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Crystalline fibers of the hydrogen-bonded bis(guanidinium)naphthalene-1,5-disulfonate framework con-

taining ethanol guest molecules, (G)2(1,5-NDS) . EtOH, twist as they grow when deposited from solution

under conditions that favor low nucleation densities and high branching rates. Spherulites comprising

helicoidal fibers with a pitch of 3.4 ± 0.5 μm display rhythmic concentric variations in interference colors

between crossed polarizers. Tightly packed fibers and platelets systematically change orientations

between flat-on and edge-on crystallites with respect to the substrate surface. Mueller matrix imaging

reveals periodic oscillations in the absolute magnitude of the linear retardance and an associated bisignate

circular retardance. Single-crystal X-ray diffraction data demonstrates that the twisted (G)2(1,5-

NDS).EtOH crystals adopt a bilayer packing motif with ethanol as guest molecules (space group P1̄).

When the banded spherulite films were subsequently heated at 130°C, the solvated phase was converted

to a guest-free crystalline phase (space group P21/c). This transition resulted in loss of linear retardance.

Introduction

During the past three decades, more than 700 hydrogen-
bonded framework crystal structures constructed from guani-
dinium (G) cations and organosulfonate (S) anions have been
reported.1–7 Meanwhile, our laboratory has established that
more than 1/3 of molecular crystals can be made to twist as
they grow under large driving forces.8 Herein, the intersection
of these two large sets of materials is explored. Twisted crys-
tals, besides presenting puzzles for crystal characterization
and mechanism, promise applications in optics and elec-
tronics that emerge from the regular precession of crystal
orientations normal to substrates in thin films.9–15 Since GS
frameworks can include a wide range of functional guest mole-
cules by design, twisted GS frameworks may provide a pathway

to modulate charge and photon transport in twisted
crystals.16–19

Twisted molecular crystals are most frequently grown from
the melt at large undercoolings20 but they also can form from
solution21–24 or vapor.25 Their crystallization often proceeds
through spherulitic growth of helicoidal fibers that twist in
concert about the growth direction, presenting continuously
rotating crystal orientations at the film surface. The growth of
banded spherulites comprising concentric bands of alternat-
ing interference colors between crossed polarizers is attribu-
table to crystal orientation-dependent refractivities. Crystal
twisting also may introduce periodic oscillations in all 〈hkl〉
dependent properties, including absorbance,10,12 electrical
conductivity,9,10,12 fluorescence,10,12 reactivity,15 and
solubility.26

Twisting imparts chirality on the mesoscale to crystalline
films. Banded spherulites of centrosymmetric compounds gen-
erally form helicoidal fibers that twist clockwise about the
growth direction in some regions and counterclockwise else-
where. The resulting sensitivity to circularly polarized light is
not natural optical activity27 of homogeneous media but arises
from the splay sense of overlaid crystalline lamellae along the
direction of light propagation.28 The films are not optically
homogeneous, neither in the plane of the film (xy) nor along
the wave vector (z).

We report herein twisted crystal films of a bis(guanidinium)
naphthalene-1,5-disulfonate framework containing ethanol
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guest molecules, denoted herein as (G)2(1,5-NDS) . EtOH, by
solution processing. Scheme 1a depicts schematically the
molecular building blocks of (G)2(1,5-NDS) . EtOH. The
naphthalene groups appended to the sulfonates serve as
pillars that connect opposing GS sheets to form bilayers that
stack in the third dimension (Scheme 1b). The pillars enforce
inclusion cavities in the gallery regions between adjacent GS
sheets that can accommodate guest molecules, such as
ethanol (green ovals in Scheme 1b). (G)2(1,5-NDS) . EtOH
crystals adopt P1̄ symmetry, confirmed by single-crystal X-ray
diffraction analysis. Distinct left- and right-handed domains
observed in Mueller matrix micrographs of thin films of this
compound reveal the presence of symmetry breaking mesos-
tructures in banded spherulites. Guest removal upon heating
affords nucleation and growth of guest-free (G)2(1,5-NDS) crys-
tals with P21/c symmetry. This transformation is accompanied
by a loss of linear retardance in the films.

Results and discussion
Solution deposition of (G)2(1,5-NDS) . EtOH films

(G)2(1,5-NDS) . EtOH films were prepared by heating solu-
tions of 0.10, 0.25, 0.50, 1.0, 2.0, 5.0 and 10 mg mL−1 (G)2(1,5-
NDS) in ethanol at 50°C, followed by drop casting 30 μL of
solution onto pre-cleaned glass coverslips at −78, 0, 25, 40, 50
and 60°C. The temperature was held constant until solvent
evaporation was complete, typically within 1 minute at 60°C to
1 hour at −78°C. Optical micrographs of the films between
crossed polarizers were obtained (Fig. S1†).

At low solute concentrations ranging from 0.25–1.0 mg
mL−1, three distinct crystal morphologies were observed as a
function of deposition temperature (Fig. S1†). High tempera-
tures (40–50°C) drove rapid solvent evaporation, resulting in
the formation of “coffee” rings of small crystalline aggregates.
These rings appeared due to periodic droplet pinning at the
solution/air substrate interface. Marangoni flow transports
solute molecules to the pinned interface, locally increasing the

solute concentration high above the solubility limit and indu-
cing rapid crystal nucleation.29–31 At intermediate deposition
temperatures between 0–25°C, (G)2(1,5-NDS) . EtOH crystals
grew as spherulites. In this regime, the solvent evaporation
rate is slower, resulting in lower supersaturation compared to
those at higher deposition temperatures. A combination of
lower nucleation rates and strong crystal branching results in
spherulitic growth.32,33 Decreasing the temperature further to
−78°C to suppress crystal branching while maintaining low
nucleation rates resulted in the growth of needle-like crystals
with average lengths of 50 ± 20 μm. At the highest concen-
tration of 10 mg mL−1, crystalline aggregates were observed
across all deposition temperatures. At this concentration, high
supersaturation was achieved early in the film drying process
for all temperatures, resulting in nucleation within the
droplet, not only at the interfaces. A summary of crystal mor-
phologies as a function of concentration and temperature is
provided in Fig. S2.†

Surprisingly, spherulites with concentric alternating bright
and dark bands between crossed polarizers emanating from
the spherulite center were observed in the spherulitic growth
regime at intermediate and high concentrations, indicated by
red points in Fig. S2.† The distance between bright bands was
3.4 ± 0.5 μm across all concentrations and temperatures
(Fig. S1†). Banded spherulite growth in molecular crystals is
most frequently observed during rapid crystallization from the
melt in which large crystallization driving forces promote the
growth of long, thin crystal fibers that spontaneously twist.8

Banded spherulites also have been observed, albeit less fre-
quently, in the solution-phase crystallization of organic
molecules,23,24 inorganic salts,34 and polymers.35 The inter-
ference pattern of these banded spherulites displayed in
Fig. 1a can be a telltale sign of crystals twisting as they grow
radially outwards from the nucleus.36 Alternatively, com-
pounds can crystallize rhythmically from solutions to produce
similar micrographs.

Banded spherulite microstructure

Rhythmic deposition and coherent polycrystalline helical
twists both appear as banded spherulites and are not always
obviously differentiated. Moreover, rhythmic precipitation and
helicoidal twisting can be coincident.37 Rhythmic precipitation
is more common in multicomponent solutions as compared
with unimolecular melts, although the dichotomy is not
sharp.

Top-view scanning electron micrographs (SEMs) of a
(G)2(1,5-NDS) . EtOH banded spherulite at different magnifi-
cations are displayed in Fig. 1b and c with the spherulite
center denoted by a dashed black circle in Fig. 1b. Alternating
concentric dark bands with smooth surfaces and bright bands
with rough surfaces, false-colored blue and yellow, respectively,
in Fig. 1c are discernible. The spacing between these two types
of surfaces is commensurate with the band spacing measured
in the optical micrograph between crossed polarizers in
Fig. 1a. Upon closer examination, the SEMs reveal a hom-
ogenous film with an accordion-like topology. Some well-

Scheme 1 (a) Composition of bis(guanidinium) naphthalene-1,5-disul-
fonate, (G)2(1,5-NDS). (b) Bilayer architecture formed by (G)2(1,5-NDS)
host–guest framework, highlighting guanidinium cations (purple),
naphthalene pillars (blue), sulfonate anions (yellow and red) and guest
molecules (green).
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formed, continuous helices are observed. Some crystals twist
by as much as 180° after which, radial growth is carried
forward by new fibers from new nuclei.

Although rhythmic variations in fiber density are observed,
there is no direct evidence for rhythmic growth. The density of
the deposited material changes rhythmically, producing thick
and thin sub-bands that dominate the film topography as
revealed in Fig. 1c, not unlike the topology of potassium
dichromate crystals grown from aqueous media in which
banded spherulites deposit rhythmically and afford twisted
component crystals.34 Fiber thicknesses in dark and bright
bands were 330 ± 80 nm and 160 ± 20 nm, respectively. These
crystal dimensions are consistent with similar observations of
helicoidal fibers of molecular compounds generally adopting a
plate-like morphology with one wide and one narrow face
along the growth direction.10,26,27 The orientations for which
the wide and narrow faces are parallel and perpendicular to
the substrate are referred to here as flat-on and edge-on,
respectively. The fibers alternately present their wide and
narrow faces in the smooth dark bands and rough bright
bands, respectively, as they twist about the spherulite growth
direction.

A (G)2(1,5-NDS) . EtOH banded spherulite film was cut
along a 45° angle relative to the spherulite growth direction

(illustrated by the white dashed line and solid red arrow,
respectively, in Fig. 1c) and the cross-section was imaged
(Fig. 1d–g). Both edge-on and flat-on orientations were visible
in the cross-section, with an average film thickness of 1.5 ±
0.5 μm across both bands. Like phthalic acid crystals grown in
ethanol–water solution,23,38 the growth of (G)2(1,5-
NDS) . EtOH crystals is sometimes discontinuous at the
growth front but not entirely discrete. In some regions of the
film in Fig. 1d, plates grow, curve, bend, and then terminate
repeatedly. New plates nucleate thereafter and stack atop or
below quiescent plates. Branching of the crystal plates results
in an incoherent banding pattern that grows with the number
of bands, consistent with previous expectations.39

Voids are exposed more frequently between the thin fibers
of bright bands compared to the thick fibers of dark bands
(Fig. 1d and e). Dark bands are filled with wider lamellae that
are oriented flat-on, point in the radial direction, and are
compact with almost no voids between fibers. Bright bands
mainly are a continuation of dark bands and are composed of
lamellae that curve or precess about the radial direction to
form less compact regions with more crevices between fibers
that expose the thin edges of crystals.

SEM images also revealed pronounced curvatures in the
film cross-section (white arrow in Fig. 1f). Combined with the

Fig. 1 (a) Optical micrograph of a (G)2(1,5-NDS) . EtOH film viewed between crossed polarizers. (b) Top-view scanning electron micrograph (SEM)
of a (G)2(1,5-NDS) . EtOH film. The spherulite center is highlighted by a dashed black circle. A schematic of a single twisted fiber is overlayed to
highlight flat-on and edge-on oriented bands in blue and yellow, respectively. (c) Magnified region of the top-view SEM image with the white solid
arrow on the axes showing where the banded spherulite film was cut along a 45° angle relative to the spherulite growth direction (red arrow on
axes). (d) Partial SEM top-view and cross-section of a (G)2(1,5-NDS) . EtOH film collected at a 45° angle relative to the spherulite growth direction
and (e) parallel to the spherulite growth direction using a 45° SEM mount. (f ) SEM cross-section of a (G)2(1,5-NDS) . EtOH film collected parallel to
the spherulite growth direction and (g) at the terminus of a banded spherulite using a 90° SEM mount. The white arrow in (f) emphasizes curvature
in crystallites in the film cross-section.
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SEM in Fig. 1g and f provides evidence that (G)2(1,5-
NDS) . EtOH crystals transition from parallel to perpendicular
orientations with respect to the substrate over a distance of
∼3 µm, commensurate with the band spacing in Fig. 1a.
Crystal facets are pronounced in Fig. 1g because the film was
cut just beyond the region where crystal fibers terminated at a
grain boundary. The difference in film thickness between
Fig. 1d–f and g arises because the SEM cross-sections were
obtained near the edge and center of the spherulite, respect-
ively. Moreover, these images are consistent with crystals that
are aligned collectively along the radial direction as they curve,
bend and progress in the film. Crystals tilt stepwise from left
to right in the cross-section whilst decreasing their angular
position relative to the substrate. Facets of crystallites with
non-zero Gaussian curvature in the SEMs assemble as stacks
of crystals much like those produced by solvent-evaporation of
pyrene-polyvinylpyrrolidone from dimethylsulfoxide.35

(G)2(1,5-NDS) . EtOH crystal structure

Distinct facets are clearly visible in some crystals and resemble
that of single crystals in Fig. 2a, suggesting an associated
change in crystallographic orientation as the bands alternate.
The powder X-ray diffraction (PXRD) patterns of the twisted
(G)2(1,5-NDS) . EtOH film (Fig. S3†) did not match any
powder patterns expected from published crystal structures of
this GS host. Recrystallization of the (G)2(1,5-NDS) host frame-
work from ethanol afforded a PXRD pattern for the bulk
powder that matched the PXRD pattern of the twisted (G)2(1,5-
NDS) . EtOH film (Fig. S3†). A single crystal plate of (G)2(1,5-
NDS) . EtOH grown for 7 days from ethanol was indexed
(Fig. 2a) and its crystal structure was solved in the P1̄ space
group (Table S1, CCDC deposition code: 2419508†). The crystal
structure of the ethanol solvate revealed the well-documented
two-dimensional hydrogen-bonded sheets of G and S ions,
wherein the sheets were connected by naphthalene pillars in a
bilayer architecture with ethanol guest molecules inside the
host cavities.7,40–42 A short distance of 2.988 Å between oxygen
atoms of the ethanol guest and organosulfonate pillar is con-
sistent with hydrogen bonding. Of the 27 reported (G)2(1,5-
NDS) inclusion compounds,18,43–45 only two – (G)2(1,5-
NDS) . benzonitrile and (G)2(1,5-NDS) . aniline – adopt a
bilayer architecture. Others adopt a brickwork architecture.
Several bilayer frameworks based on naphthalene-1,5-disulfo-
nate anions have also been reported, although with other
cations.46,47

Upon closer examination of the film cross-section, distinct
facets were clearly visible in some crystals, with the facets at
the tips of crystals along the growth direction adopting an
angle of ∼120° (Fig. 2b). Comparing the single crystal mor-
phology of crystal plates to that observed in banded spherulite
films, the (001) and (100) planes were assigned to the wide
and narrow faces of the helicoidal fibers, respectively. The
long axis of the fibers was likewise assigned to 〈010〉.

A combination of crystal shape and SCXRD analysis pro-
vides clues regarding the morphology of a helicoidal (G)2(1,5-
NDS) . EtOH fiber as it twists about 〈010〉 (Fig. 2c). Flat-on

orientations present the (001) face parallel to the substrate,
corresponding to the quasi-hexagonal hydrogen-bonded sheets
of G cations and S anions. The sheet can be described as con-
taining repetitive hydrogen bonds between N–H groups of G
cations and sulfonate O atoms of S anions along major and
minor “ribbons” that coincide with the b and c axes, respect-
ively.48 Edge-on orientations, on the other hand, present the
(100) plane parallel to the substrate, exposing the naphthalene
pillars between the GS sheets at the edges. Fig. 2d displays
flat-on and edge-on orientations of crystals relative to the sub-
strate surface from both side and top views. Twisting occurs
along the major ribbon (b axis) in (G)2(1,5-NDS) . EtOH (high-
lighted in red in Fig. 2d).

Polarimetric analysis of banded spherulites

The optical properties of (G)2(1,5-NDS) . EtOH banded spher-
ulites were mapped using a homebuilt Mueller matrix imaging

Fig. 2 (a) A (G)2(1,5-NDS) . EtOH indexed single crystal highlighting
the (100), (010), (001), (1̄01) and (11̄0) planes, with lattice constants a =
7.294 Å, b = 7.298 Å, c = 11.596 Å, α = 100°, β = 95°, γ = 119°. (b) Cross-
sectional SEM image of (G)2(1,5-NDS) . EtOH banded spherulite film
collected at approximately 45° relative to the banded spherulite growth
direction, highlighting the (010), (001) and (11̄0) planes, and the facets at
the tips of crystals along the growth direction adopting an angle of
∼120°. (c) Schematic illustration of a (G)2(1,5-NDS) . EtOH helicoidal
fiber, highlighting the (001) and (100) planes and the 〈010〉 direction. (d)
(G)2(1,5-NDS) . EtOH crystal orientation relative to the substrate surface
and selected planes in flat-on and edge-on oriented crystallites. Major
GS ribbons are highlighted in red. Ethanol molecules are shown in
green.
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(MMI) microscope based on a newly commercialized polariz-
ation-sensitive camera with silicon grating micro-polarizer
arrays etched at orientations of 0°, 45°, 90° and 135°, in front
of the quadrants of super-pixels (tetrads of pixels) of a
sensor.49 The polarization state generator involves a fixed
linear polarizer and a wave plate that rotates among pre-
determined positions.

The instrument is not a complete polarimeter. It does not
deliver the 16 elements of the 4 × 4 polarization transfer or
Mueller matrix. Because linear analyzers cannot detect the
ellipticity of the output, the fourth element of the Stokes
vector is ill-determined and only the first three rows (12
elements) of the Mueller matrix M were established. However,
it was shown that because three rows are sufficient for generat-
ing the corresponding Jones matrix, and the Jones matrix can
be expanded to a Mueller matrix for a non-depolarizing
sample, the missing row of M can be restored.50 Optical pro-
perties were extracted from the differential matrix m, given by:

mz ¼ � ln ðMÞ ¼
�k �LE �LE′ CE
�LE �k CR LR′
�LE′ �CR �k �LR
CE �LR′ LR �k

2
664

3
775

where k is the mean absorption, LE is the linear extinction, LR
is the linear retardance, CE is the circular extinction, and CR is
the circular retardance. Dichroism and birefringence are the
intrinsic values of the extinction and retardance, respectively.
LR′ and LE′ refer to the differences measured for an intermedi-
ate reference frame with axes of ±45° with respect to the
unprimed quantities. The sample thickness is z.

Fig. 3a displays the |LR| signal of a (G)2(1,5-NDS) . EtOH
banded spherulite film collected at λ = 455 nm, which is
outside the absorption band of (G)2(1,5-NDS) . EtOH
(Fig. S4†). The |LR| signal oscillates between 0.3 and 1.8
radians along the spherulitic growth direction, a consequence
of the continuous rotation of out-of-plane crystallographic
orientations. This |LR| map is consistent with the alternating
interference bands of the spherulites when viewed between
crossed polarizers (Fig. 1a), where flat-on oriented dark bands
and edge-on oriented bright bands have low and high linear
retardance, respectively.

Fig. 3b displays a CR map of the same banded spherulite.
The CR is expected to be zero for centrosymmetric (G)2(1,5-
NDS) . EtOH crystals. Nevertheless, distinct dextrorotatory
(blue) and levorotatory (red) domains are visible in the CR
map. Along the spherulite radius, CR oscillates smoothly from
almost zero to positive (Fig. 3c), in phase with |LR|. This
optical activity is not natural but arises from the directional
splay of crystallites as they twist in concert about the growth
direction.51 The sign of the CR signal depends on the twist
sense of the crystals, either clockwise or counterclockwise,
which is determined during crystal nucleation. Spatial con-
straints affect the in-phase twisting of densely packed lamel-
lae.36 Lamellae positioned in the edge-on orientation rotate
around the central axes as they twist, increasing their projected
length along the x-axis. This leads to potential collisions,

which are avoided through spatial repositioning, with the most
efficient route being perpendicular to the side surfaces of the
lamellae. Divergence of lamellae, or splay, establishes the mis-
orientation angle between lamellae such that within a domain
of a single twist sense, the CR signal oscillates between 0 and
±0.07 radians.

The absorption maxima in solution for (G)2(1,5-
NDS) . EtOH lie between 200 nm and 315 nm in the UV
region (Fig. S4†). The Mueller matrix imaging microscope is
equipped with glass optics and therefore limited to measure-
ments in the visible range. There is no evidence of CE or LE at
455 nm.

The generation of optical activity by twisting (G)2(1,5-
NDS) . EtOH crystals occurs spontaneously during crystalliza-
tion from solution. Twisted molecular crystals of other com-
pounds such as potassium dichromate and phthalic acid
exhibit similar morphologies and in some cases evidence of
optical activity.38 Thin lamellae that comprise banded spheru-
lites splay as they twist in concert due to space constraints.
The resulting misorientation of these stacked lamellae pro-
duces a CR signal.36

Fig. 3d displays the LRangle map of the banded spherulite.
LRangle is the orientation of the slow vibration direction (the
largest refractive index) measured counterclockwise from the
horizontal axis. Crystals are oriented radially albeit the direc-
tion with the highest refractive index is consistently tangential
as the crystals twist, indicating that the smallest refractive
index lies along the growth direction. The spherulite is opti-

Fig. 3 (a) Linear retardance (|LR|) map and (b) circular retardance (CR)
map of (G)2(1,5-NDS) . EtOH banded spherulite films. (c) Extracted
optical properties along the fiber growth direction indicated by the
white and black rectangles in (a) and (b), respectively. Vertical red lines
highlight oscillation of the |LR| extrema in phase with the CR extrema.
(d) Angle-dependent linear retardance (LRangle) map measured in
degrees counterclockwise from the horizontal direction. The relative
magnitudes of the refractive indices perpendicular and parallel to the
spherulite growth direction, Nx < Ny < Nz, are represented by the black
lines in (d). λ = 455 nm.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2025 Nanoscale

Pu
bl

is
he

d 
on

 3
0 

A
pr

il 
20

25
. D

ow
nl

oa
de

d 
by

 N
ew

 Y
or

k 
U

ni
ve

rs
ity

 o
n 

5/
22

/2
02

5 
6:

53
:5

1 
PM

. 
View Article Online

https://doi.org/10.1039/d5nr00467e


cally positive with relative refractive indices Nx < Ny < Nz, where
Ny and Nz correspond to the dark and bright bands of the
banded spherulite, respectively (black lines in Fig. 3d).

Guest removal from (G)2(1,5-NDS) . EtOH single crystals

Generating optical activity from the splayed stacking of linearly
birefringent crystals provides an opportunity to tune the
optical activity through crystal transformations. To date, single
crystal-to-single crystal transformations have been observed in
several GS frameworks through guest exchange52,53 and
desolvation.54,55 Such transformations are accompanied by
changes in optical properties as a result of differences in polar-
izabilities and absorptivities of guest molecules, as well as
molecular rearrangement in the framework itself.

Single crystals of (G)2(1,5-NDS) . EtOH were heated at
130°C overnight to determine if ethanol guest molecules could
be released from the framework without loss of crystallinity.
Video S1† displays a (G)2(1,5-NDS) . EtOH platelike crystal
during heating, in which the crystal undergoes a gradual non-
cooperative darkening that is fastest along the b axis as
ethanol bubbles from the crystal face. Optical micrographs of
two different single crystals viewed between crossed polarizers
before and after heating are displayed in Fig. 4a and b, respect-
ively. The solvate crystal in Fig. 4a is a highly birefringent plate
that exhibits bright interference colors. After heating, crystals
remain highly transmissive but lose their interference colors,
as observed in Fig. 4b.

SCXRD analysis of a single crystal of (G)2(1,5-NDS) . EtOH
that was heated at 130°C revealed a crystal structure consistent
with removal of ethanol from the framework. Thin crystals
exhibited greater orientation, fewer domains and transparency
upon guest removal (indicated by white arrows in the optical
micrographs of Fig. S5†), whereas thicker, guest-free crystals
displayed more domains, reduced orientation and an opaque
appearance (indicated by red arrows in the optical micro-
graphs of Fig. S5†). The guest-free framework, hereafter
denoted as (G)2(1,5-NDS), retained the bilayer architecture with
P21/c symmetry (see Table S1, Fig. S6† and CIF for crystallo-
graphic data).

To the best of our knowledge, (G)2(1,5-NDS) is the first
(G)2(1,5-NDS) framework confirmed as guest-free by SCXRD. A
crystal structure of (G)2(1,5-NDS) with undefined guest mole-
cules, denoted as HOF-GS-10 (CCDC refcode: IWOYAW), was
reported in 2016.56 The PXRD pattern of (G)2(1,5-NDS) . EtOH
is not substantially different from that reported for
HOF-GS-10, although HOF-GS-10 was crystallized from a
methanol/acetone mixture (Fig. S7†). Distinct peaks emerge
upon ethanol removal from (G)2(1,5-NDS) . EtOH, notably the
peaks around 2θ = 12.5°, 19.1°, 20.0°, 22.3°, 23.0°, and 24.0°
(Fig. S6†). These peaks are present in the PXRD pattern of des-
olvated HOF-GS-10, but desolvated HOF-GS-10 was not con-
firmed as guest-free by SCXRD. In fact, the SCXRD data herein
demonstrates that the crystal structure of (G)2(1,5-NDS)
changed upon ethanol removal (Fig. S7 and Table S2†).

Fig. 4c and d display the crystal structures of (G)2(1,5-
NDS) . EtOH and (G)2(1,5-NDS), respectively. The crystal

density before and after ethanol removal remained unchanged
at 1.44 g cm−3, indicating that the transformation was
accompanied by a contraction of the crystal unit cell. This con-
traction primarily occurred through (i) a decrease in interlayer
sheet spacing from 3.074 Å to 2.772 Å, (ii) distortion of the
quasi-hexagonal arrangement of guanidinium and sulfonate
ions, and (iii) rotation of the naphthalene pillars (Fig. 4c–f,
Fig. S8 and 9†). The herringbone packing arrangement of
naphthalene molecules with orthogonal polarizabilities of
(G)2(1,5-NDS) likely results in the low retardance observed in
Fig. 4b.

As displayed by the green dashed circle in Fig. 4f, zero-
dimensional (0-D) pores – empty, molecule-sized void spaces
(>25 Å3) that exhibit no discernible pore connectivity – are
present in guest-free (G)2(1,5-NDS). The molecular volume of
ethanol is 67.5 Å3. Using a probe radius of 1.2 Å (the approxi-
mate size of a helium atom), the pore volume of (G)2(1,5-NDS)
was calculated to be 90.82 Å3, corresponding to 9.7% of the
unit cell volume (Fig. S10†). This pore volume is smaller than
the 101.95 Å3 cavity occupied by ethanol (green filled circles in

Fig. 4 (a and b) Optical micrographs of a (G)2(1,5-NDS) . EtOH single
crystal between crossed polarizers before and after ethanol removal at
130°C overnight. (c and d) Crystal structures of (G)2(1,5-NDS) . EtOH
and guest-free (G)2(1,5-NDS) depicted as ball-and-stick with disordered
ethanol guest molecules as space-filling. The (G)2(1,5-NDS) single crystal
has lattice constants a = 11.359 Å, b = 9.285 Å, c = 9.048 Å, α = 90°, β =
101°, γ = 90°. The distance between adjacent bilayers is 3.074 Å and
2.772 Å, respectively. (e and f) Projection topologies for GS sheets
observed in (G)2(1,5-NDS) . EtOH and (G)2(1,5-NDS) crystal structures.
Black filled circles depict S anions. G cations sit on the undecorated
nodes of the hexagonal tiling. Blue discs depict naphthalene pillars. The
green filled circles in (e) show ethanol guest molecules. The green
dashed circle in (f ) depict voids in the framework. The angle between
naphthalene pillars in (G)2(1,5-NDS) is 87.71°.
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Fig. 4e) prior to guest removal, consistent with framework con-
traction to form guest-free (G)2(1,5-NDS). Isolated, 0-D cavities
have not yet been reported in guest-free GS frameworks,
although one-dimensional (1-D) and two-dimensional (2-D)
cavities have been observed.44,55 Crystallization of guest-free
ethane-1,2-disulfonate from methanol, for example, affords
bilayer galleries in which planar GS sheets are separated by the
disulfonate pillars, which define 1-D channels.44 In contrast,
bis(guanidinium) 1,4-benzenedisulfonate or (G)2(1,4-
BDS) . acetone is converted to p-(G)2(1,4-BDS) upon removal
of acetone guest and retains a continuous 2-D pore network
wherein benzene rings can reorient, allowing for adsorption of
nitrogen, carbon dioxide and xenon gases.55 0-D pores also
have been reported in other molecular crystalline solids and
have gained interest for their applications in rare gas sorption/
desorption and storage.57–62 The guest-free form of (±)-crypto-
phane-111 and its derivatives, for example, exhibit intrinsic
cavities that can retain xenon gas at temperatures of up to
300°C.59 To date, (G)2(1,5-NDS) is the first demonstration of
0-D pores in guest-free GS frameworks. These void spaces in
(G)2(1,5-NDS) suggest prospects for gas absorption.

Guest removal from (G)2(1,5-NDS) . EtOH banded spherulite
films

A (G)2(1,5-NDS). EtOH banded spherulite film was heated at
130°C overnight using the same procedure as for single crystals.
Fig. 5a and b display optical micrographs of the film viewed
between crossed polarizers before and after heating, respectively.

Guest-free crystals nucleated on the surface of (G)2(1,5-
NDS). EtOH banded spherulites from which their crystallization
commenced to produce a guest-free film with loss of banding
(Video S2†). Like the guest-free single crystal, the desolvated crys-
tals in the film lost their interference colors between crossed
polarizers which indicate a significant decrease in anisotropy
compared to the banded spherulites. This finding is supported
by |LR| and LRangle maps before and after ethanol removal
(Fig. S11†) which show a decrease in linear retardance of the
spherulite from 2.3–2.9 radians before ethanol removal to 0.3–0.5
radians after ethanol removal. The PXRD pattern obtained for the
guest-free film matched the simulated PXRD pattern of the guest-
free single crystals (Fig. S6†), indicating that ethanol was removed
from the crystals in the film. The PXRD pattern for the desolvated
bulk powder also matched the simulated PXRD pattern of guest-
free (G)2(1,5-NDS) (Fig. S6†).

Cross-sectional SEMs of a partially transformed (G)2(1,5-
NDS). EtOH banded spherulite film at different magnifications
collected along the spherulite growth direction, are displayed in
Fig. 5c and d. Platelike crystals with holes (false-colored red in
Fig. 5c) grew diagonally through flat-on (false-colored blue in
Fig. 5c) and edge-on (false-colored yellow in Fig. 5c) regions of
the banded spherulite towards the substrate surface. As the film
was heated, ethanol was released at the film surface, and the film
became visibly smoother. Cracks and holes developed in the
crystal fibers. Closer examination of the guest-free crystals in the
cross-section in Fig. 5d revealed stacked crystallites, with holes
less than 1 μm in diameter. The SEM cross-section of the guest-
free crystals were further analyzed using the thresholding tool in
Fiji software (Fig. S12†). Analysis of 142 pores revealed that they
were circular and convex, with an average pore area of 5 nm2 and
individual pore areas ranging from 0.27 nm2 to 37 nm2.

Conclusions

Significant strides have been made in the development and syn-
thesis of functional hydrogen-bonded frameworks. A number of
these materials have been inherently chiral, primarily due to the
incorporation of chiral pillars in their construction. Herein, we
have introduced mesoscale chirality to (G)2(1,5-NDS). EtOH
films through crystal twisting rendering them optically active,
albeit at the mesoscale. Subsequent guest removal resulted in a
loss of optical activity. The modular nature of twisted GS frame-
works promises a strategy to interrogate crystal orientation-depen-
dent properties while modulating the chiroptical response. The
demonstration of 0-D porosity in guest-free (G)2(1,5-NDS) further
emphasizes the potential for GS frameworks to be used for separ-
ation and gas storage applications.

Materials and methods
Materials

(G)2(1,5-NDS) was synthesized according to previously pub-
lished procedures.48 Alcohol 200 proof, methanol, acetone,

Fig. 5 (a, b) Optical micrographs of a (G)2(1,5-NDS) . EtOH banded
spherulite viewed between crossed polarizers before and after ethanol
removal, respectively. (c) Cross-sectional SEM image of a partially trans-
formed (G)2(1,5-NDS) . EtOH film collected parallel to the spherulite
growth direction. Flat-on and edge-on oriented fibers are false-
coloured blue and yellow, respectively, and a guest-free fiber is false-
coloured red in (c). (d) Magnified region of a cross-sectional SEM image
showing holes in the crystal fibers.
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and water were purchased from Pharmco by Greenfield Global
(Brookfield, CT) and used without further purification.
Guanidinium tetrafluoroborate, disodium naphthalene-1,5-dis-
ulfonate salt, and other materials were purchased from Sigma-
Aldrich (St Louis, MO). Glass cover-slips were pre-cleaned by
performing three 15-minute washes with water, acetone, then
ethanol. The glass cover-slips were then dried in an oven at
80°C for 5 minutes, followed by a 10-minute treatment with
UV/ozone. (G)2(1,5-NDS) solutions were prepared by mixing
(G)2(1,5-NDS) in ethanol at a concentration of 10 mg mL−1 con-
centration. The mixture was sonicated for 1 minute, then
heated with stirring at 50°C. This sample was diluted to obtain
solutions with concentrations of 5.0, 2.0, 1.0, 0.50, 0.25 and
0.10 mg mL−1 at 50°C. (G)2(1,5-NDS) . EtOH films were fabri-
cated by drop casting 30 μL of hot (G)2(1,5-NDS) ethanol solu-
tion onto pre-cleaned glass coverslips stored uncovered at −78,
0, 25, 40, 50 and 60°C in a ventilated hood for 1 minute to
1 hour depending on the substrate temperature. (G)2(1,5-
NDS) . EtOH banded spherulite films were placed in an oven
overnight at 130°C, affording guest-free (G)2(1,5-NDS) films.

Optical characterization

Optical micrographs between crossed polarizers were collected
with an Olympus BX53 microscope. Mueller matrix images
were collected on a home-built instrument equipped with a
FLIR Blackfly BFS-U3-51S5P-C camera, in accordance with pre-
viously published designs.49

Powder X-ray diffraction

2-D XRD patterns were collected on (G)2(1,5-NDS) films with a
Bruker D8 Discover General Area Detector Diffraction System
(GADDS) equipped with a VÅNTEC-2000 2-D detector and Cu-
Kα source (λ = 1.54178 Å). The X-ray beam was monochro-
mated with a graphite crystal and collimated with a 0.50 mm
capillary collimator (MONOCAP).

Crystal growth

Bulk powders of (G)2(1,5-NDS). EtOH were obtained by recrystal-
lization from ethanol in an ice-water bath. Single crystals of
(G)2(1,5-NDS). EtOH were obtained by evaporation of ethanol
containing GS apohost (1 mg in 1 mL of ethanol). Crystallization
was performed in a 20 mL scintillation vial. Single crystals were
typically achieved by slow evaporation of the solvent under
ambient temperature over a period of 1 to 7 days. Bulk powders
and single crystals of (G)2(1,5-NDS). EtOH with hexagonal,
colorless plate habit were placed in an oven overnight at 130°C,
affording guest-free (G)2(1,5-NDS).

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction data was obtained using a
Bruker SMART APEX II diffractometer equipped with a
PHOTON-II-C14 detector. The X-ray beam generated from an
INCOATEC micro-focused Mo source (λ = 0.71073 Å) was mono-
chromated and collimated by a Montel multilayer optics. Crystal
temperature was controlled by an Oxford Cryosystems 700+
Cooler. The crystal was mounted on a 0.2 mm MiTeGen

MicroMount with Type B immersion oil (Cargille Labs). A phi
scan (APEX4) was performed to evaluate the crystal quality and
determine the data collection parameters. Full datasets were col-
lected with omega scan methods. The data sets were processed
with the INTEGRATE program of the APEX4 software for
reduction and cell refinement. Multi-scan absorption corrections
were applied by the SCALE program for the area detector. Two
structures were solved by intrinsic phasing methods (SHELXT)
and the structure models were completed and refined using the
full-matrix least-square methods on F2 (SHELXL).63 Non-hydrogen
atoms in the structures were refined with anisotropic displace-
ment parameters, and hydrogen atoms on the carbons were
placed in idealized positions (C–H = 0.95–1.00 Å) and included as
riding with Uiso(H) = 1.2 or 1.5 Ueq(non-H).

Scanning electron microscopy

After crystallization, a 2 nm-thick platinum coating was de-
posited on the surface of the film using a Cressington 208HR
Sputter Coater equipped with a MTM-20 thickness controller.
Films were then cut at the desired cross-section and both the
film surface, and the cross-section were imaged. Top-view and
cross-sectional scanning electron micrographs were collected
with a Merlin Field-Emission Scanning Electron Microscope
(Carl Zeiss) with an electron high tension voltage of 4.00 kV.
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