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CONS P EC TU S

T he phase behaviors of crystalline solids embedded within
nanoporous matrices have been studied for decades.

Classic nucleation theory conjectures that phase stability is
determined by the balance between an unfavorable surface
free energy and a stabilizing volume free energy. The size
constraint imposed by nanometer-scale pores during crystal-
lization results in large ratios of surface area to volume, which
are reflected in crystal properties. For example, melting points
and enthalpies of fusion of nanoscale crystals can differ
drastically from their bulk scale counterparts. Moreover, con-
finement within nanoscale pores can dramatically influence
crystallization pathways and crystal polymorphism, particularly
when the pore dimensions are comparable to the critical size of
an emerging nucleus. At this tipping point, the surface and
volume free energies are in delicate balance and polymorph
stability rankings may differ from bulk. Recent investigations
have demonstrated that confined crystallization can be used to
screen for and control polymorphism. In the food, pharmaceu-
tical, explosive, and dye technological sectors, this understand-
ing and control over polymorphism is critical both for function and for regulatory compliance.

This Account reviews recent studies of the polymorphic and thermotropic properties of crystalline materials embedded in the
nanometer-scale pores of porous glass powders and porous block-polymer-derived plastic monoliths. The embedded nanocrystals
exhibit an array of phase behaviors, including the selective formation of metastable amorphous and crystalline phases,
thermodynamic stabilization of normally metastable phases, size-dependent polymorphism, formation of new polymorphs, and
shifts of thermotropic relationships between polymorphs. Size confinement also permits themeasurement of thermotropic properties
that cannot be measured in bulk materials using conventional methods. Well-aligned cylindrical pores of the polymer monoliths also
allow determination andmanipulation of nanocrystal orientation. In these systems, the constraints imposed by the porewalls result in
a competition between crystal nuclei that favors those with the fastest growth direction aligned with the pore axis.

Collectively, the examples described in this Account provide substantial insight into crystallization at a size scale that is difficult
to realize by other means. Moreover, the behaviors resulting from nanoscopic confinement are remarkably consistent for a wide
range of compounds, suggesting a reliable approach to studying the phase behaviors of compounds at the nanoscale. Newly
emerging classes of porous materials promise expanded explorations of crystal growth under confinement and new routes to
controlling crystallization outcomes.
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Introduction
The phase behavior of matter embedded in nanoporous

matrices has intrigued for decades, largely because the

physical constraints on the size of an embedded material

enforces large surface-to-volume ratios that are reflected in

dramatically different physical properties compared with

bulk-scale counterparts. This is most apparent with respect

to melting point depression, which becomes more signifi-

cantwith decreasing size.Melting point depression dovetails

with classical nucleation theory, which posits that the free

energy of a nucleus is determined by the balance between

an unfavorable surface energy and stabilizing volume en-

ergy. Melting point depression in nanoscale pores also

reflects the balance between these two factors, and its

existence suggests that the thermodynamic stability of

embedded phases and their nucleation, typically regarded

as a kinetic effect, are inextricably linked at this length scale.

Interestingly, polymorphism, the ability of a compound to

adopt multiple crystalline forms, is thought to result from

competition between nanometer-scale clusters of molecules

that resemble their corresponding mature crystalline forms.

Recent investigations have revealed that confined crystalliza-

tion can be used to screen for, and even control, polymor-

phism. This can be invaluable to the food, pharmaceutical,

explosive, and dye industries, forwhich regulatory compliance

and functional performance depend on polymorph identity

and control.

This Account reviews the latest advances in understand-

ing the polymorphic and thermotropic properties of crystal-

line materials embedded in the nanometer-scale pores of

porous glass powders and polymer monoliths, the latter

generated by selective etching of one polymer block com-

ponent from a shear-aligned diblock or triblock polymer

monolith. Compounds embedded in these materials exhibit

an assortment of size-dependent phase behaviors, including

the selective formation and stabilization of metastable amor-

phousandcrystallinephases, the shift of thermotropic relation-

ships (i.e., monotropic vs enantiotropic) among polymorphs,

and the discovery of previously unknown polymorphs.

Size confinement also permits determination of polymorph

thermotropic properties that are impossible tomeasure in bulk

forms. Furthermore, macroscopic polymer monoliths and

other matrices with highly aligned cylindrical pores enable

the examination of nanocrystal orientation under confine-

ment, with preferred orientations resulting from a competition

between crystal nuclei whose sizes are unconstrained only in

one dimension. This phenomenon provides an opportunity to

examine the influence of tailored additives, which bind to

specific crystal faces, on growth rate and orientation of em-

bedded crystals at a length scale not achievable by any other

means. We conclude with a look at likely future directions for

this area.

Nucleation: Classical Models
The initial stage of crystal growth is typically described as a

small cluster of molecules (aka, a nucleus), the formation of

which is accompanied by a free energy change, ΔGcryst

(Figure 1A), which is the sum of the negative (favorable)

volume free energy change, ΔGV, which scales with the

interatomic (or intermolecular) bonding energy, and the posi-

tive (unfavorable) surface free energy change,ΔGA, associated

with the phase boundary between the emerging nucleus and

the surrounding medium. ΔGcryst is size-dependent, exhibiting

a maximum that defines the activation energy for nucleation,

ΔGcrit, and the “critical radius,” rcrit. Nuclei smaller than rcrit
spontaneously dissolve whereas nuclei larger than rcrit
spontaneously grow. Critical sizes are typically regarded as

nanometer scale.1 When compounds can adopt multiple

polymorphs, the energetic profiles of the competing crystal

forms determine the crystallization outcome (Figure 1B).

These profiles, and thus the stability ranking of emerging

polymorphs at the critical length scale, can be adjusted by

manipulating the environment through conventional pro-

cess variables such as solvent2 and temperature.3Moreover,

additives can stabilize or arrest the growth of a particular

form.4 Recognizing that nucleation almost always occurs on

surfaces, well-defined solid substrates and monolayers at

the air�water interface have been employed to regulate

nucleation.5,6 The features of the free energy curves in

Figure 1B argue that polymorphism also can be controlled

by intervening in the crystallization process at the nan-

ometer scale, in the vicinity of the critical size, at which the

polymorph nuclei will differ with respect to their thermo-

dynamic stability. The use of nanoporous matrices as crys-

tallization reactors in which the pores serve to confine

crystallization at length scales along the trajectory of

Figure 1B provides an opportunity to explore this phenom-

enon and enable control of polymorphism and polymorph

screening, particularly if the pore sizes are adjustable.

The influence of crystal size on melting temperature

becomes apparent at the nanoscale, where it has been

described by the Gibbs�Thomson equation (eq 1),7 where

M is the molecular mass of the compound comprising

the particle, F is the particle density, r is the particle radius
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(assuming spherical shape), γnl is the surface tension

(interfacial energy) between the condensed phase and the

fluid surrounding it, θ is the interfacial angle between the

condensed phase and a contacting surface, ΔHfus is the

molar heat of fusion of the bulk condensed phase, Tm(r) is

the melting temperature of the condensed phase of radius r,

and Tm,bulk is the melting temperature of the condensed

phase in the bulk (as r f ¥).
Tm,bulk � Tm(r)

Tm,bulk
¼ � 2M

ΔHfusFr
γnl cos θ (1)

Tm,bulk � Tm(r )
Tm,bulk

¼ 2M
ΔHfusFr

γnl (2)

The Gibbs�Thomson equation predicts a linear relation-

ship between the change in melting point, Tm,bulk � Tm(r),

and the inverse particle size, 1/r, assuming the other para-

meters are independent of size. The θ term in eq 1 is

generally assumed to be 180�, which is valid for homoge-

neous nuclei that do not wet the aforementioned surface.

This assumption is pervasive in the literature, to the extent

that the cos θ term often is ignored in favor of a simplified

form (eq 2), even in cases for which wetting (θ < 90�) is
expected. The Gibbs�Thomson equation also can be com-

binedwith the Young equation (eq 3) to generate a form that

encompasses the dependence of the melting point on the

interfacial energies between the particle (n), surrounding

fluid (l), and substrate (s) (Figure 2, eq 4).We recently invoked

this form to explain melting point behaviors that deviated

from those expected based on the (erroneous) assumption

that θ = 180�.8

γns � γsl ¼ γnl cos θ (3)

Tm,bulk � Tm(r )
Tm,bulk

¼ 2M(γns � γsl)
ΔHfusFr

(4)

There are a number of assumptions implicit in classical

nucleation and the Gibbs�Thomson equation that can

produce discrepancies between predicted and observed

behaviors. Some of these have been addressed in a recent

Account9 describing the current understanding of nucleation

theory. A portion of the Account herein addresses other

physical properties often assumed (incorrectly) to be unim-

portant, independent of size, or constant, namely γ, ΔHfus,

FIGURE 2. Illustration of the static equilibrium described by the Young
equation. Three interfacial tensions, γsl, γns, and γnl are balanced at a
contact angle θ between the nucleating phase and the surface. (A)
Favorable nucleus�surface interactions, that is, good wetting, results in
θ < 90�. (B) Unfavorable nucleus�surface interactions (poor wetting)
results in 90� < θ < 180�. (C) A complete absence of wetting results in
θ = 180�, which is the customary assumption for applications of the
Gibbs�Thomson equation.

FIGURE1. (A) Illustration of the free energy (ΔGcryst) profile of a growing
crystal nucleus as a functionof crystal radius, r. The energyprofile results
from the sumof the favorable volume free energy,ΔGV, and the surface
free energy penalty associated with forming an interface between the
original and new phases, ΔGA. The profile passes through a maximum
value of ΔGcrit at rcrit. (B) Illustration of the energetic profiles for two
competing nuclei, polymorph A and polymorph B, over a range of
characteristic lengths. The thermodynamically preferred phase corre-
sponds to the lowest free energy, which can be adjusted by placing
nanometer size constraints upon the growing nuclei. Kinetics and
thermodynamics intersect at the critical size; at the critical size, the
difference in the kinetic barrier for the two polymorphs is tantamount to
the difference in their thermodynamic stability at this size. This ranking
can persist beyond the critical size but reverse to the stability ranking of
the bulk as the size increases.
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and F. Notably, no analytic treatments analogous to the

Gibbs�Thomson equation exist that describe the depen-

dence of solid-state transformations, such as amorphous-to-

crystalline or polymorph transitions, on crystal size. In part,

this is because nonmelting transitions such as freezing,

vitrification, and solid-state phase transitions are subject to

ill-defined kinetic factors such as defects, impurities, molec-

ular diffusion, and conformational rearrangements, any of

which may contribute to the rate of transformation.

Thermotropic Properties of Ultrasmall Crys-
tals in Nanoporous Silaceous Matrices
Christenson10 and Alcoutlabi and McKenna11 have described

the history of the dependence of glass transition temperatures

andmelting temperatures on size confinement. Most previous

descriptions of melting behavior adhere to the linear relation-

ship expected between ΔTm and 1/r described by the

Gibbs�Thomson equation (eq 1), despite reports of the size

dependence of ΔHfus, which should produce a nonlinear

relationship between ΔTm and 1/r. A disordered liquid layer

surrounding the crystalwas suggested tobe responsible for the

reduction of ΔHfus,11,13 noting that nuclei of various sizes

surrounded by a shell of amorphous material with a fixed

thickness would be more liquid-like for smaller nuclei, where

the surface-to-volume ratio becomes significant. Certain com-

pounds, such as benzene and carbon tetrachloride, exhibited

melting point depressions and elevations, the extent of which

depended on the composition of the porous matrix. These

reports, however, do not address the θ = 180� assumption

often invoked for the Gibbs�Thomson equation, despite the

clear dependence of ΔTm on the porous matrix composition.

Rault et al.12 reported thicknesses of noncrystallizing

layers ranging from∼0.6 to1.5nm thick, invokinga combined

crystal and amorphous layer with thicknesses between ∼1.5
and ∼3 nm, below which no crystallization occurred. This

thickness may reflect a critical size for nucleation. Jackson

and McKenna13 also examined the effect of decreasing pore

size on the crystallization and vitrification of o-terphenyl and

benzyl alcohol within CPG powders. Their results revealed that

crystallization of amorphous phases could be suppressed in

pores with diameters both less than and greater than 2rcrit,

which was estimated by substituting bulk-scale values for

physical parameters into a modified form of the Gibbs�Thom-

son equation, implicating both kinetic stabilization of the amor-

phous phase in pores large enough to accommodate postcritical

nuclei and thermodynamic stabilization of the amorphous phase in

pores too small to support stable crystals.

New Explorations Using Engineered Nano-
porous Matrices
Porous matrices such as Vycor and controlled pore glass (CPG)

permit systematic measurements of the key parameters in the

Gibbs�Thomson equation. These materials, however, contain

random and tortuous pores with broad pore size distributions

(Figure3A)within the samematrix.Moreover, junctions created

by intersecting pores could be expected tohave larger volumes

locally. Recently,wedevelopedmacroscopic polymericmatrices

with highly ordered cylindrical nanopores and very narrow

size distributions. These nanoporous monoliths were cre-

ated by shear alignment of block polymers consisting of two

(or more) immiscible segments that can form a self-as-

sembled structure consisting of nanometer-scale cylindrical

domains embedded in a chemically distinct matrix.14 After

shear alignment, chemical etching of the cylindrical block

affords macroscopic monoliths with highly ordered, contin-

uous cylindrical nanopores aligned along a single direction

of themonolith (Figure3B). Thesenanoporousmonoliths have

beengenerated frompolystyrene�polylactide15 (PS�PLA) and

poly(cyclohexylethylene)�polylactide (PCHE�PLA)16 diblock

polymers, as well as polystyrene�poly(dimethylacrylamide)�
polylactide (PS�PDMA�PLA) triblocks.17 In each case, the PLA

FIGURE 3. (Top) Scanning electron micrographs of (A) commercially
available controlled pore glass (CPG) with a pore diameter, d ≈ 55 nm.
(B) A platinum-coated (ca. 2 nm thick) p-PCHE monolith with a
hexagonal array of cylindrical pores (d ≈ 30 nm). (Bottom) Schematic
representations of nanocrystals grown in the pores of each type of
porous matrix. Whereas the pores in CPG are random, the cylindrical
pores in p-PCHE are highly ordered, permitting examination of crystal
orientation with respect to the pore direction. The refractory nature of
CPG permits infiltration of the melts of compounds with melting points
higher than Tg of the nanoporous polymer monoliths, above which the
polymer softens and the pores collapse. The refractory nature of CPG
also permits characterization of the thermotropic properties of
embedded crystals at higher temperatures. Reproduced from ref 26.
Copyright 2009 American Chemical Society.
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component that forms the cylinders is chemically etchedunder

mild conditions. The pores generated from etching PS�PLA

and PCHE�PLA are hydrophobic, whereas removal of the PLA

block from PS�PDMA�PLA produces hydrophilic PDMA-

coated pore walls (Figure 4). Pore sizes can be regulated by

adjustment of the volume fraction of each block and the

overallmolecularweight,withpore sizes practically achievable

in the range 10 < d < 100 nm. The ability to regulate pore size

and pore wall composition in these nonsiliceous nanoporous

matrices, coupled with narrow size distributions and high

degree of alignment, expands the range of phenomena that

can be probed for embedded materials.

Polymorphism and Thermotropic Properties
of Nanocrystals
In 2004, Ha et al.18 crystallized anthranilic acid (AA), for

which three polymorphs are known, within CPG having

pores with average diameters of 7.5, 24 and 55 nm. Form

III crystallized in 55 nm CPG and on the surfaces of nonpor-

ous glass beads, a mixture of forms II and III were observed

in 24 nm CPG, and only form II was observed in 7.5 nm CPG.

Form III is the thermodynamically stable phase in the bulk,

but form II persisted in the pores indefinitely. The exclusion

of form III in 7.5 nm CPG was attributed to its larger critical

nucleus size. Moreover, the persistence of form IImay reflect

a lower free energy compared with the other forms at or

slightly beyond the critical size (Figure 1B), reflecting size-

dependent polymorph stability. This report also described the

crystallization of 5-methyl-2-[(2-nitrophenyl)-amino]-3-thio-

phenecarbonitrile, known as ROY for the red, orange, and

yellow colors of its polymorphs,19 within the 20 and 30 nm

cylindrical pores of nanoporous PCHE monoliths. Within

30 nm PCHE monoliths, ROY crystallized as the Y form

(corresponding to yellow prisms) upon evaporation of sol-

vent (pyridine) used to carry ROY into the pores. When the

PCHE monolith containing the embedded crystals was

heated above the melting temperature of ROY and then

cooled, the embeddedmelt recrystallized as thealignedR form

with the (111) crystal planes parallel to the pore direction, as

determined by X-ray microdiffraction (Figure 5). Interestingly,

crystallization of Y and R was suppressed in the PCHE mono-

liths with 20 nmpores in favor of the red amorphous phase, a-

ROY. This behavior was attributed to amorphous phase stabi-

lization resulting from the small pore dimensions constraining

particle size to a value below rcrit for ROY.

Ha et al. also reported the melting behaviors of R-methyl

adipic acid (RMAA) and2,2,3,3,4,4-hexafluoropentane-1,6-diol

(HFPD) in CPG and porous PS monoliths.8 The melting tem-

perature dependence on pore size adhered to the 1/r depen-

dence of the Gibbs�Thomson equation (eq 1). The slope of

ΔTm vs 1/r differed for HFPD embedded in CPG and p-PS

(Figure 6), suggesting a dependence on the porousmatrix, that

is, θ 6¼ 180�. This behaviorwas regarded as evidence that the θ

term cannot be ignored and that the “full” Gibbs�Thompson

FIGURE 4. Schematic representation of the fabrication of nanoporous
polymer monoliths from a block polymer. Triblock terpolymers con-
sisting of polylactide (PLA), poly(dimethylacrylamide) (PDMA), and
polystyrene (PS) are shear-aligned to form a PS matrix and hexagonally
ordered cylinders of PLA surrounded by a shell of PDMA. Etching of the
PLA component produces cylindrical pores lined with hydrophilic
PDMA. Adapted from ref 17b.

FIGURE5. (A) DSC of an unwashed (solid line) andwashed (dashed line)
nanoporous PCHE monolith impregnated with ROY (from pyridine
solvent) that has been subjected to heating at 120 �C and cooled to
�25 �C (5 �C/min in both directions). (B) Two-dimensional diffraction
pattern of an aligned monolith containing only R nanocrystals. Pre-
ferred orientation of R nanocrystals is evident in the azimuthal intensity
maxima exhibited by the reflections. For clarity, only the (111) and (222)
reflections are denoted here. Reproduced from rom ref 18. Copyright
2004 American Chemical Society. (C) Configuration for diffraction using
μ-XRD. The nanoporous monolith with embedded nanocrystals
(depictedhere as only a single cylinder) is held in a fixedorientationwith
respect to a 2Ddetector. Reflections from specific crystal planes produce
diffraction features at coordinates (2θ,δ), where 2θ is the Bragg diffrac-
tion angle and δ corresponds to the orientation of that plane with
respect to δ=0,which coincides herewith the pore axis. Arcs of intensity
(rather than discrete points) signify a distribution of orientations of the
reflecting plane about the preferred orientation, and the breadth of the
arcs can be used tomeasure the alignment distributionwithin the pores.
Adapted from ref 31. Copyright 2009 American Chemical Society.
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equation (eq 1) ismore appropriate than the simplified version

(eq 2). Surprisingly, the melting point depression exhibited a

linear dependence on 1/r despite the observation that ΔHfus

also decreased linearlywith increasing 1/r. Decreasing values of

ΔHfus with crystal size were also noted by Alcoutlabi and

McKenna.11 Ha et al.8 argued that the linearity was due to a

fortuitous compensationof thedecrease inΔHfus byadecrease

in γnl with decreasing crystal size because the specific surface

energy of the crystal is expected to approach that of a liquid

with decreasing crystal size.

A series of manuscripts in 2007 and 2008 reported that

acetaminophen, a pharmaceutically relevant compound with

three polymorphs, exhibited melting point depression in the

pores of CPG and anodic aluminum oxide templates that was

consistent with the Gibbs�Thomson equation.20�22 As with

the polymer monoliths described above, the CPG monoliths

afford easy handling and cleaning. The refractory nature of

CPG, however, permits infiltration of the melts of compounds

with melting points higher than Tg of the polymer monoliths,

above which the polymer softens and the pores collapse.

Within the smallest pore sizes examined, 4.6 nm diameter,

crystallization was suppressed in favor of an amorphous

phase. The authors suggest that this was due to either critical

size effects or a kinetic stabilization of the amorphous phase, and

note that determining the cause is precluded by challenges in

determining whether amorphous acetaminophen is the equi-

librium phase in the 4.6 nm pores. In the case of 22�60 nm

pores, the metastable form III of acetaminophen was present

exclusively. Mixtures of forms II and III formed within 103 nm

CPG. Theauthors posited that the shift frommetastable form III

in pores less than 60 nm to the more stable form II in pores

greater than 100 nm reflected Ostwald's rule of stages. They

also noted that upon heating, form III exhibited melting point

depression sufficient to induce melting prior to the form III

to II transition observed in the bulk. Extrapolation of the

Gibbs�Thomson equation to bulk sizes permitted an estima-

tion of the bulk form III melting temperature, which had not

been measured directly. The authors also suppressed the

crystallization of these forms by rapidly quenching molten

acetaminophen, resulting in an amorphous phase that recrys-

tallized slowly over time. The glass transition temperature

decreased with decreasing pore size and broadened signifi-

cantly for 4.6 nm CPG. The authors attributed the broadening

tostrong interactionsbetweenacetaminophen layersandpore

walls, which immobilized the outermost acetominophen

layers. A size-dependent Tm broadening was attributed to a

growing influenceofanoncrystallized layer,whichwouldexert

anegligible effect onmeltingpoint properties for larger crystals

but would increasingly contribute to the melting behavior of

embedded crystals as the crystal size is reduced. The authors

suggested that a combination of pore size, crystal�pore wall

interactions, and pore topology could be tailored for specific

applications, such as the stabilization of pharmaceutical com-

pounds. The same authors noted that CPG could be used to

study the effect of nanoscale confinement on the crystalliza-

tion of polymers.23

As described by Hamilton et al. in 2008, glycine, which

exhibits three polymorphs in the bulk, was imbibed as an

aqueous solution by CPG powders and hydrophilic nano-

porous PS�PDMA monoliths (Figure 7).24 Crystallization in

both nanoporous matrices exclusively produced β-glycine,

the metastable form in the bulk, upon water evaporation.

The β-glycine crystals were stable indefinitely when con-

finedwithin pores having dimensions 24nmor less, but they

slowly transformed to R-glycine, the polymorph typically ob-

served in benchtop crystallizations from aqueous solvent, in

55nmpores. Extrapolationof plots of size-dependentTmvs1/r

to bulk length scales (i.e., 1/r = 0) provided an estimate of the

bulk β-glycine Tm value, which cannot be measured due to its

instability with respect to theR-form and the decomposition of

glycine prior to melting. The exclusive presence of β-glycine in

the smaller nanopores and the appearance of R-glycine as the

FIGURE 6. Dependence of the normalized melting point depression,
ΔTm/Tm, on the channel diameter for (a,1) R-MAA in p-PS, imbibed from
methanol, (b, 2) HFPD in p-PS, (c, Δ) HFPD in p-PS, imbibed from melt,
(d, b) HFPD in CPG, imbibed from methanol, (e, b) R-MAA in CPG,
imbibed frommethanol, and (f, 0) HFPD in CPG imbibed frommelt. The
slopes are larger for the p-PS monoliths. The data for HFPD reveal that
the effect of the porous matrix outweighs the differences arising from
the method used to introduce the HFPD to the channels (melt or
methanol solutions). The dashed lines represent the best fit to each data
set, including a point added at ΔTm/Tm = 0, 1/d = 0, which corresponds
to thebulkmelting temperature. Reproduced from ref 8. Copyright 2005
American Chemical Society.
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pore size is increased suggests that the initial stage of glycine

crystallization involves formation of β nuclei, followed by their

transformation to R-glycine as crystal size increases, in accord

with Ostwald's rule of stages.25

A 2009 report by Ha et al. detailed the crystallization of

pimelic acid, HO2C(CH2)n�2CO2H (n = 7), glutaric acid (n = 5),

suberic acid (n = 8), and coumarin (1,2-benzopyrone) in

nanometer-scale pores of CPG and PCHE monoliths

(Figure 8). Pimelic acid, suberic acid, and coumarin exhibited

previously unknown polymorphs, denoted δ-pimelic acid, β-

suberic acid, and β-coumarin, in CPGwith pore sizes <23 nm

and p-PCHEwith pore diameters <40nm. Themelting points

of the confined crystals decreased monotonically with de-

creasing pore size, in accordance with the Gibbs�Thomson

equation. Moreover, the authors reported that the enantio-

tropic phase behavior of bulk glutaric acid and suberic acid

switches to monotropicwhen those compounds are confined

within the nanoscale pores of CPG and p-PCHE.26 These

observations reveal that nanoscale confinement can alter

crystallizationoutcomesandaffect polymorph stability com-

pared with bulk crystallization. Moreover, crystallization in

very small pores can lead to the discovery of new polymorphs

that otherwise would not be detected using conventional

screening methods.

Nanocrystal Orientation
Nanoporous matrices equipped with well-ordered and highly

aligned pores provide a unique opportunity to examine the

orientations of the nanocrystals within the pores. For example,

ROY embedded in p-PCHE monoliths revealed that the ROY

nanocrystalswerepreferentially alignedwith their (111) crystal

planes parallel to the pore direction.17 Nanocrystals of flufe-

namic acid, R,ω-alkanedicarboxylic acids (HO2C(CH2)n�2CO2H,

n=3�13, odd) and coumarin also exhibited preferred orienta-

tions inp-PCHEmonoliths.27Henschel et al.28 recently reported

that n-hexane crystals embedded in 10-nm pores of a porous

silicon sample adopted orientations consistent with the

fast-growth direction of bulk n-hexane crystals aligned

parallel to the pore direction. Nanocrystals of larger molecules

(CnH2nþ1OH, n = 16, 17, 19; CnH2nþ2, n = 16, 17, 19, 25)

adopted orientations in the porous silicon with the alkyl back-

bones of the molecules aligned perpendicular to the channel

direction, consistent with increased dispersive interactions

between the longer chains prompting faster growth perpendi-

cular to the chains.29 Other reports describing the orientation

behavior of confined nanocrystals are largely focused on

crystalline polymers, as exemplified by poly(vinylidene

difluoride) crystals embedded innanoporousalumina (∼20nm
pore diameter), which tend to grow with their fast-growth

direction aligned parallel to the pores.30

We recently reported that β-glycine nanocrystals grown

in the pores of PS�PDMA were oriented with the [010] axis,

the natural fast-growth direction, aligned parallel with the

pore direction (the [010] direction is equivalent to the b-axis

in the monoclinic symmetry of β-glycine).31 The preferred

orientation was regarded as evidence against the instanta-

neous formation of randomly oriented nuclei that retain

their initial orientation and grow uniformly. Instead, the

behavior was attributed to a continuous and reversible

nucleation and growth process wherein nanoscale nuclei

with the fast-growth direction parallel (or nearly parallel) to

the pores are preferred because they can surpass a critical

length, and therefore a critical volume, more readily than

nuclei aligned along a direction in which the fast growth

FIGURE 7. SEM images of β-glycine nanocrystals protruding from the
pores of a PS�PDMAmonolith after evaporation of an aqueous glycine
solution containing (A) 18% glycine (w/w water) and (B) 18% glycine
and 1.2% (w/w water) R,S-phenylalanine auxiliary prior to swabbing.
The circled region in panel A highlights glycine nanocrystals protruding
from the monolith pores. Reproduced from ref 24. Copyright 2008
American Chemical Society.

FIGURE 8. Schematic highlighting the results of the crystallization of
R,ω-dicarboxylic acids pimelic acid (n = 7), glutaric acid (n = 5), and
suberic acid (n = 8), and coumarin in the pores of PCHE and CPG. These
crystallizations resulted in the identification of three previously unre-
ported polymorphs. Reproduced from ref 26. Copyright 2009 American
Chemical Society.
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direction would be obstructed by the pore walls (Figure 9).

These factors set the stage for a Darwinistic competition

wherein crystals with the fast-growth axis aligned with the

pores survive while others perish. The behavior of β-glycine

is especially interesting because it is chiral and therefore

exists as two enantiomorphs (P21 space group). The crystals

haveaneedle-likehabitwithoneend taperednearly to apoint,

indicative of vanishingly small (010) and (010) faces at the

crystal tips of the two enantiomorphs, assigned as (010) of the

(þ)-β enantiomorph and (010) of the (�)-β enantiomorph.

Inspection of the crystal structure of β-glycine leads to the

conclusion that these faces have high surface energies. Conse-

quently, the observed crystal alignment, in which these planes

areperpendicular to theporeaxis, serves tominimize their area

and overall surface energy of the nanocrystals as well. Any tilt

of this face relative to the pore axis would allow expansion of

the surface area of these high-energy planes, thereby increas-

ing the total free energy and prompting dissolution.

Interestingly, racemic mixtures of chiral auxiliaries (R,S-

phenylalanine, R,S-methionine, R,S-tryptophan) are known to

block growth of β-glycine along its fast-growth b axis because

of enantioselective binding to the (010) (þ)-β and (010) (�)-β

faces (which are perpendicular to the b axis).32 In the bulk, this

binding results in a change of crystal habit from needles to

plates with large {010} faces, such that longest crystal dimen-

sion is contained within the {010} plane. When crystallization

is conducted within the PS�PDMA nanopores in the presence

of racemic mixtures of these auxiliaries, the β-glycine crystals

were oriented with their b axis perpendicular to the cylinder

axis, that is, rotated 90� compared with the orientation ob-

served in the absence of the auxiliaries (Figure 10)! In contrast,

when β-glycine was crystallized in the nanopores in the pre-

sence of an enantiopure auxiliary, the crystal orientation was

identical to that observed in the absence of the auxiliaries. This

observation revealed a highly specific recognition of a chiral

auxiliary to only one of the enantiomorphs; an enantiopure

chiral auxiliary will bind selectively to either (010) of (þ)-β or

(010) of (�)-β, depending on the handedness of the auxiliary.

Under these conditions, the enantiopure auxiliary will inhibit

the growth of only one of the enantiomorphs, allowing the

unaffected enantiomorph to grow unimpeded with the [010]

axis parallel with the pore direction. This also revealed that

specific binding is operative at a length scale comparable to

that at which critical nuclei are formed, illustrating that tailored

growth inhibitors can influence crystallization outcomes

through intervention at the earliest stages of crystallization.

Collectively, the observations for β-glycine and the other

examplesmentioned above corroborate the role of critical size

effects, surface energies, and the competition between nuclei,

wherein confinement favors growth orientations that permit

nuclei to achieve critical size more competitively when their

FIGURE9. Illustration of the geometry of a crystal embedded in a single
pore of a nanoporous monolith. The crystal is depicted as tilted by
an angle ψ relative to the pore direction without constraint on its
rotational orientation about the pore axis. The crystal length will be
increasingly constrained for increasing values ofψ, eventually reaching
a limit at an angle ψcrit, beyond which the crystal cannot achieve a
critical length, Lcrit and consequently, a critical volume. Crystals with
ψ > ψcrit are thus inclined to redissolve because they are below the
critical size. This behavior leads to a competition between nuclei as they
attempt to reach critical sizes, andonlynuclei oriented in suchaway that
they can grow and surpass critical sizes persist. The preferred nano-
crystal orientation observed for crystals embedded in highly ordered
pores is only one example of how these critical size effects are revealed.

FIGURE 10. Preferred orientations adopted by β-glycine nanocrystals
grownwithin nanoporous PS�PDMA in the absence of chiral auxiliaries
or in the presence of enantiopure or racemicmixtures of the auxiliaries.
Adapted from ref 31. Copyright 2009 American Chemical Society.
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fast-growth axis is unimpeded by pore walls, regardless of the

actual crystal plane normal to that axis (Figure 9).

Outlook
The observations described in this Account represent a remark-

able assortment of polymorphic and thermotropic behaviors

that become evident when solids are confined to nanopores.

The regulation of polymorphism is an issue of critical impor-

tance in many technologies, as underscored by challenges in

the pharmaceutical sector, where polymorph screening and

control are crucial aspects of drug development. The collection

ofworkdescribedherein illustratespolymorphselectivity, phase

stabilization, polymorph stability crossovers, suppression of

crystalline phases in favor of amorphous phases, and shifts

fromenantiotropic tomonotropic behavior. Theseobservations

of size-dependent polymorphism argue that caution must be

exercised when devising nanocrystal formulations that are

subject to regulations that require polymorph identification

and characterization. Moreover, growth in the nanoscale pores

affords polymorphs that were previously unreported, suggest-

ing a unique route to polymorph discovery. The subtle depen-

denceofGibbs�Thomsonbehavior on the compositionof pore

walls may offer a new way to manipulate polymorphism and

thermotropic properties for confined compounds. Furthermore,

the dependence of both melting temperature and glass transi-

tion on pore size may permit the study of those properties in

confinement as a new method to examine the behaviors of

glasses and crystals near the Kauzmann33 temperature, TK, the

temperature atwhich the extrapolations of the glass and crystal

entropy profiles intersect. The intersection of the extrapolations

suggests a paradox where the expected entropy of the glass

becomes negative at very low temperatures and thus violates

the third law of thermodynamics.30 Kauzmann's paradox is

believed to be avoided by a thermodynamically mandated

glass transition,34butbulk-scaleexperiments frequentlystruggle

to decouple the kinetically controlled glass transitions from the

thermodynamic ones.

While nanoporous glass matrices are quite useful in

studying confined crystallization phenomena, the advent of

monolithic nanoporous polymers with well-aligned cylindrical

pores, controlled pore wall chemistries, and tunable pore

dimensions has opened new doors. In particular, these new

materials have enabled investigations of nanocrystal orienta-

tion during confined growth. For example, the observations of

preferred orientations argue against heterogeneous nuclea-

tion wherein a particular crystal plane interacts favorably with

the pore walls. Instead, it appears that preferred orientation

is a consequence of critical size effects and surface energy

considerations, wherein confinement favors growth orienta-

tions that permit nuclei to achieve critical size more competi-

tively. The ability tomanipulate theorientationof nanocrystals

under extreme size confinement may provide new routes to

compositematerialswhileenablingexplorationof thestructure�
property relationships at the nanoscale, for example, solid-

state reactions occurring in organic nanocrystals with dimen-

sions smaller than those reported previously.35,36 It is also

interesting to consider whether the formation of a noncentro-

symmetric crystalline phase because of nanoconfinement, in

this case β-glycine, the simplest amino acid, suggests a role for

this phenomenon in the genesis or amplification of biological

homochirality in clay or mineral matrices.37
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