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Anisotropic Thermal Expansion as the Source of Macroscopic
and Molecular Scale Motion in Phosphorescent Amghidynamic

Crystals

Mingoo Jin,*® Sho Yamamoto,®™ Tomohiro Seki,"™ Hajime Ito*™% and Migu

Abstract: The structural origin of multiscale phenomena, with
physical manifestations ranging from the molecular to the
macroscopic scale, remains largely undocumented. Here we report
the discovery of a crystalline molecular rotor with rotationally-
modulated triplet emission that displays macroscopic dynamics in
the form of crystal moving and/or jumping, also known as salient
effects. Crystals of molecular rotor 2 with a central 1,4-diethynyl-2,3-
difluorophenylene rotator linked to two gold(l) nodes, which
crystalizes as infinite 1D chains by taking advantage of
intermolecular gold(l)-gold(l) interactions. It was shown that
rotational motion leads to changes in the orientation of the central
phenylene, causing changes in electronic communication between
adjacent chromophores, which are manifested as changes in
emission intensities. Crystals of 2 showed the large and reversible
thermal expansion/compression anisotropy, which was shown to
account for (1) a nonlinear Arrhenius behavior in molecular-leyel
rotational dynamics, which correlates with (2) changes in emis
and determines (3) the macroscopic crystal motion. Further :

molecular rotor analog 3 possessing a 1,4-diethynyl-2,3,5,6-
tetrafluorophenylene rotator exhibited unit cell anisotrop,
dynamics, emission properties and thermosalience that a
those of 2, suggesting potentially generalizable ne
control mechanical properties at the molecular an,
scales.

The design of molecular machines with applications 1|
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others have addressed it by exploring the emergent properti
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examples have been reported of amphi the
potential of controlling gas adsorption a n, 11219
electric,”2831  optic, 9% and

luminescence,***® among oth

[a] Dr. M. Jin, and Prof. D%

Biochemistry, California 90!
E-mail: mgg@chem.ucla.edu
[b] Mr. S. Yam
tier Chemistry Center (FCC),
ity, Sapporo, Hokkaido
060-8628, Japan
Assistant Prof. Dr. in, and Prof. Dr. H. Ito
ction Design and Discovery (WPI-
ity, Sapporo, Hokkaido, 060-8628,

[c]

Supporting information for this article is given via a link at the end of
the document.

r architectures for the
based on the use of

Their structures are
ene rotator linked by a
ild up the lattice and play
mphidynamic crystals possess a relatively
d/or a relatively fluid region near the

One of the m robust mole
formation of amp

dumbbell shaped

rotator, ossible for fast molecular rotation to
occur i that in mind we recently designed
an  amphidynamic tal  with  rotationally-controlled

phosphorescence by incorporating a gold(l) complex within the
mbbell shaf#d motif in complex 1 (Figure 1a).°® We were

re thatg@Bnalogous structures tend to have aurophilic
actions between the adjacent gold(l) complexes in the

F F
Phosphorescence controlled
by molecular rotation in solid-phase

fast rotation slow rotation

c) under UV irradiation

2

Fo-ti-oRr

2(R=D),3(R=F)

moving <(
S

Anisotropic crystal lattice changes and »(’j e

thermo-salient effect with emission alterations 52

mediated by molecular rotations

Figure 1. a) Isosteric substitution of the central phenylene rotator in complex 1
by a 2,3-difluorophenylene (2) or a tetra-fluorophenylene (3). b)
Representation of the anisotropic crystal lattice expansion/compression and its
potential effect on molecular rotation. c) lllustration of the observed thermo-

salient effects with emission color changes of crystals 2 and 3.

We also reasoned that changes in the electronics of the
complex as a function of rotational motion could be manifested
in the form of changes in emission properties. As expected,
changes in triplet emission in crystals of 1 were correlated with
changes in the thermally-induced rotational motion of the central
phenylenes.® As the next step in our efforts to prepare stimuli-
responsive crystalline materials, we decided to prepare and
analyze the properties of the analogous isomorphic structure of
complex 2, which has a polar 2,3-difluorophenylene rotator
(Figure 1a). Notably, during the process of characterizing this
new material we discovered that it displays thermosalient



properties, with crystals displaying temperature-induced
macroscopic displacements and jumping motion (Figure 1c). In
fact, there have been an increasing number of examples where
macroscopic mechanical motion, or “salient effects” can be
observed upon exposure of crystals to selected stimuli.*** |t
has been shown that abrupt changes in unit cell dimensions
brought about by chemical reactions, phase transitions, or large
thermal expansion coefficients may result in crystal bending,
twisting, and/or jumping.®**"! This creates opportunities to
transduce molecular-level events into the macroscopic world.*”!

In this article we report the preparation and characterization of
complex 2 and its tetrafluoro analog 3, which were shown to be
thermosalient. In addition to thermal analysis, we carried out
single crystal X-ray diffraction and solid state NMR as function of
temperature to investigate the origins of the macroscopic motion,
and determine whether or not those changes correlate with
rotational dynamics. We showed that these crystals do not
undergo a phase transition and confirmed a significant
anisotropy in their thermal expansion coefficients (Figure 1b),
which correlated with a strongly nonlinear Arrhenius behavior in
the case of fluorophenylene rotator 2, and significant changes in
the phosphorescence properties of both 2 and 3.

Results and Discussion

Dumbbell-shaped gold complexes 2 and 3 were synthes;j
from derivatives of 1,4-diethynylbenzene and
fluorophenyl)phosphane  gold(l) chloride using
alkynylation conditions, as illustrated in Scheme 1.
of 2 prepared with a deuterated 2,3-difluorophenyl
were used to investigate the rotational exchange dy
solid state (SS) spin echo H-NMR line shape
gold(l) complex 3 was prepared in a similar ma
fluorophenylene as a central rotator.
complexes 2 and 3 were carried out by layering MeO
anti-solvent on top of a solution of the corresponding rot
complex in dichloromethane (typically, 5 mg of the complex
0.2 ml of dichloromethane). Green
(below 0.5 mm in size) were subse

standard
ples
rotator

S1).
spectroscopy,
analysis, TGA, and pn (XRD) (see

re detail below,

Gold(l) complex 2
with four molecules

t of 1 with infinite zigzag chains
aurophilic interactions between
Intermolecular gold(l)—gold(l)

rotors.

neighboring molecular
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distances of 3.0299(7) A were observed (Figure 2a-b and S2).
The two-fold rotationally disordered difluorophenylenes are
surrounded by fluorophenyl grou the phosphane stators
of neighboring gold(l) complexes, whic
disorder (Figure 2b and S2).

Cl-Au-P @F)
3

F F
n-BuLi (2.1 equiv.) (2.0 equiv.)
THF 0°C,2h
R R -78°C, 2h
F F
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Scheme 1. Synthem gold(l) complexes 2 and 3.

rystals Gold(l) complex 3 with a central tetrafluoro
ylene were obtained in the monoclinic space group P2/c
S2). The intermolecular zigzag chains and packing
ment near the rotator in crystal 3 were very similar to
(Figure 2d and S3), suggesting that the tetrafluoro
or of 3 would be likely to display similar rotational
e 2d-e and S3). Crystals of 3 have four molecule
per unit cell (Z=4) (Table S1) with neighboring molecules
experiencing gold(l)-gold(l) distances of 3.1016(9) A and
2.9822(9) A (Figure 2d-e). The slight difference in aurophilic
i tions between crystal 2 and 3 resulted the different space
s even though both crystals forms have very similar
king structures As shown respectively in Figures 2e and 2f,
e tetrafluoro phenylene rotators of 3 are surrounded by
fluorophenyl groups of neighboring stators and the plane of the
central rotator coincides the b/c-plane.

In order to explore possible changes in the packing structure
that may explain the macroscopic crystal and molecular rotary
dynamics of the two molecular rotor complexes, we carried out
XRD measurements in the temperature range from 123 K to 298
K with eight intermediate steps at 153, 173, 193, 213, 233, 253,
and 273 K. No significant phase transitions were observed and
changes in gold(l)-gold(l) distances between 123 and 298 K
were less than 0.058 A (Figure S4 and S5). However, both
crystals displayed a significant expansion/compression
anisotropy as a function of temperature. As shown in Figure 2g-I,
the direction of the largest change in each crystal corresponds to
the axis orthogonal to the planes of rotation of the fluorinated
phenylenes, which is the a-axis in the case of 2 and the c-axis in
the case of 3. Based on these results, it is reasonable to expect
that these anisotropic lattice changes would affect the motion of
the central aryl rings. Differential scanning calorimetry (DSC)
profiles of both crystals, measured at a heating rate of 10 K/min,
showed no significant peaks in the range 153-298 K, indicating
that these crystals have no thermally triggered martensic phase
transitions (Figure S6-7).
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Figure 2. Crystal structures of 2 and 3 with the tris(4-fluorophosphane) Ii!ands shown in light grey and 1,4-di-gold(l)ethynyl benzene units highlighted

with colored thick bars and atoms. Zigzag intermolecular networl
interaction distances between neighboring golecular rotors in compl
c-axis and a-axis, respectively. Plots o it cell parameters
deviation in temperature values are sho tal red bars).

formed by dimeric aurophilic interactions in a) 2 and d) 3. Dimeric aurophilic
s b) 2 and e) 3. Rotator arrangements in crystals ¢) 2 and f) 3 viewed down the
rystals g), h), i) 2 and j), k), I) 3 versus the measured temperatures (standard
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mics of gold(l) rotor 2
R spin-echo

e range of ca. 10°-10" Hz.*®!
ed on powdered (crushed)
rotational frequency of the
Figure 3a
pectra measured in the range between
lack lines. Line shapes obtained by
tted lines provided a reasonably
the experiment. The calculated
quadrupolar coupling constant

(QCC) of 180 kHz™! that is characteristic of aromatic deuterons,
a cone angle of 60° formed between the rotational 1,4-axis and
C-D bond vector, and Brownian jumps of 180°, in agreement
with the crystal structure. The line shape at 318 K is in the
intermediate exchange regime and was simulated with a
rotational frequency of 2.0 MHz. Spectra measured at 298, 273,
253, 233, 213, and 193 K were simulated with rotational
exchange frequencies of ca. 1.35, 1.00, 0.50, 0.20, 0.03, and <
0.01 MHz, respectively (Figure 3a and S7). An Arrhenius plot
constructed from the rotational exchange frequencies of 2
presented a significant curvature (Figure 3b), suggesting that the
magnitude of the activation energy or the mechanisms for
rotation change as a function of temperature. We suggest that
the concave downward curvature is consistent with the X-ray
data, where the activation energy becomes smaller (Figure 3c)
as the size of the unit cell axis that defines the size of the cavity
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increases as shown in Figure 2. A rough and qualitative rotator dynamics in crystal 2 and roughly fitted lines of the high (orange
measure of the change in activation accompanying the changes dashed line), intermediate (gray dashed line), and low (blue dashed line)
y diagram for the rotation of

temperature area. c) Hypothetical potenti

the central rotators in crystals 2 and 3, s changes in activation

a) \f - experiment energy as a result of temperature-induced chang e of rotator cavity.
318 K 200 MHz | ... - simulation d) Schematic representation of the anisotropj pression and
) ’ how it correlates with the rotator ics as

- 1.35 MHz b o . _
298 d‘\#’\\ 233 - __200 kHz in unit cell can be obtaine ctivation parameters

213K [ 30 kHz data, between 193 etween 253 and 318 K,
respectively. On and high temperature

/ 193 K J below barriers in the ran 3.3 kcal/mol, with pre-
253 K . 500 kHz i~ 10 kHz exponential factors

x10"" s and 3.6x10° s™,
e 5 10 100 0 100 respectively ( r t is worth noting that the
kHz pre-exponentia tor w temperature regime is
consistent with a entary dynamic process associated with
the frequency of a thermally activated torsional mode that
14 = TR becomes a full rotation, which is expected to be on the order of
T, 10" s™. By contrast, a_low pre-exponential factor in the high
A temperature region may be viewed as associated with a more
12 N complex mechanism and unfavorable activation entropy such as
N E, = 6.7 kcal/mol the need for correlated motions. To our knowledge, there are no
R A=26x10"s1 —_ ]
10 R general theories that relate the pre-exponential factor to
\\ structural effects. Our interpretation implies that structural
N variations resulting from a large anisotropic thermal expansion in

sl . . ] ] X the crystal result in significant changes in both the height of the
3.0 3.5 4.0 4.5 5.0 5.5 barrier (Figure 3c) and the pre-exponential factor.

1000 /T (K1) To exp e dynamics of the tetra-flourophenylene rotator of

gold(l) complex 3, we carried out variable temperature solid

c) High barrier state CPMAS "*C NMR of 3 in the range of 189 K to 302 K. We
(compressed lattice) observed no significant changes in the weak C-F signals

ass d to the rotator, which occur as multiplets as a result of
onglftwo and three bond C-F scalar coupling (Figure S9). It is
possible to conclude whether the lack of an observable
alescence process is the result of very slow or static rotation,
or the result of insufficient chemical shift differences between the
sites related by the postulated two-fold flipping motion. As an
’ alternative, we also carried out solid state '°F NMR
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measurements at a frequency of 584.686 MHz with
polycrystalline samples of 2 and 3 at 193 K and 298 K (Figure 4).
While complications arise from the presence of para-fluorine
atoms in the triphenylphosphane stator, we found that the '°F

d) Slow rotation Fast rotation
(high barrier) (low barrier)

.
H 1
1
|

i_ _‘i @. NMR spectrum of 2 undergoes line narrowing from values of full
i E cooling width at half maximum (FWHM) that change from ~45 kHz to
. ~32 kHz in going from 193 K to 298 K, in the same temperature

rotator lattice

range where ?H NMR reveals rotational exchange frequencies

Y varying from ca. 10 kHz to 1.35 MHz (Figure 3a). Based on the
Figure 3. Variable temperature solid state *H R studies of 2. a) analogies between the spectra of 2 and 3 we proposed that a
similar change in line width in the case of 3 from 58 kHz to 40
kHz is supportive of rotational motion in a similar dynamic range.

Experimental and simulated SS H R spectra represented in black solid
line and red dash i i . rrhenius plot of difluorophenylene



a) F F
crystal 2 AP -Au %éj%;\u —PAr;
—— 193K °b
— :298K
; :

200 -200 -400 -600

ppm
b) F, F
ArsP -Au ;Qé;\u —PArg
F F
— 193K
— 208K

260 0 »260 -400 -600
ppm
Figure 4. Representative VT '°F NMR spectra of gold(l) complex a) 2 and b)
3. Line shape broadening were observed between 298 K and 193 K.

With structures that are very similar to that of complex 1, it
seemed reasonable to expect crystals 2 and 3 to have
temperature-dependent emission that correlates with their
rotational motion. Cooling and heating run under the emission
miscroscope were carried out in the range from 298 K to 123 K,
which is the same temperature window where the molecular
dynamics and crystal structures had been investigated (Figur
S9-10, and Supporting movie 1-2). In the first set of experi
described in Figure 6a-f and Supporting movie 1, green emitting
crystals 2 were cooled from 298 K to 123 K with
velocity of 40 K/min under UV light illumination. We,
that some crystals experienced small displacemen
ca. 240-260 K, until they jumped drastically aroun
Crystal jumping or crystal moving were also
room light, indicating that the salient effects wen
UV light irradiation (Figure S13). Overall, ca. 30% of
in the observation field were found to display macro
movement or jumping and crystals 2 showed emission colo
changes from green to yellow with increased emission inte
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crystals of analog tetrafluoro rotor 3 also exhibited similar
thermosalient and emission changes as crystals of difluoro rotor
2 during the cooling and heating p s, as described in Figure
5g-1, S12, and Supporting movie 2.

mission color
ing on 40 K/min, taken under
ing the salient behaviors.

There are several
experience molecu
result of crystal-t
sufficiently large

ient crystals that
their crystal lattice as a
sitions associated with
odifications.®*#44  As
changes in the crystal
are able to accumulate
d, can trigger the observed
In the case of 2 and 3, the anisotropic
expansion during cooling or heating
in crystal cavity where the rotational
motion of the ce rs occurs. The long axis of the
crystals 2 and 3 corresponds to a direction orthogonal to the
pjane of the tral rotators, showing the greatest changes in

length f}unction of temperature (Figure S14 and S15).

expected, crystal jumping was observed more frequently
cooling with a relatively fast temperature (40 K/min) and
jent effects were observed at all under with cooling rates
K/min.
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Figure 6. Representation of the expected mechanical motion of crystals 2 and
3 during the thermo-salient effects by the cooling procedure.

As shown in Figure 6 crystals of gold(l) complex 2 exhibited
green emission when irradiated with UV light at Aex = 365 nm at
298 K and similar observations were made for crystal 3. By
contrast, the emission of 2 and 3 in CH.CI, solution were very
weak, as expected for a long-lived phosphorescence that is
highly susceptible to quenching by adventitious impurities and
residual oxygen (Figure S16 and S$17).5°*  Furthermore,
emission lifetimes of crystals 2 and 3 were in the microsecond
regime, making it possible to assign it as phosphorescence.
The emission spectra of crystalline gold(l) complex 2 has peaks
at 503, followed by broad peaks with a maximum at Amax = 547
(Figures 7a). The emission of crystal 3 is completely analogous
with corresponding peaks at 507 nm and 551 nm (Figure S18a).

Cooling from 298 to 193 K increased the intensity of the
broader red-shifted components (Figure 7a), which corresponds
to the color changes that are visually perceived as going from



green to yellow (Figure 5a-f). These observations are consistent
with those previously made with crystals of gold(l) complex 1,
which had been shown to correlate with changes in electronic
communication caused by changes in the orientation of the
central phenyl ring.®™ Notably, changes in the ratio of the
emission intensity /s47/ls03 Of crystal 2 measured between 298 to
193 K as a function of temperature are complementary to the
changes in the a-axis of the unit cell (Figure 7b), which also
parallel the changes in rotational motion. A very similar plot
obtained for crystal 3 is included in the supporting information
section (Figure S18b).

Finally, in order to support a model where changes in emission
are modulated by changes in electronic communication that
result from the motion of the central rotator, which is akin to
dynamic effects behind aggregation induced emission (AIE), %
we carried out time-dependent (TD) DFT calculations using
dimer geometries connected through aurophilic interaction taken
from single-crystal structure of 2 and 3 at 193 K. The most
important characteristic of the stable rotational ground state
structure is that plane of the central aromatic rings are
orthogonal to the direction of gold(l)—gold(l) bonds, such that the
Aurophilic bonds extend the conjugation between rotators of
neighboring molecular rotors. Calculations on the ground state
structure confirm that rotation of the difluoro and tetrafluoro-
phenylenes within the zigzag chains does affect electronic
communication (Figure 8 and S20). Dimer models with
ground state structure (Figure 8, left) and with the c
phenylenes rotated by 90° (Figure 8, right) were calculated with
B3LYP/SDD method. Vertical excitation energies calcu
the crystal structure had a relatively good agreement
obtained from the experimental phosphorescenc
(Figure S19). The frontier molecular orbitals for t|
the ground state crystal structure of 2 and 3 in
HOMO and HOMO-1 were distributed over t
fluorobenzenes connected by the aurophilic interactio
bottom left and S20). On the other hand, when these o
are calculated with the central phenylene rotated, as shown |
Figure 8 (bottom right) and Figure S18, they are complgtely
localized in a one of the two moleculaggotors. Interestingly‘e
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LUMO and LUMO+1 of in both cases were mainly located on the
tris(4-fluorophenyl)phosphane moiety (Figure 8 top and $20).

Figure 7. a) Emission spectra of the crysta ed under UV irradiation

(365 nm) as a function of temperature. b) Plot; s in the ratio of

Au-Au X §

interaction

Rotated
in 90°
- LUMO (-1.70 eV)
-3.70 eV

- homo (-5.40 eV)

0555

>
Q

R

/

8. Frontier molecular orbitals and corresponding energy levels
TD-DFT calculation (B3LYP/SDD) of the dimeric structure
hilic interaction in crystal 2 (left) and 90° rotated central
g geometry (right).

The phosphorescence decays of crystals of the gold(l)
comgplexes 2 and 3 were measured at 298, 232, and 195 K in a
indow of ca. 100-200 us (Figure S21 and S22). While
ion decays detected near 550 nm displayed high
perature dependence, measurements carried out near 500
resulted in multiple components, pointing out to the spectral
eterogeneity and kinetic complexity of the solid-state emission
(Figure S21and S22). While these emission decays could be fit
by models that consider multiple exponential functions with
several lifetimes (t,) and pre-exponentials (A,) (Table S8 and
S10), their weighted average (tqy = ZAnty) varied from ca. 12 us
to 45 us in the range of 298 to 195 K. From these results, we
note that the excitation decay which occurs within the time range
for molecular rotations (0.74 us to 100 us), which helps explain
the high kinetic heterogeneity of the observed emissions and a
qualitative correlation between intensity and rotation as a
function of temperature, as previously observed in the case of
complex 1.%° Furthermore, while aurophilic interactions defined
by gold(l)-gold(l) distances < 3.5 A can affect electronic
environment of gold(l) complexes, changes in the gold(l)—gold(l)
distances of 2 and 3 were below 0.058 A between 193 to 298 K
(Figure S5). Based on these observations, we suggest that
phosphorescence changes upon cooling and heating in crystals
2 and 3 are the result of changes in electronic communication
that occur when the central aryl plans rotate in the solid state,
just as it was suggested in the case of the phosphorescent
amphidynamic crystal 1.



Conclusion

We described here two new examples of multifunctional
amphidynamic crystalline materials based on dumbbell complex
structures 2 and 3 that are based on ditopic gold(l)complexes
linked to a central substituted diethynylphenylene rotator and
two triarylphosphanes. Their crystal structures are characterized
by molecular rotors linked by aurophilic interactions that form
infinite zig-zag chains. The crystalline rotor complexes are
characterized by motion at the molecular and macroscopic
scales. Macroscopic motion occurs in the form thermosalient
crystal moving and/or jumping that is the result of thermal
expansion with a relatively large anisotropy. It was shown that
thermal expansion occurring on the plane of the rotator
increases the free volume and facilitates the rotation, such that
the corresponding Arrhenius plots present a significant curvature
as the crystal lattice expands. Furthermore, a correlation was
observed between phosphorescent properties and rotational
motion, which is interpreted in terms of conformational changes
that affect the electronic communication between the gold-linked
rotors, as supported by DFT studies. The results presented in
this article strongly suggest that it may be possible to design
chemical structures capable of forming crystalline solids
responsive at the macroscopic and molecular scales, including
(1) macroscopic polarization by controlling the orientation and
rotation of a molecular dipolar array, (2) rotation-mediated
emission and other photophysical properties, and
thermosalient macroscopic displacement by controlling th
gradients.
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