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UV- and X-ray induced polymerization of diacetylene groups in layered salts of 35octadiyne bisphos- 
phate (ODBP) with di- and trivalent metals (Zn, Mg, Mn, Ca, Cd, La, Y, and Sm) was studied. Diffuse 
reflectance UV-visible spectra were used to monitor the course of the polymerization reactions. From 
these spectra, it was found that the highest degree of polymerization was obtained with the Zn, Mg, 
and Mn salts; short-chain oligomers were formed with La, Y, and Sm, while the Ca and Cd salts had 
the lowest reactivity. These trends can be rationalized in terms of structural models for the juxtaposition 
of diacetylene groups in the monomeric salts and on the basis of the similarity of the spacing of 
phosphate coordination sites in the basal plane (4.8 A for Zn, Mg, and Mg, and 5.6 8, for La, Y, and 
Sm) and the polydiacetylene repeat distance (4.93 A). The nucleation and growth of the polymeric 
phase within these layered solids followed inverse exponential kinetics and could be fitted to the Avrami 
equation (M. Avramr, J. Chem. Whys. 7, 1103 (1939)). 0 1991 Academic press, IK. 

Introduction 

Metal-organic solids with alternating in- 
organic and organic layers are interesting 
materials because they have flexible yet sta- 
ble structures. Well-studied examples of 
these include the phosphonate and phos- 
phate salts of di-, tri-, and tetravalent met- 
als, which comprise alternating layers of 
approximately planar metal-oxygen- 
phosphorus nets and organic groups (I). The 
ionically bonded metal-oxygen network 
adopts, for a given metal ion, the same struc- 
ture for a wide range of organic groups and 
therefore directs the packing of these groups 
in a predictable manner. For example, 
mixed phosphate/phosphonate compounds 
in which bulky organic groups pillar the lay- 
ers have been prepared (2). These salts con- 
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tain void spaces of tunable size and shape, 
and show interesting molecular recognition 
properties when intercalated or ion-ex- 
changed with guest species (3). A second, 
less widely exploited property of layered 
metal-organic compounds is the availability 
of different structure types which may be 
synthesized with a given organic group by 
using different metal ions and/or reaction 
conditions. This property gives one the op- 
portunity to control the polymerization of an 
organic monomer by systematically altering 
its juxtaposition with other monomers 
within the layered metal phosphate or phos- 
phonate host structure. In this paper we re- 
port polymerization reactions of diacety- 
lenes incorporated into layered metal 
phosphate salts. The diacetylene polymer- 
ization reaction was chosen for this study 
for two reasons: first, we wish to explore 
the possibility of synthesizing metal diacety- 
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lenic phosphonate films, which can be pre- elevated temperature, or under the action of 
pared by sequential absorption procedures high-energy radiation. 
developed in our laboratory (4). In princi- It has been shown quantitatively (9) that 
ple, this approach could yield new ultrathin as the polymerization undergoes a stepwise 
negative resists for deep-UV, X-ray, or elec- 1,4 addition and the length of conjugation 
tron beam microlithography, of which there increases, the electronic spectra display ab- 
have been a limited number of attempts (5) sorptions of intermediates at increasing 
using diacetylene-containing Lang- wavelengths which can be accurately pre- 
muir-Blodgett films. Studies of bulk phases, dicted based on theoretical modeling of the 
compared with films of molecular dimen- intermediate species. In the solid state, en- 
sions, are obviously much easier to carry vironmental factors can impose compres- 
out and can provide information necessary sive or tensile strains on the polymer back- 
for assessing such possibilities. Second, bone which may cause shifts in the 
from the solid state chemistry point of view, absorption edge. It should also be noted that 
diacetylene polymerization itself is interest- in the solid state, electronic transitions will 
ing because it represents a unique class of be broadened by crystal dispersion, and fur- 
solid state reactions whose reactivity has thermore they may be offset by “solvent 
been shown to be governed by the so-called interactions” with polarizable side groups. 
topochemical principle (6). The resulting The magnitude of these effects can be on the 
polydiacetylenes have shown significant po- order of 15% of the transition energy (IO), 
tential for use in ultrafast signal processing and therefore it is not possible to determine 
because of their unusual nonlinear optical polymer chain length from solid state elec- 
properties (7). The incorporation of a diacet- tronic spectra alone. Within a homologous 
ylene functionality into inorganic matrices, series of compounds, however, it is valid to 
besides being a challenge itself (since only use the correlation between oligomer chain 
one successful case has been reported (8)) length and electronic absorption onset (9) 
may offer an opportunity to create lattices to compare relative polymer chain lengths. 
of aligned monomers to which the principle This relationship was therefore used in this 
of topochemical reactivity may apply. study to correlate the approximate degree 

The mechanism of the solid state poly- of polymerization of layered salts of 3,5- 
merization of diacetylenes has been well octadiyne bisphosphate with the structures 
studied and is rationalized (6b,d) to proceed of its precursor monomeric salts. 
as a radical stepwise 1,4 addition to the con- The arrangement of diacetylene rods in a 
jugated triple bonds according to Eq. (I): crystal lattice determines the reactivity for 

n R<=C<=C-R - 
polymerization. A set of rules collectively 
called “the topochemical principle” has 

[+(-) n. (1) 

been derived based on crystallographic evi- 
dence (II, 6d). As depicted in Fig. 1, topo- 
chemical polymerization occurs only when 
(a) the difference in the translational period 
of the monomer d, and the polymer d, ap- 

This reaction gives rise to polymers with a proaches zero (in reactive diacetylenes, d, 
fully conjugated backbone (which is respon- is in the range of 4.7 to 5.2 A, and d, is 
sible for the large value of the nonresonant almost invariably around 4.93 A); (b) s, is 
third-order nonlinear optical susceptibility, smaller than 4.0 A, with a lower limit of 
xC3’) (7). The polymerization can be brought 3.4 A, which represents the van der Waals 
about by UV irradiation, by annealing at contact distance of the two rods; (c) the 
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FIG. 1. Illustration of the topochemical principle for diacetylene polymerization. See text for explana- 
tion of symbols. 

angle between the diacetylene rod and the 
translational vector, yi, is close to 45” (d,, 
sl, and y1 are related by s, = d, sin ri). All 
three geometrical requirements of diacety- 
lene crystal packing must be met in order to 
secure a close contact between the C4 atom 
of one diacetylene rod and the Cl ’ atom of 
the neighboring rod, in the reactive mono- 
mer. This contact distance is given by (d: 
+ 44 - 2d,d,, cos y,)“‘, where d,4 is the 
distance between the C4 and Cl atoms 
within a diacetylene rod. 

There has to date been only one report 
of diacetylene incorporation into a layered 
inorganic matrix which leads to the topo- 
chemical formation of high molecular 
weight polymers: the photopolymerization 
of aminodiacetylene cations, RNH:, in 
layer perovskite halide salts (RNH,),CdCl, 
(8). In (Z?NH,),M”X, and (H,NR’NH,) 
M”X4(M = Cr, Mn, Fe, Cu, Cd;X = Cl, 
Br) the metal and halide ions form infinite 
layers of corner-sharing octahedra sepa- 
rated by the organic cations, which are hy- 
drogen bonded to the axial halide ions (12). 
This weak, non-direction-specific hydrogen 
bonding appears to be a crucial element in 
the design of polymerizable diacetylene 
salts, since it allows the diacetylene rods to 
come into close contact with one another 
and therefore leads to highly efficient solid 
state polymerization. 

Experimental 

Materials and Methods 

Chemicals and experimental methods 
used to prepare and characterize the com- 

pounds discussed in this paper were the 
same as those previously described (Ij-l), 
except that UV-visible diffuse reflectance 
spectra were obtained with a Varian DMS 
300 spectrophotometer equipped with a dif- 
fuse reflectance attachment, and the spectra 
were recorded against a BaSO, reference. 

Compound Synthesis 

Synthesis of sodium monobasic 3,5-oc- 
tadiyne bisphosphate, NaH,(O,POCH, 
CH,C,CH,CH,OPO,) [NaH,(ODBP)]. Be- 
cause the high temperature ( 150°C) required 
in the preparation of phosphonic acids via 
the Michaelis-Arbuzov reaction can cause 
acetylene or diacetylene compounds to po- 
lymerize or decompose, monoesters of 
phosphate ROPO,H, (structurally similar to 
phosphonic acids RPO,H,) were prepared, 
under milder conditions, according to the 
following scheme: 

ROPO,H,. 

Synthesis of 3,5-octadi-yn-1 ,&diol was 
done by the Glaser coupling reaction (23) of 
3-butyn-l-01. To a mixture of 22 g freshly 
prepared CuCl (0.22 mole), 36 g of NH&l 
(0.67 mole), 15 ml concentrated aqueous 
ammonium hydroxide solution, and 200 ml 
H,O was added 12.5 (0.178 mole) of 3-butyn- 
l-01 (Aldrich). At room temperature, O2 was 
passed through the mixture while it was 
stirred. A slightly positive pressure (5 Torr) 
of 0, was maintained. As the reaction pro- 
ceeded, the mixture became warm due to 
the heat released by the reaction. Twenty- 
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four hours later the uptake of O2 had ceased 
and the color of the mixture had changed 
from the initial yellow to blue-green. After 
the mixture was neutralized with HCI, it 
was extracted with ether in a continuous 
extractor for 5 hr. Evaporation of ether and 
removal of the unreacted 3-butyn-l-01 af- 
forded the diol as a crystalline solid. The 
extraction was done with protection from 
light since the product is light sensitive, 
turning red gradually in the light. The prod- 
uct weighed 9.4 g. (75% yield). 

The 1,3-octadiyn-1,8-diol (9.4 g, 0.068 
mole) prepared in the previous step was dis- 
solved in 20 ml dry ether and added drop- 
wise with stirring to 52 of POCl, (0.34 mole) 
which had been cooled below 5°C with ice. 
(This addition and the following procedures 
were done with protection from light.) Fol- 
lowing the addition, the solution was al- 
lowed to warm to room temperature and 
stirring was continued for 30 min. Removal 
of ether and excess POCl, in uacuo at room 
temperature was followed by slow and care- 
ful addition of 10 ml water, while the re- 
maining liquid was cooled in ice water. 
(From this point on, protection from light 
was not crucial.) To the resulting brownish 
aqueous solution was added 100 ml acetoni- 
trile, and the white sodium salt of ODBP 
was precipitated from the solution by slow 
addition of 10 M NaOH solution until the 
pH reached 1 .O. The solid was washed with 
acetonitrile and dried in uacuo. Elemental 
analyses (Calcd.: C, 30.02; H, 3.46. Found: 
C, 29.91; H, 3.51.) and titration with NaOH 
in aqueous solution (two inflection points at 
pH 3.9 and 9.7, corresponding to a one-third 
equivalent and an additional two-thirds 
equivalent base added, respectively) were 
in agreement with the composition NaH, 
(0,POCH,CH,C,CH,CH20P0,). The salt 
isolated weighed 15.6g, and the yield was 
thus 72%. A ‘H NMR spectrum of Na 
H,(ODBP) in D,O with 1,4-dioxane as an 
internal reference showed a triplet of 2H at 
2.63 ppm (6) and a quartet of 2H at 3.98 ppm 

(the quartet rather than a triplet splitting 
pattern is due to the 31P atom of the phos- 
phate group). NaH,(ODBP) was slightly 
light sensitive, turning red over weeks. 
However, in solution at 0.08 M concentra- 
tion it was stable for months without notice- 
able change. 

Synthesis of ODBP salts of di- and triva- 
lent metals. Since good crystallinity is de- 
sired with these materials, and yet it cannot 
be achieved through the usual Ostwald rip- 
ening process at elevated temperatures (1) 
because polymerization of diacetylene units 
in the amorphous state may take place, a 
simple yet effective method was devised. A 
clear 0.04 M solution of a salt of the appro- 
priate di- or trivalent metal ion (Zn, Mn, Mg, 
Ca, or Y, La, Sm) and an equivalent amount 
of NaH,(ODBP) were combined in a loo-ml 
beaker, which was then placed inside a 250- 
ml beaker containing 20 ml of 5 M aqueous 
ammonia solution. (In case a precipitate 
formed upon mixing solutions of the metal 
salt and phosphate, HCl was added to dis- 
solve the precipitate.) The larger beaker was 
then tightly covered with parafilm and the 
clear solution was stirred magnetically. Pre- 
cipitation occurred over various lengths of 
time as the volatile ammonia diffused into 
the inner solution, gradually increasing its 
pH. The compounds prepared by this 
method had not only far better crystallinity 
than those prepared with slow addition of 
NaOH solution, they also had constant com- 
position, in contrast to those with poor crys- 
tallinity. The precipitates were filtered and 
washed in the dark, then dried in an alumi- 
num desiccator over P,Os. 

UV and X-Ray Induced Polymerization of 
ODBP Salts 

UV induced polymerization. Powders of 
ODBP salts were spread onto a l- x 2-in. 
quartz slide and fixed with tape. Samples 
were then irradiated with IR-filtered UV- 
visible light from a 100-W xenon arc lamp 
for various lengths of time, during which the 
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color of the samples changed from white to 
yellow, orange, or red. The color changes 
were monitored quantitatively with diffuse 
reflectance spectroscopy. 

X-ray induced polymerization. Powders 
of ODBP salts were placed in a cavity sam- 
ple holder and were pressed flat. With a 
Philips X-ray diffractometer at a fixed 28 
angle of 45” the sample was irradiated with 
CuKa radiation for various lengths of time. 
Diffuse reflectance spectra were taken by 
first carefully covering the sample with a 
quartz slide without disrupting the surface 
(X rays do not penetrate deeply into the 
sample) and then pressing the quartz slide of 
the sample against the measuring window. 

Results and Discussion 

Structural Studies of ODBP Salts of Di- 
and Trivalent Metals 

Our premise that diacetylenic bis-phos- 
phate H,03POROP03H,, being structurally 
similar to alkyl bis-phosphonic acid 
H,O,PRPO,H,, may form phosphates of di- 
or trivalent metal ions, adopting structures 
corresponding to those of metal phospho- 
nates, must at least not encounter any con- 
tradicting evidence. Elemental analysis 
and TGA results (Table I) revealed that 
ODBP salts had the compositions of M” 
(ODW,,z * H,O (M = Zn, Mg, Mn, Ca, 
Cd) and M”‘H(ODBP) * OSH,O (M = Y, 
La, Sm). These formulations are parallel 
with those of the simple phosphonates, 
M”(O,PR) * H,O and M”‘H(O,PR),, except 
for the additional 0.5 mole of water in the 
trivalent metal salts. The water molecules 
are most likely to be intercalative, not in- 
volved in coordination to metal ions, be- 
cause they are easily lost when the com- 
pounds are heated just over 80°C. By 
comparison, M”(ODBP),,l * H,O (M = Mg, 
Mn, Ca, Cd) salts lose water above 150°C. 
Infrared spectra show that these water mol- 
ecules are involved in extensive hydrogen 
bondine. as manifested bv the broad and 

strong absorption centered at 3450 cm-‘. 
Therefore, their location in the crystalline 
solids must be near the phosphate group of 
ODBP, and they are hydrogen bonded to the 
oxygen atom linking P and C atoms. 

Although the crystallinity of these com- 
pounds was greatly improved with the am- 
monia diffusion method, their XRD powder 
patterns were generally not good enough for 
unambiguous indexing. Figure 2 compares 
a set of typical XRD patterns for the lantha- 
num salt of ODBP precipitated by slow addi- 
tion of NaOH to the precursor solution and 
by the ammonia diffusion method. Changes 
in the powder pattern induced by UV poly- 
merization of this compound (Fig. 2c) are 
slight. The layered structure of these com- 
pounds was evident from the prominent pro- 
gression of diffraction maxima (typically 
2-4 well-resolved reflections) correspond- 
ing to layer spacings. Table II lists the layer 
spacings of these ODBP salts. 

Although the above findings are not in 
contradiction with the premise mentioned 
earlier, ultimate proof of the premise may 
be difficult. However, estimations can be 
made for the structural arrangement of di- 
acetylene units in M”(ODBP),,, * H,O based 
on the above layer spacings of ODBP salts, 
the molecular dimensions of ODBP, and the 
premise of structural similarity to the analo- 
gous metal alkylbisphosphonate salts. Fig- 
ure 3 shows one possible structural arrange- 
ment of ODBP molecules in M”(ODBP),,~ * 
H,O (M = Mg, Mn, Zn) with typical bond 
lengths indicated (14). The translational pe- 
riod of 4.8 A is the c axis of an orthorhombic 
M”(O,PR) * H,O structure in which alkyl 
groups lie in the mirror plane. The angle yi 
is estimated to be 40 + lo”, which is within 
the range to be reactive. 

Similar estimations for ODPB salts of Ca 
and Cd are difficult to make, because in the 
Ca(O,PCH,) . H20 structure (with which 
Cd(O,PCH,) * H,O is isostructural) there is 
a lack of alignment among the alkyl groups. 
Thev are disnosed “staggered” to one an- 
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Compound 

TABLE I 

ANALYTICAL DATA FOR ODBP SALTS 

Elemental analysis Thermogravimetric analysis 

Calculated (%) Found (%) Weight loss (%) Temperature range 

C H C H Calculated Found “C 

Zn(ODBP),,, . HrO 20.85 2.62 21.02 2.64 7.82 7.75 70-100 
Cd(ODBP),,z . Hz0 17.81 2.18 17.85 2.22 6.49 6.60” 150-270 
Ca(ODBP),,r . HrO 23.42 2.95 22.30 3.36 8.78 8.80 170-240 
Mg@DW,,~ . Hz0 25.37 3.19 9.51 9.38 160-200 
Mn(ODBP),, . HrO 21.84 2.75 8.19 8.13 155-210 
LaH(ODBP) . OSHrO 21.69 2.28 21.63 2.30 2.03 
SmH(ODBP) . 0.5H,O 21.14 2.21 20.42 2.13 1.98 1.90 64-80 
YH(ODBP) .0.5HrO 24.45 2.56 24.28 2.61 2.29 2.27 50-82 

p Estimated, since the ODBP moitey begins to decompose at 270°C 

other with irregular distances between them metals. As for the ODBP salts of trivalent 
along the u-axis (II). But this structural in- metals, a recent single crystal X-ray struc- 
formation leads one to predict less tendency ture of LaH(0,PC,H5)2 by Wang et al. (In) 
for ODBP salts of calcium and cadmium to shows that the phosphonate groups are 
polymerize than those of the other divalent aligned along the c-axis direction. In this 

r’,‘,~,~,‘,~,~,~,~,~,~,~,~I 
30.0 28.0 26.0 24.0 22.0 20.0 18.0 16.0 14.0 12.0 10.0 8.0 6.0 4.0 

28 (Degree) 

FIG. 2. Powder XRD patterns for LaH(ODBP) . 0.5H20 prepared by slow addition of NaOH 
precursor solution (lower) and by the ammonia diffusion method (middle). The top trace was 
after UV polymerization of the compound prepared by the ammonia diffusion method. 

to the 
taken 
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TABLE II 

LAYERSPACINGS OF ODBP SALTS 

M”(ODBP),, H,O d,,,, (A) M"'H(ODBP) 0.5H20 d layer (A) 

M8 13.6(l) 

MO 13.7(l) 
ZIl 13.6(l) 
Ca 13.8(l) 
Cd 13.6(l) 

Y 14.3(l) 
La 14.5(l) 
Sm 14.7(l) 

structure the P-C bond makes an angle of 
about 77” to the c-axis and is approximately 
perpendicular to the u-axis; the b-axis is the 
stacking axis. We can therefore infer that in 
the LnH(ODBP) .0.5H,O salts, the diacety- 
lene groups are juxtaposed along the c-axis 
direction with a spacing of approximately 
5.6 A, as in LaH(O,PC,H,), (In) and 
LnH(0,PCnH,,+J2 (II). If the angle be- 
tween the P-O bond and the layer plane in 
LnH(ODBP) * 0.5H,O is the same as the 
P-C angle (ca. 77”) in LaH(O,PC,H,),, then 
the angle y1 (see Fig. 1) is estimated to be 
35”, and the s, value (calculated as s, = d, 
sin r,) is about 3.2 A, close to the ideal 
3.4-A value for topochemical reactivity. 
Therefore, we expect the diacetylene 
rods to adopt a reactive arrangement in 
LnH(ODBP) . 0.5H,O. However, because 
the c-axis spacing is significantly larger than 
the ideal 4.93-A repeat distance in polydia- 

I Metal Ion Layer 

FIG. 3. Possible structural arrangement of ODBP 
molecules in @(ODBP) 1,2 . Hz0 (M = Mg, Mn, and 
Zn). 

36.0 hours 

h 6bo / f 
400 700 000 

Wavelength (nm) 

J=y--p \ \ 
$ 

0.4 

t,’ ‘\,, 

0.0 -‘----b. 

c I I I / I j I I I 
220 320 420 520 620 ; 

Wavelength (nm) 

0 

FIG. 4. Diffuse reflectance spectra of (a) Zn 
(ODBP),,, H20 irradiated with a Xe lamp for the indi- 
cated length of time and (b) Mg(ODBP),,2 Hz0 irradi- 
ated for 18 hr. 

cetylenes, we do not expect long chains to 
grow within this structure. 

UV- and X-Ray Polymerization of ODBP 
Salts of Di- and Trivalent Metals 

M”(ODBP),,2 . H,O (M = Mg, Mn, Zn). 
Compounds in this group are reactive upon 
UV irradiation, as manifested by their color 
change from white to orange or red. These 
changes are recorded in diffuse reflectance 
spectra (Fig. 4) which show that with in- 
creasing time of irradiation the absorption 
peaks of monomeric diacetylene (15) in the 
UV region (228, 240, 254 nm) disappear 
while a broad, featureless absorption ex- 
tending to the visible region grows. The ex- 
tension of this absorption threshold is the 
longest for Zn(ODBP)in * H,O, to about 640 
nm, giving the sample its red color, and to 
only 540 nm for both manganese and magne- 
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sium ODBP salts. As mentioned in the Intro- 
duction, the conjugation length of a polydia- 
cetylene is correlated to its electronic 
absorption features (9). By comparing the 
observed spectroscopic behavior of ODBP 
salts to the calculated absorption positions 
of a polymerizing diacetylene system, the 
following conclusions may be drawn: (a) 
since the diffuse reflectance spectra are fea- 
tureless, the polydiacetylene obtained must 
be less than well ordered, may have a distri- 
bution of chain lengths, and has possibly 
some irregular cross-linking; (b) among the 
Mg, Mn, and Zn salts, Zn(ODBP),,, * H,O 
appears to have the highest degree of poly- 
merization, since its absorption threshold is 
at the longest wavelength by ca. 100 nm. 
For Zn(ODBP),,, * H,O, however, because 
its featureless spectrum has its absorption 
threshold beyond the theoretical limits for 
the absorption peak position of polydiacety- 
lene with an infinite chain length (590 nm), 
the conjugation length can be estimated only 
to be longer than 9 or 10 diacetylene units. 
In well-studied high molecular weight poly- 
diacetylenes it is common to see the maxi- 
mum absorption wavelength exceed 590 nm, 
and this has been attributed to excitonic ab- 
sorption and side-group “solvent effects” 
(10). 

X rays noticeably cause polymerization 
reactions to occur in ODBP salts of zinc, 
magnesium, and the three trivalent metals. 
The resulting polymers have very similar 
diffuse reflectance spectra. It was observed 
that with X-ray irradiation, the layer spac- 
ings of these compounds change very 
slightly. For Zn(ODBP),,2 * H,O, for exam- 
ple, the layer spacing changes from 13.55 to 
13.71 A. 

M”(ODBP,,2 * H,O (M = Ca, Cd). These 
two compounds change very slightly with 
UV irradiation. After prolonged exposure (3 
days) to UV light, they show only a slight 
yellow coloration. Their diffuse reflectance 
spectra (Fig. 5) show that the absorptions 
caused by UV irradiation extend only to 540 
nm, and the shape of the absorption curve 

220 320 420 520 620 i 

Wavelength (nm) 

0 

220 320 420 520 

Wavelength (nm) 

620 720 

FIG. 5. Diffuse reflectance spectra of M 
(ODW,,z . Hz0 after 3 days of exposure to UV light. 
(a) M = Ca; (b) M = Cd. 

(high absorption in the short wavelength re- 
gion) suggests that a large fraction of the 
absorption is most likely caused by dimeric, 
trimeric, and cross-linked diacetylenes. 

M”‘H(ODBP) . OSH,O (M = Y, La, Sm). 
Like their divalent counterparts, these com- 
pounds polymerize when irradiated with ei- 
ther UV light or X rays, affording oligomeric 
products. Shown in Fig. 6 are the diffuse 
reflectance spectra of SmH(ODBP) . 
0.5H20 irradiated with UV and X rays for 
the indicated lengths of time. As predicted 
from the structure of LaH(O,PC,H,), ((In), 
the diacetylene groups are reactive, but ap- 
parently only oligomers can be formed topo- 
chemically with compounds in this series. 

It was noted that the yttrium compound 
converts to its products when irradiated 
with UV light or X rays more slowly than 
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Wavelength (nm) 

b 

220 320 420 520 

Wavelength (nm) 

620 720 

FIG. 6. Diffuse reflectance spectra of SmH 
(ODBP) O.SH,O irradiated with (a) UV and (b) X rays 
for the indicated length of time. 

the samarium and lanthanum compounds. 
A study of time-dependent conversion was 
carried out. As shown in Fig. 7, the conver- 
sion from monomer to polymer is qualita- 
tively represented by log&,/R), i.e., the log- 
arithm of the reciprocal of reflectivity. The 
log&,/R) values are taken at an arbitrarily 
chosen wavelength, 420 nm (the following 
arguments do not change if a different wave- 
length is chosen within the absorption 
range). The time-conversion plot reveals 
that while the samarium compound poly- 
merizes faster than the yttrium compound 
by a ratio of 3 to 2 when irradiated with 
UV light, the ratio is about 3 to 1 when 
irradiation is with X rays. Hence, it may 
be argued that while the difference in the 
conversion rate with UV irradiation be- 
tween samarium and yttrium compounds 
can be accounted for by a slight difference 
in the arrangement of diacetylene moieties 
in the crystal lattice (since Y has a smaller 

ionic radius than Sm and therefore shorter 
site-to-site distances within the supposed 
planar metal-oxygen-phosphorus 2D net- 
work), the extra difference in the conversion 
rate (ca. 2: 1) with X-ray irradiation may be 
attributable to the difference in the X-ray 
cross section between Sm and Y. The total 
cross sections per atom for Sm and Y with 
CuKo(X = 1.5418 A) radiation are 1.13 x 
lo-l9 cm2 and 1.44 x lo-*’ cm*, respec- 
tively (16). Therefore the X-ray induced 
polymerization processes most likely in- 
volve excitation (energy or electron) trans- 
fer from the heavy metal to the diacetylene, 
which activates the latter for polymeriza- 
tion. This conclusion is also supported by 
the fact that metal-free H,(ODBP) polymer- 
izes extremely slowly, relative to its Sm and 
Y salts, when exposed to X rays. This 
method of sensitization by atoms with high 

“.“b 20 

b 1.04 

2 
4 

FIG. 7. Plot of log(R,lR) at 420 nm vs irradiation time 
with (a) X rays and (b) UV, showing the large difference 
in conversion rate between (A) SmH(ODBP) . 0.5H,O 
and (B) YH(ODBP) . OSH,O. 
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X-ray cross sections has previously been 
explored for applications in X-ray micro- 
lithography (17). 

Structural Control of Polymerization 
Reactivity in ODBP Salts 

While the fact that ODBP salts of di- and 
trivalent metals (except Ca and Cd) poly- 
merize when irradiated suggests that the di- 
acetylene units within the crystal lattice of 
these compounds prior to polymerization 
are in the required reactive arrangement ac- 
cording to the topochemical principle, our 
failure to obtain polydiacetylenes with high 
conjugation length (or high molecular 
weight) may be attributed to the covalent 
bonding of diacetylene units to the inorganic 
matrices. Because of this convalent fixation 
of diacetylene rods, as the polydiacetylene 
chain propagates once polymerization is ini- 
tiated, strain imposed on the propagating 
chain by the inorganic matrices will inevita- 
bly develop. Such strain may be brought 
about from two structural changes accom- 
panying polymerization: (1) the reorienta- 
tion of the terminal C-C single bond (C,-C,) 
of the diacetylene rod (see Fig. 1); and (2) 
the change of translational period to about 
4.93 A in the polydiacetylene, no matter 
what the initial value in the monomeric state 
may be (the translational period in mono- 
meric Zn(ODBP),,z . H,O is believed to be 
about the same as the c axis spacing of 
Zn(O,PR) * H,O, 4.8 A). Eventually such 
strains will present an energy barrier too 
high for the propagating polydiacetylene 
chains to overcome, leading to chain termi- 
nation. 

The reactivity of ODBP salts of divalent 
metals can be understood with the premise 
that these salts adopt the M-O-P network 
of the corresponding metal phosphonates as 
discussed above. The ODBP salts of Zn, 
Mg, and Mn show relatively high reactivity 
because the diacetylene units in these com- 
pounds are likely to be aligned and arranged 
in the reactive fashion according to the topo- 

chemical principle, as depicted in Fig. 3. 
On the other hand the low reactivity of the 
calcium and cadmium ODBP salts corre- 
lates well with the lack of alignment of or- 
ganic groups in the corresponding phospho- 
nate structures. The lanthanum, samarium, 
and yttrium salts are predicted to be reac- 
tive, but to give predominantly short chain 
length oligomers because of the poor match 
between the c-axis dimension (ca. 5.6 A) 
and the polydiacetylene repeat distance 
(4.93 A). 

The longer polymer chain length achieved 
by polymerizing Zn(ODBP),,z * H,O, com- 
pared with the presumably isostructural 
ODBP salts of magnesium and manganese, 
is perhaps due to the fact that the zinc ion, 
being almost certainly octahedrally coordi- 
nated in its monomeric ODBP salt, has a far 
greater tendency to be 4- or Scoordinated 
than the other two metal ions, whose coordi- 
nation number is almost exclusively 6 under 
usual circumstances. This coordination 
flexibility of the zinc ion can, in principle, 
render greater tolerance for distortions 
caused by the strains developed during the 
propagation process of diacetylene poly- 
merization, thereby delaying termination of 
a polydiacetylene chain. 

Polymerization Kinetics 

It has been found that the polymerization 
of molecular crystals of diacetylenes exhibit 
either inverse exponential or sigmoidal ki- 
netic curves (28). A model of polymeriza- 
tion kinetics controlled by lattice strain (19) 
has been successful in accounting for the 
polymerization kinetics of some well-stud- 
ied diacetylene systems and the observed 
kinetic behavior of diacetylenes in general. 
However, this model involves parameters 
related to the distal separations of diacety- 
lene units before and after polymerization, 
the elastic modulii of monomers and poly- 
mers in the polymerization direction, and 
the dependency of activation energies in the 
initiation and propagation steps on the poly- 
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mer fraction. Considering the complexity of 
the model and the poorly defined polymer- 
ization systems of the ODBP salts, it is obvi- 
ously inappropriate to apply this model to 
the present system. 

However, the Avrami equation (20), 
which was introduced to describe reactions 

a = VJV = 1 - exp( -kt”) (2) 

in which the solid state transformation oc- 
curs by nucleation and growth of regions of 
a new phase, as pointed out by Bloor(21), is 
capable of describing the observed kinetics 
of diacetylene polymerization in general, al- 
though it suffers from difficulties in micro- 
scopic interpretations. The following is an 
attempt to describe the polymerization ki- 
netics observed in ODBP salts with the 
Avrami equation. 

In Eq. (2), V,, is the volume of a new phase 
in the solid state transformation, cx is the 
volume fraction of the new phase, and n is 
a parameter which depends on the aniso- 
tropy of the solid. For the constant nucle- 
ation rate of the new phase, n is defined by 

n=d+l, (3) 

where d is the dimensionality. Noninteger 
values of 12, which may be smaller or larger 
than the value given by (3), occur when the 
nucleation rate is not constant. When n = 
1, the Avrami equation becomes a simple 
first-order kinetic equation, and the corre- 
sponding time-conversion curve is of in- 
verse exponential shape. 

Semiquantitative time-dependent conver- 
sion curves of the ODBP compounds (semi- 
quantitative because the natural logarithm 
of the ratio of reflectivity in the diffuse re- 
flectance spectra at time t,, when the poly- 
merization reaction has reached maximum 
conversion, and at time t,, when the poly- 
merization reaction is still noticeably in 
progress, was taken as the polymer volume 
fraction in this kinetic analysis) all display 
inverse-exponential-like shapes similar to 
the curves shown in Fig. 7. If it is assumed 
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FIG. 8. Plot of -In(l -cu) vs time for UV induced 
polymerization of Zn(ODBP),,, . H20. The slope of the 
linear curve in the inset is 0.856, the n value, and the 
intercept at In(t) = 0 gives In(k) = -4.037; therefore, 
the rate constant k = O.O176/min. See text. 

that the initiation step of the reaction is nu- 
cleation of a new polydiacetylene phase, 
which occurs at a constant rate, the ob- 
served kinetic curves should be fitted with 
the 12 = 1 case of the Avrami equation. The 
plot of 1 - ln(1 - a)] vs t should be a straight 
line. Figure 8 is a plot of [ - ln(1 - CK)] vs 
time (t) for the polymerization of 
Zn(ODBP),,, . H,O irradiated with UV light. 
The (Y values are taken from the ratio of 
the log&,/R) value in the diffuse reflectance 
spectra (Fig. 4a) at time (t) to the log(R,/Z?) 
value at t = 36 hr. 

As can be seen from the plot, at low con- 
versions (ca. 25% conversion, first 20 min) 
the experimental points fall on a straight 
line, indicating that the proposed kinetics 
may be followed; at higher conversions, the 
experimental points deviate from the 
straight line, showing signs of initiation rate 
dependence on polymer fraction. One possi- 
ble cause for such dependence is that at 
higher conversion, a substantial amount of 
polymeric (or oligomeric) diacetylene has 
been produced, which acts as a quencher 
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for the excited monomeric diacetylenes, 
thereby lowering the efficiency of reaction 
initiation. This effect has been observed in 
UV-induced polymerization of molecular 
crystals of some diacetylenes (22). 

The negative deviation from first-order ki- 
netics in Fig. 8 suggests an n value smaller 
than 1 in the Avrami equation. The n value 
can be obtained simply by plotting In] - ln( 1 
- a)] vs In(t), and the resulting linear curve 
has a slope equal to it and an intercept at 
In(t) = 0 equal to In(k). The inset in Fig. 8 
is such a plot for the UV polymerization of 
Zn(ODBPh * H20. Data for the polymer- 
ization of SmH(ODBP) * OSH,O irradiated 
with UV light and X rays were similarly 
treated, and the corresponding plots are 
shown in Fig. 9. The rate constants and n 
values obtained from the plots are given in 
the figure captions. 

Conclusions 

Topochemical polymerization of several 
layered metal salts of ODBP can be induced 
by UV or X-ray irradiation. The degree of 
polymerization is dependent on the arrange- 
ment of diacetylene units within the mono- 
meric solid and is highest in the case of the 
salts of divalent Mg, Mn, and Zn. Even in 
these favorable cases, however, we have 
not obtained polydiacetylenes with a high 
degree of polymerization and attribute this 
to covalent fixation of the diacetylene 
groups to the inorganic host lattice. A more 
flexible linkage between the diacetylene- 
bearing molecule and the inorganic host, 
which still juxtaposes the former in a poly- 
merizable arrangement, should lead to 
higher degrees of polymerization. The syn- 
thesis of related solids with this property is 
currently in progress. 
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