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ABSTRACT

Poly(ethyl acrylates) crosslinked with 0.5-1 mole-%, of photochromic bis-
(spirobenzopyran dimethylacrylate) show in the solid state a photomechanical
behaviour. On irradiation, contraction (more than two per cent) occurs in
isothermal conditions, while in the dark, length-recovery takes place, the pro-
cess being reversible. The dependence of this photocontractile behaviour under
constant stress on temperature, and inversely at constant temperature, on
increasing stress has been examined by plotting the relative shrinking AL/L as
a function of time. This photomechanical effect is much more pronounced
for samples swollen in benzene. The photostationary relative contraction of
copolymer C increases with the relative elongation A = L/L, at low stresses,
passes through a maximum for 4 = 2.3, and then decreases. This photo-
mechanical shrinking is interpreted in terms of an increase of entropy of the
polymer chains due to the isomerization of the rigid bis-spiro-structure into
the planar merocyanine one. The photochromic behaviour of copolymer C,
unstretched and stretched (50 per cent) has also been followed at different
temperatures. Stretching causes a strong decrease of decoloration rate con-
stants, being one-third of that in unoriented state.

When, in contrast, poly(ethyl acrylate) is crosslinked with ethylene glycol
dimethacrylate and carries pendant similar photochromic groups (0.7 per
cent), no effect on the photochrome and photomechanical behaviour can be
shown. The involvement of the strained biphotochromes in the crosslinks is

thus required.

INTRODUCTION

It is generally assumed that compounds which are incorporated in a rigid
matrix, or are bound to a polymeric substrate, are subject to severe restrictions
of their translation and rotation possibilities. On account of differences of
chain-segment mobility these restrictions must be most pronounced in the
rigid glassy state. Above the glass transition temperature T, ie. in the
rubbery region, the matrix behaves as a highly viscous medium; possibilities
for translation and rotation increase strongly and progressively approach
those observed in a highly viscous solution.

Therefore, important changes in reaction rate have to be expected if the
reactions are carried out in the solid state below and above T,, as far as
sufficiently important translation or rotation phenomena are involved. On
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the basis of such considerations, we have discussed recently! reversible
photochromic isomerization phenomena, especially the cis-trans-isomeriza-
tion of aromatic azo-derivatives and the ring opening/closure of spirobenzo-
pyran derivatives. for which most quantitative experimental data are
available, for reactions in the solid state?*.

Similarly, racemization of optically active polymers and some bond-
dissociation reactions in solid polymeric matrices were considered®. It is
clearly shown that the efficiencies and rates of reactions carried out in
polymeric matrices often differ very strongly in the glassy and in the rubbery
state, on account of large differences in chain-segment mobility, and that
these effects are most strongly pronounced when the reactive groups are
bound chemically to the polymer molecule, if compared to mixtures in
polymeric matrices. In the present paper we focus attention mainly on a new
aspect of reactions in the solid state, namely the photomechanical properties
of some photochromic polymeric systems, which were observed only recently.

In these reactions light energy is apparently converted into mechanical
work, and causes a reversible contractile behaviour of the systems.

Photomechanical properties of polymers have been described previously
by Agolini and Gray® and by Van der Veen and Prins’~°. Although the two
polymeric systems studied by these authors are quite different, the reported
photocontractile behaviours are in both cases related to the cis-trans-
isomerization of aromatic azo-groups. On the other hand, our data were
based exclusively on the photochromism of spirobenzopyran derivatives. We
will consider successively the two types of photochromic principles and their
eventual photomechanical effects on polymeric systems.

I. PHOTOCONTRACTION OF POLYMERIC AROMATIC
AZO-DERIVATIVES

It is well known that under irradiation of aromatic azo-derivatives
trans 2 cis-isomerization occurs, and moreover that a thermal cis — trans-
isomerization takes place, the trans-isomer being more stable than its cis-
isomer. Since the cis-isomer is strongly hypsochromic with respect to the
trans-isomer on account of a lack of coplanarity of the molecules, the rate of
trans 2 cis isomerization can easily be followed by optical-density measure-
ments.

Agolini and Gray® prepared a poly-(4.4'-diphenylazopyromellitimide) by
two-step condensation of 4,4'-diaminoazobenzene with pyromellitic di-
anhydride [formula (a)].

The polymer is semicrystalline, has a repeat unit of 18.3 A which corres-
ponds to the trans-azo-configuration; this restricts the cis-configuration,

(l) O
DOg-0r-
(0] (6]

(i)
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when formed, to the amorphous regions. These azo-aromatic polyimides show
a reversible thermal and photocontractile behaviour, which seems to be
associated with trans-cis-isomerization. Measurements at constant stress
carried out at 200°C indicate a deformation of about 0.6 per cent. On the
other hand, in constant-length experiments the stress imposed on a film
during irradiation increases with time, the effect being small but real. Con-
sidering that the half lives of this contractile process are similar at room
temperature and at 200°C (around 40 minutes) indicating a negligible
activation energy, while the isomerization of azo-compounds in solution
shows an enthalpy of activation around 20 kcal, the authors admit that the
rate of contraction or expansion is controlled rather by some viscoelastic
properties of the polymer (with low E,) than by the rate of cis-trans-isomeri-
zation of the azo-linkage. This interpretation seems very likely, if one refers
to the data obtained by Paik and Morawetz® for such analogues systems as
polyamides and polyesters containing azo-aromatic groups in the polymeric
backbone.

Indeed, the photostationary fraction of cis-isomer in polybis-phenol-A-
isophthalate, containing 1.4 per cent of p,p’-azobenzenedicarboxylic units,
amounts only 0.025 in the glassy state instead of 0.45 in chloroform solution.
Such small degree of conversion of trans into cis-isomer in the glassy state
could hardly account for the contraction effect as described above.

On the other hand, it can hardly be postulated that this photomechanical
effect results from a rubbery behaviour of this polyimide at a temperature
much lower than T,

Van der Veen and Prins were interested in a completely different system,
namely membranes of 2-hydroxyethyl methacrylate cross-linked with
ethylene glycol dimethacrylate (1.1 per cent). A small amount of the water-
soluble dyestuff, chrysophenin (formula b), was added to the membrane
swollen in water, the ratio chrysophenin/hydroxyethyl methacrylate unit
being 1/400.

N
C2H50~©‘N\\ SO,Na
N CH
A
CH N
P \
SO,Na N OC,H,

(h)

Under irradiation (10 minutes) the gel contracts for 1.2 per cent; in the dark
it recovers the original dimensions. The rate of recovery is a function of the
temperature, and parallels the increase of optical density of chrysophenin at
400 nm. In order to explain this contractile behaviour, the authors assume a
change of conformation of the polymer backbone, resulting from a solubility
difference of the trans and the cis-isomers in the hydrophobic part of the
macromolecule.

II PHOTOCONTRACTION OF SPIROBENZOPYRAN NETWORKS
Spirobenzopyran derivatives undergo, under ultra-violet irradiation, a
227



G. SMETS AND F. DE BLAUWE

cabon-oxygen bond scission followed by cis-trans-isomerization during
which deeply coloured open-ring merocyanines are formed (equation c).

1-Benzyl-6"-nitro- DI PS*

These coloured species revert to the colourless component by a thermal as
well as photochemical process, during which different intermediates are
involved'®. The rate of the thermal decolouration of DIPS-merocyanines is
strongly dependent on the glass-transition temperature of the matrices in
which they are embedded, and especially when the DIPS is bound to the
polymer chain. The effect is most pronounced in photochromic polyconden-
sates containing a bifunctional DIPS-photochrome within the polymer
backbone; it makes it possible to regulate the photoresponsive behaviour
of the colourless material, as well as its thermal decolouration.

H,C CH,

RO —CH,

I
R= [CO —(CH,),—CO—0~CH,~C —CH,~0
] |

CH,
i.e. (polyester)

An example is represented by formula (d) of a photochromic polyester
containing 3 moles-% of 1+p-hydroxymethylbenzyl)-8- hydroxymethyl -6-
nitro-DIPS within poly-bisphenol-A-pimelate sequences*.

The much greater sensitivity of the DIPS-compounds to T, and secondary
transition phenomena than the aromatic azo-derivatives must be related to
the r)gldlty of the splro(benzopyranmdolme) linkage and to the bulkiness

o l"he acronym DIPS is used for 3 3 dnmethylsplro—{2H 1 benzopyran 2 2 mdolme)
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of the DIPS portion that is obliged to rotate around the C=C double bond
in order to achieve the trans-configuration.

It seems therefore very attractive to incorporate DIPS-compounds as
photosensitive elements within a rubbery material [crosslinked polyethyl
acrylate] and to observe the photochemical contractile behaviour that their
presence may induce. We will consider successively (a) the photomechanical
behaviour of photochromic DIPS-networks and (b) their photochromism in
oriented networks.

(@) Photomechanical behaviour of crosslinked photochromic poly(ethyl acryl-
ates)

Copolymers of ethyl acrylate and bis(DIPS methacrylate) (formula e)
were prepared in the presence of azobis-isobutyronitrile or isopropyl
peroxydicarbonate as initiator (see Table I). The copolymers were purified
by repeated extraction of the thread- or sheet-like samples with benzene,
then unswollen by addition of hexane and dried in vacuum at 45°C.

H,C CH, CHz—O—ﬁ—(Ij=CH2

o O CH,
NO,
N \=

The content of bis(DIPS methacrylate) in the monomer mixture is
0.5 mole- %, (4.5 weight-%)) for copolymers A, B, C, and 1 mol-%, for co-
polymer D.

The glass-transition temperatures of all four copolymers were around
—18 to —15°C. Their photomechanical behaviour was studied under
constant stress (load) by following at constant temperature the length
contraction as a function of time. During irradiation contraction occurs; in
the dark length recovery takes place, although at a slower rate than the
shrinking. After a few light/dark cycles the progress becomes entirely
reversible ; during the first cycles, dark recovery exceeds the photocontraction
on account of a progressive equilibration of the polymer network. Therefore
before irradiation all samples were equilibrated under stress during 18 hours
at the temperature of measurement.
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Figure 1. Photomechanical behaviour of copolymer A {dry). Influence of the temperature and
stress
Temperature mm load
O 15 4.5 219
A 29.6 44 219
n 45 42 219
® 15 22 35.7
v 15 325 59.4
Table 1. Synthesis of photochromic poly(ethyl acrylate) networks
Reaction mixture in mmoles
Polymer ~ L T 7 1C time/h Sample
. ethyl . solvent
bis(DIPS) acrylate Initiator” (ml)
A 0.05 995 0.02AIBN 05 80 18 thread
benzene 1.69 mm diam.
B 0.1 199 005IPP 4 45 48 sheet
DMF 0.48 mm thickness
C 0.2 398 0.051PP 4 37 48 sheet
benzene 0.69 mm thickness
D 0.4 39.8 0.051PP 4 37 48 sheet
benzene 0.56 mm thickness
S gi FI;:;ESI\)M“ 39.8 0.051PP 4 37 48 sheet
) ! benzene 0.49 mm thickness

° AIBN ' azobis-isobutyronitrile; IPP . 1sopropyl peroxydicarbonate.
* EGDMA : ethylene glycol dimethacrylate.
¢ (DIPS), indicates: 1-benzyl-8-methacroyloxymethyl-6-nitro-DIPS.
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Figure 1 shows the photocontractile behaviour of copolymer A under
constant stress at different temperatures, and at constant temperature under
increasing stresses. Shrinking and lengthening are indicated in [ —AL/L]
x 102 where L is the length of the loaded sample after complete equilibration.
The photomechanical effect increases with decreasing temperature and with
decreasing stress, a photostationary state being reached after about eight
minutes. After cutting off the light the elongation process (followed in diffuse
light) takes about half an hour.

Copolymer B was examined in the dry state and swollen in benzene. In
contrast to copolymer A, the relative contraction increases with increasing
load (Figure 2). In swollen state (35 per cent benzene), the photomechanical

1.5
~J
~ " 1.0H
e
x
|
<
'
0.5
P | I e | N
10 20 30 40 50
Time, min
Start Stop
Figure 2. Photomechanical behaviour of copolymer B (dry). Influence of the stress
film thickness 0.48 mm load 18.5 g (25°C) V
width 5.5 mm 268 g (27°C) ©

effect is markedly increased, one-tenth of the load used with the dry sample
being already sufficient for 2.3 per cent contraction (Figure 3). By increasing
the stress, the swollen sheet-like sample contracts more than 6.5 per cent,
then breaks.

The different photocontractile responses of copolymers A and B towards
the stress suggest the existence of an optimum stress for which a maximum
photocontraction will be obtained. Therefore, copolymers C and D were
prepared in the same experimental conditions, but differ only in their
bis(DIPS methacrylate) content (0.5 and 1 mole-Y%; respectively). Figure 4
shows the photostationary relative contraction of the dry samples in vacuum
after ten minutes irradiation in function of the relative elongation A = L/L,,
i.e. with increasing load. The reproducibility of the measurements is fairly
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Figure 3. Photomechanical behaviour of copolymer B, swollen in benzene (30-40 %) (27 °C)

load:27g ¥
49g ©

good, as can be seen in Figure 4. The weights along the curves indicate the
loads necessary to obtain the elongation as given in abcissae.

The maximum photocontraction (two per cent) of polymer C is obtained
at a relative elongation of 2.3-2.5. At the same A-value, the photocontractile
response of copolymer D exceeds markedly that of the less cross-linked
copolymer C; it was however not possible to measure its maximum value,
on account of rupture of the sample by further weight increase (higher
elongation). Beyond the optimum /A-value, the photocontractile effect
decreases with increasing stress.

In order to interpret these data, it must first be pointed out that the
photocontractile behaviour cannot be attributed to a temperature increase
of the samples during irradiation. Experimentally it was indeed verified that
the temperature variation At measured in situ never attains 0.5°C, while a
two per cent length contraction, as observed at 15°C (polymer A), would
necessitate a temperature increase At of 20°C, ie. 35°C. Moreover, the
photomechanical effect remains unchanged if the experiments are carried
out in a vacuum or in air.

On the other hand it is admitted that the volume variation of the sample
is very small, so that the term pdV is negligible and the work to stretch by
the force freduces to:

dW = fdl — pdV = fdI
The variation of internal energy dE is thus equal to
dE =fdi + TdS
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Figure 4. Photocontraction of copolymers C and D. Influence of the relative elongation L/L,

copolymer C D
mole % bis(DIPS methacrylate) 0.5 1
film  width mm 5.15 5.15
thickness mm 0.69 © 0.56 V
0.67

Since, in an isothermal process, [dE/dl]; is very small with respect to
T[dS/dl]; and remains practically constant up to 300 per cent elongation,

it follows that:
dEJ [dS:I [dS}
— — — T —_— z — T J—
[dl T dl 1y dl1;

The stretching of a rubber by an external force varies therefore essentially
the entropy of the polymer by decreasing the chain-segment mobility. The
length variation of the samples is therefore the resultant of the downwards
stretching force, i.e. the weight attached to the sample, and the opposite
upwards force due to entropy increase. In all the polymers, the cross-links
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are bis-photochromic units, which are very rigid on account of the two sp?
spiro carbon atoms which keep the two DIPS units perpendicular to each
other. On irradiation, these units are transformed into planar merocyanines
which are more mobile and favourably affect the mobility of the neighbouring
chain segments. As a consequence, the entropy of the system increases on
irradiation, and contraction occurs (if the entropy contribution exceeds that
of the stretching force). By increasing the temperature the relative importance
of the entropy contribution becomes smaller, and the contraction is less
pronounced.

The photostationary contraction increases with increasing elongation, as
long as 4 remains below its optimum value; this is the case for the measure-
ments with copolymers B and C and for copolymer D below A = 2.5.

Above the optimum value of 4, the photostationary contraction decreases
with increasing elongation: this behaviour is shown by copolymer D above
A = 2.5 and by copolymet A, which was synthesized under experimental
conditions, very different from those used for the other copolymers.

(b) Photochromic behaviour of oriented crosslinked poly(ethyl acrylate)

The photochromic behaviour of a film of copolymer C has been examined
in oriented (50 per cent elongation) and unstretched states by following the
rate of decolouration at different temperatures. The variation of optical
density as a function of time shows, in both oriented and unoriented samples,
an initial step, which is about seven times greater than the second one at a
temperature below 40 °C. The existence of two open-ring merocyanines which
decolourize independently of each other, following first-order kinetics, was
indicated mainly because the shape of the absorption band changes noticeably
with time, and its maximum absorption wavelength shifts progressively from
586 to 562 nm (Figure 5). The orientation of the polymer chain due to 50 per
cent elongation of the sample exercises a strong influence on the rate constants
for decolouration of both isomers, which are 2.5 to 3 times smaller than those
for the unoriented sample. The kinetic parameters are given in Table 2, where
k, and k, are the calculated rate constants of the two decolouration steps. The
corresponding Arrhenius diagrams are reproduced in Figure 6.

The decrease in decolouration rate on stretching the sample is attributed
to the important decrease of chain-segment mobility and demonstrates
clearly the photosensitivity of DIPS-photochromes to chain orientation.

It is noteworthy that the bis(DIPS-methacrylate) dissolved in ethyl
isobutyrate [low molecular weight homologue of poly(ethyl acrylate)]
decolourizes about 200 times faster at 32°C than when it is incorporated
into a rubbery network. This strong effect is due to the high internal viscosity
of the network as compared to the solution, and agrees with a general
statement®. Tts activation energy of decolouration E, = 23.3 kcal mol ™! is
nevertheless only slightly lower than that of the corresponding films.

In copolymer C, the bis(DIPS methacrylate) was used as the crosslinking
agent for the rubbery poly(ethyl acrylate) network. It is attractive to compare
copolymer C with a copolymer network in which the DIPS-units should be
present only as pendant side-groups. Therefore, copolymer S has been
prepared under the same experimental conditions as copolymer C (see
Table 1); the crosslinking agent however was ethylene glycol dimethacrylate
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Figure 5. Variation of absorption band of copolymer C and copolymer S with time at 25 °C.

Table 2. Decolouration rate constants of copolymer C in the solid state

rate constants ins~! x 103

t/°C unstretched 509, elongation
k, k, ky k,

26.3 20 0.3 0.7 0.12

32 4.6 0.74 1.5 03

40 14 23 52 1.2

50 38 7.8 13 38

60 96 22 39 12
E, kcal mol ™! 226 253 233 272
log PZ 139 15 139 16
AH* 220 24.7 227 26.5
AS* 2.8 8.1 30 12.0
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Figure 6. Arrhenius diagram of copolymer C. Influence of chain orientation.

and a monofunctional DIPS methacrylate, namely the 1-benzyl-8-meth-
acroyloxymethyl-6-nitro-DIPS, was used together with ethyl acrylate as
comonomer. The schematic structures of both copolymers are represented
in Figure 7.

Both copolymers C and S have an equivalent value of M_, the molecular
weight between two successive crosslinks (27300 and 27200 respectively) as

A
|
Copolymer C E A E
2 2

1
Copolymer S B A B

l 1
A = COOEt
Fy = bis(DIPS methacrylates)
Fy = mono-DIPS methacrylate

Figure 7. Schematic structures of copolymers C and S.
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determined by equilibrium swelling experiments!*. On the basis of nitrogen
analyses, the molar content of bisphotochrome in copolymer C amounts to
0.68 mole- 9, that of monophotochrome in copolymer S to 0.73 mole-%,.
The decolouration rates of copolymer S were determined for the unstretched
state and at 40 and 65 per cent elongations. In contrast to copolymer C, the
decolouration reaction obeys strictly first-order kinetics, and the rate
constants are independent of the chain orientation, as can be seen from
Table 3.

Table 3. Decolouration rate constants of copolymer S in the solid state

rate constants ins~! x 103

t°C e —
unstretched 409, elongation 65 % elongation
27.6 0.43 0.47 0.46
32.8 1 1.1 1.1
408 3 3 31
509 10.5 10 12
60.0 325 29 30
E, kcal/mol: 25.6
log PZ:15.3
AH* kcal mol "': 25
AS* eu.: 9.5

The rate constants have to be compared with the k, values of the un-
stretched copolymer C; they are about 30 per cent higher, but the activation
energy and pre-exponential term of the Arrhenius equation are sensibly
equivalent. These experimental results confirm once again the role of the
incorporation of the photochrome into the polymer chain and the prime
importance particularly of their sites of attachment.

CONCLUSION

Photochromic poly(ethyl acrylate) networks crosslinked with bis(spiro-
benzopyran methacrylates) undergo, by irradiation in strictly isothermal
conditions, a photomechanical contraction. Thermal recovery occurs in the
dark; these phenomena are reversible. This photocontractile behaviour is
attributed to an entropy increase of the polymeric chain, due to the higher
flexibility of the open-ring merocyanines compared to the stiffness of the
parent ring-closed spiropyrans. Orientation of photochromic polymer
networks causes an important decrease of the decolouration rate, as far as
the photochromes are involved in the crosslinks.
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