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The structure and properties of organic solids have great
potential for rational design by using the principles of organic
chemistry and supramolecular synthesis."~! Understanding
how to control the properties of organic solids, however, is a
challenge owing to the sensitivity of close packing to subtle
changes to molecular structure.[**! The reactivities of organic
solids are of interest, especially those that undergo photo-
induced single-crystal-to-single-crystal (SCSC) transforma-
tions.[*”) Potential applications of solids that undergo SCSC
reactions lie in pharmaceutical and materials science,1
supramolecular synthesis,"! and device applications, such as
photoactivated molecular switches,'>'¥ 3D data storage,*°!
and nanoscale photomechanical actuators.!"”) However, such
promise is limited by a rarity of materials that undergo SCSC
transformations. As photoirradiating a crystal will involve
significant atomic motion, there is invariably an accumulation
of stress and strain that causes crystals to crack and even
crumble into a powder.['¥l

Recent reports demonstrate that a SCSC reaction is
possible in nanocrystals even when corresponding macro-
dimensional crystals do not display SCSC reactivity.[':12]
The possibility to induce SCSC reactions through miniaturiz-
ing crystals to nanodimensions can lead to the development of
functional nanomaterials. The small size of nanocrystals can
also result in physical and chemical properties that are
different from macroscopic solids. The ability of nanocrystals
to undergo photoinduced SCSC transformations can be
attributed to a high surface-to-volume ratio that leads to
more efficient stress and strain relaxation that is most likely
absent for macrodimensional solids.!"” The exact nature of the
relaxation is, however, unknown. Surprisingly, while a relax-
ation mechanism can be considered to be inherently related to
the mechanical properties of a reactive solid, mechanical
properties of solids that undergo SCSC transformations have
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not been investigated.”! Mechanical properties also allow
solid functionalities and allowable operating limits in device
applications to be defined.*"! Moreover, gaining knowledge of
mechanical properties of crystals that undergo SCSC trans-
formations will thus, in addition to technological applications,
be no doubt critical to develop an understanding of strain
relaxation mechanisms and possibly allow the prediction of
reactive properties.

Herein, we present a cocrystal®’ that undergoes a
SCSC7™ transformation wherein the crystals undergo soft-
ening or hardening depending on size (Scheme 1). The
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Scheme 1. Cocrystals of 2(5-CN-res)-2(4,4"-bpe), which undergo soften-
ing or hardening depending on crystal size. 5-CN-res =5-cyanoresorci-
nol; 4,4'-bpe =trans-1,2-bis (4-pyridyl)ethylene.

components interact by hydrogen bonds and undergo an
intermolecular [2+2] photodimerization.'""! Using atomic
force microscopy (AFM) nanoindentation,”?! we show
that unreacted cocrystals of millimeter dimensions are
relatively soft and become 40% softer after photodimeriza-
tion. We also show that the unreacted cocrystals undergo an
85% increase in stiffness upon being reduced to nanoscale
dimensions and become 40% harder following the photo-
reaction. The changes in the mechanical properties are
accompanied by a less than 0.1% change in density, which
is attributed to the close spatial arrangement and minimal
molecular movement that occurs during a SCSC transforma-
tion. Our findings provide a new perspective into under-
standing properties of organic solids that we believe can
provide avenues to solids with unique mechanical and
chemical properties.

AFM has been used to quantify changes in stiffness of
single cocrystals of 2(5-CN-res)-2(4,4-bpe) (where 5-CN-
res = 5-cyanoresorcinol,  4,4'-bpe = trans-1,2-bis(4-pyridyl)-
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ethylene). The millimeter-sized crystals form through solvent
evaporation, while nanococrystals form using reprecipitation
combined with sonochemistry.?”! The cocrystal is composed of
hydrogen-bonded assemblies wherein 5-CN-res preorganizes
4,4'-bpe for a [24+2] photodimerization. The reaction produces
rctt-tetrakis(4-pyridyl)cyclobutane (4,4'-tpcb) in about 100 %
yield.'

A single-crystal X-ray diffraction study of millimeter-
sized crystals of 2(5-CN-res)-2(4,4'-bpe) prior to UV irradi-
ation demonstrates the components self-assemble by four
O-H-+N hydrogen bonds (O--N separations: 2.725(2),
2.728(2), 2.737(2), 2.744(2) A; Figure 1). Powder X-ray
diffraction (PXRD) confirmed the structure of the solid. As
shown in Figure 1a, 5-CN-res adopts a syn,syn conformation
that enforces 4,4'-bpe into a face-to-face geometry such that
the C=C bonds lie criss-crossed and separated by 3.82 AW
The molecules pack in 2D layers in the crystallographic (010)
plane, with the layers composed of stacks of 4,4-bpe and the
C=N groups forming pairwise dipole—dipole interactions
(C=N separation: 3.41 A). The C=C bonds of nearest-
neighbor assemblies are separated by 4.03 A. Upon exposure
to UV radiation, 4,4"-bpe reacted to form 4,4-tpcb in about
100% yield. Importantly, optical microscopy revealed the
crystals to retain transparency and general morphology
during the photoreaction, which suggested the crystals under-
went a SCSC transformation.[>”! An X-ray analysis confirmed
a SCSC transformation (Table 1), with the C=C bonds
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Figure 1. SCSC reactivity of 2(5-CN-res)-2(4,4"-bpe) to form 2(5-CN-
res)-2(4,4"-tpcb): a) layers of the (010) crystallographic plane and
b) crystallographic planes (010), (011), and (0—11).
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Table 1: X-ray crystallographic data and Young's moduli for unreacted

and reacted cocrystals of 2(5-CN-res)-2(4,4"-bpe).

Unreacted Photoreacted
Crystallographic data:
space group P1 P1
alA] 7.6903(9) 7.7709(9)
b [A] 9.4154(11) 9.8124(11)
c[A] 24.120(3) 23.620(3)
o] 36.883(5) 86.635(5)
BTl 89.295(5) 89.850(5)
Y[l 71.235(5) 66.617(5)
VIAY 1651.2(3) 1649.9(3)
Oeatc [gcm 7] 1.277 1.278
TIK] 293(2) 298(2)
AFM nanoindentation:*!
millimeter-sized, (011) (2604:20) /120 (150412)/75
millimeter-sized, (0—11) (240+28)/100 (150+£11)/125
nanometer-sized (460+£40)/90 (635+70)/110

[a] Stiffness [MPa]/no. of different crystal positions for Young’s modulus
measurements.

reacting in each assembly”™ and the hydrogen bonds being
maintained (O--N separations: 2.675(2), 2.699(3), 2.724(3),
2.737(3) A; Figure 1a).

A comparison of the unit cell dimensions showed that the
cell undergoes a significant change in the SCSC reaction.
Whereas the volume and density remained virtually
unchanged, the y angle decreased from 71.2° to 66.6°
(Table 1). The decrease corresponds to an orientational tilt
of each 5-CN-res molecule along the C=N axis (angles: 3.3°
and 4.9°; Figure 1a). The tilt accommodates the generation of
4,4'-tpcb whilst maintaining the dipole—dipole forces (C=N
separation: 3.43 A). The physical stress that the crystal
experienced during the reaction was thus most likely
absorbed by movements of the components to retain single-
crystal character.

That 2(5-CN-res)-2(4,4'-bpe) underwent a SCSC trans-
formation prompted us to investigate mechanical properties
using AFM nanoindentation. Whereas AFM has been used to
measure changes in elastic behavior of chemical cross-links in
polymers®! and thin films,* as well as morphological
changes of reactive single crystals,*!! we are unaware of an
example wherein AFM nanoindentation has been used to
study mechanical properties of a SCSC transformation.

Our first studies involved the millimeter-sized crystals.
The crystals exhibited prism morphologies with a base of
approximately 0.40 mm x 0.60 mm and height 0.10 mm. Top
and bottom crystal faces that correspond to the crystallo-
graphic (011) and (0—11) planes (Figure 1b) were character-
ized by AFM. Each plane lies parallel to the crystallographic
a axis and at 20° to the 2D layers. Both planes are chemically
similar, being composed of 5-CN-res and 4,4'-bpe molecules
that interact by hydrogen bonds and edge-to-face —m forces.

As shown in Figure 2a,b, our AFM studies revealed the
(011) and (0—11) faces to exhibit distinct topographies. The
(011) face was composed of terraces and small spiral pyramids
with a typical base size and height of 1 pm and 20 nm,
respectively. Measurements of the height of the pyramid step
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Figure 2. AFM height images and histograms of the Young’s modulus
values for millimeter-sized 2(5-CN-res)-2(4,4"-bpe). a) Unreacted (011)
face, showing terraces and spiral pyramids and b) unreacted (0—11)
face, showing uniform layer-type morphology. c,d) Photoreacted (011)
(c) and (0—11) (d) surfaces of same crystal show the morphology
remained largely intact. e,g) Young’s modulus distributions of the
(017) face before (e) and after (g) photoreaction, showing 42 %
decrease in stiffness. f,h) Young’s modulus distributions of the (0—1T)
face before (f) and after (h) photoreaction, showing a 38 % decrease in
stiffness. Black lines shown in (e—h) are the Gaussian fits. Dotted lines
in (g) and (h) are Gaussian fits for the corresponding faces of
unreacted crystals. Arrows indicate directional changes in stiffness.

and the normal terrace revealed a constant height of
approximately 7 A. The height corresponds to edge-to-face
-7 interactions (ca. 7 A) involving 5-CN-res and 4,4"-bpe. In
contrast, the (0—11) face displayed a uniform and nearly-flat
morphology. The fundamental unit of crystal growth can thus
be considered to be propagated by the s—m interactions, with
growth beginning along the flat (0—11) face and ending with
the spiral pyramids of the (011) face. The pyramids most
likely form at the conclusion of the crystal growth process.””

AFM height images obtained for the millimeter-sized
crystals after photoreaction are shown in Figure 2c,d. Both
morphologies remained intact, although slight irregularities
as rough edges and granular sub-nanometer features
appeared on the outer terrace regions. The cleavage planes
showed for the (011) surface were also observed for unreacted
crystals and thus do not necessarily form as a result of the
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reaction. The nominal changes in the morphologies are
consistent with the SCSC transformation.

Mechanical measurements were then performed on the
millimeter-sized crystals both before and after photoreaction
using AFM nanoindentation.”>?! Repeated force—displace-
ment curves were recorded at approximately 100 crystal
positions to determine the local stiffness, or Young’s modulus.
The Young’s moduli determined for all crystal positions were
combined, and histograms from three different crystals are
shown in Figure 2e-h and summarized in Table 1. The
elasticity measurements yielded an average Young’s modulus
(mean+s.d.) for the (011) face of (260+20) MPa before
photoreaction (Figure 2¢) that decreased to (150 +12) MPa
(42% change) after photoreaction (Figure 2g). The (0—11)
face similarly showed a decrease in crystal stiffness with the
Young’s modulus values of (240+28)MPa and (150+
11) MPa (38% change), respectively (Figure 2fh). The
widths of both Young’s moduli distributions also narrowed
relative to unreacted responses. The resulting values are
comparable to protein crystals (165 MPa),?”! hyperbranced
macromolecules (190 MPa),””! and low-density polyethylene
(100 MPa),* but up to 25 times softer than crystalline
acetaminophen (8.4 GPa),? high-density polyethylene
(7.5 GPa),* and aspirin (7.1 GPa).*!

Two important conclusions can be drawn from the AFM
data. First, the crystals clearly become less stiff following the
SCSC transformation. Second, the extent of softening is
similar for the (011) and (0—11) faces, with an average
decrease in stiffness of approximately 40%. An identical
response is expected given that the faces are chemically
similar. The changes in the mechanical properties after
photoreaction are especially noteworthy, as the change in
crystal density is less than 0.1% (Table 1).5°

To gain further insight into the decrease in stiffness,
cocrystals of 2(5-CN-res)-(4,4-tpcb) were independently
prepared from solution. In contrast to the SCSC reaction,
the components of the as-synthesized solid formed a 1D
hydrogen-bonded polymer wherein 5-CN-res adopts a syn,-
anti conformation (see Supporting Information). The solid is
thus a polymorph of the product of the SCSC reaction.’”! The
formation of the polymorph supports the product of the SCSC
reaction being metastable, which may account for the
decrease in stiffness following photoreaction. Mechanical
measurements on the (101) face of the polymorph, however,
yielded an average Young’s modulus of (1054 10) MPa. As
the polymorph most likely has fewer defects than the product
of the SCSC reaction, the softening can also be attributed to
the photochemically induced change in composition of the
components.

The nanometer-sized solid was then studied. As crystal
planes at a surface can relax more easily at the nanoscale,®
the nanocrystals were expected to involve more efficient
strain relaxation. SEM micrographs and representative AFM
3D height images were collected for the nanococrystals
before and after reaction (Figure 3a-d). The images revealed
prisms with a base size distribution from 150 nm to 1 um and a
typical height of 100 nm. XRPD data confirmed the structure
as photoactive 2(5-CN-res)-2(4,4-bpe). Exposure of the
nanococrystals to UV radiation afforded 4.,4'-tpcb, while
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Figure 3. SEM and AFM images and Young's modulus values for 2(5-
CN-res)-2(4,4"-bpe) nanococrystals. a,b) Unreacted and reacted nano-
cocrystals with prism-like shapes. c,d) Unreacted and reacted AFM
height images (1 umx1 um) of two nanococrystals having approxi-
mately the same height. e,f) Young’s modulus values before (e) and
after (f) photoreaction, showing 40% increase in stiffness. g—i) In situ
AFM measurements: AFM height image of nanocrystal before (g) and
after (h) UV exposure for 60 s; i) increase in the averaged Young's
modulus of the nanocrystal versus UV exposure time. j) Young’s
modulus of as-synthesized nanocrystals of 2(5-CN-res)-(4,4"-tpcb).

SEM micrographs demonstrated that the crystals maintain
integrity following photoreaction, which was confirmed by
XRPD analysis.

Mechanical measurements were then performed on
individual nanococrystals before and after the photoreaction.
Histograms of the Young’s modulus values are shown in
Figure 3e.f, respectively. The AFM measurements yielded
average Young’s modulus values (mean=+s.d.) of (460 +
40) MPa for the unreacted nanocrystals that increased to
(635 +70) MPa after the photoreaction. We note that it was
not possible to determine crystallographic faces of the
nanocrystals probed using the AFM tip and thus the modulus
values represent an ensemble-averaged response. Never-
theless, the decrease in the cocrystal dimensions from
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millimeter to nanometer-size resulted in an increase of the
Young’s modulus from 250 MPa to 460 MPa, or an 85%
increase in crystal stiffness. The nanometer-sized cocrystals
also became 40% stiffer, or harder, following the photo-
reaction. The overall stiffening of the nanococrystals is in
sharp contrast with the millimeter-sized crystals, where an
opposite effect was observed. Related size effects have been
reported for a thin film with dimensions less than several
hundred nanometers,?! where size dependences were attrib-
uted to an increase in the surface-to-volume ratio.

The mechanical response of an individual nanococrystal
was also measured in situ using AFM nanoindentation. The
measurements determined the average Young’s modulus
before photoreaction to be (435+35) MPa. Exposures to
UV light (365 nm) were achieved using an objective located
below a UV transparent quartz slide, which allowed the AFM
measurements to be performed in real time during the
photodimerization. Four sequential 15s UV exposures were
applied, and after each exposure the nanococrystal was
reimaged and the Young’s modulus was determined (Fig-
ure 3g-i) Whereas the crystal remained intact with no
apparent changes to crystal size, a steady increase in the
Young’s modulus up to 30 % was observed, which is consistent
with the ensemble-average response (40%). The result
unambiguously supports the proposal of the nanococrystals
becoming harder after photoreaction.

Nanoindentation was also performed on an as-synthesized
sample of 2(5-CN-res)-(4,4'-tpcb) prepared by sonochemistry
(Figure 3j). The preparation afforded nanococrystals with a
structure (as seen from PXRD) that is different than the
polymorph, yet similar to the product of the SCSC reaction.
The distribution yielded an average modulus value of (650
90) MPa, which agrees well with the SCSC transformation (ca
635 MPa).

In conclusion, AFM nanoindentation has been used to
study mechanical properties of millimeter- and nanometer-
sized crystals that undergo a SCSC photodimerization.
Crystals of millimeter dimensions become 40 % softer, while
crystals of nanoscale dimensions become 40 % harder follow-
ing photoreaction. The changes are accompanied by a less
than 0.1 % change in density. The decrease in crystal size from
millimeters to nanometers led to an 85% increase in crystal
stiffness. We expect our findings to open possibilities to
crystal engineer!! materials with unique mechanical proper-
ties.

Experimental Section

Millimeter crystals of 2(5-CN-res)-2(4,4-bpe) were grown by slow
solvent evaporation. 4,4-bpe (0.182 mg, 1mmol) and 5-CN-res
(135mg, 1 mmol) were dissolved separately in dry acetonitrile
(99.9%; 5mL total). The solutions were combined and filtered
through a Millex syringe filter (PVDEF, 0.2 um, 13 mm). The solution
was left to evaporate over 5 days to afford crystals for single-crystal
X-ray diffraction. The nanococrystals were obtained by precipitation
combined with sonochemistry. Solutions were filtered through a
Millex syringe filter (PVDE, 0.2 um, 13 mm) directly into cool
hexanes (ca. 0°C, 225 mL) while exposed to low-intensity ultrasonic
radiation (ultrasonic cleaning bath Branson 2510R-DTM, frequency:

www.angewandte.org

Chemie

8645


http://www.angewandte.org

Communications

8646

42 kHz, 6% at 100 W). The resulting suspension was sonicated for 1-
2 min, filtered, and dried at room temperature.

Nanometer-sized crystalline samples were suspended in hexanes
at 0.25 mgmL~' and then deposited on a freshly cleaved atomically
flat mica substrate (V-I grade, SPI Supplies, Westchester, PA).
Millimeter-sized crystals were directly placed on a clean glass cover
slip. All AFM studies were conducted using a molecular force probe
3D AFM (Asylum Research, Santa Barbara, CA). AFM height
images and nanoindentation measurements were collected at room
temperature using silicon probes (MikroMasch, San Jose, CA,
CSC37) with a nominal spring constant of 0.35 Nm™' and a typical
tip radius of curvature of 10 nm. Force—displacement curves were
recorded in an organic solvent (n-tetradecane, Fluka) using a total of
16 AFM probes. The force curves data were used to estimate the
Young’s modulus of a crystal by using a rearranged form of the
Hertzian model.”*?¥# The substrate-induced effects on the
measured Young’s modulus values were negligible here as the
height of a nanocrystal (ranging from 50 to 400 nm) is more than
one order of magnitude larger than typical indentation depth of
3.5 nm.

Diffraction data were measured on a Nonius Kappa CCD single-
crystal X-ray diffractometer at room temperature (25 °C) using MoK,
radiation (A=0.71073 A). Structure solution and refinement were
accomplished using SHELXS-97 and SHELXL-97, respectively.[*’]
All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms associated with carbon atoms were refined in geometrically
constrained positions. Hydrogen atoms associated with oxygen atoms
were calculated in an optimal hydrogen bonding geometry.

XRPD data were obtained on a Siemens D5000 X-ray diffrac-
tometer using CuK,, radiation (A=1.54056 A) (scan type: locked
coupled; scan mode: continuous; step size: 0.02°; scan time: 2 s/step).

CCDC 773873 (unreacted) and CCDC 773874 (reacted) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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