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An Interesting Class of Porous Polymer—Revisiting the
Structure of Mesoporous a-d-Polysaccharide Gels

Robin J. White,*[a, b, c] Peter S. Shuttleworth,[d] Vitaliy L. Budarin,[a] Mario De Bruyn,[a]

Anna Fischer,[e] and James H. Clark[a]

Introduction

Regarding biomass valorization in the context of nanomateri-

als, polysaccharides can be considered as excellent precursors

given their abundance, low cost, and inherent functionality.[1]

There is also the added benefit of the innate chirality of the

monomer, polymer, and associated supramolecular structures.[2]

The latter are dynamic, creating multiple metastable states re-

lated to torsion/rotation around the glycosidic bond that leads

to transformations, including single-to-double helical structural

transitions.[2b] Access to these different forms offers &&“leads

to” changed to “offers” ok?&& great versatility and variety in

the resulting properties of polysaccharide-derived materials.[1, 3]

In the context of porous-material preparation, generally the

specific surface area (SBET) of polysaccharides in their native, ex-

tracted form (e.g. , starch granules) is <10 m2g�1, a conse-

quence of densely-packed H-bonded polymers, reflective of

biological function (e.g. , compact energy storage).[4] Previously,

sol-gel-type approaches demonstrated the ability to expand

(i.e. , open up) the native polysaccharide state to produce high

surface area, meso/microporous polysaccharides, including

xero-, cryo-, and aero-gels.[3c,5] These functional, low density,

polysaccharide-derived, porous materials (denoted hereon as

PPDMs) represent interesting alternatives to traditional inor-

ganic gels and have already found application as supports for

acid, base, and metal catalysts.[6, 7] Other demonstrated applica-

tions include antibacterial materials,[6a] chromatographic sta-

tionary phases,[5c] and adhesives.[8] PPDMs can also be convert-

ed to porous carbonaceous materials (i.e. , Starbons),[9] which

have found application as separation media[10] in the recovery

of precious metals and as catalyst supports.[11,12] Recently a de-

tailed study on the Starbon carbonization process linked meso-

pore formation to pre-existing amylose nano-agglomerates,

emphasizing the importance of control over structuration of

the parent PPDM.[13]

In the context of chirality, polysaccharides have found appli-

cation in chiral separation science, typically by supporting

them on high surface area silica.[14] However, the manufacture

of supported polysaccharides is relatively tedious and expen-

sive. Therefore, the exploitation of polysaccharide in such an

application has vast potential, but requires further develop-

ment and characterization of the PPDM phase to enable pro-

duction of high surface area, porous materials. Furthermore,

opening or expansion of polysaccharide structures, would also
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The processes involved in the transformation of non-porous,

native polysaccharides to their highly porous equivalents intro-

duce significant molecular complexity and are not yet fully un-

derstood. In this paper, we propose that distinct changes in

polysaccharide local short-range ordering promotes and directs

the formation of meso- and micro-pores, which are investigat-

ed here using N2 sorption, FTIR, and solid-state 13C NMR. It is

found that an increase in the overall double helical amylose

content, and their local association structures, are responsible

for formation of the porous polysaccharide gel phase. An excit-

ing consequence of this local ordering change is elegantly re-

vealed using a 19F NMR experiment, which identifies the stereo-

chemistry-dependent diffusion of a fluorinated chiral probe

molecule (1-phenyl-2,2,2-trifluoroethanol) from the meso- to

the micro-pore region. This finding opens opportunities in the

area of polysaccharide-based chiral stationary phases and

asymmetric catalyst preparation.
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allow more efficient modification of the structure as conse-

quence of improved hydroxyl group accessibility. Owing to the

known chirality of polysaccharides (e.g. , helices), these surface

hydroxyl groups display a strongly pronounced chirality.[15]

Hence, the preparation of PPDMs potentially makes the materi-

als stand out against classical carbonaceous or inorganic

porous materials.

Following from the pioneering work of Che and coworkers

concerning the preparation of chiral templated inorganic ma-

terials,[16] recent reports demonstrated the exploitation of cellu-

lose nanocrystals in the synthesis of free standing, chiral nem-

atic (e.g. , micro- and meso-porous) films.[2a] This process in-

volves co-condensation of a liquid-crystalline cellulose nano-

crystal phase with either silica (through a sol-gel process)[15] or

supramolecular co-templating with urea/formaldehyde.[17] The

observed photonic properties of the resulting materials, the

result of “macro” chirality, was reflective of a lyotropic chiral

nematic liquid phase of cellulose nanocrystrals with a left-

handed helical structure.[18] Whilst nanoporous examples were

produced in this manner, there are no reports that demon-

strate chirality in the pore structuring at the small molecule

size range (i.e. , micro- or meso-pores), which will be necessary

to infer application advantages (e.g. , asymmetric catalysis).

The manipulation of polymer interactions in the preparation

of new polysaccharide-based nanomaterials could lead to the

production of structural mimics of naturally occurring nano-

structures (e.g. , produced in cell morphogenesis).[19] In this

context, following from our previously reported work,[20] this

article sheds new light on the physicochemical and textural

characteristics of porous poly-a(1!4)-d-glucopyranoses, using

exemplary materials based on high amylose corn starch and

pure amylose. This understanding and description aims to

enable subtle manipulation of porosity and surface properties

of PPDMs, which is illustrated here by the diffusion of a chiral

molecule probe in the porous polysaccharide network.

Results and Discussion

Regarding PPDM preparation, there are three key steps in ma-

terial preparation, namely: 1) gelatinization, 2) recrystallization

or retrogradation, and 3) solvent exchange/drying. During

step 1, the polysaccharide (e.g. , high amylose corn starch; de-

noted as HACS) is heated in water typically above a tempera-

ture defined as the gelatinization temperature.[21,22] Step 1 re-

sults in an endothermic disruption of polysaccharide order-

ing[23] in which &&ok?&& water acts to plasticize, penetrate,

and disrupt the H-bonded network, solubilizing the polysac-

charide and eventually melting any crystallites as the system

temperature increases to produce a disordered/random coil

polymer solution. In Step 2, when the system is typically

cooled (retrogradation), localized ordered polymer associations

are established to produce an aqueous gel phase of predomi-

nantly amorphous character. &&Changes to the previous sen-

tence ok?&& As the gel is not at thermodynamic equilibrium,

the system attempts to reorganize and minimize surface

energy, increasing the relative “local” ordering of the polysac-

charides.

Taking native starch as an example, amylopectin is known to

be the major crystalline component.[24] X-ray diffraction (XRD)

studies indicated that the long-range order present in the

starch granule is lost during gelatinization and not recovered

during retrogradation, indicating gel network formation is the

product of short-range inter- and intra-molecular interac-

tions.[25] Therefore, steps 1 and 2 generate new localized semi-

crystalline amylose-rich domains composed of aggregated

polysaccharide (e.g. , double) helices.[22,24,25] Step 3 is employed

to reduce the high surface tension of pore-bound water and

the collapse of the pore structure during drying, preserving

the “expanded” PPDM gel structure (the origin of the porosity

and high surface area)[20] into the cryo-, xero- or aero-gel equiv-

alent.[1, 3c,20]

In the following study, HACS is used as an exemplary precur-

sor for PPDM xerogel preparation, with the product denoted

as xero-MS (i.e. , xerogel mesoporous starch). To demonstrate

the reproducibility &&repeatability changed to reproducibili-

ty ok?&& of our optimized synthesis, an important consider-

ation when working polymers of a biological origin, five repli-

cate xero-MS samples were prepared and characterized using

N2 sorption (Table S1 &&1S changed to S1. Correct?&& in

the Supporting Information). xero-MS samples presented

a mean SBET of 190 m2g�1, with minimal variation observed be-

tween batches (standard deviation (SD) of �2 m2g�1). Pore

volumes were large (Vtotal>0.7 cm3g�1), of which mesoporosity

accounted for >80% (~0.60 cm3g�1), again with good repro-

ducibility &&Here again. Ok?&& (SDmesopore= �0.02 cm3g�1).

A mean average pore diameter (APD) of 9.5 nm was calculated,

although a degree of variation between batches was observed

for this textural parameter, attributed to the metastable nature

of the aqueous polysaccharide gel.

The transformation of non-porous HACS (Figure 1A) to the

high surface area, predominantly mesoporous xero-MS is clear-

ly observed using SEM, revealing a highly textured, intercon-

nected porosity (Figure 1B–C). Material morphology was found

to be somewhat variable throughout the product at the

>1 mm scale, potentially the result of collapsed granule struc-

tures induced by polysaccharide solubilization during the ge-

latinization process. Gel formation leads to a consistent, uni-

form, material texture at the sub-200 nm level, composed of

interconnected mesopores and small diameter macropores

(Figure 1C).[10,20] N2 sorption analysis generated Type IV iso-

therms, characteristic of a mesoporous material with the asso-

ciated pore size distribution presenting a bimodal profile (i.e. ,

contribution from both micro- and meso-pores; Figure 1D).[26]

The absence of a pronounced plateau region in the sorption

isotherm as relative pressure approaches unity reflects a pore

structure composed of slit-shaped and intra-particulate meso-

porosity.[27]

Concerning the description of local polysaccharide ordering

in xero-MS, qualitative information can be derived from FTIR

spectroscopy (Figure 2).[28] Both the parent HACS and xero-MS

present similar generic bands in four key spectral regions:

<800 cm�1 (the anomeric region), 1500–800 cm�1 (the “finger-

print” pyranose region), 3000–2800 cm�1 (n(C�H) deformation

region), and 3600–3000 cm�1 (n(O�H) stretch region)
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(Table 2S).[28] A band at 1642 cm�1 is attributed to the deforma-

tion vibrations of the O�H bond from strongly bound water

molecules. As might be expected, both HACS and xero-MS

present complex modes at wavenumbers <800 cm�1, a prod-

uct of glucose ring skeletal vibrations. Poorly resolved bands at

860, 761, 708, 610, and 574 cm�1 are observed in both spectra,

with bands at 708 and 610 cm�1 being more intensely resolved

for xero-MS, suggesting a network transformation. This is pro-

posed to be related to the orientation/conformation of the

glucose (or maltose) repeat units and/or the H-bonding net-

work. This is reflected further by changes in the n(O�H)
stretching and n(C�H) deformation modes. The maxima in the

3600–3000 cm�1 region shift from a broad band centered at

3322 cm�1 for HACS to a more resolved band centered at

3288 cm�1, with a secondary band present as a shoulder at

3487 cm�1, for xero-MS. Bands in this region are known to be

sensitive to the polysaccharide network H-bonding,[28] and in

this context reflect amylose reorganization (e.g. , through a coil

to helix transition) during recrystallization. Alteration in the rel-

ative peak intensities in the 3000–2800 cm�1 region (i.e. , �CH2

deformation modes) are also observed for xero-MS (relative to

non-porous HACS), suggesting a re-ordering and re-association

of C-6 hydroxyls during the formation of xero-MS phase.

Previous reports demonstrate the use of FTIR spectroscopy

in polysaccharide conformation investigations particularly re-

garding starch processing (e.g. , gelatinization and recrystalliza-

tion).[29,30] In this context, FTIR spectroscopy is particularly sen-

sitive to the key vibrations (e.g. , n(C�O), n(C�H), and n(O�H)).
This means analysis of the local bonding environment and

short-range ordering of starch polysaccharides is possible. This

cannot be otherwise observed in these complex “amorphous”

polymeric systems for example by powder XRD. In this context,

bands at 1047 and 1022 cm�1 are well known to reflect the or-

dered and amorphous components of starch respectively. It is

also known that the peak area ratio of the absorbance at

1047/1022 cm�1 provide a relative measure of the degree of

polysaccharide ordering[20,31] (denoted hereon as the local or-

dering ratio, LOR). In terms of processing, retrogradation is

known to increase the LOR, reflective of the transition from an

initially amorphous gel to a relatively more ordered polysac-

charide gel (and ultimately phase separation).[20]

A range of xero-MS samples prepared under a variety of

conditions (Table S3; i.e. , during the optimization of our PPDM

preparation procedure) were analyzed using this FTIR ap-

proach (Figure 3A–D). Each sample presented a different SBET
and porous expansion (Table S4). The 1500–800 cm�1 region

(i.e. , the pyranose fingerprint) was found to be particularly sen-

sitive to the transition from the non-porous to porous state.

Sharpening and enhanced resolution of bands in the 1200–

960 cm�1 region were observed with increasing porosity (i.e. ,

SBET and mesopore volume, Vmeso) &&Definition added. Ok?&

&. Therefore, the aforementioned LOR (i.e. , A1047 cm�1 /A1022 cm�1 )

was calculated as the change relative to the value for non-

porous, ungelatinized HACS. Based on our and other previous-

ly reported methods, Gaussian peak fitting of the respective

extracted FTIR spectra of xero-MS samples was performed

using previously reported band assignments,[28�, 31] using a six

peak protocol with fixed positions at 1022 and 1047 cm�1, gen-

erating data sets with good correlation factors (i.e. , R2>0.996).

Plots of LOR versus SBET and Vmeso present 1
st order exponential

relationships (Figure 3E–F). These relationships are presumably

associated with the relative transition from amorphous to

more locally ordered H-bonded networks in the gel phase,

which is composed of polysaccharide double helices. Calcula-

tion of SBET and Vmeso maxima from the first-order exponential

equation generated values of 184(�9) m2g�1 and 0.60(�
0.04) cm3g�1 respectively, agreeing well with the aforemen-

tioned experimental values prepared using the optimized

preparation route (Table S1).

Figure 1. Scanning electron microscopy images of (A) native high amylose corn starch (HACS), (B–C) xerogels prepared from HACS denoted as xero-MS, and

(D) N2 sorption isotherms and corresponding Barrett–Joyner–Halenda (BJH) pore-size distributions (inset) for HACS and xero-MS.

Figure 2. FTIR (diffuse reflectance infrared spectroscopy, DRIFT) spectra de-

picting the four main band regions of native and xerogel (xero-MS) forms of

high amylose corn starch (HACS).
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The increase in the LOR is presumed reflective of increasing

double helical content in the expanded material, derived form

a transition from the free coil phase (after gelatinization) to the

double helical form (after retrogradation) of the amylose com-

ponent. Such intermolecular processes are well known to lead

to 3D hydrate gel structures in polysaccharide (e.g. , amylose)

gels,[32, 33] whereas computational modelling of amylose indi-

cates that an amylose double helix is thermodynamically pre-

ferred (i.e. , vs. a single helix).[32,33] The correlation between the

LOR and textural properties may therefore be related to local-

ized ordered amylose-rich structures, resulting in the observed

phase separation during gel preparation and formation of the

xero-MS phase.

Complimentary to this FTIR analysis, it is known that the

multiplicity of the C-1 resonance in solid-state 13C NMR pro-

vides information regarding crystallinity and conformation in

polysaccharides (e.g. , single vs. double helices).[34] For example,

the multiplicity of the C-1 resonance is known to be related to

polymer packing in the starch granule.[34] Therefore, 13C cross

polarization magic angle spinning (CP-MAS) &&Definition

added here. Ok?&& NMR spectra for both HACS and xero-MS

were acquired (Figure 4). To demonstrate the importance of

amylose in the formation of the high surface area/mesoporous

structures (as postulated previously[20]), amylose and an amy-

lose xerogel (denoted as xero-amylose) were also analyzed.

The 13C CPMAS NMR spectra for non-porous HACS and xero-

MS presented resonances typical for HACS.[35] Examination of

the spectral fine structure and intensity of the respective reso-

nances indicated a number of significant differences between

the non-porous and xerogel forms of both HACS and amylose.

For HACS, characteristic resonances are observed at d=103.2,

100.9, and 100.1 ppm The resonance at d=103.2 and

102.8 ppm relates to the single helix conformation of amylose

(i.e. , a V-type or amorphous phase).[34–36] In accordance with

the literature, resonances at d=100.9 and 100.1 ppm reflect

double helical polysaccharide packing.[34–36] Based on a compari-

son of Figure 5A and B with C and D, it can be seen that gela-

tion reduces the amorphous or V-type content in favor of the

local ordered packing of double polysaccharide helices, as ex-

emplified further in Figure 5E and F.

The resonance at d=103 ppm is well known to be associat-

ed with a single amylose helix conformation (often referred to

as V-type amylose).[35,36] For xero-MS, this resonance is reduced

in relative intensity and resolution, being broader and amor-

phous in shape, whereas resonances at d=101.0 and

99.9 ppm resolve as a doublet, proposed to reflect the increase

in relative double amylose helices (i.e. , B-type hexagonal amy-

Figure 3. Extracted DRIFT spectra (and corresponding Gaussian fixed-peak deconvolutions) in the 1200–950 cm�1 region for xero-MS presenting different sur-

face areas: (A) 0.5, (B) 44, (C) 166, and (D) 188 m2g�1; relationship between polymer ordering ratio A1047 cm�1 /A1022 cm�1 and textural properties for xero-MS:

(A) surface area (SBET) and (B) mesopore volume (Vmeso).

Figure 4. 13C CP-MAS NMR spectra of the native and xerogel (xero-MS) forms

of high amylose corn starch (HACS) and pure amylose.
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lose packing).[35,36] The resonance at approximately d=94 ppm

is known to reflect constrained linkages in a poorly favored

conformational state (e.g. , the metastable porous xerogel

state).[34–36] Both xero-MS and xero-amylose show a relative in-

crease in the resolution of this resonance, presumed to be the

result of an increased contribution to the overall material state

from energetically unfavorable conformation(s). The reduced

relative intensity and resolution of the resonance at d=

74.9 ppm in the xerogels corresponds with a broadening of

the C-2, -3, and -5 resonances, and the formation of a compara-

tively less ordered system.[34–36] The intensity of the d=

62.2 ppm resonance, relative to the broad intense resonance

at d=72.5 ppm, also increases for xero-MS; again proposed to

be reflective of less favorable, locally ordered H-bonded net-

works.

To aid this discussion, deconvolution of the 13C CPMAS NMR

spectra in the region d=120–90 ppm was performed for

HACS, amylose, xero-MS, and xero-amylose (Figure 5). Decon-

voluted spectral peaks associated with the resonance at d=

102.9 ppm (i.e. , single helices) are reduced in their relative con-

tribution to the overall xerogel structure (Figure 5E–F). Based

on this information, it is proposed that single helix amylose re-

crystallizes after gelatinization and retrogradation to form

double helices. This analysis reveals that this occurs in both

xero-MS and xero-amylose, with a greater contribution to de-

convoluted peaks associated with resonances in the d=101.5–

98 ppm range. It is important to note that in HACS, an inher-

ent contribution to double helical content exists as a conse-

quence of the presence of amylopectin. This agrees well with

the discussed FTIR data, demonstrating a weakening of the H-

bonding intensity, the result of the high surface area, porous

phase formation (Figure 2).

The production of such PPDMs is very interesting from

a green chemistry perspective, but it also has the potential to

allow production of materials with unique pore structuring

(i.e. , based on helical structures). For example, the double helix

of amylose is known to have a left-handed orientation.[33]

Therefore, if it can be shown that the material porosity pres-

ents chiral domains; this could open further interest in PPDMs

(e.g. , asymmetric catalysis, chiral chromatography, etc.). How-

ever, the characterization of chiral porosity represents some-

what of challenge at the nanoscale. In this context, Tavener

and coworkers examined the behavior of physisorbed, fluori-

nated reporter probe molecules using MAS NMR, utilizing the

obtained results to describe and characterize the surface prop-

erties of a range of high surface area, porous solids.[37] Using

reporter molecules with different bonding characteristics, they

were able to separate the effects of specific chemical interac-

tions from non-specific electrostatic bonding characteristics

with the material surface, with the chemical shift of the 19F nu-

cleus being very sensitive to both chemical structure and phys-

ical state or environment of the probe molecule.

Inspired by this approach, the enantiomers of 1-phenyl-

2,2,2-trifluoroethanol were employed as chiral reporter mole-

cules to identify any chiral dependent behavior based on the
19F chemical shift for each enantiomer in the physisorbed

state. In this experiment, xero-MS was probed with the given

enantiomer (loading: 0.03 micromoles per unit surface area,

mmolm�2) and the corresponding 19F MAS NMR spectra ac-

quired. Interestingly, two 19F chemical shifts were observed for

Figure 5. Extracted and deconvoluted 13C CP-MAS NMR spectra in the region of d=110–90 ppm for (A) native HACS (SBET<5 m2g�1), (B) native amylose

(SBET<10 m2g�1), (C) xero-MS (SBET>180 m2g�1), and (D) xero-amylose (SBET>180 m2g�1) ; (E) The relative amount of V-type, ordered, and amorphous compo-

nents of the respective polysaccharides; and (F) the relative change of the same components (as derived from the corresponding peak areas in A–D).
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the R enantiomer at d=�76.4 and �73.2 ppm (Figure 6A).

This was at first surprising as identical experiments performed

using a comparative, high surface area, predominantly meso-

porous K60 silica gel generated a spectrum featuring only one

single 19F resonance (Figure S1), whereas liquid phase spectra

present only a single resonance at d=�78.9 ppm.[38] Further-

more, after spectra acquisition at extended experiment times,

the relative intensities of these two resonances presented time

dependent behavior (Figure 6A). The resonance at d=

�76.4 ppm was observed to reduce in intensity relative to d=

�73.0 ppm as a function of the experiment time, potentially

describing the diffusion of the probe molecule from one physi-

sorption site to another. The experiment was repeated using

the S enantiomer under identical conditions. Physisorption of

the S enantiomer on xero-MS also generated two 19F resonan-

ces but with marginally different chemical shifts at d=�76.2

and �73.5 ppm for the more and less intense resonances, re-

spectively. A change in relative peak intensities between the

two resonances was also observed with respect to time for the

S enantiomer. Therefore, 19F NMR spectra acquisition was re-

peated for both enantiomers and acquired at three hourly in-

tervals over a 21 h experimental period (Figure 6A; t=0, 6,

and 21 h).

Review of the collected data and subsequent calculation of

the respective resonance peak areas for each spectrum al-

lowed calculation of the area ratio of the two peaks and the

percentage change relative to the spectra acquired at t=0 h.

A first principles kinetic analysis of this data based on a first-

order exponential equation, generated a first-order rate con-

stant of 0.25 h�1 and 0.37 h�1 for the R and S enantiomers re-

spectively (Figure 6B–C). Importantly the observed kinetic be-

havior was found to be reproducible and repeatable on two

different NMR machines. It is postulated that the differences in

the kinetic analysis, described here as the rate of enantiomer

migration or diffusion from the lower to higher chemical shift

sites, is potentially a product of a stereochemistry-limited diffu-

sion step from a surface (or mesopore) site to a micropore site

(e.g. , the internal, hydrophobic cavity of the left-handed amy-

lose double helix). In this context, Shimada et al. previously cal-

culated that an amylose double helix has a cavity or entrance

diameter in the range of 0.60–1.04 nm[33a] such that this cavity

can be thought of as a continuous polymeric form of a cyclo-

dextrin, the nature of which will be hydrophobic and likely to

accommodate or trap substituted aromatic compounds of the

type used in this NMR probing experiment.[39] This is a very in-

teresting finding and represents a rather unique porous mate-

rial feature, which through further research could become ex-

ploitable in applications, such as selective extraction, separa-

tion, or asymmetric catalysis. The description of the PPDM xe-

rogels in this manner also raises the question of whether this

chiral pore structuring can be successfully maintained during

the preparation of carbonaceous-derivatives (i.e. , in Starbons

manufacturing process), opening further applications and bio-

mass valorization opportunities.

Conclusions

The preparation of porous starch-derived polymer xerogels

(e.g. , xero-MS) with specific surface areas >180 m2g�1, large

mesoporous domains and volumes (>0.6 cm3g�1), and the for-

mation of an expanded phase, were shown to be the conse-

quence of local, short range ordering behavior of amylose.

Based on a combined FTIR and NMR approach, coupled with

the synthesis of a pure amylose xerogel, characterization of

the local polymer ordering was revealed, demonstrating the

transition from a predominantly random polymer coil-based

phase in the original (non-porous) polysaccharide to a relatively

double helical amylose-rich phase. Based on an innovative
19F NMR reporter molecule experiment, the inherently helical

porous system of xero-MS was revealed to possess a chiral, ste-

reochemistry-dependent diffusion character, proposed to be

based on micropore entrances created through an increase in

the content of amylose double helices within the porous gel

structure. The presented results demonstrate the unique

nature of porous polysaccharide-derived materials, here exem-

Figure 6. (A) 19F MAS NMR spectra of physisorbed (R)-(�)-1-phenyl-2,2,2-tri-

fluoroethanol on xero-MS acquired at different time intervals ; 1st order kinet-

ic analysis of the rate of diffusion of the enantiomers (B) (R)-(�)-1-phenyl-

2,2,2-trifluoroethanol, and (C) (S)-(+)-1-phenyl-2,2,2-trifluoroethanol.
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plified by an amylose-based system, featuring a highly meso-

porous, chiral pore system, offering vast potential for

a number of high value applications (e.g. , asymmetric catalysis

and chiral separation science).

Experimental Section

Materials and methods

Purified high amylose corn starch (HACS) was purchased from Na-

tional Starch Food Innovation Plc. (Manchester, UK) and used as re-

ceived. Pure amylose was purchased from Sigma–Aldrich (�99%

purity) and was used as received. All solvents used were purchased

from Fischer Scientific at reagent grade purity and used without

further purification. 19F NMR reporter molecules (i.e. , (S)- and (R)-

(�)-1-phenyl-2,2,2-trifluoroethanol) were purchased from Sigma–Al-

drich (�99.0% purity) and were used as received.

Preparation of xero-MS from HACS

HACS and deionized water (at a mass ratio of 1:20) were stirred at

700 rpm for 10 min in a modified household pressure cooker prior

to heating (volume=3 L, operating conditions 120 8C/80 kPa). The

lid component of the device was modified with an aluminium en-

closure facilitating the insertion of a thermocouple. The system

was heated to 120 8C (30 min) followed by an isothermal period of

45 min. Upon returning to atmospheric pressure, the lid was re-

moved, and the resulting solution decanted into powder drying

jars. The vessels were then sealed and the gels retrograded (at

5 8C/48 h). The resulting gel was then solvent exchanged and

dried. The full experimental procedure is detailed in the Support-

ing Information. The preparation of an amylose-based xerogel (de-

noted as xero-amylose) was conducted as for xero-MS, however at

the 1.0 g precursor scale.

Characterization

N2 sorption analysis

Porosimetry analysis was performed using a Micromeritics ASAP

2010. Samples were degassed at 60 8C under vacuum (<10�2 Pa)

on the apparatus for at least 3 h prior to analysis. Data processing

was performed using ASAP 2010 version 5.02 and OriginPro (v9.1)

software. N2 sorption isotherms were measured at �196 8C. Specific

surface areas (SBET) were determined using the Brunauer–Emmett–

Teller (BET) &&Definition added. Ok?&& method, based on a N2

cross-sectional area of 0.162 nm2, calculated using a 10–20 point

BET plot over a relative pressure range of (P/P0) of 0.06–0.30,

where a linear relationship was obtained.[40] Pore size distributions

and mesopore volumes were calculated using the Barrett–Joyner–

Halenda (BJH) &&Definition added. Ok?&& method and nitro-

gen adsorption data.[41] Dubinin–Radushkevich and t-plot analysis

approaches were used in the determination of micropore vol-

umes.[42]

Scanning electron microscopy

Scanning electron microscopy (SEM) images were recorded on

a JEOL JSM-6490 LV (JEOL, Japan). Samples were mounted onto

alumina sample holders with double sided reversible conductive

carbon tape. Mounted material was Au/Pd coated on a high reso-

lution sputter SC-7640 coating device at a sputtering rate of

1500 Vmin�1, up to a thickness of 7 nm.

Diffuse reflectance infrared spectroscopy

Diffuse reflectance infrared spectroscopy (DRIFT) spectra were re-

corded using a Bruker Equinox 55 instrument equipped with

a liquid N2 cooled MCT detector. Resolution was 2 cm�1 and

1024 scans were averaged to obtain the spectra in the 4000–

600 cm�1 range. Spectra were recorded using KBr as a reference.

The samples were prepared by mechanically grinding all reactants

to a fine powder [sample/KBr=1:1000 (w/w)] . Subtraction of at-

mospheric CO2 and H2O from the resulting spectra was performed

using the Bruker Opus software (v.5.5). Spectral peaks in the region

of 1180–950 cm�1 were deconvoluted using a Gaussian-fitting

model to reveal changes in the ratio between peaks at 1047 and

1022 cm�1. Gaussian spectral deconvolution provided good fittings

for all spectra (R2>0.995). Peak assignments were based on posi-

tions from deconvolutions of starch in the dry state, as some peak

resolution in the 1180–950 cm�1 region was lost owing to overlap

with strong water absorption bands (i.e. , 1004 cm�1). Spectra proc-

essing was performed using the Bruker Opus v.5.5 software. Spec-

tral peak fittings were performed using the OriginPro (v9.1) soft-

ware and a 6-peak Gaussian fitting procedure using fixed peak po-

sitions at 1022 and 1047 cm�1 to define the local amorphous/crys-

talline or ordering ratio as reported previously.[20, 29]

Solid-state 13C CP-MAS NMR spectroscopy

13C CP-MAS NMR spectra were obtained using a Varian VNMRS

spectrometer operating at 100.56 MHz for 13C. Referencing for all

spectra presented was made with respect to tetramethylsilane at

ambient temperature. Analysis of native HACS and xero-MS was

performed under standard 13C CP-MAS spectral acquisition using

a 1H p/2 pulse of 40.0 ms length and 1.0 s recycle, at a spin rate

5 kHz. A 4.0 mm zirconia rotor was used. Owing to the low sample

density of xero-MS, the signal to noise ratio was particularly low. To

counteract this, spectral acquisition was performed in the dipolar

dephasing mode with a dephasing delay of 0.0 ms, amounting to

a rotor-synchronized refocusing pulse on the carbon channel. This

resulted in the removal of very broad signals arising from non-spin-

ning carbon. The four acquired spectra were processed using Ori-

ginPro (v9.1) software, with data was extracted from the d=110–

90 ppm range, followed by a fixed 7-peak Gaussian deconvolution

protocol based on the equation

[y ¼ y0 þ ðA=ðw
ffiffiffiffi

PI
p

=2ÞÞeð�2ð x�xcð Þ2=wÞ] , where R2>0.995.

19F MAS NMR probing experiment

The following method was adapted from a previously reported
19F NMR method developed at the Green Chemistry Centre of Ex-

cellence.[20] xero-MS was thoroughly dried under vacuum at 60 8C

on a Schlenk line for 1 min, 8 h prior to analysis. Samples were pre-

pared by mixing accurately-weighed masses of the dried material

and reporter molecule (e.g. , (R)-(�)-1-phenyl-2,2,2-trifluoroethanol ;

0.03 mmolm�2), which were immediately sealed in a screw-top vial

and left to equilibrate for approximately 1 h before analysis. Stan-

dard 19F NMR spectra were obtained under MAS conditions on

a Bruker Avance 400 spectrometer operating at 376.499 MHz in

a 4 mm zirconia rotor. A single-nucleus, one-pulse acquisition

method was used, with a recycle delay of 10 s. Typically 64 transi-

ents were collected at a spin rate of 10 kHz. Chemical shifts were
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calibrated using liquid C6F6 as a reference at �163.0 ppm (relative

to CFCl3 at 0 ppm). For each transient, 4096 data points were ac-

quired using a p/2 pulse of 3.5 ms, receiver bandwidth of 90 kHz,

and a recycle delay of 10 s. Spectra were collected every 3 h over

an experimental window of 21 h. Repeat experiments were per-

formed under the same experimental conditions at the EPSRC

Solid State NMR service, University of Durham, UK, using a Varian

Unity Inova system operating at 282.09 MHz for 19F, producing

practically identical data sets. The acquired spectra were processed

using Origin (v9.1) software and a Gaussian 2-peak deconvolution

protocol where R2>0.996. Experiments were also performed using

amorphous K60 silica for comparison.
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