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irreversible as the reassembly of the frac-
tured or isomerized probe molecules, with 
very few exceptions, does not occur imme-
diately after the stress is removed.[9,10]

In addition to bond scission probes, a 
broad class of deformation sensitive pho-
toluminescent (PL) materials have been 
designed. Among their advantages are 
the noninvasive nature of PL probes and 
experimental simplicity of the sensor 
response detection. Such probes are com-
monly introduced as fillers or additives to 
the fabricated polymer or polymer com-
posite and they rely on the change of the 
intermolecular arrangement of photolu-
minescent probes.[11] Prominent exam-
ples reported by Crenshaw and Weder and 

Pucci et al. were among the first reports that described a readily 
detectable color change of polymer films in response to defor-
mation in blended and main chain modified polymers.[12,13] The 
response in these materials was generated due to the change 
of the phosphor arrangement that exhibits different emission 
color in monomeric and aggregated states. The relative contri-
bution of monomer and excimer to the overall emission was 
found to be directly linked to sample deformation and mirrored 
the stress–strain curve. A separate class of deformation sensitive 
PL sensors employed nanocrystalline probes including ZnO[14] 
and CdSe-CdS[15–17] nanocrystals, core–shell quantum dots,[18] 
and doped alumina nanocomposites.[19] The common feature of 
the majority of PL-based sensors is their reliance on the struc-
tural rearrangements of the PL probe to detect deformation that 
is typically proportional to stress. This suggests that the state-
of-the-art materials respond primarily to mechanical deforma-
tion, rather than mechanical force itself. Since such behavior 
puts limitations on sensor reliability and reversibility, designing 
a stress sensor that does not require chemical bond cleavage or 
other significant structural changes would give rise to a con-
ceptually novel class of materials which respond intrinsically to 
stress and produce a rapid and fully reversible response. In a 
broader context, the development of mechanophores with new 
operational principles could provide valuable insight into the 
mechanisms of translation of macroscopic phenomena into a 
response generated on the molecular scale.[20,21] This is particu-
larly important when seeking to design new nanoscale mate-
rials controlled by macroscopic action.[22]

The starting point of our investigation was marked by the 
recent development of a family of Cu(I) phosphorescent com-
plexes that have showed a remarkable sensitivity of the PL prop-
erties to the local environment.[23] Namely, the subtle variations 

Dynamic phosphorescent copper complex incorporated into the main chain 
of polyurethanes produces a facile and reversible response to tensile stress. 
In contrast to common deformation sensors, the applied stress does not 
lead to bond scission, or alters the phosphor structure. The suppression of 
dynamics responsible for the nonradiative relaxation is found to be the major 
pathway governing stress response. As a result, the response of dynamic 
phosphor described in this work is stress specific. Compared to initial 
unloaded state, a nearly twofold increase of photoluminescence intensity 
occurs in response to a 5–35 MPa stress applied to pristine metalated poly-
mers or their blends with various polyurethanes. Finally, the dynamic sensor 
proves useful for mapping stress distribution patterns and tracking dynamic 
phenomena in polyurethanes using simple optical imaging techniques.

Modern materials are designed to withstand various hazards 
in common everyday operation as failure to do so can often 
inflict severe losses in material performance. Aside from envi-
ronmental resistance, the ability to sustain mechanical stress is 
a crucial feature of a robust material. The latter is particularly 
important for polymers, as they are often exposed to stress of 
alternating duration and magnitude. Quantifying the stress in 
polymers provides an invaluable aid in monitoring and pre-
venting their failure. In recent years, several remarkable strate-
gies have been applied to detect stress in polymers. One of them 
relies on selective mechanochemical reactions in probe mol-
ecules incorporated into the polymer main chains.[1] Sijbesma 
and co-workers developed a family of materials that emit light 
in response to the developing fracture.[2,3] The sensing mecha-
nism in these materials relies on a selective bond scission of a 
main chain-incorporated 1,2-dioxetane molecules. This strategy 
proved versatile as it could be translated to network polymers.[4] 
Another prominent example utilizes the isomerization of spiro-
pyran molecular probes that leads to a rapid change of material 
color in response to deformation.[5–8] These elegant techniques 
provide rapid and clear visual response to failure development 
in polymers; however, their mode of action is intrinsically 
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of the substituent bulk in the macrocyclic cyclophane-inspired 
ligand resulted in dramatic changes of the quantum yield in the 
solid state. Accordingly, increasing the steric bulk restricted the 
solution dynamics of the complex, making the phosphor less 
fluxional. As a result, the suppression of dynamics in our best 
performing phosphor (CuN4, Figure  1) allowed for the obser-
vation of solution state emission, while the more fluxional 
analogues of CuN4 were nonemissive. We hypothesized that 
the dynamics of CuN4 could be altered when this phosphor 
is incorporated into the polymer and subjected to mechanical 
force. In this way, we sought to exploit the emission intensity as 
the direct measure of the stress in tested material.

In this work, we describe the detailed study of dynamic PL 
probes for reporting stress in polyurethanes. As we demon-
strate below, a conceptually new stress sensing mechanism 
that relies on modulating the phosphor dynamics was found to 
produce a readily detectable increase of the emission quantum 
yield in response to mechanical force. Unlike previous exam-
ples, this mechanism does not rely on bond breaking/forma-
tion processes. As a consequence, we have obtained fast-acting 
and fully reversible sensors capable of reporting local stress 
and describing dynamic stress relaxation phenomena on a sub-
second timescale. In contrast to previously reported examples, 
the new sensor did not exhibit any structural change during 
operation and relied solely on photophysical phenomena. To 
the best of our knowledge, such a combination of properties 
has not been reported previously.

We have selected polyurethanes (PU) as model polymers due 
to their ability to sustain high stress, and a modular structure 

that enables chemical modification. PU are commonly pre-
pared from diisocyanates and long chain diol building blocks 
(Figure  1). Diisocyanates form carbamate groups upon poly
merization, often referred to as “hard” segments, that readily 
form hydrogen-bonded stacks within the PU matrix. The long 
chain diols or “soft” segments form coiled chains within the 
PU bulk.[24] To incorporate a ligand unit into the main chain of 
PU, we replaced a fraction of a long chain diol with a hydroxyl-
terminated L1 (Figure  1). Employing a dibutyl tin dilaurate-
catalyzed copolymerization of diol and diisocyanate building 
blocks, we prepared a set of polyurethane samples comprised 
of poly-tetrahydrofuran (pTHF) soft segments and various hard 
segment precursors including flexible hexamethylene diisocy-
anate (HDI) and more rigid 1,4-cyclohexyldiisocyanate (CyDI) 
and phenylene diisocyanate (PDI). The composition of samples 
and notations used throughout this paper is given in Table 1.

Incorporation of L1 diol into the PUs as well as the subse-
quent metalation to form corresponding Cu(I) iodide com-
plexes in the main chain was confirmed by 1H NMR spectros-
copy. The 1H NMR spectra L-PU samples after metalation is 
nearly identical to that of control complex CuN4, having pseu-
dotetrahedral geometry (see the Supporting Information). The 
clear yellow films (see Figure S27 in the Supporting Informa-
tion), cast from the metalated polymers L-PU1 and L-PU2 are 
photoluminescent. Upon excitation with 385 or 400 nm light, 
these films emit light at ≈585 nm with relatively low quantum 
yields of 1.8% (Cu-PU1) and 2.5% (Cu-PU2) that could imply 
that the phosphors incorporated into the polymer chains pos-
sess significant mobility.
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Figure 1.  Structures of the building blocks and properties of materials used in this work.
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The metalated polymer films were further subjected to ten-
sile elongation tests. As shown in Figure  2A, the load versus 
stretch ratio curve of Cu-PU1 has three regions, typical for poly
urethanes.[24] The first region corresponds to the elastic defor-
mation of the sample associated with the proportional increase 
of the load that roughly corresponds to ≈3 MPa apparent stress 
by the end of the elastic deformation region (Figure 2A). Fur-
ther elongation results in the plastic deformation of the film 

concomitant with the sample necking. The load force varies 
marginally during this process and increases rapidly when the 
stable neck is formed at stretch ratio of ≈4. At the early stages 
of the test, the photoluminescence intensity decreases as the 
sample is necked due to the decrease of the irradiated sample 
size. Further elongation results in the steady increase of the PL 
intensity that mirrors the increase in applied force. We observed 
a nearly twofold increase in the integral PL intensity com-
pared to its minimal value throughout the test as the sample 
was drawn to the maximal stretch ratio l/l0 = 10 (Figure 2A,B). 
Interestingly, the shape and width of the PL emission peak 
throughout this test, shown in Figure  2B, remained virtually 
identical and the intensity increase was the sole response to 
applied force.

Strikingly, the increase of PL intensity was fully reversible. 
A complete recovery of the PL signal was observed in a series 
of cyclic loading tests as the sample was subjected to alter-
nating force (Figure 2C). The corresponding changes in the PL 
intensity occurred immediately within seconds after loading. 
Moreover, we repeatedly found an identical PL intensity read-
ings when the sample was loaded at identical stress values. The 
observed phenomena persisted in a stress range of 5–35 MPa 
(Figure  2D). In a control experiment with polymer films cast 
from solution containing free complex CuN4 and PU1, we 
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Table 1.  Properties and composition of polymer samples prepared for 
this work.

Samplea) Isocyanate/
fraction

Diol/fraction L1 fraction Mw [kDa]/PDI

PU1 HDI/1 pTHF650/1 0 79.3/2.30

L-PU1 HDI/1 pTHF650/0.95 0.05 64.5/2.79

L-PU2 CyDI/1 pTHF650/0.95 0.05 97.8/1.85

PU3 PDI/1 pTHF650/1 0 123.6/1.81

PU4 HDI/1 pTHF1000/1 0 97.7/1.91

L-PU5 HDI/1 pTHF2900/0.8 0.2 57.7/3.10

a)Synthetic details and characterization data for all samples are given in the Sup-
porting Information.

Figure 2.  Behavior of emissive CuPU1 films under tension: A) First loading load–strain–PL intensity curves and B) selected emission spectra recorded 
during the same test. C) Cyclic loading at alternating stress and D) PL versus stress plot derived from the same test. E) Power dependent PL and F) 
PL decay curves for samples under tension. Measurements on plots (C)–(F) correspond to the second and subsequent loadings of the necked sam-
ples. Stress values for the first loading were not calculated due to ongoing necking. In all cases, except for plot (B), PL refers to integral PL intensity 
(450–775 nm range); PL0 corresponds to the minimal integral PL intensity consistently recorded throughout the test at 5.71 MPa; excitation at (A)–(E) 
385 nm and (F) 400 nm.
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found no increase of PL intensity in response to applied force 
similar to that applied to Cu-PU1 (up to 12.15 N, Figure S19 in 
the Supporting Information). This experiment clearly confirms 
the force-induced nature of observed phenomenon.

Since the width of the emission peak remained constant 
upon tension, we believe that no significant change of the phos-
phor structure occurred when stress was applied (Figure  2B). 
This suggestion is supported by the reflectance measurements 
of the loaded samples that exhibit no detectable change in the 
absorption band at ≈420 nm, corresponding to the ground state 
absorption to form the excited species (Figure S24 in the Sup-
porting Information). Taken together, these data suggest that 
neither ground state nor the excited state of the phosphor is 
structurally affected by the applied mechanical force.

The latter observation suggests that the sensing mecha-
nism in Cu-PU1 is different from that in the state of the art 
materials that employ deformation-sensitive probes. To clarify 
this mechanism, we investigated the emission characteris-
tics of the phosphor in Cu-PU1 under tension. A convenient 
tool to study variations in photoluminescence relies on the 
dependence of PL intensity on the power of excitation. As 
shown in Figure 1E, we found a perfectly linear relationship 
between the latter two. The slope of this linear dependence 
increased by a factor of 2 as the applied stress was varied from 
4.8 to 34.15 MPa. Apart from being indicative of the twofold 
increase in the emission quantum yield, these data suggest 
that at any applied stress, a single relaxation pathway gov-
erns the emission. Considering the relatively low absolute 
quantum yield of Cu-PU1, this pathway is likely nonradiative. 
As both absorption and emission characteristics of the phos-
phor in Cu-PU1 are unaffected by stress (Figure 2B; Figures 
S24 and S26 in the Supporting Information), we assumed that 
the stress in Cu-PU1 primarily alters the nonradiative relaxa-
tion of the phosphor.

To confirm this suggestion, we have investigated the emis-
sion lifetime characteristics in Cu-PU1 films under tension. 
One could note that the PL quantum yield can be increased 
by either promoting the radiative relaxation or suppressing 
the nonradiative one. These pathways would have the oppo-
site impact on the emission lifetime. The increase in radiative 
rate would shorten the lifetime, while the suppression of non-
radiative relaxation would increase the lifetime. In agreement 
with our hypothesis, the apparent emission lifetime of Cu-PL1 
increases by nearly a factor of 1.5 as a stress of ≈29.5 MPa is 
applied (Figure  2F). This clearly indicates that suppression of 
the nonradiative relaxation is taking place under tension. Anal-
ysis of decay rate constant distributions indicates the gradual 
suppression of fast relaxation processes as the mechanical 
stress is applied (see Figure  S25 and corresponding discus-
sion in the Supporting Information). We believe molecular 
dynamics to be a major source of the nonradiative relaxation. 
Interestingly, gradual suppression of conformational exchange 
in CuN4 solutions at lower temperatures that we observed pre-
viously also leads to an increase of quantum yield (Figure S23 
in the Supporting Information).[20] We therefore assume that 
an identical mechanism is responsible for the same effect in 
Cu-PU1. This in turn suggests that the PL change in Cu-PU1 
is exclusively characteristic of stress, since this factor directly 
impacts polymer dynamics.

The ability of a sensor to function in various environments 
is crucial for its practical applicability. To demonstrate the 
efficiency of our stress sensing strategy, we assessed the per-
formance of several Cu-containing polyurethane samples in 
blends with nonfunctionalized polyurethanes of variable com-
position. The composition of the polymer samples was found 
to directly impact the stress response properties. First, the soft 
Cu-PU2 polyurethane samples containing a CyDI hard seg-
ment (Figure  1) were unsuitable for the tensile elongation as 
they failed at very low stress levels below 1 MPa. Nevertheless, 
blended with the PU1, Cu-PU2/PU1 sample produced a steady 
response to the applied stress very similar to that of Cu-PU1 
(Figure S22 in the Supporting Information). A similar response 
was produced by Cu-PU1/PU1 blend that was additionally 
demonstrated to have excellent fatigue resistance. Namely, a 
sample kept at 25 MPa for 10 h exhibited stress dependent PL 
response nearly identical to that of a fresh sample (Figure S22 
in the Supporting Information). Finally, both Cu-PU1 and 
Cu-PU2 were stress responsive in blends with a PU3 sample 
that contains rigid PDI hard segments (Figure S23 in the Sup-
porting Information). These data indicate the high potential 
for the application of developed materials since they remain 
responsive in various environments.

By varying the soft block length in PU samples, we have also 
managed to identify limitations of the sensors. Namely, the 
replacement of the of the short pTHF650 segment for a four-
fold longer pTHF2900 yielded Cu-PU5 that produced a very 
weak response to stress (Figure S20 in the Supporting Informa-
tion) when blended with PU1. A significantly longer soft block 
in Cu-PU5 compared to that of PU1 was the likely reason for 
this behavior since such a mismatch would severely impede 
the translation of mechanical force from the blank PU1 to the 
sensor component. Interestingly, in the opposite case where 
the longer soft blocks (1 vs 0.65 kDa) are incorporated into the 
blank PU and the phosphor is present in the shorter units, the 
performance was not inhibited (see data for Cu-PU1/PU4 in 
Figure S21 of the Supporting Information).

The large magnitude of the PL intensity change upon ten-
sion is a highly beneficial feature of stress response in CuPU1. 
As the twofold increase of emission intensity could readily be 
observed with the naked eye, we assumed that direct optical 
imaging can be used to study the stress response in CuPU1 
instead of spectroscopic detection that is often lacking spatial 
resolution. Indeed, analyzing images of sample under tension, 
we could observe a detectable increase in the PL intensity corre-
lated to the applied force (Figure 3A). As expected, the PL inten-
sity increases toward the center of the sample where the film 
width is minimal and the true stress is nominally the highest. 
Importantly, the width-normalized intensity that is character-
istic of applied force remained nearly constant along the sample 
(Figure 3B). This observation allows us to conclude that phos-
phor in Cu-PU1 was capable of reporting the local stress while 
maintaining the overall accuracy on the macroscopic scale.

Interestingly, the rapid response of Cu-PU1 to stress can also 
be used to track time-dependent processes in polyurethanes. 
A well-known example of such a process is a stress relaxation 
phenomenon that takes place when the polymer samples are 
subjected to mechanical force. Namely, the stress in polyure-
thanes rapidly reaches a peak value and relaxes to a lower steady 
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value within seconds after loading is suspended.[25,26] Observa-
tion of such effects usually requires a direct measurement of 
applied force that is often impractical. Using the response of 
our phosphorescent sensor in Cu-PU1, we have managed to 
visualize this dynamic process. Time-resolved data in Figure 3C 
illustrate how simultaneously with sample elongation a rapid 
increase of PL intensity could be observed. As expected the 
intensity reached its peak value during sample extension and 
decayed within ≈150 ms after elongation was suspended (see 
Figure 3; Video S1, Supporting Information). Such outstanding 
utility renders the use of dynamic phosphors as a promising 
tool to investigate the stress related phenomena in polymers.

In conclusion, we have developed a new type of phosphores-
cent sensor that produces rapid and fully reversible response 
to mechanical stress. Unlike its counterparts across the field, 
our dynamic probe does not require changes to its molecular 
structure or arrangement and relies fully on suppression of 

nonradiative relaxation that takes place at elevated stress. 
Importantly, the response of the sensor can be easily monitored 
by direct optical imaging in addition to common spectroscopy 
tools. Based on a conceptually new action mechanism, our 
robust and fully reversible sensors have a remarkable potential 
for assessing stress and dynamic phenomena in soft materials 
in a simple and accurate way.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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