 nm, thus the FRET efficiency is typically

negligible for R>10 nm.>?> In a composite, where both the reinforcing phase and the matrix are



fluorescently labeled, FRET occurs only at a distance of few nanometers from the interface, revealing
the interface itself. This implies that FRET can encode nano-features (i.e., extent of interface formation)
in optical microscopy, which are beyond the resolution limit of optical microscopy (Abbe limit).?* By
combining optical microscopy techniques (e.g., LSCM) with FRET, one can probe an area that is large
enough to be representative of the entire sample (macroscale) and still retain information at a smaller
scale (nanoscale) which is intrinsically encoded in the FRET signal. This is a major advantage over
standard microscopy, where there is a trade-off between resolution/magnification and the ability of

displaying macroscale features that are important from an engineering point of view.

As a proof-of-concept system, we use fluorescently labeled NFC?*?° dispersed into PE, doped with C30.
The effect of processing on NFC dispersion is monitored by measuring the extent of energy transfer
with fluorescence spectroscopy. In addition, FRET combined with LSCM (FRET/LSCM for the
remainder) can provide a real-space observation for interface formation in polymer nanocomposites by
generating energy-transfer-efficiency maps. Absolute measurements of interfacial area and dispersion
are also possible but require calibrated standards and a detailed examination of the photochemical

properties, which is left for future work.?!?

RESULTS AND DISCUSSION*

A proof-of-concept system was realized by varying the extent of dispersion of NFC labeled with FL
(FLNFC), in PE containing C30. The proper labeling of NFC with FL in FLNFC (i.e., complete and
homogeneous labeling of NFC without losing nanofibrillation) was verified by LSCM and scanning

electron microscope (SEM). LSCM images of the same selected area were collected both in reflection

# This work was carried out by the National Institute of Standards and Technology (NIST), an agency of
the U. S. government, and by statute is not subject to copyright in the United States. Certain commercial
equipment, instruments, materials, services, or companies are identified in this paper in order to specify
adequately the experimental procedure. This in no way implies endorsement or recommendation by
NIST.



mode (488 nm excitation laser, no filter) to collect all reflected light, and fluorescence mode (488 nm
excitation laser, 505 nm low pass filter) to collect only the fluorescence emitted by FLNFC (Figures 1A,
1B). The image generated by reflected mode shows the identical features to the image generated by
fluorescent mode. Nanofibrils with a diameter of about 100 nm can be observed in fluorescent mode and
no aggregate of self-quenched FL is observed in reflection mode. SEM micrographs (Figures 1C, 1D)
show that the morphology of the NFC surface is not affected by the process and nanofibrils are still

present after labeling.

Figure 1. (A) LSCM image of nanofibrillated cellulose labeled with reactive fluorescein in reflection
mode (458 nm excitation laser, no filter) and (B) in fluorescence mode (458 nm excitation laser, 505 nm
low pass filter). (C) SEM micrograph of nanofibrillated cellulose before labeling and (D) after labeling.

The basic principle used for revealing the cellulose-polymer interface is illustrated in Figure 2. FLNFC
has an absorption peak at a wavelength (Aus) of about 497 nm and an emission peak (A%em) at a
wavelength of about 524 nm, as measured by UV-vis-NIR and fluorescence spectroscopy, respectively.

Similarly, C30 has a APabs 407 nm and APem ~ 492 nm. There is a significant spectral overlap between



the emission of C30 (donor) and the absorption of FLNFC (acceptor). As previously described, FRET
will occur only if the distance between donor and acceptor is in the range of a few nanometers. This
means that FRET occurs at the interface, where donor and acceptor are in close proximity but does not

occur for isolated acceptors or donors in the composite (Figure 2).
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Figure 2. Schematic drawing illustrating the use of FRET for revealing the interface in polymer
composites. FRET occurs only at the cellulose-polymer interphase where interacting donor-acceptor
pairs are formed. The normalized spectra of the absorption (dashed line) and the emission (solid line)
for the acceptor and donor are also shown.

In addition, a higher extent of dispersion of the reinforcing phase (FLNFC) will generate an increase in
interface and FRET. Two different levels of dispersion of FLNFC in PE were achieved by using two
grades of FLNFC: pristine FLNFC, with a low bulk density, and FLNFC in a pre-agglomerated prill
form (FLNFCp).® PE was extruded with both types of fibers at the same processing conditions.
Formulations of samples with their identification names and fluorescence data are shown in Table 1. A
representative emission spectrum for each sample is shown in Figure 3. PE-NFC (no fluorophore) is a

control sample used for background correction. PE-FLNFC is the acceptor-only sample. The excitation

wavelength used here (black-light) is capable of efficiently exciting the donor (C30) but not the acceptor

b Pre-agglomerated prills are commonly used to increase feeding speed of low-density natural fibers
during extrusion.



(FLNFC). The acceptor-only sample (PE-FLNFC) shows a relatively weak fluorescence peak at about
524 nm due to bleed-through in excitation (i.e., the direct excitation of the acceptor at the donor
excitation wavelength)?®, but the donor-acceptor samples (PE-C30+FLNFC and PE-C30+FLNFCp)
show an evident increase in acceptor fluorescence at the same wavelength due to FRET. The donor-only
sample (PE-C30) has an intense fluorescent peak (1.00 a.u.) at 492 nm. The presence of unlabelled
cellulose fibers decreases the donor peak intensity (0.83 a.u. for PE-C30+NFCp and 0.68 a.u. for PE-
C30+NFC) due to scattering and absorption.?” NFC is much more homogeneously dispersed than NFCp
(see LSCM data below) and the fluorescence intensity (for both donor and acceptor) progressively
decreases with the increase in dispersion of the cellulose fibers, due to light scattering. In addition, a
FRET-induced reduction in donor fluorescence is observed in presence of the labeled cellulose fibers

(0.66 a.u. for PE-C30+FLNFCp and 0.53 a.u. for PE-C30+FLNFC).

Table 1. Sample formulations and normalized fluorescence intensities. The data /’E-CSO
shown here are the average of at least five replicates. The standard deviation (o)
is also reported.
PE-C30+NFCp
SAMPLE 1D ADDITIVE FLUORESCENCE PE-C30+NFC
- PE-C30+FLNFCp
Peak 1 Peak 2 S PE-C30+FLNFC
Wavelength  Intensity Wavelength  Intensity 2
(nm) (a.u.%) (nm) (a.u.) g
2
PE-NFC NFC - - - - £
PE-C30 C30 492 1.00+0.03 - -
PE-C30+NFC C30 + NFC 494 0.68+0.02 - -
PE-C30+NFCp C30+NFCp 492 0.83+0.02 - - PE-FLNFC
PE-FLNFC FLNFC - - 524 0.12:£0.00 E-NFC
PE-C30+FLNFC C30+FLNFC 495 0.53+0.01 520 0.47+0.02
PE-C30+FLNFCp  C30+FLNFCp 491 0.66+0.05 525 0.57+0.01 ————
450 500 550 600 650
NFC: pristine unlabeled nanofibrillated cellulose fibers; NFCp: unlabeled NFC in a prill form; Wavelength (nm)
FLNFC: fluorescently labeled NFC; FLNFCp: fluorescently labeled NFC in a prill form.
Figure 3. Representative
fluorescence spectra for samples of
Note for the editors: Please keep Table 1 and Figure 3 next to each other for Table 1. The presence of FLNFC
Clarity reasons. Acronyms used in Figure 3 are defined in the footnote of Table 1. reduces C30 fluorescence due to

FRET and scattering/absorption.

¢ a.u. stands for arbitrary unit.



In a donor-acceptor sample, the ratio of the acceptor-to-donor peak (p) is a function of FRET and the
concentration of fluorescently labeled cellulose.?® For a perfectly homogeneous dispersion, ideally, p
should be constant throughout the sample and increase with the extent of dispersion. However, in
practice, heterogeneity due to variations in concentration and energy transfer efficiency will affect p. An
increase in the extent of interfacial surface area will induce an increase in the mean value of p measured
for a given sample (pave). Pave 1S an index of interfacial surface area, whereas, its standard deviation (o)
is an index of sample heterogeneity. A relative noise (26/pave) can be calculated for monitoring the
quality of dispersion as a ratio of the heterogeneity over interfacial-surface-area index: a lower relative
noise implies a more homogeneous and higher interfacial surface area in the sample. The relative noise
can be profitably used as a dispersion index. For example, the values of 26/pave calculated for samples
PE-C30+FLNFC and PE-C30+FLNFCp are 0.03 and 0.16, respectively. Note that the p value measured
for each sample is already averaged over the observed area by the fiber optic of the spectrometer.
Herein, the sample-to-probe distance was fixed at 10 mm, however, this distance can be easily tuned in
order to adjust the observed area to the extent of dispersion of the sample: the more homogeneous the
sample is, the lower the sample-to-probe distance can be in order to observe an area that is
representative of the entire sample. This spectroscopic approach provides a simple bulk method for
qualitative assessment of dispersion and homogeneity in polymer nanocomposites, suitable for on-line

and in-situ analyses (e.g., during extrusion or reaction).

Further insights on dispersion and interface formation can be achieved by means of FRET/LSCM with
sensitized emission (donor and/or acceptor fluorescence intensity measurement with direct donor
excitation) and acceptor photobleaching (donor fluorescence intensity measurement with donor direct
excitation before and after acceptor photobleaching).?® The acceptor photobleaching approach was
exploited only to conceptually support the occurrence of FRET and it is further discussed in Supporting

Information (Figure S1).



Representative FRET/LSCM images in sensitized emission mode for PE-C30+FLNFC and PE-
C30+FLNFCp are shown in Figure 4 and Figure 5, respectively. They show donor, acceptor
fluorescence and energy-transfer-efficiency map calculated by FRET analysis at 5x- and 100x-
magnification. High resolution images of Figure 4 and Figure 5 plus additional images from the FRET

filter set are shown in Supporting Information (Figures S2, S3, S4 and S5).

200 um

Figure 4. FRET/LSCM false-color images for PE-C30+FLNFC: (A) C30 fluorescence (donor filter set)
at 5x-magnification; (B) FLNFC fluorescence (acceptor filter set) at 5x; (C) energy-transfer-efficiency
map calculated according to the Nprer algorithm at 5x (Nrrer = 0.121); (D) C30 fluorescence at 100x;
(E) FLNFC fluorescence at 100x; (F) energy-transfer-efficiency map at 100x.
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Figure 5. FRET/LSCM false-color images for PE-C30+FLNFCp: (A) C30 fluorescence (donor filter
set) at 5x magnification; (B) FLNFC fluorescence (acceptor filter set) at 5x; (C) energy-transfer-
efficiency map calculated according to the Nrrer algorithm at 5x (Nrrer = 0.010); (D) C30 fluorescence
at 100x; (E) FLNFC fluorescence at 100x; (F) energy-transfer-efficiency map at 100x.

Large aggregates of FLNFC are observed with the acceptor filter set (Figure 5B) for PE-C30+FLNFCp,
whereas a more homogeneous dispersion is observed for PE-C30+FLNFC (Figure 4B). The donor filter
set (Figure 5A, inset box 1) shows that there is no significant fluorescence in the areas where the fiber
aggregates are localized (a residual weak fluorescence is generated by the acceptor fluorescence due to
cross-talk). This demonstrates that the hydrophobic C30 does not diffuse into the hydrophilic aggregates
of cellulose fibers. In such a system, a fluorescein dye molecule that is located just few nanometers
inside an aggregate of cellulose fibers is not contributing to FRET. An increase in the extent of

dispersion of the reinforcing phase (FLNFC) will expose more fluorescein molecules at the cellulose-

polymer interface and induce an increase in FRET.

A FRET index is a relative value of energy transfer efficiency that changes with the donor-acceptor
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configuration. There are a variety of FRET indexes that have been developed.?® In the present work we
exploited FRET indexes calculated according to three different algorithms: Nerer (Xia et al.®®), FRETN
(Gordon et al.*’) and nF (Youvan et al.*®). These algorithms were applied pixel by pixel to the three-
channel confocal images to generate energy-transfer-efficiency maps (e.g., Figures 4C, 4F, 5C, 5F). An
average value of FRET index was calculated for each map. Five different maps per sample were used to
calculate an average and standard deviation for each FRET index at 5x magnification. Table 2 shows
the average and standard deviation values of each index for the samples PE-C30+FLNFC and PE-

C30+FLNFCp.

Table 2. FRET indexes calculated for PE-C30+FLNFCp and PE-C30+FLNFC at 5x. The data shown
here for each index are the averages of five replicates. The relative standard deviation (¢ %), calculated
as a percentage of the ratio of the standard-deviation to the average value of the FRET index, is also
reported.

Sample FRET Index

FRETN-10? (6 %) nF- 10 (c %) Nezer - 10% (6 %)
PE-C30+FLNFCp 0.20 (27.6) -0.38 (-159.0) 1.81(51.4)
PE-C30+FLNFC 1.95 (12.7) 3.41(7.0) 12.2 (2.5)

As expected, the more homogeneously dispersed sample (PE-C30+NFC) shows an increase of all three
indexes as compared to PE-C30+NFCp, due to an increase in interface. The negative values of nF for
PE-C30+NFCp suggest that this index is not adequate for poorly dispersed samples due to extreme
variations in acceptor and donor concentrations that are not corrected in this algorithm.*® FRETN and
Nrrer provide, instead, index values which are normalized by the donor-acceptor concentrations.
FRETN and Nrrer show approximately a ten- and sevenfold increase, respectively, between PE-

C30+FLNFCp and PE-C30+FLNFC.?® In particular, Nrger is the most reliable index in systems where
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there are large local variations in the donor to acceptor concentration ratio. Compared to all other
indexes, Nrrer has the smallest variation (o % = 2.5) for PE-C30+FLNFC and the highest variation
(o0 % =51.4) for PE-C30+FLNFCp. This suggests that at this magnification (5x) the scanned area is
sufficient to represent the extent of dispersion for PE-C30+FLNFC and capture the large variations in
dispersion and fiber concentration for PE-C30+FLNFCp. Note that at higher magnification (e.g., 100x)
the observed area (84 um x 84 um) is comparable in size to the residue aggregates (inset box 2, Figure

4) and, thus, it is not representative of the extent of dispersion for PE-C30+FLNFC.

Figures 4C, 4F and 5C, 5F show the energy-transfer-efficiency map calculated according to the Nrrer
algorithm for PE-C30+FLNFC and PE-C30+FLNFCp. These are color-coded images generated for real-
space observation of energy transfer efficiency that reveal interface formation at a nanoscale while
probing a macroscale area that is large enough to be representative of the entire sample. The actual
spatial resolution of these energy-transfer-efficiency maps is the same as that for LSCM. However,
information about interface formation at the nanoscale, that is not resolvable by LSCM, is encoded in
the FRET signal (i.e., the calculated energy transfer efficiency for each pixel is dependent on the actual
extent of interface formation). This means that this technique provides a powerful tool for
morphological characterization of polymer nanocomposites by merging information over six orders of
magnitude in length scale: (1) extent of interface formation at a nanoscale; (2) orientation/spatial
information at meso- and macroscale. In this study we used only two-dimensional images; however, in
principle, a three-dimensional FRET analysis might also be carried out, in fact, LSCM can generate a

three-dimensional visualization of nanocomposites through optical sectioning.'?

Inset box 2 in Figure 5 illustrates, as speculated, that FRET is occurring at the polymer-cellulose
interface and not inside aggregates of NFC (see inset box 1 of Figure 5 and inset box 2 of Figure 4)

because C30 is not able to penetrate them. Even if small aggregates (~100 um) are still present in PE-
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C30+FLNFC (e.g., inset box 2 of Figure 4), the higher extent of dispersion induces a one order-of-
magnitude increase in the polymer-cellulose interface. The Nrrer value (average calculated over the
entire image) is 0.121 for Figure 4C and 0.010 for Figure 5C.

NFC can be considered as a hybrid nano/micro reinforcing agent with micro-features (i.e., the core
microfibers) and nano-features (i.e., the protruding nanofibrils). The microfibers can be easily detected
by FRET mapping (Figure 4C, inset box 3). Nanofibrils on NFC, with a diameter between 50 nm to
500 nm, are beyond the resolution limit of LSCM at 5x magnification (Abbe limit of about 1.5 pm).
Nevertheless, their contribution to interface formation is predominant as compared to the core
microfibers, due to their intrinsically high surface area. This may explain why, in the areas where the
highest energy transfer efficiency is reached, no NFC can be observed with the acceptor filter set (e.g.,
Figure 4, inset box 1). A further proof of this concept comes from the comparison of inset box 2 across
Figure 5. On activation of FRET visualization in Figure 5C, there is the sudden appearance of a strong
FRET signal in an area previously devoid of fluorescence, immediately to the left of the apparent edge
of the aggregate visible in Figure 5B. A similar trend is apparent throughout the image. Figures 5D, 5E
and S5F show the interface region magnified by 100x (Abbe limit of about 150 nm) and confirms that
energy transfer occurs predominantly at the nanofibril-polymer interface. This suggests that this
technique is even more interesting for composites containing fully nano-reinforcing agents (e.g.,
tunicin®'), which are able to create significantly more polymer—filler interface than NFC does.

Figures 4D, 4E and 4F show a representative area for PE-C30+FLNFC at 100x. Isolated microfibers and
nanofibrils are observed. This means that FLNFC splits into its component parts during compounding,
most likely due to severe shearing. SEM micrographs (Figure 6) provide further insights into the effect
of shearing on the morphology of FLNFC. Bundles of fibers with a diameter up to 10 pm are observed
before extrusion, whereas, a very homogeneous dispersion of fibers with a typical diameter of about
I um is observed after extrusion. Thus, compounding is also promoting debundling and inducing a

reduction in the average diameter of the fibers.
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Figure 6. SEM micrographs for: (A) FLNFC before compounding; (B) FLNFC on cryo-fractured PE-

C30+FLNFC at low magnification and (C) high magnification.

Note that SEM does not provide a representative view of the composite structure even at the relatively
low magnification of Figure 6B. Small aggregates (~100 um) are evident by FRET/LSCM (inset box 2
of Figure 4) but they are not obvious by SEM. This example shows that, contrary to standard
microscopy (e.g., transmission/scanning electron microscopy and optical microscopy) where an intrinsic
trade-off exists between resolution and accurately representing the average dispersion, FRET/LSCM can
capture an image that is representative of the entire sample in terms of dispersion while still retaining

nanoscale information, encoded in the FRET signal. The resolution gap between electron microscopy

14



and FRET/LSCM is substantially reduced by new super resolution microscopes.>>

Conclusions
FRET is used to monitor the extent of interface formation in polymer nanocomposites by: (a) a simple
spectroscopic approach for a qualitative bulk assessment of dispersion and homogeneity, suitable for on-
line and in-situ analyses; (b) a real-space observation of interface formation based on energy-transfer-
efficiency maps. In particular, FRET/LSCM provides a powerful tool with unique features for the
morphological characterization of polymer nanocomposites across many length scales, such as: (1)
nanoscale information about interface formation based on FRET; (2) meso- and macroscale information
with orientation and spatial information based on LSCM three-dimensional visualization; (3) more
readily accessible instrumentation than other techniques; (4) minimal sample preparation. Limitations of
our method are that fluorescently labeled samples are required and that fluorescence might be affected
by the processing conditions. Currently, only relative measurements are obtained. However, an absolute
measurement of interfacial area is possible but requires a calibrating sample and a detailed examination

of donor-fluorescence decay, which is left for future work.

METHODS.

Materials: NFC, Lyocell L040-6 with a precursor length of 6 mm and nanofibrils with a diameter
between 50 nm and 500 nm, was obtained from Engineered Fibers Technology (Shelton, CT).
Fluorescent dyes, Coumarin 30 (C30) and 5-(4,6-dichlorotriazinyl)aminofluorescein (FL), were
purchased from Sigma-Aldrich (Milwaukee, WI) and Invitrogen (Carlsbad, CA), respectively. Medium

density polyethylene (PE), with M,= 1800¢ and a density of 0.94 g/cm?, was supplied by Scientific

4 According to ISO 31-8, the term “molecular weight” has been replaced by “relative molecular mass,”
symbol M,. Thus, if this nomenclature and notation were to be followed in this publication, one would
15



Polymer Products (Ontario, NY). Sodium hydroxide pellets were purchased from Aldrich. Deionized
water (18.3 MQ) was used throughout sample preparation.

Sample Preparation. NFC was purified by thoroughly washing with water and then labeled with FL
using a method similar to the one previously reported by Helbert et al.’* Briefly, NFC (5.00 g) and FL
(0.12 g) were added into 800 mL and 200 mL, respectively, of 0.51 N NaOH. The two solutions were
first stirred separately for 40 min, and then combined together and stirred for 4 days at room
temperature. The suspension was repeatedly washed with water on a filter paper (2.5 um pore size,
24 cm diameter - Whatman, UK), until the filtrate showed an electrical conductivity of 2.5 uS and no
residual fluorescence, at which point it was dried at 80 °C. Densified fiber prills of NFC were prepared
by pressing the fibers (3.4 GPa, room temperature). PE composite samples (4 g) were prepared by
extrusion in a micro-compounder (DACA Instruments, Santa Barbara, CA) at a temperature of 108° C
and with a residence time of 5 min. A concentrated batch containing 2 %° of C30 in PE was prepared
and then re-extruded to obtain samples with a 0.19 % final concentration of C30 and/or 5 % NFC,
NFCp, FLNFC or FLNFCp. A control sample containing only 5 % NFC in PE was also prepared. The
extrusion time and temperature was identical for all the samples to prevent any difference in
fluorescence induced by thermal degradation or oxidation. The polymeric blends were hot-pressed at
115 °C for 2 min to obtain disk-shaped samples (diameter 14 mm, thickness 1.2 mm) in a Carver press
(Model #3912) and cooled in-situ with a forced air flow system. A Kapton polyimide film was used to
prevent the adhesion of the material to the metallic mold.

Fluorescence spectroscopy. Fluorescence spectra were obtained using an Ocean Optics USB2000
spectrometer adapted for fiber optic input with a 200 um entrance slit width. The fiber optic input was
placed normal to the sample at a distance of 10 mm. The excitation source was a 30 W black-light at

365 nm placed at about 3 cm from the sample. Fluorescent spectra were collected with an integration

write M,,, instead of the historically conventional M, for the number average molecular weight. The
conventional notation, rather than the ISO notation, has been employed for this publication.
¢ % is used throughout this manuscript and is identical to % by mass.
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time of 15 ms and averaged over 100 replicas to correct variations due to fluctuations of the lamp
intensity. The final emission spectra were background corrected, smoothed and finally normalized by
dividing by the average peak intensity of PE-C30. All measurements were made at room temperature.

UV-vis. The absorption spectra were collected in a quartz cuvette by a UV-vis-NIR (Perkin-Elmer
Lambda 950 spectrometer) for FLNFC in water suspension and C30 dissolved in acetonitrile. Data were
recorded at 1 nm increments.

LSCM. A confocal laser scanning microscope (LSM 510 META Carl Zeiss, Germany) was used to
detect FRET. The primary beam splitter was dichroic (405 nm and 488 nm). The donor filter set-up
consisted of an excitation source (405 nm diode laser, 30 mW) and emission band pass filter (420 nm to
480 nm). The acceptor set-up consisted of an excitation source (488 nm argon laser, 30 mW) and
emission band pass filter (505 nm to 550 nm). The FRET filter set-up consisted of an excitation source
(405 nm diode laser, 30 mW) and emission band pass filter (505 nm to 550 nm). A software tool (FRET
Tool vs 5.0, Carl Zeiss) was used to map and quantify the FRET efficiency. Threshold values for the
donor, acceptor and FRET filter set, determined by averaging the fluorescence values of PE-NFC, were
subtracted from all collected images as background fluorescence. PE-FLNFC (acceptor only) and PE-
C30+NFC (donor only) were used for measuring cross-talk in emission and bleed-through in excitation.
For sensitized emission measurements, an output of 0.3 % for the 405 nm laser and 1.1 % for the
488 nm laser were used at 5x magnification. For acceptor photobleaching measurements, an output of
0.3 % for 488 nm laser (44 s total bleaching time) and 0.5 % for the 405 nm laser were used at 100x
magnification.

SEM. A Zeiss Ultra 60 FE-SEM (Carl Zeiss Inc., Thornwood, NY) was used to collect SEM images of
specimens. All SEM samples were sputter coated with 4 nm of Au/Pd (60 mass fraction %/40 mass
fraction %) prior to SEM imaging. PE composites were cryo-fractured in liquid nitrogen prior to

analysis.
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