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ABSTRACT: We designed a series of metal-organic solids using ligands with similar molecular
structures that were expected to afford coordination complexes with similar solid-state structures.
The metal component is silver(I) p-toluenesulfonate, and the ligands differ in their ability to
undergo dynamic molecular motion. Although the ligands are similar in molecular structure, the
metal complexes exhibit different solid-state structures due to differences in m-stacking
arrangements and presence or lack of Ag---Ag interactions. The coordination units (ligand-Ag-
ligand) in each complex respond differently to temperature changes, which results in thermal
expansion behaviors ranging from negative to zero to positive within the series. Two unique
complexes were obtained with the azo-containing ligand, and preparation of each complex in
bulk was controlled by synthetic conditions. Two polymorphs were obtained with the olefin-

containing ligand, and both complexes undergo dynamic molecular motion, although the



supramolecular structures differed dramatically. Overall, we show that simple modifications to
ligand structure can significantly affect solid-state structure, crystal form, and subsequent

thermal expansion behavior.

INTRODUCTION

Designing and controlling the response of materials to changes in temperature (i.e.,
thermal expansion (TE) behavior) within inorganic, metal-organic, and organic solids continues
to be an active area of research for materials scientists and crystal engineers.!** The factors that
influence TE are generally based upon the molecular structure, chemical bonds, and/or non-
covalent interactions that hold the solid material together.””” Small changes in the molecular-
level structure can cause significant transformations to the solid-state structure. Moreover, during
the synthesis of solid-state materials, different forms or polymorphs can often be obtained by
modifying synthetic conditions. Importantly, different material phases frequently give rise to
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distinct solid-state properties (e.g. solubility, TE, optical),” " so gaining synthetic control over

the form obtained is crucial.

Our research groups have an ongoing interest in molecular pedal motion!' within solid-
state materials and the affect that conformational changes have on TE'> '3 (Scheme 1).
Specifically, we have reported the ability to control TE in organic solids containing bipyridine
molecules by varying the motion capability of the bridging group between the rings. The TE
parameters along the direction where motion occurs in the solid have repeatedly been larger
when the molecule undergoes pedal motion as compared to molecules that are unable to undergo
motion. Thus far, we have focused primarily on organic solids and symmetric bipyridines

containing azo (N=N) or olefin (C=C) bridging groups, which are capable of undergoing pedal



motion, or the acetylene group (C=C) that acts as a control and cannot undergo pedal motion.
Recently, we began to investigate metal-organic solids and chose a ligand containing a motion-
capable moiety. In our first study, we combined silver(I) trifluoromethane sulfonate with 4-
stilbazole, and an order-disorder phase transition of the anion occurred upon heating.'* We, thus,
sought to conduct a more in-depth study using both motion-capable and -incapable ligands that,
when combined with a metal, would be expected to form coordination complexes with similar
solid-state structures. Our goal was to determine the impact of motion on TE in a series of metal-

organic solids without contribution of phase changes, which can affect TE.

Scheme 1. Dynamic pedal motion of a stilbene-type molecule.
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Here, we report the synthesis, control over crystal form obtained in bulk, and TE
behaviors for five discrete coordination complexes containing silver(I) p-toluene sulfonate and
the unsymmetrical ligands 4-phenylazopyridine (Azo), 4-stilbazole (SB), or 4-pyridyl acetylene
benzene (PAB) (Scheme 2a). These ligands differ in their abilities to undergo molecular pedal
motion in the solid state; Azo and SB are motion capable, while PAB is not. The silver atoms are
expected to interact through argentophilic (Ag--Ag) interactions'>'® to direct assembly into
discrete dimers, which does occur in solids containing SB or PAB (Scheme 2b). Unexpectedly,
we obtained a second polymorph with the SB ligand that lacks argentophilic forces entirely.

Moreover, when Azo is used, two unique crystal forms are obtained. One form, obtained under



faster crystallization conditions, contains two unique supramolecular assemblies within the solid-
state structure. One assembly is nearly identical to those observed in the complexes containing
SB and PAB. The second assembly contains Azo ligands arranged edge-to-face, which prohibits
the silver atoms from engaging in argentophilic interactions. The second crystalline form with
Azo is an ethanol solvate obtained under longer crystallization conditions, and the solid contains
only edge-to-face stacked ligands and lacks argentophilic interactions. Interestingly, the five
complexes exhibit dramatically different TE behaviors along the X; direction, ranging from
negative to zero to positive TE, due to differences in how the coordination units behave with
temperature changes. Along the X3 direction, the ethanol solvate form of the Azo complex and
the two complexes containing the SB ligand underwent the largest TE due to pedal motion
(Scheme 1) and changes in argentophilic interaction length with temperature. The complex
containing PAB underwent the least TE, due to contribution of the strong Ag—N coordination
bonds in the X3 plane and the lack of a motion-capable group. This study demonstrates that
simple modifications to ligand structure can dramatically affect solid-state structure, crystal

form, and resulting TE behavior.

Scheme 2. Chemical structures of (a) ligands and (b) coordination complexes in this work.
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EXPERIMENTAL

The ligands Azo, SB, and PAB were synthesized using literature or modified literature
procedures (see Supporting Information and Figures S8-S10).1°2! Silver(I) p-toluenesulfonate
(Ag p-TolSO3) was purchased. Coordination complexes were synthesized by dissolving Ag p-
TolSO;3 and the ligand in a 1:2 molar ratio in ethanol (EtOH) for Azo and SB or an
EtOH/acetonitrile mixture for PAB. Single crystals suitable for variable-temperature single-
crystal X-ray diffraction (VT SCXRD) studies were grown using slow evaporation over different
periods of time. Crystals of the complex containing PAB or SB were obtained over ca. 7 days.
Slow evaporation of the solution containing Ag p-TolSO3; and SB afforded concomitant
crystallization of two polymorphs (see SI, section 8). A complex of Ag p-TolSO3; with PAB has
been previously reported by crystallization in ethanol or acetonitrile, and the complex contains a
free PAB ligand.?> We obtained a different form here, and all ligands are coordinated to silver
atoms. Two crystal forms were obtained by crystallizing Ag p-TolSOs3; and Aze. Crystals of the
non-solvated form of the Azo complex were obtained by shortening the slow evaporation period
to 1-2 days, while the EtOH solvated form of the Azo complex was obtained over 5-7 days.
SCXRD data for each complex was collected over the temperature range of 290-190 K in 20 K
increments (Tables S1-S10). The four coordination complexes were also characterized by 'H

NMR spectroscopy and powder X-ray diffraction (PXRD).

RESULTS AND DISCUSSION

Characterization

The coordination complexes [Ag(p-TolSO3)(SB)] (o and [ forms), [Ag(p-

TolSO3)(PAB):], and [Ag(p-TolSO3)(Azo):]EtOH include one unique silver atom, one unique p-



TolSOs3 counterion, and two unique ligands in the asymmetric unit. The EtOH solvate complex
also includes one molecule of EtOH in the asymmetric unit. The coordination complex [Ag(p-
TolSO3)(Azo):] includes two unique silver atoms, two unique p-TolSOs; counterions, and four
unique ligands in the asymmetric unit. Four complexes crystallized in monoclinic space groups;
[Ag(p-TolSO3)(PAB):] and [Ag(p-TolSOs3)(Azo):] lie in P2i/n, [Ag(p-TolSO3)(SB)2] (o form)
lies in P2;/c, and [Ag(p-TolSO3)(Az0):]EtOH lies in C2/c. The fifth complex, [Ag(p-

TolSO3)(SB):] (B form) lies in the triclinic space group P-1.

The 'H NMR spectrum of each complex exhibited signals for the p-TolSO3 counterion
and the ligands. The molar ratios of the two components in each NMR spectrum correlated with
the ratios observed by SCXRD. The signals corresponding to the ligands within the coordination
complexes did not exhibit any significant shifts when compared to the signals of the ligands
alone (Figures S11-S14). PXRD demonstrated that the bulk solid material correlated well with
the simulated pattern based on SCXRD data (Figures S20-S24). Importantly, the bulk material of
each Azo complex was controlled through synthetic crystallization time (Figure 1). Fast
conditions afforded the non-solvate, while slower conditions afforded the EtOH solvate. The o

and B forms of [Ag(p-TolSO3)(SB):] crystallized concomitantly (Figure S25-S26).
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Figure 1. Bulk PXRD patterns of synthesized [Ag(p-TolSO3)(Azo)] and [Ag(p-

TolSO;3)(Az0)2]EtOH and their respective simulated patterns based on SCXRD data.

SCXRD data was collected at six temperatures to analyze the TE behavior and quantify
dynamic solid-state pedal motion in the coordination complexes. The components within all five
coordination complexes crystallized such that each silver(I) coordinates to two ligands through
Ag-N coordination bonds (Table S12). One oxygen atom of the p-TolSO3; counterion
coordinates weakly with the silver atom in all coordination complexes at all temperatures
(Ag---O distances range from 2.5-2.8 A). The distance is similar to other reported Ag p-TolSOs
complexes with pyridine ligands.'® 22?° The complexes [Ag(p-TolSO3)(PAB)], [Ag(p-
TolSO3)(Azo):2], and [Ag(p-TolSO3)(Azo):]EtOH exhibit disorder in the sulfonate group. The
disorder is present at every temperature for [Ag(p-TolSOs3)(Azo):2] (both forms) and at 290 K for
[Ag(p-TolSO3)(PAB).]. Within [Ag(p-TolSO3)(SB)2] (a form), both SB ligands exhibited
disorder at every temperature. The disorder was only slightly dynamic as the overall changes

were 4% and 9% over the 100 K temperature range studied. For [Ag(p-TolSO3)(SB)2] (B form),



one of the SB ligands exhibited disorder at every temperature. The disorder was slightly dynamic

as the overall change was also 9% over the 100 K temperature range studied (Table 1).

Within [Ag(p-TolSO3)(Azo):]EtOH, one Azo ligand exhibited disorder at every

temperature, and the overall change was 7% over the temperature range (Table 1). There was no

crystallographic evidence of disorder in the Azo ligands within [Ag(p-TolSO3)(Azo)2] or the

PAB ligands within [Ag(p-TolSO3)(PAB):].

Table 1. Major and minor site occupancies for both SB ligands in [Ag(p-TolSO3)(SB)2] (a

form), one SB ligand in [Ag(p-TolSO3)(SB):] (B form), and one Azo ligand in [Ag(p-

TolSO3)(Azo):]EtOH. The error for each is denoted in parentheses.

[Ag(p-TolSO3)(SB):] (o form) [Ag(p- [Ag(p-
Crystal TolSO3)(SB)2] | TolSO3)(Azo),]EtOH
(B form)
Major : minor site | Major : minor site | Major : minor Major : minor site
occupancies occupancies site occupancies occupancies (%)
Temperature (%)
(ligand containing | (ligand containing
N1, %) N2, %)
290 K 58(1) : 42(1) 59(1) : 41(1) 88(1) : 12(1) 89(1) : 11(1)
270 K 59(1) : 41(1) 58(1) : 42(1) 90(1) : 10(1) 90(1) : 10(1)
250 K 60(1) : 40(1) 57(1) : 43(1) 92(1) : 8(1) 92(1) : 8(1)
230 K 61(1):39(1) 55(1) : 45(1) 94(1) : 6(1) 94(1) : 6(1)
210 K 61(1):39(1) 52(1) : 48(1) 96(1) : 4(1) 95(1) : 5(1)
190 K 62(1) : 38(1) 50(1) : 50(1) 97(1) : 3(1) 96(1) : 4(1)




X-ray crystal structure analysis

The coordination units (ligand-Ag-ligand) containing SB (o form) and PAB as ligands
self-assemble into dimers via argentophilic interactions. For [Ag(p-TolSO3)(SB)2] (o form) and
[Ag(p-TolSO3)(PAB);], the ligands within the dimer lie face-to-face (Figures 2a and 3a). The
Ag--Ag distances within the complexes are 3.31 A and 3.25 A for [Ag(p-TolSO3)(SB):] (0. form)
and [Ag(p-TolSO3)(PAB):], respectively. Both distances are less than the sum of the van der
Waals radii for silver atoms (3.44 A).2® The extended packing of both complexes is dominated
by offset m-stacks of silver dimers (Figures 2b and 3b). Along the c axis, the n-stacks are oriented

orthogonally to each other.

(a)

Figure 2. X-ray crystal structure of [Ag(p-TolSO3)(SB)2] (o form) illustrating (a) the silver
dimer and (b) packing of neighboring dimers at 290 K. The disorder in the aromatic rings of SB

is omitted for clarity, and the p-TolSO3 counterions are omitted in part b. The directions of the



principal axes of TE are shown by the included planes and arrows, where X; is green, X is blue,

and X3 is red.

Figure 3. X-ray crystal structure of [Ag(p-TolSO3)(PAB).] illustrating (a) the silver dimer and
(b) packing of neighboring dimers at 290 K. The p-TolSO3 counterions are omitted in part b. The
directions of the principal axes of TE are shown by the included planes and arrows, where X is

green, X is blue, and X3 is red.

In the case of [Ag(p-TolSOs3)(Azo):], which was grown through faster solvent
evaporation, there are two unique supramolecular assemblies (Figure 4a). Akin to the two
complexes discussed above, one assembly is a dimer, it involves two crystallographically
identical silver(I) atoms (Agl), and the ligands within the dimer lie face-to-face. The Ag--Ag
distance between the Agl atoms within the dimer is 3.59 A, which is longer than the analogous
distances in the complexes containing SB and PAB and longer than the sum of the van der Waals

radii for silver atoms (3.44 A). The second assembly involves the second unique silver(I) atom
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(Ag2), and the ligands within the dimer lie edge-to-face. However, due to the twisting of the
ligands into the edge-to-face conformation, the silver(I) atoms are forced farther apart, which
prohibits assembly into a true dimer. The Ag--Ag distance between Ag2 atoms is 4.66 A, which
is significantly longer than the sum of the van der Waals radii for silver atoms. The mean planes
of the coordination units (Azo-Ag2-Azo) are rotated by 50° relative to each other. The face-to-
face and edge-to-face assemblies extend along the b axis, and the stacks of face-to-face and

edge-to-face assemblies alternate along the crystallographic c axis (Figure 5).

The second crystalline complex containing Azo, namely, [Ag(p-TolSO3)(Azo).]EtOH
contains only one type of supramolecular assembly. The ligands within the assembly lie edge-to-
face and the Ag--Ag distance is 4.58 A, which also lies outside the sum of the van der Waals
radii for silver atoms (Figure 6a). The mean planes of the coordination units (Azo-Ag-Azo) are
rotated by 47° relative to each other. The complex [Ag(p-TolSO3)(Azo)2]EtOH also crystallized
with highly disordered EtOH in the lattice. The electron density was treated using the Olex2
program’s implementation of BYPASS (i.e. SQUEEZE).?” The void space consisted of 196
electrons per unit cell, which corresponds to 8 ethanol molecules, a volume of 724 A3, and

accounts for 12.1% of the total volume (Figure S2).
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Figure 4. X-ray crystal structure of [Ag(p-TolSOs3)(Azo):] at 290 K illustrating (a) the two
unique types of assemblies and (b) packing of neighboring assemblies. The p-TolSO;
counterions are omitted in part b. In part b, the two types of assemblies are not arranged
vertically in the crystal structure; they are shown this way to show the TE axes. For packing, see
Figure 5 below. The directions of the principal axes of TE are shown by the included planes and

arrows, where X is green, X is blue, and X3 is red.
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Figure 5. Alternating stacks of face-to-face (solid box) and edge-to-face (dashed box)

assemblies within [Ag(p-TolSO3)(Azo)>] at 290 K. Principal axis X3 is shown.

In comparing the two coordination complexes containing Azo, the EtOH solvated form
only contains edge-to-face stacked assemblies; thus, the extended structure looks like the edge-
to-face portions within the non-solvated form (Figure 7). The non-solvated form was obtained
using faster crystallization conditions, while the EtOH solvate form was obtained over slower
growth conditions. Given the crystallization conditions and the multiple packing types, the non-
solvated form is likely a kinetic product and the solvated form is a more thermodynamically

favorable product.

Figure 6. X-ray crystal structure of [Ag(p-TolSOs3)(Az0):]EtOH at 290 K illustrating (a) the
edge-to-face assembly and (b) packing of neighboring assemblies. The disorder in the aromatic

rings of Azo is omitted for clarity, and the p-TolSO3 counterions are omitted in part b. The
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directions of the principal axes of TE are shown by the included planes and arrows, where X is

green, X» is blue, and X3 is red.

Figure 7. Stacks of edge-to-face (dashed box) assemblies within [Ag(p-TolSO3)(Azo).]EtOH at

290 K. Principal axis X3 is shown.

As noted above, slow evaporation of the solution containing Ag p-TolSO3 and SB also
afforded a polymorph that crystallized concomitantly, namely, [Ag(p-TolSO3)(SB)2] (B form).
The B polymorph contains the components in the same ratio as [Ag(p-TolSO3)(SB):] (a form);
however the extended packing differs dramatically from the other four complexes (Figure 8,
S27). The silver atoms in the B polymorph are significantly displaced along the ¢ axis, and
nearest silver atoms are separated by approximately 6 A and 12 A. In this polymorph, half of the
SB ligands lie face-to-face m-stacked with another ligand; however the ligands are aligned head-
to-tail (pyridine rings lie over benzene rings) and coordinated to silver atoms that are nearly 12 A

apart. The other half of the ligands lie edge-to-face with neighboring n-stacked ligands.
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Figure 8. X-ray crystal structure of [Ag(p-TolSO3)(SB)2] (B form) at 290 K illustrating (a) the
edge-to-face assembly and (b) packing of neighboring assemblies. The disorder in the aromatic
rings of SB is omitted for clarity, and the p-TolSOs; counterions are omitted in part b. The
directions of the principal axes of TE are shown by the included planes and arrows, where X is

green, X is blue, and X3 is red.

Argentophilic interactions are a powerful synthon used to direct self-assembly of silver-
containing complexes in the solid state.?33! Moreover, this assembly often leads to the formation
of face-to-face m-stacking between the ligands. Based on this, we were interested in determining
how commonly edge-to-face stacking occurs in silver complexes with the three ligands discussed
here. A search of the CSD was conducted for structures containing a silver atom and the ligand
Azo, SB, or PAB.*? There were no results for structures containing silver and Azo; thus, the two

structures reported here are the first. There were eight results for structures containing silver and
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SB. Of these eight structures, only one structure (CSD Code: GUCZIP)** showed a combination
of face-to-face and edge-to-face packing in the same structure. There were 12 results for
structures containing silver and PAB, and none showed a combination of face-to-face and edge-

to-face packing in the same structure.

Thermal expansion behavior

Many metal-organic compounds undergo positive TE in all directions, corresponding to
small TE coefficients (a = 20 MK™).>* 35 Currently, the field has termed ‘colossal TE’ as
materials that exhibit TE coefficients equal to or greater than 100 MK !> PASCal®” was used to
calculate the directions of the three principal axes (Xi, X2, and X3) and TE coefficients (o)) for
the five coordination complexes using the VI SCXRD data (Table 2, Figures S3-S7 and S15-
S19). As noted in Table 2 below, some of the principal axes lie directly along a crystallographic
axis and some include a combination of directions. While the five coordination complexes are
not isostructural, the TE occurs along comparable crystallographic directions, which allows for
comparison across the series. For [Ag(p-TolSO3)(SB)2] (o and B forms), [Ag(p-TolSO3)(Azo):],
and [Ag(p-TolSO3)(Azo):]EtOH, X; lies along the coordination units, X lies between the
neighboring stacks, and X3 includes the m-stacked direction (Figures 2b, 4b, 6b). For [Ag(p-
TolSO3)(PAB)2], the X; and X, directions are switched, compared to the other complexes

(Figure 3b).

Surprisingly, the five coordination complexes exhibit significantly different TE behavior
along the X; axis. In [Ag(p-TolSO3)(Azo0):], the X; axis encompasses the crystallographic a axis.
[Ag(p-TolSO3)(Azo):] exhibits zero TE because the a axis does not change substantially over the

290-190 K temperature range. The a axis is also the direction of the discrete assemblies (ligand-
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Ag-ligand), which do not change substantially in length in response to temperature changes. The
complex [Ag(p-TolSO3)(SB)2] (o form) exhibits negative TE along X; due to a decrease in
length of the crystallographic b axis upon heating and is also the direction of the discrete
assembly, which exhibits slight contraction upon heating. The complex [Ag(p-TolSO3)(SB)2] (B
form) also exhibits negative TE along X; due to a decrease in length of the crystallographic ¢
axis upon heating and is also the direction of the discrete assembly, which exhibits slight
contraction upon heating. The complexes [Ag(p-TolSO3)(PAB)] and [Ag(p-
TolSO3)(Azo):]EtOH both exhibit positive TE along X; due to the a and ¢ crystallographic axes
increasing in length upon heating. In [Ag(p-TolSO3)(Azo):], [Ag(p-TolSO3)(SB)2] (a0 and B
forms) and [Ag(p-TolSO3)(Azo):]EtOH, the expansion along X; occurs in the direction of the
strongest interaction, the Ag—N coordination bonds (Figures 2b, 4b, 6b, and 8b, green plane).
Interestingly, this same interaction in [Ag(p-TolSO3)(PAB).] does not lie along the X direction,
but instead contributes to the X> and X3 directions. The primary interactions that lie along X; for

[Ag(p-TolSO3)(PAB);] are the Ag--O interactions involving the counterion. All five

coordination complexes also include C-H---O and C-H:-'x interactions in the X, direction.

Table 2. TE coefficients for the coordination complexes. The errors for the coefficient are in

parentheses, and the approximate crystallographic axes are in brackets.

Ligand ax, MK | ax, MK™") | ax,(MK") ar(MK™)
Complex stacking [axis] [axis] [axis]
[Ag(p-TolSO3)(SB):] face-to-face -36 (2) 74 (2) 126 (1)
(a form) 165 (1)
[0 -1 0] [-30-4] [401]
[Ag(p-TOlSO3)(SB)2] edge-to-face -18 (1) 23 (1) 170 (1)
(B form) 175 (1)
[-1-34] [131] [-210]
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face-to-face -1(1) 89 (1) 107 (2)
[Ag(p-TolSO3)(Azo)2] | and is(ie-to- [100] 00 1] 010] 196 (2)
[Ag(p- edge-to-face 19 (1) 52 (1) 145 (5) 217 )
TolSO;3)(Az0):]EtOH [-3 0-2] [-1 03] [0-10]
[Ag(p- face-to-face 42 (2) 69 (1) 72 (1) 186.(5)
TOlSOS)(PAB)z] [_3 0 5] [O 1 O] [-6 0 1]

Four of the five complexes exhibit a similar degree of positive TE along X». The outlier
is [Ag(p-TolSO3)(SB)2] (B form), which exhibits the least TE along X>. The X; direction for
[Ag(p-TolSO3)(SB):] (a and B forms), [Ag(p-TolSO3)(Azo):], and [Ag(p-TolSO3)(Azo):]EtOH
primarily consists of Ag--O interactions between stacks of dimers (Figure 3b, 4b, 6b, and 8b,
blue planes). All four coordination complexes also include contribution of C-H-O and =
interactions to Xo. Due to the difference in packing, [Ag(p-TolSO3)(SB):] (B form) also includes
Ag---m interactions, which lie along X> and likely contribute to the smaller TE coefficient along
X2. As outlined above, the X direction for [Ag(p-TolSO3)(PAB);] includes the Ag—N
coordination bonds and also includes contribution from the Ag---Ag interactions (Figure 3b, blue
plane). Moreover, the coordination unit within [Ag(p-TolSO3)(PAB):] exhibits an increase in

length upon heating, which contributes to the positive TE.

All five complexes undergo positive TE along X3 (Figure 2b, 3b, 4b, 6b, and 8b, red
planes). The n---m and Ag--Ag interactions (or separations) are the primary contributor to X3 in
all five coordination complexes. The values for [Ag(p-TolSO3)(SB)2] (o and B forms), [Ag(p-
TolSO3)(Azo):], and [Ag(p-TolSO3)(Azo):]EtOH are colossal, and [Ag(p-TolSO3)(SB)2] (B

form) exhibits the largest coefficient within the series. The n-m and Ag-Ag interactions
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undergo the largest changes within [Ag(p-TolSO3)(SB):] (a0 form) and [Ag(p-
TolSO3)(Azo):]EtOH over the temperature range to facilitate the colossal positive TE (Table
S12). Indeed, argentophilic interactions have been shown to facilitate significant expansion in
metal-organic materials.’® %4 The complex [Ag(p-TolSO3)(SB)2] (B form) also includes long
n--- contacts between the rings of the p-TolSOs3; counterions, which decrease significantly upon
cooling to contribute to the larger TE along X3. Moreover, the SB ligands within [Ag(p-
TolSO3)(SB):] (o and B forms) and Azo ligands within [Ag(p-TolSO3)(Azo)2]EtOH undergo a
small amount of dynamic pedal motion over the temperature range, which also contributes to
larger TE along X3. The TE along X3 is smaller for [Ag(p-TolSOs)(Azo):] because the changes
in the face-to-face and edge-to-face m---x stacking distances are smaller and dynamic motion does
not occur. Upon cooling [Ag(p-TolSO3)(Azo):], the Agl---Agl distance decreases slightly while
the Ag2---Ag2 distance increases slightly by a similar length, resulting in less TE. The expansion
along X3 is not colossal for [Ag(p-TolSO3)(PAB)2] due to the contribution of Ag—N coordination
bonds to the direction, which are stronger and undergo less change in distance than the n--n

interactions with temperature (Figure S1).

It is interesting to note that the TE along X: and X3 is quite different for the five
coordination complexes. Simply by changing the functional group between the coordinating
pyridine ring and non-coordinating benzene ring, the TE ranged from negative to zero to positive
along Xi. The ligand structure also affected m stacking and formation of argentophilic forces,
which impacted TE along X3. The azo group favored edge-to-face stacking and no argentophilic
forces, while the acetylene groups favored face-to-face stacking and formation of argentophilic
interactions. Interestingly, the two polymorphs containing the olefin ligand exhibited the two

extreme assemblies; face-to-face stacking with argentophilic forces (a form) or edge-to-face
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stacking and no argentophilic forces (B form). Small changes to ligand structure also affected
molecular motion ability and differences in the behavior of the coordination unit with changing

temperature was observed.

CONCLUSIONS

Here, we have described the synthesis of five coordination complexes containing silver
and unsymmetrical pyridine ligands with functional groups that differ in their ability to undergo
molecular pedal motion. The complex containing silver and PAB have ligands arranged in face-
to-face geometries, aided by argentophilic forces. Two concomitant polymorphs with SB were
obtained, and one is isostructural to the PAB complex, while the second contains no
argentophilic forces. Unexpectedly, the complexes containing Azo exhibit edge-to-face stacked
assemblies and argentophilic forces could not form. Each complex exhibits unique TE behavior
along X, due to different behavior in the ligand-Ag-ligand coordination units with change in
temperature. All complexes exhibit positive TE along X3. The expansion along X3 is largest for
one complex containing Azo and both SB complexes due to motion and large changes in =-
stacking distances with temperature changes. Synthesis of the two Azo forms was controlled
through crystallization time, and each complex exhibits unique TE behavior. Overall, small
changes to ligand structure afforded differences in crystal structure, molecular motion, and

response of the solid material to changes in temperature.

ASSOCIATED CONTENT
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Molecular Motion and Ligand Stacking Influence Thermal Expansion Behavior and

Argentophilic Forces in Silver Coordination Complexes
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Synopsis: The thermal expansion behaviors of five different silver coordination complexes
containing unsymmetrical ligands ranges from moderate to colossal positive. The thermal
expansion coefficients vary as a function of ligand packing, presence of argentophilic forces, and
dynamic molecular motion within each solid. Overall, simple modifications to ligand structure
significantly affect solid-state structure, crystal form, and subsequent thermal expansion

behavior.
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