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ABSTRACT

Polymers confined at the nanometer scale oftenbéxhi distinct structural and dynamical
response compared to their bulk counterparts. ilstudy, we observe that the confinement of
poly(ethylene oxide) (PEO) in the nanopores of carimanoparticles (CNPs) leads to the
suppression of crystallization and to a significaduction of the\Cp at the glass transition. We
ask whether these changes are dominated by in@rfateractions (van-der-Waals type) or by
geometrical constraints. For pore diameters belownn2 (micropores following IUPAC
nomenclature), we find that the larger the porefasa; the higher the amount of PEO
intercalated in the micropores, and consequeritgy)drger the reduction of teCp at the glass
transition (up to 50 %). For pore diameters in thage 2-50 nm (mesopores), larger pore
surfaces lead to a higher amount of PEO adsorbetiemesopore walls, and the smaller the
reduction of theACp at the glass transition. Under these conditairspatial confinement at the
nanoscale, PEO chains cannot arrange themselwelaige crystalline domains, as evidenced by
a negligible degree of crystallization of at mos8 P6. High-resolution inelastic neutron
scattering data show that the PEO chains confinetie pores of CNP adopt a planar zig-zag
conformation, which is distinctly different fromdke characteristic of the 7/2 helical structure of

the bulk crystal.

INTRODUCTION

Understanding and predicting the structure and mhyecs of polymers confined at nanometer
length scales remain major challenges in polyménse! A crucial aspect of experimental
studies is that polymer-substrate interactionsaasgys present, making it difficult to provide a

consistent interpretation of the results. On the &and, when the confining length scale



(interlayer space in layered materiafspore diameter in porous substrates, layer thickness in
thin films °) is comparable to or smaller than the radius oatign (Rg) of the free polymer, the
influence of polymer-surface interactions on theigure and dynamics of the trapped chains
cannot be neglected. On the other hand, when thigngtg length scale is larger than the Rg of
the free polymer, different scenarios of confinemaeray be at play at the same time: a)
confinement due to surface adsorption wherebyradtsorbed polymer layer is formed; and b)
geometrical confinement of the inner polymer chainghe latter, surface interactions tend to be
screened by the surface-adsorbed polymer layer.ekams studies have observed systematic
changes in the dynamics of confined polymers viadifitation of the nature of
polymer/substrate interactions. Some examples diecthe study of the segmental and normal
modes of polymers confined in hydrophilic and hyarebic porous glasséshe formation of
self-assembled polymers with frustrated phases wtwnfined in reduced geometries with
variable surface affinity,and studies of the glass-transition temperaturéiaffims supported
on different substratés® In terms of practical applications, carbon-basemastructured
materials have been extensively investigated duleeio light weight, low cost, and high surface

112 35 well as three-dimensional

area for the design of conducting-polymer nanocsites,
macroporous materidfs*> based on carbon nanotubes, carbon nanofibersgmphene with

applications as electrodes in fuel cells, Li-ionttéd@es, and supercapacitors. In these
applications, the physico-chemical properties @& #usorbed polymer layer are of paramount
importance. If, for example, the glass transitiod arystallization behavior of the polymer layer
change due to confinement, our understanding cfetlegfects becomes central for a detailed

assessment of their potential use in practicaliegibns.

In the above context, we have recently shown tmatctystallization and underlying segmental



mobility of poly(ethylene oxide) (PEO) are largedffected by confinement in the nanometer-
scale pores of organic resins and carbon nanolestfcThe high surface affinity of the polymer
to the resin, induced by hydrogen-bond interactiolesl to a strong (almost complete)
suppression of the calorimetric glass-transitiomgerature (Tg) of the confined PEO phase.
This effect was less pronounced in PEO confinetthénpores of carbon nanopatrticles, although
we estimated a loss of 30 % of cooperative dynaraicdg. In this case, PEO-substrate
interactions are mostly of the van-der-Waals typmically weaker than hydrogen bonds.
Another parameter that remains largely unexplogtates to the influence of the pore structure
of the carbon nanoparticles on the physico-chenpicgerties of PEO retained in the pores.

In this work, we study the effects of pore sizecafbon nanoparticles (CNPs) on the glass
transition and crystallization of confined PEO.this situation, polymer/substrate interactions
are predominantly of the van-der-Waals type. Thee @bructure of pristine and polymer-filled
CNPs have been characterized in detail by nitrogieysisorption, providing access to both
gualitative and quantitative information on the gty of the substrates before and after PEO
treatment. Polymer uptake, as well as the stru@ndethermodynamics of PEO confined in CNP
pores are discussed on the basis of the distipcidgy of the substrate, including its volume,
pore surface, and diameter. To this end, we hawaracterized the polymer phase by
temperature-modulated differential scanning caleti;m (TM-DSC) and high-resolution

inelastic neutron scattering (INS).

EXPERIMENTAL SECTION

Materials



The following compounds were used in the presentkweesorcinol [(GH4(OH),), Sigma
Aldrich, 99%)], formaldehyde aqueous solution JG®), Panreac, 37-38%], sodium hydroxide
[(NaOH), Sigma Aldrich, > 97%), deionized water t@hed from a Direct Q5 Millipore
system), and polyethylene oxide [(PEO), Aldrich,@9.4x10 g/mol and polydispersity index

1.08].

M ethods

Organic resins were synthesized by polycondensatioasorcinol (R) and formaldehyde (F) in
aqueous solution following the approach of Pekak ¥ To obtain nanoparticles with different
pore structure, the reactions were performed &tréiit pH by adding appropriate amounts of
sodium hydroxide and keeping the R-to-F molar rdRdF) at 0.5. In this process, sodium
hydroxide (hereafter referred to as C) also actsaaalyst. The resulting solutions were then
placed in an oven at 85 °C for three days. Theurabthe solutions changed progressively from
clear to orange, then to red, and finally to dardwmn over the course of the reaction. After the
curing process, the gels were dried at 85 °C aterhpressure over the course of two additional
days, leading to the formation of dry organic resifnally, CNPs were obtained by pyrolysis of
the organic resins at 900 °C for 4 hours in a gégroatmosphere using a heating rate of 3 °C/min
and a cooling rate of 5 °C/min. Table 1 summarikesorganic resins synthesized by varying R-

to-C ratios (R/C) and pH.



Table 1. Summary of CNP synthesis conditions from organsinge For further details see the

text.

Organic resins/CNPs pH R/C (mol/nrfol)

A 7.2 100
B 7.1 125
C 6.7 230
D 6.7 250
E 6.5 330
F 6.4 400
G 6.3 500
H 6.2 600
I 6.1 750

4 R/C: resorcinol-to-catalyst (NaOH) ratio

PEO-filled CNP samples (PEO/CNPs) were preparech fagueous solutions consisting of 1 g
PEO and 1 g CNPs co-dissolved in 40 mL water. Theéume was stirred for 15 days to enable
the filling of the CNP galleries via the diffusiaf the polymer chains into the cavities. Excess
PEO was removed by centrifugation and repeatedoaguerashings. The resulting PEO/CNP

samples were dried at 80 °C in vacuo for 24 h émed at room temperature under vacuum.

Characterization
The chemical composition of the CNPs was obtaimenoh felemental analysis. The morphology

and pore structure of pristine and PEO-filled CNiRse analysed by field-emission scanning



electron microscopy (FESEM) and nitrogen adsorptiesorption isotherm, respectively.
FESEM images were collected with a JEOL JSM-670@Eument operating at 5-10 kV and 12
wA. The powder samples were supported on adhesit®o tape and coated with a thin gold
film. Nitrogen isotherms were obtained at 77 K gsammMicromeritics ASAP 2020. CNPs were
outgassed at 180 °C for 1 hour, and PEO-contaisamples were outgassed at 110 °C for 6
hours. The specific surface aread3 was determined form the linear part of the BEGt jP/R

= 0.05-0.2)"° External surface arease($ and micropore volumes (¥.) were determined from
the t-plots obtained via recourse to the HarkinsJaquatiorf® Average pore diameters
(<d>gy4), and mesopore volumes (Y)) were calculated with the Barrett-Joyner-HalenglidH)
adsorption-desorption metHddassuming cylindrical pores in the Kelvin equatidfiRore size
distributions (PSDs) were obtained by applying dieasity-functional-theory (DFT) method to
the nitrogen adsorption isotherrfs.

PEO mass uptake in CNPs was determined by thermoggay (TGA) using a Q500
Thermogravimetric Analyzer from TA Instruments. $d@s were heated from room temperature
to 800 °C at a rate of 10 °C/min under a constarftdw of 60 mL/min. The amount of PEO in
PEO/CNPs was calculated from sample-residue amsalgsi650 °C. These data show that
intercalated PEO in CNP pores decomposes at 35¢5€€ Figure S1 in the Supplementary
Information document). On the basis of this protpttte amount of PEO in PEO/CNP is given
by Weeoicne = foneWene + fredWpeo Where Weoeng Wene, and Weeo are the weight
percentages of PEO/CNP, CNP, and PEO residuedt@Sespectively, andfr and bgo are
the mass fractions of CNP and PEO in PEO/CNP, otispeéy. Since feo = 1 — tnp, mass
balance allows us to writedo = (Wene — Weeoeng/(Wene — Weeo).

Temperature-modulated differential scanning caletign(TM-DSC) measurements were carried



out using a TA Instruments Q2000 bh2 mg specimens sealed in aluminium pans. PEO/CNP
samples and bulk PEO were first heated to 100 °@etighest attainable heating rate, and
holding the temperature for 10 min at 100 °C. Tisamples were cooled to -150 °C in TM mode
with a 0.48 °C temperature amplitude, 60 s modaiapieriod, and 3 °C/min underlying cooling
rate. Next, all samples were heated back to 10& 8°C/min. A helium flow rate of 25 mL/min
was used all throughout. The TM-DSC data presebwdw are presented in terms of the
reversing heat capacity (Rev Cp) and non-reversaag flow (or Non-Rev HF, that is the total
heat flow minus the reversing heat flow). The newersing calorimetric signals primarily
contain information on time-dependent thermal pheswa, whereas the reversing signals are
dominated by the inherent thermal properties oftiagerial such as heat capacity (€b).
High-resolution INS data were collected on the T®S&pectrometéf located at the ISIS
Facility, Rutherford Appleton Laboratory, UK. TOSG#a so-called indirect geometry time-of-
flight neutron spectrometer spanning an energysfeairange up to 4000 ¢fin neutron energy
loss with a spectral resolution 0f.5%. INS time-of-flight spectra were collectedooth back-
and forward-scattering geometries, and then addegbtiier to obtain hydrogen-projected
vibrational densities of states (VDOS). Typical times varied between 2 and 8 h depending on
the hydrogen content of the sample. All samplesewayntained in flat aluminum cells of
thickness 1-4 mm and cooled to temperatures belite. NS data of the empty aluminium cell
was first subtracted from the data of all samplégen, mass-normalized INS data of a given
CNP were subtracted from the data of the correspgn®EO/CNP specimen. Finally, the
resulting data were normalized to the amount of RBGtent in the sample, as determined by

TGA. INS data of bulk PEO was normalized to sanmpéss.



RESULTSAND DISCUSSION

Pore-structur e characterization of CNPs

CNPs with variable surface area, pore volume, aock gliameter were synthesized via a
thorough control of reaction time, concentrationgd demperature program as described in the
experimental section above. CNPs are predominanttyposed of spherical nanopatrticles of ca.
15-80 nm diameter, which themselves are agglonmgerdtemaller particles. Interstitials between
nanoparticles constitute mesoporesd2s0 nm, wheral is the pore diameter). Voids between
the smaller particles form micropores@ nm)!® Additionally, high micropore areas are formed
in CNPs during the pyrolysis of resin-nanopartiplecursors at 900 °C, a process whereby
volatile compounds are released generating nanoefgrthroughout the carbon matefial.
Nitrogen isotherms for all CNP samples conform y@d IV with a Type-H1 hysteresis lo8p.
This loop is typically associated with capillarynctensation in the mesopof@<Compositionall
data of the CNP materials indicate that nanopagielre mainly composed of carbon (93 wt%),
with only 6 wt% of oxygen and 1 wt% of hydrogen.

Scheme 1 illustrates the CNPs reported in Tabléhese CNPs are characterized by different
morphologies, from highly coalesced, small-diametemnoparticles to slightly coalesced, larger-
diameter nanoparticles. Samples A and B are esfigntomposed of highly coalesced
nanoparticles with poorly interconnected mesopo&mnples C and D contain moderately
coalesced particles of similar dimensions to A Bndhereby allowing a high interconnectivity
across mesopores. Figure 1 shows CNP pore-strupan@meters as obtained from nitrogen
physisorption experiments. The external surfaca %) characterizing the mesopores exhibits
a maximum at 370 ffg (sample C) as a result of moderate coalescenderaatively small

nanoparticle diameters. By increasing the nanapartiameter from sample C to I, we observe



a monotonic increase of mesopore average diametieg ) from 7 to 54 nm, a concomitant
decrease of &, and an increase of micropore areagSThe BET surface areads§ ~ Smic +
Sex) remains fairly constant along the C-to-l serig®sopore (Mj;4) and micropore volumes
(Vmic) increase monotonically across this CNP seriesib@ing a higher increase in gy
relative to V.. Nitrogen isotherms were measured twice, from fwhige infer a 7%

instrumental error in the determination of the abuentioned parameters.

CNP with controlled morphologies

Samples: A, B..cooeeveveeevvevcvcceneneeeenn G Do E,F, Gl H

- 0
soonm R N 500nmM

Scheme 1. Mesopore areas (blue) in different CNP specim8asiples A and B are formed by
a high coalescence of small-diameter CNPs (15-20dmmeter), creating small mesopore
volumes between particles. As a resuli; & samples A and B is low. CNP coalescence in
samples C and D is lower than in samples A and rBsiimilar nanoparticle diameters. As a
result, S« increases in samples C and D. Samples H andfbared by larger-diameter CNPs
(up to 80 nm diameter), creating a high mesopotamme between particles. As a resulgS

decreases.
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Figure 1. Pore-structure parameters of CNP specimens. Fireiudetails, see the main text.

Por e-structur e characterization of PEO/CNPs

SEM images of representative CNP and PEO/CNP spesirtsample 1) are shown in Figure 2.
The images show a globular morphology with8® nm diameter in both samples indicating that
the primary component in PEO/CNP is the CNP. In REB0Ps, we find no clear evidence for

the presence of bulk PEO in the sample. These wdtsens indicate that the absorbed PEO
phase has been predominantly intercalated withen GNP pores. The DSC and INS data
presented below corroborate this picture, and pgeofuirther and firm evidence for the existence
of a distinct PEO phase in PEO/CNP markedly difiefeom the bulk polymer.

PEO mass uptakes in the different CNP specimenseai@ted in Figure 3. The data show an

increase in polymer absorption from a meagre 3%oupsaturation value of 20%. We note that
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the BET surface area &) of pristine CNP is the only pore-structure pareanehowing a
similar trend as polymer uptake across the CNReseatudied in the present work (see Figure 1).
However, a reduction of PEO mass uptake by 85% w@#p60% reduction of CNPgSr (from
sample C to A) indicates that other factors asienfsurface area can also affect polymer
uptake. One of these factors can be the poor mesapterconnectivity described above for
samples A and B. These samples display small aseragopore diameters (sgdg< 4 nm for

A and <dx;4 = 4 for B), which are easily obstructed upon polynadsorption. Since the
saturation value of PEO mass uptake in our saniplelsserved for CNPs with <@z > 7.5 nm,

it is likely that pores with <dsy <7 nm form bottlenecks preventing further accesRBO to

the pores.

Figure 2. SEM images of a representative CNP and PEO/CNPp(san
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Figure 3. PEO mass uptake in different CNP specimens. Ears Wwere estimated from

repeated TGA acquisitions of two independent sasaple

Figure 4 shows the pore size distribution (PSD)dostine and polymer-filled CNP samples.

The shadowed areas shown below the difference supm@esent the loss of pore volume upon
PEO treatment. Neat CNP samples show a sharp peakZnm (micropores) and a broad PSD
atd > 2 nm (mesopores). Upon polymer treatment, the B@Wes show a notable decrease in
nitrogen uptake. For instance, PEO/CNP (A) showalarost-complete suppression of nitrogen
uptake, indicating that the polymer chains obstmndtlecular adsorption inside micro and

mesopores. This result demonstrates either aneftioccupancy of mesopores by PEO chains
or a partial occupancy with subsequent blockagth@fsmaller pores. The low polymer uptake
observed for this sample (only 3 wt%) suggeststtimatatter case is more likely than the former.

Sample B represents a distinctly different situatitn this case, the PSD does not change
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appreciably upon polymer adsorption but the reéatibundance of mesopores decreases by 40
% compared to the pristine CNP. The shadowed aréag. 4 shows a uniform occupancy of
mesopores with different pore size. In sample B,RI$D of larger mesopores shows a stronger
suppression of nitrogen uptake compared to thelempbres. The shadowed area shows a
higher occupancy of pores with> 8 nm. This result suggests a preferential odioipaf the
larger mesopores by the confined polymer phaserentte PEO chains are likely to undergo
adsorption on the mesopore walls thereby redudieg effective diameter. In all cases, pores
with d < 2 nm show an 80-90 % reduction in nitrogen uptaklicating the blockage to nitrogen
access either because the polymer phase fillsdhesr because the polymer chains block the

pore entrance.
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Figure 4. Pore size distribution (PSD) for representative @amof pristine and PEO-filled

CNPs obtained by the DFT method. The shadowed areesspond to the difference between
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the PSD data of PEO/CNP and CNP sam@¥$Ad (see ordinate axis) corresponds to the

differential pore-volume distribution.

Other noteworthy features of PEO confinement in €Xdate to mass-uptake saturation values,
these being as high &R0 wt% for samples C to I. The PEO adsorption swthas a function of
PEO concentration in solution follows a Langmuipaycurve (Figure S2 in the Supplementary
Information), implying that the entrance of PEQoitihe pores depends on the interactions with
the CNP surface. Furthermore, extrapolation of ipely uptake to a PEO concentration of 25
mg/mL (uptake experiments) yields 0.25+0.02 gPE®IBG20 wt% of the total mass). This
value reproduces the saturation level found in eyreriments, as shown in Figure 3. We can
also estimate the area occupied by the PEO chaimfémed in CNPs by considering the density
of bulk PEO (1.14 g cf and a thickness of a PEO monolayer of 34Using these values, we
obtain that 20 wt% of PEO in PEO/CNP samples cpmeds to an area of 600-64C/g) a
figure which translates into a coverage hb0 % of the BET surface area.

Since the CNPs display a similage$ as a result of an increasing;Sand a decreasing.,$in
going from sample C to |, it is likely that the ¢teon of polymer confined within the micropores
increases with increasing,$ and, subsequently, the fraction of polymer cordfingthin the
mesopores decreases with decreasiggirbsuch a way that the resulting amount of polymer
confined in the sample remains constant. Thereftire, relative amount of PEO in both
micropores and mesopores varies along the diffesantples. The higher,g, the higher the
fraction of polymer confined in the micropores. &wise, the higher theeg the higher the
fraction of polymer confined in the mesopores.

To quantify the relative decrease of CNP pore sertnd pore volume dand B,, respectively)

15



upon PEO uptake, nitrogen adsorption—desorptiahésms of PEO-filled CNPs were compared
to those of their CNP precursors. The relative eleee of 51, Sx, and Qic was calculated by
recourse to Eqg. 1 below, where S(CNP) and S(PEO)JGI#the surface areas of pristine and
PEO-filled samples, respectively. Similarly, thdatiwe decrease of \.swas obtained from
volumetric parameters. With these consideratiomsiimd, the % surface decrease reads

S(CNP) - S(PEO/CNP)

D (%)= S(CNP)

[100% . Eq. 1

Using this expression, the calculated relative e&se of @ic (Dsmi) shows that 100 % of,&
disappears upon PEO absorption in all samples.fiffds1g suggests that the access of nitrogen
to the micropores is blocked by the PEO chains assalt of a combination of micropore
occupancy and micropore blockage by the polymee. ff&iction of PEO within the micropores
is likely to be higher for CNPs with a higheriSas explained above.

To examine in more detail the occupancy of mesapbre PEO, the relative decrease @f; S
(Dsexy and mesopore volume (B9 were also calculated. The data are shown in Eigaras a
function of the ratio of the radius of gyrationPEO to average mesopore radius (R@/Mmes=
<dgy>/ 2). The value of Rg for PEO with Mn = 94 kg/mchsvestimated to be 11 rffhFrom
these data, we observe that.and Dmesdisplay a linear dependence with Rglexcept for
samples A and B, whose pore-structure charactsigtiffer significantly from the rest of
samples. These results indicate that a higherRdéads to digher DsexiandDymes upon PEO
absorption as a consequence of mesopore blockagedition, Reyis higher than Bhesfor all
samples, indicating that PEO confinement preferalolgurs via macromolecular adsorption on
the pore walls. Given the chemical composition biRS (93 wt% carbon), we can also conclude

that adsorption must preferentially oceta van der Waals interactions.
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Figure 5. Relative decrease of (a) external surface/mesogpmtene (Dsex{Dvmeg and (b) BET
area (Rger) of CNPs upon PEO absorption as a function ofrétie of the radius of gyration of

PEO to average mesopore radius.

In terms of the relative decrease @S Dsget), Figure 5b shows an initial decrease gg&, an
opposite trend to that observed fog.fdand D/mesin Figure 5a. Then, §erreaches a plateau at
Rg/mmes= 1.6. Recalling that ggr~ Snic + Sxtand the fact that all CNP samples show a complete
loss of microporosity upon polymer absorption, aneduction of Rgerappears to be related to
the observed decrease in microporosity in goingnfieample | to E. Therefore, the loss of
microporosity (Sic) in these samples becomes more important tharlose of mesoporosity
(Sexp), resulting in a sensible decrease gaSSample A exhibits a different behavior as a tesul
of a different pore morphology, as explained earlis Dsger amounts to 98 %, indicating that
PEO chains obstruct both mesopores and micropores.

Scheme 2 below illustrates the occupancy of CNRapares and mesopores by the polymer

phase. In this cartoon, the blue areas show thepoess formed between nanoparticles and the
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pink areas show the micropores formed between emgadirticles forming larger aggregates, as
described above. In this situation, a number dietBht cases of polymer confinement can be
observed, namely: polymer adsorption in the mesopwealls; confinement in the small
mesopores (contact areas between carbon partialed)confinement within micropores as well

as the unavoidable blockage of micropore entrances.

--Confinementin small mesopores
—--Adsorptionin mesopore walls

----Confinementin micropores

N~-~Blockage of micropores

mesopore area, 2<d<50 nm

|
confined polymer B Mmicroporearea, d<2 nm
INSET: micropores created upon pyrolisis of the

resin-nanoparticle precursor

Scheme 2. Cartoon illustrating a two-dimensional projectidnREO confined in CNP

micropores and mesopores under dry conditions.

PEO uptake by pores with< 2Rg is entropically penalized.In this situation, the chain has to
unfold and slowly penetrate into the pores whilke@fvely blocking access to the pores for
other polymer molecules. The lower the pore diamébe higher the entropysY loss as this
quantity scales with pore size 8$7-N(a/df’®, whereN is the degree of polymerization aads

the monomer siz& CNP micropore diameterd € 2 nm) are well belowRgfor PEO and, as a
result, the polymer chains cannot completely unfalttd penetrate the pores, causing the

observed obstruction of nitrogen in adsorption-detson data. The diameter of the CNP

18



mesopores lies in the 2-50 nm range. In these ptire=e scenarios are possible, namelyd(a)
<< 2Rg (b) d = 2Rg and (c)d >> 2Rg Case (a) is similar to micropore adsorption. dsec(b),

the polymer chain is able to unfold and penetriagepiore. Its interaction with both sides of the
pore walls guarantees its retention within the pehde largely blocking access to nitrogen. In
case (c), the polymer chains penetrate the poresramain adsorbed on the pore walls
generating their own porosity. Nitrogen moleculesadsorption-desorption experiments have
access to the pores, and signal the formationnefsasurface contour characterized by a reduced

pore volume.

Temperature-M odulated Differential Scanning Calorimetry

TM-DSC was used to identify thermal events aridmogn the confined PEO phase. A cooling
ramp was used to obtain the reversing-heat-capdBiey Cp) and non-reversing-heat-flow
(Non-Rev HF) data. These data can be used to otftaiheat capacity of the sample from the
reversing signal. Also, crystallization occurringritig cooling can be evaluated from the non-
reversing heat flow signal. Representative TM-DSfadof PEO/CNP samples are shown in
Figure 6. To aid comparison, total-heat-flow (Tdi#) data for bulk PEO are also shown in the
same figure. The step in heat capacity at the dlassition ACp), that is, the glass-transition
temperature obtained wh&iCp is one half of the totalCp (T¢*“P?), as well as the temperature
width of the glass transitiomTg), and a lower-bound temperature for the glasssitian range
(Td) were evaluated from the Rev Cp signal as showfigure S3 of the Supplementary

Information. These values are reported in Table 2.

Table 2. Calorimetric parameters obtained from the TM-D&adas detailed in the text.
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Sample Tg Tg " ATg ACpsample ACPonfined PES Tc

(K) (K) (K) (J/gK) (J/gK) (K)
Bulk PEC®  210+1 217+1 18+1 0.12 - 318
A 202410  250+10 75425 - - -
B 200+10  250+10 70£20 - -¢ -
C 198+2 21942 53+2 0.12 0.65 236
D 197+2 226+1 52+2 0.10 0.58 237
E 197+2 226+1 54+1 0.12 0.59 234
F 196+2 22142 52+2 0.12 0.57 235
G 195+2 22242 5343 0.08 0.42 241
H 197+2 22342 53+2 0.10 0.52 243
| 195+2 22441 53+2 0.08 0.40 243

3)

b)

Normalized to PEO mass.
Semicrystallized

° Large uncertainties

The Rev Cp data clearly show the occurrence oéssgiransition in confined PEO samples over
a similar temperature range as bulk semicrystaB®. In contrast to bulk PEO, tfig- values

of PEO in PEO/CNP are slightly lower, although tHBif*“"? values are slightly higher as a
result of a broader thermal response (higtieg values). The broadening, shift, or even absence,
of the glass transition range has been often obdein PEO confined in small sfit& or
adsorbed on a surfate® The evaluation of the heat capacity change agtass transition in
samples A and B leads to large uncertainties dua tow PEO uptake by these samples.
Therefore, these two cases will not be considerexdir analysis below.

To estimate the percentage of PEO segments invalvélde glass transition [hereafteCprg

(%)], we define
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ACP,,.
ACp;, (%)=M [100% . Eq. 2

bulkPEO
ACp at the glass transition for PEO confined in CNfCfonineds PeEQ Was obtained by
normalizing theACp values of PEO/CNPACPsampid by PEO mass (cf. Table 2ACp for
completely amorphous bulk PEAGP puk peo= 0.86 J § K™) was obtained from the ATHAS
databanK. The results foACprg (%) are shown in Figure 7(a) as a function of thecpntage of
CNP micropore surface to total surface. These datav that the amount of PEO leading to
cooperative dynamics at Tg decreases (as much &sid&ample 1) as a function of the relative
amount of CNP micropore surface area. Taking ictmant that polymer-substrate interactions
are weak (van-der-Waals type), the above findinghicate that pore size is the controlling
parameter for the reduction afCprg (%). On this basis, a reduction ACprq (%) for PEO in
PEO/CNP implies that the polymer chains confinedhm micropores do not contribute to the
glass-transition step, a similar situation as #ratountered for PEO confined in sub-nanometric
GO layers® * If we compare samples C and | (extreme cases wofinement), we observe
notable differences relative to the above. Sulssitatontains a large amountldf nm diameter
mesopores, whereas substrate | contains a muclestmattion of larger mesoporess4 nm).
In terms of microporosity, substrate C containd tia¢ number of micropores compared to
sample |. Consequently, a high fraction of PEOimet in sample | is concentrated in the
micropores. On the contrary, most of the PEO rethin sample C, is located in the mesopores.
Even, when the mesopore diameter is as low as 7tmsipore diameter is large enough to
provide a measurable contribution to the heat agpbyg the retained PEO phase. However, the

much smaller size of the micropores (<2 nm) woulhthtically modify the PEO conformation

T http://www.springermaterials.com/docs/athas/futitathas00680.htm.
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avoiding its contribution to the Cp jump at Tg.
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Figure 6. Reversing-heat-capacity (top) and non-reversing-flea (middle) data for

representative PEO/CNP samples. These data hamenbemalised to sample mass. The bottom

figure shows the total heat flow for bulk PEO. AHita have been obtained using a cooling rate

of 3 K/min.
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Figure 7. (a) Percentage of confined PEO segments contribttirige glass transitiom\Cprg
(%)] in PEO/CNP as a function of the percentag€ENP micropore surface to total surface area.

(b) Percentage of crystallinity of confined PEORBO/CNP as a function of the percentage of

CNP mesopore volume to total volume. Dashed linesaugh guides to the eye.

The non-reversing-heat-flow data in Figure 6 shbw presence of small crystallization peaks
for PEO confined in CNP. The temperature at whiais process occurs is well below the
crystallization temperaturel ¢) of bulk PEO (cf. Table 2). When comparing fhe values of
confined PEO samples, we observe that samples Spag the lowest values. This behavior
could be attributed to the lower mesopore diametérheir corresponding substrates, making
the crystallization process upon cooling more diffi. For PEO confinement in CNPs A and B,
the DSC data do not exhibit any thermal processeshé non-reversing-heat-flow signal,
indicating that the confined PEO chains cannot forgstals within the pores. As crystallization
of PEO in PEO/CNP occurs within the glass transitiange, the percentage of crystallinity of

confined PEO can be obtained from Eqg. 3 using the-reversing data shown in Figure 6
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according to the following expression
.. AHC(:onfinedPIE
Crystallinity (%) =——————[100% Eq. 3
AHmM

AHC confined PEOWAS Obtained from the integral of the crystalli@atpeak in the non-reversing-
heat-flow data of PEO in PEO/CNP normalized to BtO content in the samplaHm®°
corresponds to the heat of melting of 100% crys@&lPEO, obtained from the ATHAS databank
(197 J/g). The data shown in Figure 7(b) show anemsing tendency for PEO to crystallize as
the percentage of CNP mesopore volume to total GNE volume increases, up to a maximum
value of at most 1.8 %. These results indicate thgtallization of most of the PEO chains
within the pores is suppressed and that only aldraation of polymer chains (or subchains) can
lead to crystalline domains. The significant reductof the melting temperaturelr) for
confined PEO has been observed previously in abefinement media including nanochannels
of sectional areas below 1 A as well as in anodized aluminum oxide templatet wore
diameter of 400 nnf¥ In the first case, strong PEO-substrate interastiat subnanometer
confinement scales were surmised to be the causeredluction inTm In the second case, a
transition from a heterogeneous nucleation prooessilk PEO to a surface nucleation process
in confined PEO was linked to an observed redudtiopolymer crystallization temperature by
about 50 °C. In our confined PEO system, both CNFfe feterogeneity and polymer-surface

interactions prevent PEO chains from adopting aleggrystalline structure.

High-resolution inelastic neutron scattering
On the basis of previous studies using high-regslUiNS to probe confined PEO intercalated in
graphite oxide, the conformation of this polymemnnpgwo-dimensional confinement changes

from being a 7/2 helix in the bulk crystal to arma zig-zag”* These changes are readily
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discernible in high-resolution INS data, and lea distinct shift of the CHrocking mode from
846 cm (bulk) to 814 crit (confined). The band at 846 ¢rhas been assigned to trans—gauche—
trans {gt) conformations of CCOC, OCCO and COCC groups ystatline PEC? whereas that

at 814 crit corresponds to trans—trans—tratt§ tonformations in PEO confined in the interlayer
space of graphite oxide? The band at 948 chin bulk PEO is assigned to a combination of
symmetric r(CH) and asymmetric COC stretch modestfgirconformations. In confined PEO,
this feature undergoes a red shift and it is alggpeessed considerably, evincing a significant
reduction in the population of these conformersrupanfinement.

In the case of PEO confined in CNP micro and messsya previous study where PEO was
confined in a CNP specimen with sgfg= 8 nm showed spectral similarities with that ofQPE
confined in the sub-nanometer interlayer space miphjte oxide® Following a similar
methodology, high-resolution INS has also been usdtis work to track possible changes to
PEO macromolecular conformation when confined inPG3ppecimens with <g»,> = 54, 39,
and 14 nm (Figure 8). The data are compared wehdhbulk PEO and PEO confined in a CNP
with <d>g;y= 8 nm. The INS data of PEO confined in these Chifesquite similar across the
series, yet they remain distinctly different to tN&S response of the bulk polymer. These results
highlight the formation of an amorphous polymergghaonfined within the CNP pores whétte
conformations prevail across the different CNP rhotpgies investigated in this work. The
small percentage of PEO crystallinity in these dasm<1.8 %) is not detectable with this

technique.
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Figure 8. Mass-normalized INS spectra in the 700-1000" cegion showing the Cttocking

mode at 846 cthand 814 crif, and COC stretch modes at 948 and 925'.cfthe spectra

correspond to the INS response of PEO after sulraof contributions from the substrate.

CONCLUSIONS

PEO was absorbed from water solution into the naerysize scale pores of CNPs with
variable volume, pore surface, and diameter. Thenper phase occupies both CNP micropores
(d<2 nm) and mesopores (@50 nm) and exhibits a mass-uptake saturation valu®0 wt%

for CNPs with et of (500 nf/g. Confinement of PEO occurs via the filling ofamipores and
small mesopores, as well as by adsorption on theopmge walls. Nitrogen physisorption
experiments reveal that microporosity in PEO-fill&NPs totally disappears upon PEO

absorption, suggesting that access of nitrogernéonicropores can be blocked by the PEO
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chains as a result of a combination of microporeupancy and the blockage of micropore
entrances. In the case of mesopores, their occypgmnthe PEO phase is not complete. Nitrogen
molecules have access to the mesopores, and signdbrmation of a new surface contour
characterized by a reduced pore volume. The hitffeeamount of mesopores in the substrate,
the higher the amount of PEO retained in the messpa@and the lower the reductionAEp at

the glass transition. Conversely, the higher thewrh of micropores in CNPs, the higher the
amount of PEO confined in the micropores, and tiveef the contribution taCp at the glass
transition. These results are interpreted as stemidence that in this family of materials the
glass transition is primarily driven by geometricainstraints imposed by the small micropore
size (@<2nm) rather than by specific polymer-substrateeradtions at the mesopore walls.
Moreover, confinement of PEO in both CNP micropard mesopores has a notable effect on
the crystallization behavior of the PEO chainghiese confinement conditions, the PEO phase is
mostly amorphous showing maximal crystallizatiotuea of up to 1.8 % in samples with the
highest mesopore volumes. Vibrational data obtaibgdNS account for the emergence of
planar zig—zag conformations in the confined PE@salt which is largely independent of CNP

pore morphology.

AUTHOR INFORMATION
Corresponding Author

*E-mail: fbarroso@ehu.es. Telephone: +34 94301 888%: +34 94301 5800

Notes

The authors declare no competing financial interest

27



ACKNOWLEDGMENTS

The authors gratefully acknowledge the supportief$panish MEC (MAT2012-39199-C02-02
and MAT2012-31088), the Basque Government (IT-68%-and the UK Science and
Technology Facilities Council for the provision lméam time on the TOSCA spectrometer. PP
acknowledges a PhD research contract from UCM (BE®5 FFA and SR acknowledge

financial support from the UK Science and Technyplbgcilities Council.

REFERENCES

(1) Alcoutlabi, M.; McKenna, G. Bl. Phys.: Condens. Matt@d05, 17, R461-R524.

(2) Elmahdy, M. M.; Chrissopoulou, K.; Afratis, AFloudas, G.; Anastasiadis, S. H.
Macromolecule2006, 39, 5170-5173.

(3) Barroso-Bujans, F.; Fernandez-Alonso, F.; QeyyeS.; Arrese-lgor, S.; Alegria, A.;
Colmenero, IMacromolecule012, 45, 3137-3144.

(4) Barroso-Bujans, F.; Fernandez-Alonso, F.; QOeyyeS.; Parker, S. F.; Alegria, A,
Colmenero, JSoft Matter2011, 7, 7173-7176.

(5) Petychakis, L.; Floudas, G.; FleischerHarophys. Lett1997, 40, 685-690.

(6) Napolitano, S.; Capponi, S.; Vanroy,Bur. Phys. J. 2013, 36, 1-37.

(7) Yabu, H.; Higuchi, T.; Jinnai, Feoft Matter2014, 10, 2919-2931.

(8) Roth, C. B.; Dutcher, J. Eur. Phys. J. 2003, 12, 103-107.

(9) Baumchen, O.; McGraw, J. D.; Forrest, J. A.lnbki-Veress, KPhys. Rev. Let2012, 109,
055701.

(10) Priestley, R. D.; Mundra, M. K.; Barnett, N; Broadbelt, L. J.; Torkelson, J. Mwust. J.

Chem 2007, 60, 765-771.

28



(11) Bose, S.; Kuila, T.; Mishra, A. K.; RajasekRr; Kim, N. H.; Lee, J. HJ. Mater. Chem.
2012, 22, 767-784.

(12) Barroso-Bujans, F.; Verdejo, R.; Arroyo, Mgfez-Gonzalez, M. D.; Riande, E.; Lopez-
Manchado, M. AMacromol. Rapid CommuR008, 29, 234-238.

(13) Nardecchia, S.; Carriazo, D.; Ferrer, M. Luti@rrez, M. C.; del Monte, EZhem. Soc. Rev.
2013, 42, 794-830.

(14) Verdejo, R.; Barroso-Bujans, F.; RodriguezeReM. A.; de Saja, J. A.; Lopez-Manchado,
M. A. J. Mater. Chem2008, 18, 2221-2226.

(15) Verdejo, R.; Barroso-Bujans, F.; RodriguezeReM. A.; Antonio de Saja, J.; Arroyo, M.;
Lopez-Manchado, M. AJ. Mater. Chem2008, 18, 3933-3939.

(16) Barroso-Bujans, F.; Palomino, P.; Cerveny,Feérnandez-Alonso, F.; Rudic, S.; Alegria,
A.; Colmenero, J.; Enciso, Boft Matter2013, 9, 10960-10965.

(17) Pekala, R. WJ. Mater. Scil989, 24, 3221-3227.

(18) Rouqueroal, F.; Rouquerol, J.; Sing, Kdsorption by powders and porous solidsademic
Press: San Diego, 1999.

(19) Brunauer, S.; Emmett, P. H.; Teller JEAmM. Chem. So&938, 60, 309-319.

(20) Harkins, W. D.; Jura, G. Chem. Phydl943, 11, 431-432.

(21) Barrett, E. P.; Joyner, L. G.; Halenda, P1.IAm. Chem. So&951, 73, 373-380.

(22) Broekhoff, J. C. P.; de Boer, J. HCatal.1968, 10, 368-376.

(23) Reading, M.; Hourston, D. Modulated Temperature Differential Scanning Calaing:
Theoretical and Practical Applications in Polymeh&acterisation Springer: 2006.

(24) Colognesi, D.; Celli, M.; Cilloco, F.; NewporR. J.; Parker, S. F.; Rossi-Albertini, V.;

Sacchetti, F.; Tomkinson, J.; Zoppi, Mppl. Phys. A: Mater. Sci. Proce@002, 74, s64-s66.

29



(25) Sing, K. S. W.; Everett, D. H.; Haul, R. A. MMoscou, L.; Pierotti, R. A.; Rouquerol, J.;
Siemieniewska, TPure & Appl. Chem1985, 57, 603-619.

(26) Fetters, L. J.; Lohse, D. J.; Richter, D.; taft T. A.; Zirkel, A.Macromoleculed994, 27,
4639-4647.

(27) Grall, H.; Shaulitch, R.; Yerushalmi-Rozen,NRacromolecule2001, 34, 8315-8320.

(28) de Gennes, P. Gscaling Concepts in Polymer Physi€ornell University Press: 1979.
(29) Vaia, R. A.; Sauer, B. B.; Tse, O. K.; GianseE. P.J. Polym. Sci. Part B: Polym. Phys.
1997, 35, 59-67.

(30) Barroso-Bujans, F.; Fernandez-Alonso, F.; Ramsop J. A.; Cerveny, S.; Alegria, A.;
Colmenero, JACS Macro Lett2012, 1, 550-554.

(31) Madathingal, R. R.; Wunder, S.Macromolecule®011, 44, 2873-2882.

(32) Uemura, T.; Yanai, N.; Watanabe, S.; TanakaNdmaguchi, R.; Miyahara, M. T.; Ohta,
Y.; Nagaoka, M.; Kitagawa, Slat. Commun2010, 1, 83.

(33) Maiz, J.; Martin, J.; Mijangos, Cangmuir2012, 28, 12296-12303.

(34) Maxfield, J.; Shepherd, I. Wolymer1975, 16, 505-509.

30



For Tableof Contents use only

I nter calation and Confinement of Poly(ethylene oxide) in Porous Carbon
Nanoparticleswith Controlled M or phologies

Fabienne Barroso-BujanBablo PalominoFelix Fernandez-Alonso, Svemir Réidhngel

Alegria, Juan Colmenero, and Eduardo Enciso

31



