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Abstract: Achieving substantial anisotropic thermal expansion (TE)
in solid-state materials is challenging as most materials undergo
volumetric expansion upon heating. Here, we describe colossal,
anisotropic TE in crystals of an organic compound functionalized with
two azo groups. Interestingly, the material exhibits distinct and
switchable TE behaviors within different temperature regions. At high
temperature, two-dimensional, area zero TE and colossal, positive
linear TE (a = 211 MK™") are attained due to dynamic motion, while at
low temperature, moderate positive TE occurs in all directions.
Investigation of the solid-state motion showed the change in enthalpy
and entropy are quite different in the two temperature regions and
solid-state NMR experiments support motion in the solid. Cycling
experiments demonstrate that the solid-state motions and TE
behaviors are completely reversible. These results reveal strategies
for designing significant anisotropic and switchable behaviors in solid-
state materials.

Introduction

The thermal expansion (TE) behavior of a material describes
how it responds to a change in temperature.l'! Most materials
experience positive TE (PTE), which involves elongation along all
three principal axes upon heating.?? Negative TE (NTE) is less
common and corresponds to a decrease of the corresponding
dimension upon warming.®! Zero TE (ZTE) is rare, and the
material dimension undergoes nearly no change as a function of
temperature. Colossal TE in materials has been defined as
those that exhibit TE coefficients greater than 100 MK™', while
coefficients of ca. 20 MK"' are common in materials.®!

Solid materials with high symmetry undergo approximately
equal amounts of expansion in all directions, i.e., isotropic TE.®!
Some materials exhibit anisotropic TE, wherein significantly
different expansion occurs along only one of the individual
directions.[”! Such anisotropic expansion has been attained in
metal-organic frameworks by designing flexible structures with
wine-rack or hinge-like style frameworks, where expansion in one
direction is coupled with contraction in another.®! However,
colossal anisotropic TE has been less reported in purely organic
materials, especially single-component organic solids.’® 9
Recently, t-stacking interactions were used to attain anisotropic

TE in a naphthalenediimide-based compound.l'® Materials
exhibiting unique behaviors including NTE, ZTE, large PTE, or
anisotropic TE are interesting and can be utilized to construct
devices. For example, anisotropic expansion in materials has
successfully been used to fabricate thermomechanical devices.['"]
Moreover, understanding TE at the molecular level provides a
pathway for controlling and affecting anisotropic behaviors within
solid-state materials.

In addition to structural flexibility, molecular rotations and
reorientations that occur in the solid state have also been used to
achieve significant changes in cell lengths and anisotropic TE.['2
One specific type of solid-state motion, pedal motion, occurs
when there is interconversion between molecular conformations
(Figure 1a).'® Olefin (C=C) and azo (N=N) functional groups are
the most widely studied groups capable of facilitating molecular
pedal motion in the solid state.['*! Occurrence of pedal motion
can be characterized by variable temperature single-crystal X-ray
diffraction (VT SCXRD) or solid-state NMR experiments. In VT
SCXRD, the motion is observed via a disorder, and the site
occupancies for the two conformations (major and minor sites) are
quantified in the structure. If the site occupancies undergo a
change with a change in temperature, then the motion is dynamic.
Our group and others have demonstrated that dynamic motion
can afford large PTE in solid-state materials.’® 4 Such
conformational interconversions, as well as phase transitions,
have also been shown to yield macroscopic motion (walking,
rolling) in single crystals.['® Solids containing multiple functional
groups have also been shown to exhibit collective molecular

rotations, translations, and tilts, to function as molecular
machines.["®
Recently, we described a series of di-halogenated

compounds wherein the degree of solid-state pedal motion was
influenced by the identity of the functional group bridging the
aromatic rings (olefin, imine, or azo) and larger TE occurred along
the direction where motion happened in the solids.['! In the
previous study, one compound, 1,4-bis((E)-(4-
iodophenyl)diazenyl)benzene (diazo-l, Figure 1b), underwent
pedal motion, as well as a conformational switch in the major site
orientation within one of the two crystallographically unique
molecules between 250 and 270 K. Upon further investigation
after that study, we determined that the 3 angle of the unit cell
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Figure 1. (a) Pedal motion in azobenzene. (b) Chemical structure of diazo-l. Comparison of crystallographically unique molecules and disorder in diazo-I for (c)

monoclinic form (previous study) and (d) orthorhombic form (this study). The disorder is only shown in the azo groups for clarity. Crystallographically unique atoms

are colored in orange within each molecule.

also began approaching 90° upon heating, which could result in a
space group change. Thus, we sought a more detailed
investigation into the solid-state behavior of diazo-l.

Here, we report that diazo-l exhibits temperature-dependent,
switchable TE behavior with distinct responses at high and low
temperature. At high temperature, diazo-l undergoes colossal,
linear PTE coupled with two-dimensional (2D), area ZTE.
Conversely, at low temperature, diazo-l undergoes minimal to
moderate PTE in all three dimensions. Upon heating (~270 K and
above), diazo-l undergoes a phase transition that involves
flipping of N=N bond orientations such that all neighboring
molecules lie parallel. The transition also results in an increase in
symmetry, and the two crystallographically unique molecules
become one with simultaneous coalescence of pedal motion via
site occupancy convergence. Upon cooling below 270 K,
symmetry is lost as the N=N bonds switch to an antiparallel
arrangement, the site occupancies diverge, and pedal motion
ceases at approximately 200 K. The transition and TE behaviors
in each temperature region are reversible as demonstrated
through cycling experiments. Variable-temperature solid-state
NMR experiments also support the phase transition. The colossal,
anisotropic TE in diazo-l is on par with or higher than some of the
highest reported TE coefficients for single-component organic
solids. Distinct behaviors over different temperature ranges in
solid-state materials are desirable for applications in temperature
sensing,['® shape memory,'¥! and soft robotics./*"!

Results and Discussion

Structural Transition of Diazo-l

In our previous study, VT SCXRD data was collected by
mounting the crystal at 190 K and warming to 290 K while
collecting data every 20 K. The structure of diazo-l was solved in
the monoclinic space group P2+/c at each temperature, and one-
half of two unique molecules were present in the asymmetric unit.
One unique molecule underwent dynamic motion over the entire
temperature range, while the disorder in the second molecule was
only observed at higher temperatures (270 K and 290 K, Figure
1c). Importantly, the occupancies of major sites in the two
molecules were nearly identical at 290 K, indicating possible
convergence at a higher temperature.

Here, we synthesized diazo-l as reported and single crystals
were grown by slow evaporation from toluene.l' To investigate

the possible convergence at high temperature, we conducted a
VT SCXRD experiment by mounting the crystal at 320 K followed
by cooling gradually to 270 K in 10 K increments (Table S1-S2).21

At 320 K, single-crystal analysis revealed diazo-I to lie in the
orthorhombic space group Pccn. The asymmetric unit only
contains one-half of one diazo-l molecule, and the molecule is
disordered at 320 K (Figure 1d). Thus, at high temperature, the
two unique molecules did converge to one. Upon cooling to collect
additional data, diazo-l remains in the orthorhombic space group
until 270 K. At 270 K, it appeared that the crystal was in a
transition state between space groups and could be reasonably
solved in either an orthorhombic or monoclinic crystal system due
to the ambiguity of the systematic absence violations (Table S2).
Additional data was collected at 260 K, which showed diazo-I
transitioned to the low temperature, monoclinic phase (Table S2).

Solid-State Structure and Motion

In the solid state, diazo-l self-assembles into a 2D halogen-
bonded sheet through type Il |- halogen bonds that lie in the ac
plane (Figure 2a). Along the b axis, the sheets pack into
herringbone Tr-stacked layers through type I I--:1, C-H:--11, and C-
H--l interactions (Figure 2b). Between 320-270 K, diazo-l
undergoes dynamic pedal motion as confirmed by small changes
in the site occupancies (Table 1). For consistency in modeling the
disorder within each structure, the same constraints and restraints

Table 1. Occupancies of the major site conformation within diazo-l obtained
from the VT SCXRD data. The minor site occupancy is equal to 1 — the major
site. The error is shown in parentheses.

Temperature [K] Major site occupancy

320 0.70(1)
310 0.72(1)
300 0.72(1)
290 0.74(1)
280 0.75(1)
270 0.79(1)el

[a] The value obtained is from structure solution in the orthorhombic space
group.
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Figure 2. Single-crystal X-ray structures of diazo-l at 280 K: (a, b) 2D halogen-bonded sheets, layers, and TE axes. (c, d) The principal axes, X1, X2, and X3 of TE

(all planes are going into the page). Dashed lines indicate intermolecular interactions: type Il I/l bonds (yellow), type I |- bonds (blue), and C-H:--I forces (green).

The disorder is only shown in the azo groups for clarity.

were applied at each temperature while allowing the sites to freely
refine.

Using the VT SCXRD data, the conformational
interconversion between the two sites (i.e. pedal motion) was
further investigated through a van’t Hoff analysis. The natural
logarithm of the ratio of the major and minor site conformations is
plotted against the reciprocal of temperature.['3® 22 The data is
approximately linear from 320-280 K; however the data deviates
from linearity at 270 K due to reaching the tipping point of the
space group change (Figure 3). The linearity from 320-280 K
indicates that the pedal motion reaches ' thermodynamic
equilibrium and the entropic and enthalpic differences between
the two sites are constant. The enthalpy and entropy differences
between the two conformations were calculated using the van't
Hoff equation:

[major site] __ AH | AS [1 ]
[minor site] RT R

The slope is equal to -AH/R, and the intercept is equal to AS/R.

Using equation 1 and the linear fit from 320-280 K (Figure 3), AH
=-4.5 kd mol"' and AS = -6.9 J K" mol'. The conformational
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Figure 3. The van't Hoff plot for diazo-l including temperature data from 320-

270 K. The linear fit is only applied to the data points from 320-280 K.

change is an exothermic process, and the change in enthalpy is
similar in magnitude to formation of a hydrogen bond. The change
in entropy is negative because the system becomes more ordered
upon cooling when the population of the major conformation
increases. It is also of interest to note that diazo-l is a symmetric
molecule, and symmetry has been shown to affect barriers to
molecular motion.[16b. 16l

Thermal Expansion Behavior

The program PASCal?® was used to calculate the principal
axes of TE (X1, Xz, and X3) and coefficients of TE (a) using the VT
SCXRD data from 320-280 K (Table S6, Figure S2).

Analysis of the unit cell parameters of diazo-l demonstrates
that the a axis expands on cooling (NTE), while the b and ¢ axes
contract on cooling (PTE, Figure 4). From 320-280 K, diazo-l
undergoes appreciable NTE along principal axis X1 coupled with
nearly equal PTE along principal axis X,. The coefficient of TE
along the X; axis is -65(1) MK and corresponds to the
crystallographic a axis. The coefficient of TE along the X; axis is
64(3) MK-"and corresponds to the crystallographic ¢ axis. The X4
axis encompasses the longer width of the molecule, while the X,
axis lies along the shorter width of the molecule. Together, the X4
and X, axes encompass the 2D halogen-bonded sheet (Figure
2c). Thus, diazo-l undergoes 2D area ZTE within the halogen-
bonded sheet due to the TE coefficients being equal, but opposite
in sign. The |--"| halogen bonds contribute to TE along X and Xa,
which decrease in length by 0.01 A upon cooling (Figure 2a, Table
S7-S8). The TE behavior along X1 and X; is also explained by the
influence of molecular width, indicating that the direction of larger
width experiences less expansion.?4

Extremely colossal and linear PTE occurs along principal axis
X3, and the coefficient of TE is 211(2) MK'. The X; axis
corresponds to the crystallographic b axis, and includes the
herringbone 1-stacked layers (Figure 2d). The molecules along
the tr-stacked layers are oriented in an edge-to-face arrangement.
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Figure 4. Percent change in length of the unit cell axes as a function of
temperature for diazo-l. The change is calculated based on the values at 320

K. A decrease on cooling corresponds to PTE.

The dynamic interconversion between the two molecular
conformations (i.e., pedal motion) of diazo-l affects both X, and
X3 due to the herringbone packing arrangement and contributes
to the colossal PTE along Xs;. The volumetric TE coefficient
(210(2) MK™) is nearly equal to the X3 coefficient due to the
occurrence of 2D area ZTE. Although the TE could not be
observed macroscopically (Figure S3-S4), the TE along X3 in
diazo-l is on par with or higher than some of the highest reported
TE coefficients for single-component organic solids (Table S13).

Reversibility in the Transition for Diazo-l

To investigate the full solid-state behavioral profile and
reversibility in the phase transition of diazo-l, we conducted a
cycling VT SCXRD experiment by cooling from 320-100 K and
then warming back to 320 K while collecting full crystallographic
data sets every 10 K. A total of 45 full data sets were collected on
one single crystal (Table S4). Upon cooling, the 8 angle clearly
begins to deviate from 90° near 270 K (Figure 5), indicating the
occurrence of the space group transition.

During both the cooling and heating portions of the cycle,
diazo-l lies in the orthorhombic space group from 320-280 K and
in the monoclinic space group from 260-100 K (Figure 5). In the
orthorhombic system, one-half of one unique molecule of diazo-l
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is present, and in the monoclinic system, one-half of two unique
molecules are present. At high temperatures, diazo-l undergoes
pedal motion, while at low temperatures, only one of the two
unique molecules undergoes pedal motion, and motion ceases at
ca. 200 K.

Inspection of the structures above and below the transition
provides key insight into what occurred. At high temperature,
every molecule is identical and neighboring molecules within the
herringbone 1-stacks lie parallel (see major site conformations,
Figure S8). Upon cooling below the phase transition temperature,
symmetry is lost as the site occupancies diverge. The ordered
molecule remains in the same conformation as it is at high
temperature; however, the disordered molecule flips conformation
such that neighboring diazo-l molecules within the herringbone
m-stacks now lie antiparallel to each other (Figure S8). This
antiparallel arrangement persists upon cooling to 100 K. The
angle between neighboring molecules in the herringbone Tr-
stacks also undergoes a dramatic switch at the phase change.
Upon cooling from 320-280 K, the molecules twist toward being
more coplanar by ca. 1.3°, but during the phase change, the
molecules twist back to the original orientation seen at 320 K
(Figure S9).

A van't Hoff analysis was performed using the VT SCXRD
data for all four regions of the cycling experiment (Table 2, Figure
S$13-S16). For the first cooling portion, the plot is linear in the
range of 320-280 K and the 270 data deviates from the linearity,
which is identical to the conclusion from the first experiment (see
Figure 3). The values of AH and AS are also similar to the first
experiment (Table 2). In the second half of the cooling portion, the
van't Hoff plot is linear from 260-210 K, and motion ceases at 200
K. The change in enthalpy and entropy over the lower
temperature range are significantly different than the higher
temperature range of the cycle. The overall change in the site
occupancies is also much larger within the low temperature range
when compared to the high temperature range (30% vs. 5%).

In the heating portion of the cycle, pedal motion begins at 200
K and the crystal remains in the monoclinic space group until 260
K. Upon reaching approximately 270 K, the space group switches
from monoclinic to orthorhombic, the site occupancies re-
converge, and diazo-l undergoes pedal motion from 270-320 K.

® cooling
heating

320 310 300 290 280 270 260 250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100

Temperature (K)

Figure 5. The B angle in diazo-l as a function of temperature for the cycling experiment and differences in TE behavior within the two regions. Cooling from 320-

100 K is shown with blue markers and heating back to 320 K is shown with orange markers.
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Table 2. Total site occupancy changes over a given temperature range, and enthalpic and entropic parameters obtained from linear fitting of van’t Hoff plots from

Figures 2, S14, and S16.

Temperature range [K] Experiment Site occupancy change over range AH [kJ mol"] AS [J K-1 mol"]
320-280 High temperature region 5% -4.5 -6.9
Cycling (cooling) 5% -4.7 -8.4
320-280
Cycling (heating) 6% -5.4 -11.0
260-210 Cycling (cooling) 31% -16.3 -57.9
200-260 Cycling (heating) 38% -16.8 -61.0

Itis important to note that different crystals were used for the initial
320-270 K experiment and the cycling experiment. Although there
are sources of error in the modeling of each X-ray structure, the
refined site occupancies and AH values are quite similar between
crystals.

Solid-State Dynamics

As diazo-l undergoes solid-state motion, the position of the
nitrogen atoms within the major site conformation allows for a C-
H---N interaction to form with an aromatic ring in a neighboring
diazo molecule (Figure S10). Thus, as the population of the major
conformation increases upon cooling, C-H---N interactions can
form. At the phase transition, the conformational switch in the azo
group orientations also afford shorter C-H---N interactions
between neighboring m-stacked diazo-l molecules (Figure S$11).
The significant difference in site occupancy changes (Table 2)
and intermolecular forces contributes to the large differences in
enthalpy and entropy above and below the transition.

Magic-angle spinning (MAS) '3C solid-state NMR (SSNMR)
experiments were conducted to further investigate the phase
change. Indeed, between ca. 270-260 K additional signals in the
aromatic region appeared in addition to significant shifting of the
signals corresponding to the carbons adjacent to the azo groups
(Figure 6, Figure S17-S18). The changes were observed using
MAS rates of both 8 kHz and 20 kHz. The carbon atoms that
exhibit the most significant changes are those that engage in the
C-H---N interactions upon cooling (C3 and C5, Figure 6).
Differential scanning calorimetry was performed and showed a
small, discernible transition (Figure S19).

Switchable Thermal Expansion

Perhaps of most interest, the TE behavior of diazo-l is
switchable during the cycling experiment (Table S10). Using the
45 data sets obtained from the cycling experiment, the TE values
were calculated for each portion of the cycle. Above 270 K, on
both the cooling and heating portions of the cycle, diazo-l exhibits
2D area ZTE in the ac plane and colossal, linear PTE along the b
axis with coefficients of ca. 215 MK:". This behavior is identical to
the TE discussed above in the non-cycling experiment. From 260-
100 K on both the cooling and heating parts of the cycle, diazo-I
experiences mild to large PTE along all three crystallographic
axes (a =24, 47, and ca. 100 MK-"), a significantly more common
behavior in organic materials. Diazo-l exhibits distinct and
reversible TE behavior, depending on which temperature and
phase the material lies in. Overall, diazo-l exhibits a unique
combination of solid-state behaviors in response to temperature
(Figure 7).
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Figure 6. 3C MAS SSNMR data for diazo-l using a MAS rate of 20 kHz. The
sample temperature is noted on each spectrum.
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Figure 7. Solid-state behaviors of diazo-l. Highlights from the previous study are shown in the orange box, and this study is shown in the blue box.

We expect that the behaviors seen here in diazo-l can be
used in designing anisotropic and switchable solid-state
properties. Use of functional groups that undergo dynamic motion
aids in attaining large TE in organic materials. However, TE can
be limited or switched by facilitating the formation of favorable
intermolecular forces to strengthen a given direction within the
solid and limit the TE.

Conclusion

In summary, we investigated the detailed solid-state thermal
expansion and dynamic behavior of diazo-l. Diazo-l experiences
common, positive TE along all three axes at low temperature, but
at high temperature, rare 2D area zero TE coupled with colossal,
linear positive TE occurs. A van’t Hoff analysis provided insight
into the thermodynamics of the solid-state motion, which differs
significantly in the high and low temperature regions. In both
regions, the enthalpic differences correspond to formation of
intermolecular hydrogen bonds, but the conformational
interconversion is larger in the low temperature region and the
hydrogen bonds become much shorter. SSNMR also supports the
motion and transition in diazo-l. The solid-state properties
exhibited by diazo-l are advantageous for design of
thermomechanical sensors, and we are continuing to study
anisotropic behaviors and TE in organic materials.
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The switchable solid-state behavior of diazo-l is described. Dramatically different and fully reversible thermal expansion (TE) behaviors
are obtained on either side of a phase transition. Moderate, positive TE along all axes occurs at low temperature and two-dimensional,

area zero TE coupled with colossal, positive TE occurs at high temperature.
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