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studies to separate thermal and
optical effects in photo-softening of azo polymers

James M. Harrison,ab Dina Goldbaum,b T. Christopher Corkery,a

Christopher J. Barrett*a and Richard R. Chromik*b

Mechanical characterization of an azobenzene dye-containing polymer (p4VP(DY7)0.50) by nanoindentation

shows a significant photo-softening effect under visible irradiation at 532 nm. Both strong rate-dependent

plastic softening, as well as a rate-independent elastic modulus decrease are observed. Indentation at

elevated, sub-glass transition temperatures results in only a rate-independent decrease in hardness

however. These findings indicate, from a mechanics standpoint, for the first time a distinct mechanism

for the photomechanical softening in azo-materials that is different from a simple thermal effect. The

main hallmark of the photosoftening effect was significant viscoplastic flow with strong rate

dependence. The presence of the viscoplastic softening in azo-polymers was accounted for in analysis

of nanoindentation data to obtain an accurate elastic modulus unaffected by the presence of creep in

the unloading curves. These results provide considerable insight into the long-observed and long-

debated mechanism of all-optical surface patterning below Tg.
Introduction

Azobenzene-containing polymer thin lms possess the well-
known ability for all-optical single step surface patterning, for
example to form surface relief gratings (SRGs) under visible
light irradiation.1,2 These materials exhibit signicant macro-
scopic mass transport under inhomogeneous irradiation, and
have been engineered to optimize SRG formation and surface
patterning for a variety of optical material applications.3–5Under
irradiation, some azobenzene chromophores initially in their
trans geometric isomer will be converted to their cis state, from
which they will thermally reconvert to the thermodynamically
favourable trans state again over time. The macroscopic
mechanical effects of irradiation are a function of the contin-
uous trans–cis–trans photoisomerization cycling of azo-
benzene.6 All of this optical patterning can be performed readily
at room temperature, well below the expected Tg of the glassy
materials, and the mechanism for this unexpected process has
been in debate for 20 years since the rst reports. However, this
mechanical cycling has been implicated in a change in elastic
modulus and/or viscosity, which is expected for a system to
achieve such signicant light-induced ow, well below the
bulk Tg.

As one of the currently leading mechanisms for this curious
process, it has been proposed that pressure gradients, due to
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differences in the free volume of the azobenzene chromophore
in the trans and cis congurations, are responsible for the mass
transport.7,8 By this model viscoelastic ow is produced due to
the cis-isomer's higher free space requirements, and agrees well
with experiment, and implies a viscosity under irradiation
signicantly lower than that in the dark.3 Other mechanisms
include that of Pederson et al., who developed a model based on
photoinduced reorientation and optical anisotropy in liquid
crystalline side-chain polymers to explain the long term stability
of the trans–cis isomerization.9 This model, however, contra-
dicts experimental results in amorphous polymers.10 Len et al.
also proposed a diffusion model, which associates the mass
transport with photoinduced translation along the long axis in
the azobenzene molecules.11 The development of a model based
on the moving-particle semi-implicit method by Barada et al.
suggested the gradient force of the optical electric eld and the
inuence of surface tension as the primary forces responsible
for SRG formation.12 A statistical approach developed by Juan
et al. allowed the prediction of complex mass transport under
different illumination conditions and operates under the
assumption that local temperatures are near the glass transition
temperature Tg.10 More work is necessary to establish a funda-
mental model that agrees with all experiments, and so much
work has been done to analyze azo-materials both from a
fundamental mechanical level, as well as modelling the bulk
mechanical properties at various scales.

Thermally induced SRG formation was proposed by Ram-
anujam and co-workers, which was subsequently examined by
Leopold et al.13,14 By examining diffraction efficiency as a func-
tion of pulse intensity, they dene an energy volume density
J. Mater. Chem. C, 2015, 3, 995–1003 | 995
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Fig. 1 Disperse yellow 7 doped poly(4-vinylpyridine). The azobenzene
chromophores isomerize from the trans to the cis state photochem-
ically. The reconversion may also be induced photochemically, or the
chromophore will thermally relax to the thermodynamically favourable
trans state.
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threshold above which the efficiency quickly approaches its
maximum value. This threshold is useful as it corresponds to
the energy above which thermally driven SRG formation occurs.
In further work, Baldus and Leopold et al. determined the
threshold of absorbed energy above which SRG formation
occurs.15 They go on to develop a model predicting thermal SRG
formation for thermal gratings. These works indicate that SRG
formation is not necessarily strictly a photomechanical
phenomenon, and indeed in some cases it is independent of
azobenzene photoisomerization. Any thermal model however,
has yet to address the pervasive and conicting set of experi-
ments that only isomerizing azo dyes are able to be photo-
patterned, and not any of the absorbing or non-isomerizing
dyes with similar absorbance and thermal properties. Previous
work toward understanding photomechanically driven pattern
formation has generally assumed both the viscosity and
modulus of the polymer was signicantly reduced when
exposed to light, yet actual measurements of this had yet to be
reported. Saphiannikova et al. assumed that under illumination
the polymer lm undergoes considerable plastication,
reducing the polymer elastic modulus by more than three
orders of magnitude.16 Karageorgiev et al. determined that a
more moderate modulus change occurred in pDR1m lms,
from 3.4 GPa to 0.9 GPa under 60 mW cm�2 532 nm circularly
polarized irradiation.17 They further noted a light-induced
viscosity several orders of magnitude smaller than the typical
viscosity of the polymer in a glassy state. This moderate change
inmodulus coupled with a very large change in viscosity implies
a soening method that must be photomechanical in nature, as
opposed to thermally driven. They also distinguished between
photomechanical processes and thermal processes by showing
there exists directional viscoelastic ow parallel to the polari-
zation of the light source. However, Richter, Nowicki, and Wolf
have shown a modulus increase in pDR1m lms under 10 mW
cm�2 532 nm irradiation.18 They measured a modulus increase
from 5.0 GPa to 6.0–6.7 GPa, depending on the length of time
for which the sample was irradiated. It is possible that different
experimental procedures are likely for the divergent results
under similar experimental conditions.

Lee and White determined, by use of thermal camera, that
the temperature increase in irradiated monodomain azo-
benzene liquid crystalline network samples can be split into two
regimes: “photochemical”, when the light intensity is less than
approximately 100 mW cm�2, and “photochemical and photo-
thermal”, where the intensity is above this threshold.19 In the
photochemical regime, the heating effect of the light is less than
3 K; this temperature increase has also been determined
computationally,20 but little work has been done to precisely
characterize the bulk mechanical properties of azo-polymer
samples under both direct heating and moderate intensity
irradiation. Vapaavuori and Mahimwalla et al. showed that
under 15 mW cm�2 irradiation, the strain rate sensitivity of
pDR1a, the rst and most commonly employed azo-polymer for
all-optical patterning, and poly(4-vinylpyridine) (p4VP), doped
with disperse yellow 7 (DY7) at a complexation degree of 0.50,
increased by 81% and 123% respectively.21 However, they failed
to isolate time-invariant mechanical parameters corresponding
996 | J. Mater. Chem. C, 2015, 3, 995–1003
to spring and slider (elastic and plastic) elements in a tradi-
tional spring-dashpot-slider mechanical model. In this paper,
we present a characterization of DY7-doped p4VP under 15 mW
cm�2 irradiation, as well as examine the changes in mechanical
properties, strictly as a function of temperature. Examined here
is p4VP at both a large and small complexation degree: 0.50
(p4VP(DY7)0.50) and 0.01 (p4VP(DY7)0.01) (Fig. 1). These
complexation degrees indicate that a chromophore is paired
with a repeat unit of the polymer every second and every
hundredth unit respectively. These samples were chosen as it
has been found that the efficiency of SRG formation is largest
for a complexation degree of 0.50. Strain rate sensitivity changes
were examined as a function of both irradiation and due to a
temperature increase below the glass transition. Under both
conditions, we also examine the elastic modulus as well as the
material hardness. We further discuss the implications of the
activated creep mechanism on the elastic modulus measure-
ments, and how this provides new insight into the long-
controversial mechanism of all-optical patterning below Tg.
Experimental
Materials

Two p4VP(DY7) samples were prepared at complexation degrees
of 0.01 and 0.50. These samples were prepared by dissolving
p4VP (Polymer Source, Inc., Mw ¼ 5400 g mol�1) and DY7
(Sigma-Aldrich, 95%) in THF, stirring 24 hours, and drop
casting onto silicon substrates. The samples were annealed at
120 �C and 135 �C respectively for 72 h under vacuum.
This journal is © The Royal Society of Chemistry 2015
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Nanoindenter

Nanoindentation was performed using a Hysitron TI 900 Tri-
boIndenter. Experiments were performed using Hysitron's xSol
High Temperature Stage and the corresponding high tempera-
ture indentation tip. A standard calibration procedure using
fused quartz was performed. Indentation was then performed
on the azo-polymer samples under three conditions: standard,
elevated temperature, and under irradiation. These conditions
will be referred to as “Reference”, “50 �C”, and “15 mW cm�2”

respectively. Reference conditions refer to indents performed at
ambient lab temperature (23 �C) with no directly incident light.
Indents performed under “50 �C” conditions were held at 50 �C
with no incident light, where the stage was allowed to equili-
brate for 30 minutes before indentation began. The “15 mW
cm�2” conditions refer to indentations performed with the
sample under direct irradiation from a 15 mW cm�2 532 nm
solid state laser (B & W Tek 300 mW cm�2 laser passed through
a neutral density lter). For each of the conditions, indentation
was performed at ve different loading rates: 50, 100, 200, 500
and 1000 mN s�1, to a maximum load of 1000 mN. At each
loading rate 25 indents were performed in a 5 by 5 grid, in which
all indents were separated from each other by 30 mm. The rates
of loading and unloading were the same, and for each indent
there was a 60 second hold period at maximum load. The
loading curves and an example load-depth curve can be seen in
Fig. 2.
Fig. 2 Example plots of (a) the load function, (b) the load-depth curve,
and (c) depth and plastic depth vs. time. (a) and (b) are plotted over the
entire loading-hold-unloading process, whereas (c) is only plotted
over the loading segment. Regions (i), (ii), and (iii) indicate the loading,
hold, and unloading segments of the indentation respectively.
Emphasized region (iv) indicates the period over which the residual
hold displacement _hh wasmeasured for the creep-correctedmodulus.
The hardness was measured at maximum displacement (at the end of
the hold period). Region (v) indicates the range over which the Oliver
and Pharr power law was fit. Region (vi) is the range over which the
constant rate of loading strain rate sensitivity was determined.
Hardness

Hardness was determined by

H¼ P

A
(1)

as described by Oliver and Pharr, where P is the load and A is the
projected contact area.22 The contact area is calculated as a
function of the contact depth,

hc ¼ hmax � 3
P

S
(2)

in which 3 is a term related to indenter geometry. The indenter
depth at the beginning of the hold period, hmax, was used so as
to minimize the effect of viscoplastic dri and solely model the
time-invariant plastic element. This correction is imperfect, as
there is a small viscosity effect which is inuencing the
measurement. However, the effect is very small in all cases other
than the irradiated high azo sample. The stiffness, S, was
dened by Oliver and Pharr as the derivative

S ¼ dP

dh

����
h¼hmax

of the power-law unloading t,22

P ¼ A(h � hf)
m. (3)
This journal is © The Royal Society of Chemistry 2015
Elastic modulus

The most common method for calculating elastic modulus
from nanoindentation comes from the method of Oliver and
Pharr in which the power law relation is t to the unloading
J. Mater. Chem. C, 2015, 3, 995–1003 | 997
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curve.22 The reduced modulus can be determined by Sneddon's
elastic contact solution23

Er ¼
ffiffiffiffi
p

p
2

Sffiffiffiffiffiffi
Ac

p : (4)

The impact of creep in nanoindentation has been noted in
several studies and it can be especially pronounced in poly-
mers.24–27 The creep can be examined in primary and secondary
segments at constant load (Fig. 3).28 The primary region is the
most signicant for the measurement of modulus, and is typi-
ed by rapid descent under constant load. The effects of this
primary region can typically be avoided by using a hold period
at maximum load before unloading. The secondary segment is
typied by a near-constant descent under constant load.
Although a hold period may be effective at eliminating the
effects of the primary creep regime, this secondary regime is
uncorrected and can signicantly affect determination of the
elastic modulus from unloading curves when unloading rates
are slow. In this paper, the method developed by Ngan et al. was
applied to determine the elastic modulus corrected for visco-
elastic creep, which should be independent of time or inden-
tation rate.19

In a series of papers, Ngan and co-workers developed a
model to correct for linear viscoelastic creep by using a super-
position approximation in which the indenter displacement h is
the sum of the creep component and the elastic compo-
nent.19,29–32 This model necessitates the use of a hold period at
maximum load, during which it is possible to measure the creep
rate. They further developed a model to correct for viscoelastic
creep in a general power law form, where it is assumed the load
can vary during a hold period. They veried this model
computationally and experimentally, by nite element methods
and indentation on amorphous selenium. For the purpose of
this investigation, the linear creep correction model is used as
closed-loop load control of the indenter ensuring that there is
Fig. 3 Depth–hold time plot showing the two creep segments during
the hold period. The hold period eliminates the significant creep
observed during the primary segment, and allows the measurement of
the near-linear secondary creep.

998 | J. Mater. Chem. C, 2015, 3, 995–1003
no variation in load during the hold period. Themethod denes
a corrected effective stiffness

Se ¼
 
1

S
� h

:
h

P
:
u

!�1

(5)

where _hh is the tip displacement rate at the end of the hold
period and _Pu is the unloading rate, which in this investigation
was constant for the entire unloading. The elastic stiffness is
then used in place of the standard unloading stiffness in eqn
(4).
Strain rate sensitivity

Constant rate of loading (CRL) strain rate sensitivity (SRS) as
dened by Mayo and Nix:

m ¼ d½log s�
d
�
log 3

:� (6)

was used to examine the strain rate dependency of photo-
soening and thermal soening.24 The stress is dened as s ¼
P/A and the strain rate is dened as

3
: ¼

�
1

h

��
dh

dt

�
¼ d½ln h�

dt
: (7)

We replace the depth with Doerner and Nix's plastic depth33

hp ¼ h�
�
dh

dP

�
P: (8)

For calculating the SRS, the stress and the strain rate at 150
nm were determined. The load value at 150 nm was taken from
the linear regression of the load versus depth curve between 125
nm and 175 nm. Similarly, the strain rate was taken as the slope
of the linear regression of ln(h) versus time between 125 nm and
175 nm. These averages were taken to minimize point-to-point
variations in the data affecting the instantaneous stress or
strain rate. The stress and strain rate was calculated for every
indent and the average of each was taken for each loading rate.
This resulted in 5 distinct points per condition (reference,
irradiation, elevated temperature) for each sample. The strain
rate sensitivity can then be obtained from the slope of the linear
regression through the (log _3,log s) points.
Results
Nanoindentation load-displacement curves, hardness and
modulus

Fig. 4 presents representative load-displacement curves for the
high and low azo content specimens at the 3 environmental
conditions and a loading rate of 50 mN s�1. The low azo content
sample showed negligible change in load-depth prole between
the irradiated and reference conditions, as can be seen in
Fig. 4a. For the high azo content sample, the probe was
observed to indent much further in irradiated conditions
compared to the reference (see Fig. 4b). Also, this increased
indentation depth for the irradiated high azo content sample
was observed across the entire loading, hold, and unloading.
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 The applied nanoindenter load as a function of depth for (a)
p4VP(DY7)0.01 and (b) p4VP(DY7)0.50 for indents at 50 mN s�1. The
photo-softening effect is apparent due to the significantly higher strain
induced by the same load for the irradiated high azo sample. A more
moderate softening effect is apparent in the elevated temperature
indent.

Fig. 5 Hardness at loading rates of 50, 100, 200, 500, 1000 mN s�1 for
(a) p4VP(DY7)0.01 and (b) p4VP(DY7)0.50.
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This uniformity in behaviour for the entire load-unload cycle
indicates that the light penetration remained near-uniform and
there was no obstruction or shadowing of the light source by the
indenter.

The trials at elevated temperatures descended further than
the reference conditions in both samples (see Fig. 4a and b).
However, the increased displacement for elevated temperatures
was much less than that for the light exposed high azo content
trial. This is especially true for the loading curve and hold
segment, both portions of the test that are expected to be
affected signicantly by viscoplastic creep, if present.

The hardness is presented in Fig. 5. The hardness presented
here is taken at the beginning of the hold period, to minimize
the effect of the signicant difference in hold period descent
between environmental conditions. However, in the irradiated
high azo sample, for which the creep is by far the most signif-
icant, there is still a large rate-dependency. It can be seen in
Fig. 5 that a hardness decrease occurs in both the 0.50 and 0.01
azo samples at 50 �C. This hardness decrease below Tg has been
observed in other amorphous polymers.34–36 However, the
hardness decrease in the 0.01 azo sample is smaller than in the
0.50 azo sample. It is likely that the intermolecular forces
This journal is © The Royal Society of Chemistry 2015
between DY7 chromophores largely contribute to the increased
thermal soening effect. For the high azo content sample, the
hardness differences indicate that the photosoening effect is
more signicant than the thermal effect aer slow loading
rates. However, the signicance is rate-dependent to the point
that the magnitude of the decrease in hardness for the irradi-
ated sample is smaller than the decrease for the thermal case.
This rate-dependency points toward a strong viscoplastic effect
being activated in the irradiated high azo content sample.
Irradiating the low azo content specimen results in no signi-
cant change in hardness at any loading rates. The much smaller
increase in plastic deformation for the elevated temperature
samples can also be seen in Fig. 4.

The Oliver and Pharr moduli of both samples at various
test conditions are depicted in Fig. 6. Averaged across all ve
loading rates, the mean creep-corrected elastic moduli at
reference, elevated temperature, and irradiation conditions
are 5.87, 5.47, and 5.59 GPa respectively for the low azo
content sample. For the high azo content sample, the mean
moduli are 5.24, 5.09, and 2.76 GPa respectively. It is
apparent that there is a very slight elastic soening effect at
elevated temperatures for both samples, but it can be seen
that this effect is well within the bounds of one standard
deviation of the reference and 50 �C trials. As expected, the
high azo content sample under irradiation demonstrated a
J. Mater. Chem. C, 2015, 3, 995–1003 | 999
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Fig. 6 The standard Oliver and Pharr reduced modulus at loading
rates of 50, 100, 200, 500, 1000 mN s�1 for (a) p4VP(DY7)0.01 and (b)
p4VP(DY7)0.50. A decreasing modulus with decreasing loading rate is
visible for the 0.50 azo sample under irradiation, for which creep is
significant.

Fig. 7 The creep-corrected reduced modulus at loading rates of 50,
100, 200, 500, 1000 mN s�1 for (a) p4VP(DY7)0.01 and (b) p4VP(DY7)0.50.
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signicant photomechanical modulus decrease, far beyond
the decrease observed when the specimens were tested at
elevated temperatures.
Comparisons between creep-corrected and Oliver and Pharr
elastic modulus

Fig. 7 shows the results for the Ngan creep-corrected modulus.
The results are reasonably similar to the Oliver and Pharr
results in most cases. The 60 second hold was adequate for
removing primary creep, and the effect of secondary creep
resulted in a small effects, most readily observed for those tests
with slow unloading rates where there is enough time in the
unloading segment for the creep rate to be signicant. High
unloading rates resulted in the O&P and Ngan modulus being
virtually identical. For the high azo sample, signicant visco-
plastic ow occurs and creep is a much more important factor.
It can be seen in Fig. 6 that the O&P modulus is decreasing as
the loading rate decreases. The creep-corrected modulus sees
no such decrease. This is of particular importance as most
studies examining azo-polymers focus on characterization of
high azobenzene concentration samples, which demonstrate
large mass transport and soening. This, coupled with the large
creep in the irradiated sample, points to the necessity of
1000 | J. Mater. Chem. C, 2015, 3, 995–1003
accounting for these effects in determining an accurate
modulus.
Constant rate of loading strain rate sensitivity

The stress–strain-rate data pairs are plotted in Fig. 8. The slope
of the linear regression of the points, plotted on a log–log plot,
is the strain rate sensitivity, and these values are presented in
Table 1. The standard error was determined by root mean-
squared deviation from the least-squares t. As previous work
by Vapaavuori and Mahimwalla et al. found, there is a signi-
cant increase in SRS for irradiated p4VP(DY7)0.50.21 They showed
the SRS increased by 123% from reference conditions to irra-
diated conditions. In our work, the increase from reference
conditions was found to be 350%. The difference could be due
to several factors. The loading rates examined by the previous
study were lower than the loading rates examined by this study.
It's also possible that the incident irradiation on the sample was
different. Although the same light source was used a different
indentation system was used and the angle of incidence may
have been different, leading to a different fraction of azo acti-
vation directly below the indenter. Although the amount of
change in strain rate sensitivity is different, the existence of a
signicant SRS change with light for both this study and that by
Vapaavuori and Mahimwalla et al. demonstrates strain rate
dependence to the photomechanical soening in supramolec-
ular azobenzene–polymer complexes. Fig. 8 also demonstrates
This journal is © The Royal Society of Chemistry 2015
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Fig. 8 The stress–strain-rate data pairs for (a) p4VP(DY7)0.01 and (b)
p4VP(DY7)0.50. The slope of the linear regression in each data series is
the CRL strain rate sensitivity. In the calculation of the stress, the depth
was replaced with the plastic depth. There is negligible change in the
sensitivity for all conditions, with the exception of the high azo content
sample under irradiation.

Table 1 Constant rate of loading strain rate sensitivity of p4VP(DY7)0.01
and p4VP(DY7)0.50

Experimental
conditions p4VP(DY7)0.01 p4VP(DY7)0.50

Reference 0.030 � 0.011 0.028 � 0.004
50 �C 0.029 � 0.007 0.026 � 0.006
15 mW cm�2 0.023 � 0.007 0.126 � 0.005
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that there is negligible change in strain rate sensitivity at
elevated temperature, indicating that the mechanism for
thermal soening is different from that of photomechanical
soening. However, in both gures it can be seen that the
supported stress of the elevated temperature sample is lower
than the reference samples, giving further evidence of the
thermal soening mechanism.
Fig. 9 The standard Oliver and Pharr modulus calculationmethod and
Ngan's creep corrected modulus formulation for the irradiated high
azo content sample. The creep leads to a strongly rate-sensitive
modulus when calculated through the standard Oliver and Pharr
model, even if a hold period is included.
Discussion

The mechanical response for both samples under reference
conditions is similar and exhibits little rate dependence. The
plastic response (the hardness) and the elastic modulus are
This journal is © The Royal Society of Chemistry 2015
similar between samples, although the added DY7 chromo-
phores interestingly lead to a higher hardness, but a lower
modulus. The small strain rate sensitivity in both samples is
indicative of a very small viscoplastic effect, but the impact of
these viscosity-driven effects on the hardness and modulus of
both samples is negligible. The response of both samples
indented at 50 �C, below Tg for both samples, was similar to that
of the reference samples. The SRS was negligibly changed, as
was the modulus. However, the samples demonstrated notably
more plastic deformation, independent of rate.

The two samples under irradiation demonstrated markedly
different behaviours. The irradiated high azo content sample
showed a decrease in modulus, hardness, and an increase in
strain rate sensitivity. In contrast, the low azo loading sample
exhibited virtually no change from the reference condition for
all properties (hardness, modulus, SRS) at all loading rates. The
photosoening of the high azo content polymer is a result of
both a decrease in modulus and a signicant viscoplastic ow
component, as evidenced by the signicant increase in strain
rate sensitivity. This behaviour, as a photosoening mecha-
nism, is distinct from the mechanical property changes with
applied temperature. It is clear, both from the changing strain
rate sensitivity as well as the divergence between the Oliver and
Pharr modulus and the creep-corrected modulus, that the
photosoening effect is fundamentally different from the
thermal soening effect, where the soening was small, and
has very little rate dependency and thus only a small viscoplastic
component.

Signicant viscoplastic ow leads to difficulty in obtaining a
true modulus of elasticity. In this study, Ngan creep correction
was used and found to be necessary for tests at slow loading
rates. In Fig. 9, the divergence between the Oliver and Pharr
modulus and the creep corrected modulus for the irradiated
high azo sample is most clear at low loading rates.

This evidence of the activation of a creep mechanism is
common in indentation-based studies of azo-materials, but its
J. Mater. Chem. C, 2015, 3, 995–1003 | 1001
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effect is rarely accounted for in elastic modulus measure-
ments.17,18 The loading rate dramatically affects the creep time
and therefore the magnitude of both the primary and secondary
creep.37 With rapid unloading, the effect of the secondary creep
is minimized.38 However, an increase in hardness has been
observed at rapid loading rates.39–41 The ideal loading prole for
examining these parameters then is a slow loading rate and a
rapid unloading, but this is dependent on how hardness is
measured. Despite the impact of creep on the measured
modulus, many studies examining soening in azo-polymers
using nanoindentation rely solely on the Oliver and Pharr
method.42–44 In most studies, no hold period is used and oen a
visible ‘nose’ effect can be seen in the loading curves.18,45,46 This
problem can be further exacerbated by the use of higher
intensity light sources, as the increased photodensity provides
for more creep, resulting in a more dramatic ‘nose’ effect.
Although to the knowledge of the authors the Ngan model has
not been used to study azo-polymers, it has been successfully
applied to amorphous polycarbonate and PMMA.47–49

In terms of general trends in mechanical properties, our
work agrees with the pDR1m study undertaken by Karageorgiev
et al.17 Under 532 nm irradiation, they measured an elastic
modulus of 0.9 GPa, as compared to a 3.4 GPa un-irradiated
modulus. The magnitude of the modulus change measured is
larger than ours – however, they used a more intense light
source. They also noted that in the reference trials, the material
behaved purely elastically up to a loading of 230 nN. However,
when irradiated, there was no purely elastic region, even at
loads below 30 nN. On their irradiated measurements there is a
clear negatively sloped unloading curve, or ‘nose’. This photo-
uidization was expanded upon in the work of Fang et al., in
which they examine the transient local effective temperature of
the azo chromophores during isomerization, and show the
uidization is comparable to a local temperature of 800 K – far
above the applied temperature tested in our work, as well as the
glass transition temperature.50 The photouidization effect,
however, is not directly comparable to the described large
heating effect. Indeed, our samples demonstrate little change in
time-independent hardness, whereas at temperatures above Tg
amorphous polymers are characterized by a steep decrease in
hardness.34 At rapid loading rates, the irradiated high azo
sample has a hardness greater than that of the elevated
temperature sample (see Fig. 5), indicating that the viscoplastic
soening has a considerably larger impact than a time-inde-
pendent plastic soening.

Modelling the mechanical properties of polymers with
nanoindentation is a challenging undertaking. There are
many recent papers detailing protocols such as that a Kelvin
model, or modied/extended Kelvin model can be used with
the indentation data.38,51–53 These methods are most effective
with bulk polymers. Here, with drop cast lms, we have
developed a simple nanoindentation method to extract both
time-independent elastic modulus (i.e. the Ngan creep-cor-
rected modulus) and a rate dependent parameter (i.e. the
SRS), which is related to the viscoplasticity of the polymer.
While this method does not provide the mathematical rigor
of a Kelvin model, it is simple to implement and works on
1002 | J. Mater. Chem. C, 2015, 3, 995–1003
both thin lms and bulk polymers. It also addresses short-
coming in previous work on azo-polymers that neglected to
address the effect of viscoplasticity on the determination of
the modulus of elasticity.

This combined viscoplasticity coupled with a time-invariant
modulus change is distinct from both existing azo-polymer
work, as well as examinations into other photoactive materials.
Ma et al. model photomechanically-active polymers with a
“photoviscoplastic” element in series with a combination of an
elastic spring and a traditional Maxwell model in parallel.54

Although they also note the change in the creep mechanism in
the materials, the photoviscoplastic element fails to account for
changes in time-independent elastic elements. However their
model describes photo-induced network rearrangement in
photoactivated covalent adaptive networks well, and so the
active mechanism in azobenzene photo-activation must be
driven by an activated creep mechanism (related to the plasti-
cization observed by Karageorgiev et al. and Fang et al.) as well
as a time-invariant elastic mechanism. Ikawa et al. proposed a
series of steps explaining their observed surface patterning.55 A
photoisomerization induced soening of the polymer matrix
followed by a polymer chain migration agrees well with our
ndings on both time-dependent and time-independent
results. Indeed, their photo-induced surface patterning (viral
patterning which uses a uniform irradiation, and is distinct
from SRG formation) is evidence of a plastic (or viscoplastic)
photosoening far beyond what thermal effects could be
responsible for.
Conclusions

We have characterized the behaviour of azobenzene containing
p4VP(DY7) at complexation degrees of 0.01 and 0.50 at ambient
conditions, 50 �C, and under 15 mW cm�2 532 nm laser irra-
diation. Under irradiation, the high azo concentration sample
demonstrated a large strain rate sensitivity increase, as well as a
drop of roughly 50% in time-invariant elastic modulus. This is
distinct from the thermal soening effect observed in the 50 �C
trials, which demonstrated a rate-independent decrease in
hardness, for both the low azo concentration sample and the
high azo content sample. The elevated temperature trials
however demonstrated no increase in strain rate sensitivity.
These results indicate the mechanisms for photosoening are
different from thermal soening.

We have also demonstrated the importance of the creep-
corrected elastic modulus model for nanoindentation as
developed by Ngan et al. The increased strain rate sensitivity of
the irradiated high azo sample causes signicant creep which
can lead to a reported elastic modulus far different than its true
value, especially if the loading and unloading segments are
slow. The conrmation and quantication of these photo-so-
ening effects provided here can now be incorporated into
numerical models of light-induced surface patterning, and
associated optically driven ow observations in azo dye-con-
taining polymer systems below Tg.
This journal is © The Royal Society of Chemistry 2015
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