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The academic significance arises from development of a new concept of using conformational dynamics
in photoluminescent complexes to create new fast and reversible mechanophores for mechanoresponsive
polymers. Triboluminescent films can be used for conversion of mechanical energy to light.

We developed mechanoresponsive material with photoluminecent Cu(la complex
and cross-linked polyacrylate and demonstrated that the system has great potential as mechanical
stress sensor. The reversible and sensitive change of photoluminescence intensity is observed in
response to applied mechanical stress of less than 0.1 MPa at less than 100% strain. The stress
distribution map was obtained by monitoring the photoluminescence intensity by CCD camera.
The pyridinophane Cu(1)(NHC) complexes show intense triboluminescence by grinding the crystals, even
in air. Both piezoelectric (centrosymmetric) and non-piezoelectric crystals of pyridinophane Cu(l)
(NHC) complex exhibit triboluminescence. Furthermore, amorphous PMMA films containing 1 wt% of the
Cu(l) complex showed triboluminescence. The reported examples of triboluminescence of Cu(l)
complexes have been extremely limited. Our study gives important insight into the mechanism and
design of triboluminescent Cu(l) materials.
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Prior to starting this project, my
studies of the conformational dynamics
of the N4-pyridinophane ligand have
shown that this complex can adopt a
variety of conformations in metal
complexes (Scheme 1).[1,2] I have
shown that N4-pyridinophane in metal
complexes can adopt several
conformations, which can interconvert
rapidly and easily depending on the
metal (Scheme 2). This gave rise to the idea of the general proposal to utilize this property
for the stimuli-responsive materials, where conformational change caused by
mechanoactivation will trigger changes in reactivity or optical/magnetic properties. Prior to
application to this funding, I have shown that this ligand can be used in combination with
copper(I) to form luminescent Cu complexes,[3,4] which, when incorporated into
polyurethane chain, give rise to the reversible and fast mechanical stress sensing material.[5]
Thus, when the polyurethane film containing Cu iodide complexes with N4 ligand was
elongated, photoluminescent intensity increased, and then decreases after film relaxation,
over 10 cycles. However, this originally published system suffered from low stability in air
and lack of sensitivity (the response could be seen after the film was elongated 4-fold or more).
Thus, the key scientific question in the original proposal was whether we can utilize the
reversible conformational dynamics of metal complexes to create stimuli-responsive
materials that have enhanced reversibility and fast response.

This approach is different from other approaches commonly used in the literature that
typically utilize organic-based mechanophores that undergo covalent chemical bond
scission/formation when mechanical stress is applied, leading to slow or irreversible response.
In our approach, we utilize highly reversible and facile conformational dynamics of transition
metal complexes which is expected to lead to fast and reversible response.
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We aimed to create new mechanoresponsive materials that show fast and reversible property
change in response to mechanical force. This property can be emission of light,
photoluminescence intensity, color etc. We propose that mechanical force can affect
conformational dynamics of metal complexes leading to different spectroscopic or
photophysical properties. The final goal is to create materials that will show improvement
over existing organic mechanophores in terms of sensitivity and reversibility.

3. WD L

As a method of attachment of mechanophore to the polymer, we considered two possibilities.
One was previously explored by our group and it is attachment of the mechanophore, N4
ligand or corresponding metal complex, to the linear polymer chain (Scheme 2, (i)). Another
possibility that we explored in this project

Scheme 2 was utilization of the N4-complex as the
F - cross-linker (Scheme 2, (ii)). This could give
0 N _F> additional advantages as we anticipated
linear polymer T that such system show improved
chain linear polymer sensitivity as more mechanical force will be

chain transmitted to a less flexible linker rather

oo than to linear, long polymer chain. This was
\_7% indeed confirmed by our experiments in
this project.

(i)

N~;'v|—'-n When selecting metals for forming metal

! complexes, our first target was copper(I)

polyacrylate | complexes because they show

cross-linker precursor ’ photoluminescent properties that can be

easily monitored by a variety of methods.



Our additional purpose was to make stable copper(I) luminophores, because copper(I)
complexes often decompose under air. To achieve this goal, we planned to use N-heterocyclic

carbene (NHC) complexes of copper.

We also targeted other metals such as Co, Ni etc which could show changes in other properties
such as color (or UV-vis absorbance spectrum in the visible or near-IR region, in general).

4. WFIERLE

In the first part of our study, we synthesized a series of [(N4)Cu(NHC)]X complexes (Scheme
3, Figure 1) as model compounds to study their photophysical properties and air stability. All
complexes were brightly emissive and showed good air stability in solid state and polymer

films.

Scheme 3

Cu1: R = Me,

Cu2: R = n-Pr,
Cu3: R = j-Pr,
Cuda: R =t-Bu

Figure 1. ORTEP (;f the cationic f)!lrts of complexes
Cul (a), Cu2 (b), Cu3 (¢c), and Cuda (d) at 50 %
probability level according to single crystal XRD data.

Table 1. Photophysical property of [(N4)Cu!(NHC)IX
complexes in CH2Cls

Complex R PLQY = k100 knr 104
[us] sl [s1]
Cul Me 0.06 820 0.732 11.5
Cu2 2Py  0.19 7.59 2.50 10.7
Cu3 Pr 030 9.98 3.00 7.01
Cuda ‘Bu 0.72 18.0 4.00 1.56

Their photophysical properties
were studied 1n solid state,
solution and blended in PMMA
films (Table 1). This study showed
that stability and air stability of
these complexes make the
potential targets to use as cross-
linkers in elastomers. We then
synthesized an acrylate-
functionalized version of the
ligand, which was incorporated as
a cross-linker in polybutylacrylate
films (Scheme 4). After that, the
ligand was  metalated by
treatment with a common
Cu(NHC) precursor. The resulting
cross-linked, elastomeric
polybutylacrylate films  were
luminescent. When the films were
stretched, we observed increase in
photoluminescence intensity.
When the film was then released,
the intensity was decreased. This
response was repeatable and
could be reproduced up to 30
cycles or longer. The emission
intensity could be detected
spectroscopically using fiber-optic
compact spectrometer. We could
also observe directly changes in
emission intensity by simply
using a CCD camera to record the
images under UV light irradiation.
The important finding in this
study was that the cross-linked
showed superior sensitivity as
compared to previously published
mechanoresponsive polymers
with traditional mechanophores
and our system showed
measurable response even at less
than 50% elongation and 0.1 MPa
of stress. NMR study of fluxional
conformational behavior of these

complexes allowed to formulate a hypothesis that the mechanism of mechanoresponse is
based on reversible suppression of fluxionality of the ligand.
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Figure 2. Change of photoluminescence of Cul-cPBA during stretching.

To summarize, in this first study we have shown that using [(N4)Cu(NHC)IX complexes as
cross-linker, we were able to achieve mechanoresponsive elastic material showing reversible
changes in emission intensity in response to stretching/release. This finding can be
eventually important for mechanical stress detection and mechanical stress mapping using
imaging methods in elastic materials, rubbers etc. Based on this study, one publication in

Chemical Communications and a patent were published.[6,7]

While studying model [(N4)Cu(NHC)IX complexes, we serendipitously found that these
complexes show triboluminescence in the crystalline state when the crystals are crushed with

polymer-blended samples.

Scheme 5
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Table 2. TL properties and space group for crystalline and

aC: Centrosymmetric, NC: Non-centrosymmetric.

[Cul  Counter TL TL Space
anion  (crysta)  (PMMA),  group in
Amax (Am) 3 (m) crystale
Cuda PFs 544 526 Pca21 (NC)
Cu4b OTf 539 530 Pea21 (NC)
Cu4c TFA 536 536 Peca21 (NC)
Cu4d BPh4 540 527 Pbca (C)
Cu5 PFs 536 552 P21/n(C)
Cu6 PFs 527 543 212121
(NC)

a metallic spatula or a glass
rod. The bright visible light
emission was observed even
under air in ambient light.
This phenomenon is known
as triboluminescence, or

mechanoluminescence,
which is emission of light
directly in response to

mechanical action. The
difference from
photoluminescence is that no
external excitation light
source 1is required, and

mechanical energy is directly
converted to light.
Triboluminescent materials
are thus ultimately
considered as promising
components of mechanical
damage sensors, athletic and
healthcare devices etc. There

has been an ongoing
discussion regarding
explanation of the
triboluminescence in
crystalline materials, which
generally invokes
piezoelectric  effect  and
requires non-

centrosymmetric crystals to



be  present.[8]  However, our
examination of the crystal structures
of these complexes showed that both
centrosymmetric and non-
centrosymmetric  crystals showed
triboluminescent properties. This is in
line with more recent views that
conclude that non-centrosymmetricity
is not always required to observe
triboluminescence.[9]

This observation led us to examine if
triboluminescence of these copper
complexes can be translated into
polymer state. To our surprise, when
Figure 3. Representative images of TL in crystal | these complexes were  simply
of Cub (a), Cu6 (b) and Cu4a (c) under air and | physically blended with polymer films
PMMA film containing 10 wt% of Cub (d), Cu6 (e), | (polymethylmethacrylate, polyvinyl
and Cu4a (f) under Ar. chloride, polystyrene), the resulting
films also showed triboluminescent

@ (b)
ER A\ —! ' 3 properties when the film was rubbed
z - e z with glass, metal or polymer rod. More
5 3| & detailed investigation using powder
? ) g XRD and fluorescent microscopy
8 ;E; showed that triboluminescence was
<2§ o o -E observed in amorphous films and no
%00 430 500 530 600 650 700 730 450 500 550 600 630 700 microscrystalline phase was required.
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Figure 4. Normalized TL emission spectra of | spectra showed that gas discharge
complexes Cub, Cu6, and Cu4a-d (a) in the crystal | peaks are present in the spectra and
state and (b) in PMMA films (1 wt%) under Na. the likely mechanism of emission
generation involves
triboelectrification of the polymer followed by discharging of surrounding gas leading to
excitation of the luminophore.[10, 11]

As a part of ongoing study on complexes of

Table 3. Axial bond length of N4 Ni(II) other metals, we examined complexes of N4
complexes and its color of the crystals. ligand with Ni searching for the complexes
R R that would show different coloration while

[ 1 . Me [ hgving elongated or shortened Ni-N
/fﬂN/"]“‘o} LQ“;NI\OD\ dlst'ar'lces w1th amine arms of N4

OoN Me pyridinophane ligands. Once such complexes

are identified, we plan to attach amine arms
of the N4 ligand to the polymer chain (e.g. as
Ligand R Ni — Naxi color cross-linkers). We have found several Ni
(A) complexes with acac or catecholate ligands

acac Me  2.20,2.18 brgwn that show different color depending on the
tBu__ 2.30, 2.29 pink strength of Ni-N binding and the Ni-N bond

catecholate ~ Me 2.22 brown length (Table 3). We expect that application
tBu  2.46, 2.29 red of mechanical force may perturb Ni-N as the

R = Me or -Bu

weakest bond present in the complex, which
might eventually lead to the color change in response to mechanical force.
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