JOURNAL OF MATERIALS SCIENCE 37 (2002) 4677— 4682

Structure vs release-rate relationships
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Polymeric derivatives of plant growth regulators (phytoactive polymers) demonstrate their
biological activity after releasing the low-molecular-weight bioactive substances by
hydrolysis. In the present work the release rates for a series of polymeric esters of
carboxyl-containing plant growth regulators of the auxin group (2,4-dichlorophenoxy acetic
acid, 1-naphthylacetic acid, 2-naphthoxyacetic acid, and 2-naphthylthioacetic acid) were
studied. The effective rate constants in experiments of alkaline hydrolysis decreased as the
molecular mass of the polymer increased, the content of acid hydrophobic residues in
polymer increased, and the acidity of the acid decreased. Data on the elucidation of
stucture versus release-rate relationships in polymeric esters of plant growth regulators
will further aid the preparation of novel delivery systems with optimal biological activity.
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1. Introduction
Phytoactive polymers, polymeric derivatives of plant
growth regulators (PGRs), are biologically active after
releasing the low-molecular regulator as a result of the
hydrolysis of the chemical bond linking the regulator
to the polymer carrier [1-10]. In spite of the series of
works in this direction, the effect the chemical structure
of phytoactive polymers on their ability for hydrolysis
was not sufficiently studied [11-14]. At the same time
such knowledge may prove useful in the development
of novel highly efficient preparations for plant growing.
The aim of the present study is to reveal how the
rate of hydrolysis is correlated with structure of water
soluble polymeric esters of the above mentioned aryl-
containing carboxylic acids of the auxin type, contain-
ing various side groups (lyophilizing groups) imparting
to the polymer solubility in water on hydrophilicity.
To address these questions we studied polymeric
esters of 2.,4-dichlorophenoxy acetic acid (2,4-D),
1-naphthylacetic acid (NAA), 2-naphthoxyacetic acid
(NOAA) and 2-naphthylthioacetic acid (NTAA)
(Fig. 1A-C). The polymeric esters of PGRs were
prepared by the reaction of the acrylamide-vinyl-2-
chloroethyl ether (90.5 : 9.5) with the potassium salts of
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the acids 2,4-D, NAA, NOAA, and NTAA (Method A);
by co-polymerization of the allylic ester of 2,4-D (AE
2,4-D) with acrylamide, vinylpyrrolidone or acrylic
acid (Method B); and by acylation of polyvinyl alco-
hol of different molecular weight with acyl chlorides of
2,4-D and NAA (Method C).

The selection of these polymeric derivatives of
PGR’s enabled us to examine the effect of different
side groups of their structure (e.g., the type of the side
lyophilizing groups, the amount of the PGR residues in
the polymer, the molecular weight of the carrier poly-
mer, and the structure of PGR) on their hydrolysis.

2. Materials and methods

2.1. Starting compounds

2.1.1. Method A

Copolymers of acrylamide with 2-chloroethyl-vinyl
ether (CEVE) containing 9.5% CEVE units, of 24 x 103
M,,, were prepared by polymerization of the monomers
in isopropanol in the presence of azodiisobutironitrile
(AIBN) [15]. The synthesis of polymeric esters of
2,4-D, NAA, NOAA and NTAA was carried out by
the reaction of acrylamide-CEVE copolymer with the
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potassium salts of these acids in DMSO [15] (Fig. 1A).
The polymer esters used contained 0.7-0.8 base-mol%
of the PGR (Table I). The content of the PGR residues
in copolymers was calculated spectrophotometrically
by measuring the absorbance of the polymers at
A =282 nm for NAA, 271 nm for NOAA, 252 nm
for NTAA, and 284 nm for 2,4-D in DMSO and water
(Specord UV-VIS instrument, Germany).

2.1.2. Method B

The copolymers of 2,4-D allylic ester and acrylic acid
were synthesized in isopropyl alcohol in the presence
of AIBN as an initiator (Fig. 1B). The copolymer was

TABLE 1 The effective hydrolysis rate constants of PGR (NAA,
NOAA, NTAA, 2,4-D) polymeric esters prepared by reaction of potas-
sium salts of PGRs with acrylamide-CEVE copolymer (pH = 10.0, T =
320 K) (Fig. 1, method A)

PGR polymeric ester

PGR PGR (p Ka) (Mol%)? k% (dm® mol=! s71)®
NAA 5.12 0.81 0.58 £ 0.02
NOAA 3.38 0.76 7.47 £0.25
NTAA 3.13 0.71 9.80 + 0.37
24-D 2.94 0.78 12.90 & 0.28

2The content of the PGR units with carboxylic acid residues.
t’kgf is the effective second-order rate constant corresponding to the initial
reaction stage.
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Figure 1 Methods of preparation (A, B, C) and chemical structures of the synthesized polymeric esters of carboxyl-containing plant growth regulators
of 2,4-dichlorophenoxyacetic acid (2,4-D), 1-napthylacetic acid (NAA), 2-naphthoxyacetic acid (NOAA) and 2-naphtylthioacetic acid (NTAA).
Symbol in the designation of the ring molar fraction indicates on its statistical distribution in the polymer chain. (Continued.)
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isolated by filtration, followed by washing with pentane
and drying in vacuum to a constant weight. The copoly-
mers with acrylamide and N-vinylpyrolidone were pre-
pared in dioxane respectively in a similar way. The
acrylamide copolymer precipitated during the synthe-
sis, whereas the N-vinylpyrolidone copolymer was pre-
cipitated in diethyl ether. In order to prepare copolymers
with desired molecular masses and with certain PGR
residues co-polymerization was performed by varying
the ratio of each monomer in the reaction mixture. The
resulting copolymers were subjected to fractional pre-
cipitation and the precipitated fractions were separated
by centrifugation.

The molecular weight of the copolymers at low con-
centrations of the substitutes was measured by viscom-
etry using an Ostwald viscometer (with dilutions in the
range of concentrations 1-15 g dm™3) according the
formula [n]=(6.31 x 1073) Mg'g for the acrylamide
copolymer (in water) [16], [#] = (1.3 x 1072) M8'68 for
the N-vinylpyrrolidone copolymer (in water) [17] and
[n]=(76 x 1075) Mg)j for the acrylic acid copolymer
(in dioxane) [18]. The content of the PGR residues in
copolymers was calculated spectrophotometrically.

2.1.3. Method C

Polyvinyl alcohol of grades 7/1, 16/1 and 40/2 (*“Plast-
polymer,” Yerevan) prepared by alkaline hydrolysis
and purified by methanol extraction was used. The con-
tent of acetate groups in these species was 0.78, 0.93
and 1.21 respectively. The molecular mass, measured
viscometrically according to the formula [n] = (140 x
1073) M95, was 12.0 x 10°,29.0 x 10* and 65.0 x 10°
respectively [14, 16].

Polyvinyl esters were synthesized by acylation of
PVA with acyl chlorides in dimethylacetamide accord-
ingly to procedure described elsewhere [19] (Fig. 1C).
The amount of PGR residues coupled to the polymer
was regulated by varying the amount of acyl chloride
in the reaction mixture. With an increase in the content

CH,——

of conjugated acidic residues, IR spectra of polyvinyl
esters showed an increase in intensity of the bands due
to the ester carbonyl at 1740 cm™! (for 2,4-D) and
1720 cm™! (for NAA). The amount of the PGR con-
tent in the polymers was also determined also by UV
spectroscopy.

2.2. Hydrolysis studies

A weighed amount of 0.01 g polymer powder sieved
through a sieve of 0.1 mm pore size was discharged
into a small jacket flask connected to a thermostat and
0.5 x 1073 dm? of distilled water were added. The sus-
pension was left stirring at 50°C for 3 h with a mag-
netic stirrer. The polymer species with the low content
in active ingredient (not more than 2.0-2.5 mol%) were
dissolved, whereas the polymer species with a higher
content in acid residues remained in the solid phase. The
temperature in the jacket was brought to the desired val-
ues and 4.5 x 10~° m? of a buffer solution (pH=10.0)
were added.

The amount of acid released as a result of the
hydrolysis was detected by HPLC (LKB instrument
equipped with a Bondapak C18 column from Waters).
The released acids were detected at the wave length
corresponding to each acid and appropriate retention
times. A mixture of ethanol, water and acetic acid
(145:130: 15 volume ratios) was used as the eluent.

The hydrolysis ability was estimated by measur-
ing the effective rate constant corresponding to initial
moment of reaction (kgf), calculated according to the
second-order. The experimental accuracy was assessed
in several series of experiments. The values of hydrol-
ysis degree versus time represent the mean of five read-
ings from parallel experiments and its CV ranged from
2.5-4.5%.

3. Results and discussion
The study of the hydrolysis of the synthesized poly-
meric esters revealed that depending on the content of
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Figure 2 Degree of hydrolysis process versus time for the 2,4-D esters
with poly (vinyl alcohol) (PVA24D(1-4); M,, = 12 x 10%; Fig. 1C). The
content of 2,4-D in the polymers: (1) 1.3, (2) 3.0, (3) 14.8, and (4) 32.7
base-mol%. Initial concentration of ester groups ([E]p x 103): (1) 0.98,
(2) 3.30, (3) 3.60, and (4) 3.54 base-mol dm~3. T = (1) 313, and (2-4)
363 K.

aromatic (2,4-D; NAA) residues in the polymer struc-
ture (Fig. 2), the kinetic curves showed either a sat-
uration plateau (for water soluble polymers with low
content in acid residues; Fig. 2, PVA24D (1) and (2),
or were S-shaped curves of different steepness (for in-
soluble polymers; Fig. 2, PVA24D (3) and (4)). The
S-shape pattern of the kinetic curves may apparently
be explained by the fact that hydrophilicity and sol-
ubility of initially insoluble polymeric esters gradu-
ally increase as the content of aromatic PGR residues
decreases. In water-soluble polymers with a low con-
tent in aromatic residues, the current rate constants re-
mained the same even at rather high conversions (Fig. 2,
PVA24D (1)).

Because the alkaline hydrolysis (pH = 10.0) is stud-
ied, the reaction rate constants were calculated ac-
cording to the second-order equation recommended for
the hydrolysis of esters under known conditions and a
known scheme of the reaction involving nucleophilic
attack of an OH™ group to the carbon of a carbonyl
group of the ester. The validity of this equation was
verified by determining the partial reaction orders with
respect to reagents, which were found to be close to the
value of one. In order to eliminate the effects due to the
variations of the polymer structure during the reaction,
so as to be able to compare the hydrolytic activity of
different polymeric esters, kgf values corresponding to
the initial stage of the hydrolysis reaction were used
(14,15,19).

3.1. Effect of the type of carboxylic acid

In Table I the reaction rate constants kgf are shown
for the polymeric esters of various carboxylic acids
prepared after the reaction with the acrylamide-CEVE
(AACEVE) copolymer. Asitis seen, under these condi-
tions the hydrolysis is predominantly controlled by the
structure of the carboxylic acid, which as in the case
a low molecular mass esters affects the acidity and the
stability of the hydrolyzed bond. The experimental data
indicates that the hydrolysis rate markedly increases
as the acidity of the acid increases. Among the com-
pounds studied the polymeric ester of the strong acid
2,4-D showed the highest capability to undergo hydrol-
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Figure 3 The effect of molecular weight (M,,) on the effective hydrol-
ysis rate constant (kgf) of polyvinyl esters of 2,4-D and NAA (Fig. 1A)
T =363 K. Initial concentration of ester groups. [E]p = (2.6 — 3.8) X
1073 base-mol dm~3. Content of 2,4-D residues; 0.68 — 0.93 (1),
2.4 —3.0 (2); and of NAA 2.1 — 2.9 base-mol%.

ysis, whereas the lower capability to undergo hydrolysis
was observed in the polymeric ester of the weak acid
NAA (Table I).

A similar observation is noted for the hydrolysis of
polyvinyl esters of 2,4-D and NAA. In this case the
kgf values of the hydrolysis of 2,4-D polyvinyl esters
{P24D(1)(2)} were higher than those of the hydrolysis
of NAA-containing polymer (Fig. 3).

3.1.1. Effect of molecular weight

The interplay between the hydrolysis of phytoactive
polymers and their molecular weight has been de-
scribed in the literature. McCormick et al. examined the
kinetic curves for alkaline hydrolysis of water insoluble
copolymers of 2-(1-naphthylacetyl)acrylate and acry-
lamide with 30 mol% of aromatic units [12]. It was
demonstrated in this study that the rate of the hydrol-
ysis decreased as the molecular weight of the polymer
increases. In the range of 55 x 10° to 90 x 10° the de-
crease was not significant. However the decrease in the
hydrolysis rate was significant at a M,, of 180 x 10°.

In the present study the effect of the molecular mass
of the polymers on their hydrolysis was examined with
polyvinyl esters of NAA and 2,4-D of a different content
in aromatic residues, the lower content being 1 mol%. In
this case the effect of the co-polymers on the conforma-
tion of the polymer could be ignored and the effects of
the molecular weight could be identified. Asitis seen in
Fig. 3, in all cases the k¥; value decreases as the molec-
ular mass increases from 12.0 x 103 t029.0 x 10°. One
explanation is that decrease in kgf is observed in these
cases where a certain molecular mass M,, (7s,) and
macromolecular conformation is achieved. Such a con-
formation of the macromolecular structure results by
transition from an extended randomly curved rod to a
random coil. The occurrence of hydrolysis inside a such
coil is sterically hindered [20].

A similar picture was obtained from the experiments
on the water-soluble copolymers of AE 2,4-D with
acrylic acid (Fig. 4). In this case the hydrolysis of the
copolymers containing small amounts of substitutes
was studied. The demonstrated influence on hydrol-
ysis of the molecular weight for this entire range of
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Figure 4 The effect of reduced viscosity (1rq) on the hydrolysis rate
constant (kgf) of AE 2,4-D copolymers with (1-3) acrylamide and (4)
acrylic acid (Fig. 1B) T =(1) 308, (2) 303, (3) 298, (4) 343 K. Concen-
tration of esters groups [E]y X 103: (1 —3)1.3—1.4and 4)4.7—5.6
base-mol dm~3. The content of AE 2,4-D units in copolymers: (1-3)
0.49 —0.51 and (4) 3.7 — 4.7 base-mol%.

molecular weight values is very important as this is
generally associated with the desired properties of bio-
compatibility and the low toxicity for polymers.

3.2. Effect of amount of PGR residues
The data obtained for the effect of the amount of PGR
residues on hydrolysis rate for water insoluble polymers
may be partially interpreted by the occuring steric ef-
fects. Steric effect hinders the migration of OH™ to the
hydrolysable group and the subsequent migration of the
cleaved acid residue from the transition complex [12].
As it is seen in Fig. 6, increasing amount of 2,4-D
acid residues incorporated into the polyvinyl alcohol
upto 10 mol% leads to a dramatic decrease in k% val-
ues. Apparently this is the result of high hydrophobicity
and low solubility of the polymer during the hydroly-
sis reaction. In particular, at a certain content in aro-
matic residues the dissolved macromolecule collapses
because of the increasing hydrophobic interactions.
This observation is confirmed by measurements of
the intrinsic viscosity ([n]) of 2,4-D polyvinyl esters
of different molecular weights and different content in
aromatic residues. The measurements were performed
in DMSO, which dissolved all samples of polyvinyl es-
ters (Fig. 5). As itis seen, increasing the content in aro-
matic residues leads to a lower [n] especially at a low
degrees of substitution. Moreover, this effect is more
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Figure 5 Plot of intrinsic viscosity ([n]) vs. content of 2,4-D residues in
polyvinyl esters of 2,4-D (Fig. 1C); My, x 1073: (1) 65, (2) 29, (3) 12.

TABLE II The values of effective rate constant (kgf) for the hydrolysis
of 2,4-D polymeric esters (Fig. 1) (pH 10.0, 7 =312 K)

Content of
units with My, k% (dm?
Polymeric ester of 2,4-D 24-D,mol% kD mol~! s’l)
Poly(vinyl alcohol) 2,4-D ester 0.72 29  5.20+0.35
(Method C) (PVA24D)
AE 2,4-D — acrylic acid copolymer 0.68 25  0.11£0.03
(Method B) AE24DAAC
AE 2,4-D — acrylamide copolymer 0.51 26  8.42+043
(Method B) AE24DAAM
AE2,4-D-N-vinylpyrrolidone coplr 0.75 27  595+£0.28
(Method B) AE24DNVP
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Figure 6 Plots of the effective hydrolysis rate constant (kgf) Vs. con-
tent of 2,4-D (a) and NAA (b) residues for the polyvinyl esters of
AACEVE copolymers (Fig. 1A) T =363 K. Concentration of esters
groups [Elp=10% (a) 3.3—3.6 and (b) 3.3 —3.8 base-mol dm~3;
M, x 1073: (1) 12, (2) 29, (3) 65.

pronounced for polymers with high molecular weight
(Fig. 5, PVA24D (1) and (2)). Figs 4 and 5 suggest that
for the polyvinyl esters studied, the changes in confor-
mation of the macromolecules in solution become no-
ticeable at a greater content in aromatic residues than
1 mol%. The highest conformational compacting takes
place at 10 mol% content of aromatic residues.

3.3. Effect of the type of the
side-lyophilizing group of polymer

The rate constants of the hydrolysis of AE 2,4-D
copolymers and various hydrophilic copolymers (acry-
lamide, N-vinylpyrrolidone, acrylic acid) are listed in
Table II. The rate constant of the hydrolysis of the
polyvinyl ester of 2,4-D is also shown. All the above
complexes are water-soluble. They contain one and the
same regulator, their molecular mass is similar and their
content in active ingredient is almost equal. To mini-
mize the influence of compacting into macromolecular
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coil, which was observed when side aromatic groups
were introduced into water soluble polymers, we used
polymeric esters containing sequential units with acid
residues (0.7-0.8 mol%). This amount of hydrophobic
substitute was close to the amount of specific labels
(fluorescent, paramagnetic, etc.) that are commonly in-
troduced into polymers. In this case the effect of differ-
ent structures of the side-lyophilizing group upon the
hydrolysis of these polymers can be directly accessed
when studying the ability of the polymeric esters to be
hydrolyzed.

As it is seen from Table II, the values of the kgf for
the derivatives of acrylamide, and N-vinylpyrrolidone
are similar. This indicates that the structure of the side
groups (primary and cyclic amide) and the difference
in the macromolecular coil extent insignificantly af-
fects the hydrolysis of the active compound. It is possi-
ble that the somewhat greater hydrolysis constant of the
acrylamide copolymer is caused by the interaction be-
tween an ester and neighboring amide groups forming
a hydrogen bond and an intermediate imide structure
[21].

For the acrylic acid copolymer, which occurs as salt,
under the conditions of alkaline hydrolysis the values
of kgf were remarkably lower as compared to the other
polymeric esters. Although, hydrolysis was conducted
at 343 K, that is at a higher temperature. The lower val-
ues of kgf for the acrylic acid copolymers are also noted
in Fig. 3, where the effect of the molecular masses of
the polymers on hydrolysis is seen. Possibly the lower
rate of hydrolysis of the acrylic acid copolymers in
alkaline solution is attributed to the negative charged
carboxylate group. The latter is present in neighbor-
ing units of the copolymer and hampers the diffusion
of OH ions, which are important in the hydrolysis re-
action (Fig. 1). Apparently the underlying mechanism
of hydrolysis accompanied with the involvement of the
carboxylate group in the catalysis and the formation of
anhydride as an intermediate, also noted for a number
of esters of polyacrylic acids [22], cannot be overem-
phasized.

4. Conclusion

The present study revealed the relationship between
the hydrolytic release rate of the low molecular weight
regulator (PGR) and the macromolecular structure of
the phytoactive polymers containing the PGR.

Particularly, the considered series of phytoactive
polymers demonstrated that the content of hydrophobic
PGR residues in polymer plays significant role chang-
ing the values of rate constants on several orders. The
presence in polymer of side group neighbored to hy-
drolyzed group and other factors of bonded PGR struc-
ture (e.g., the acid strength in this case) can also play an
important role. On the other side, the molecular weight
of polymers (in the studied range of values) does not
have a dramatic effect on the hydrolysis rate.

The results obtained support the fact that the activ-
ity of the polymeric PGRs is due to their release from
the polymers. This conclusion is essential because the
determination of the hydrolysis rate constant kgf can
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be measured easily under laboratory conditions and the
hydrolysis rate constants of different polymers mea-
sured in vitro may correspond to the real conditions
with physiological pH and temperature and participa-
tion of enzymes in the hydrolysis reaction.

The results of this study can be used for the synthesis
of new phytoactive polymers with a required hydrolysis
rate and during the preparation of other types of macro-
molecular systems with controlled release action, for
example, drug polymers.

Acknowledgments

We wish to thanks the General Secretariat of Research
and Technology of Greece, grant GSRT code 1396,
Bilateral Scientific Cooperation GR-RU and the
Russian Foundation for Basic Research for granting
this project.

References

1. M. I. SHTILMAN, in “Immobilization on Polymers” (VSP,
Utrecht-Tokyo, 1993).

2. A. M. TSATSAKIS and M. I.
Regul. 14 (1994) 69.

3. Idem.,in “Morphogenesis of Plants. Molecular Approaches,” edited
by K. A. Roubelakis-Angelakis and K. Tran Thanh Kan (Plenum
Press, New York, 1993) p. 259.

4. M. I. SHTILMAN, Vysokomol Soedin Ser. B 37 (1995) 902.

5. A. K. RIZOS,A. M. TSATSAKIS,M. I. SHTILMAN and
W. BROWN, Polymer 39 (1998) 4729.

6. Idem., J. Non-Cryst. Solids 235-237 (1998) 652.

7. Idem., Polymer 39 (1998) 1753.

8. G. G. ALLAN,M. J. COUSIN andR. A. MIKELS, Amer.
Chem. Soc. Polym. Prepr. 20 (1979) 341.

9. G. G. ALLAN,A. STOJANOV andM. UEDA, in Proc. CRS
Symp. Bioact. Mater., Vol. 19, edited by J. Kopecek (CRS Press,
Derfield, IL, 1992) p. 178.

10. C. L. MCCORMICK, K. W. ANDERSON and B. H.
HUTHINSON, J. Macromol. Sci. Chem. C 22 (1983) 57.

11. F. W. HARRIS,M. R. DYKES,J. A. BAKER and A. F.
ALABAUGH, ACS Symp. Ser., Vol. 53: Controlled Release Pestic
(American Chamical Society, Washington DC, 1977) p. 102.

12. C. L. MCCORMICK, KIM KI SOO and S. A. EZZELL,
J. Control. Release 72 (1998) 101.

13. M. 1. SHTILMAN, M. YA. KORNAKOV, A. M.
TSATSAKIS,N. V. KURUSHINA andT. P. ZALUKAEVA,
Vysokomol Soedin (Polymer Science), Ser. A 34 (1992) 17.

14. A. M. TSATSAKIS, I. M. SHASHKOVA and M. 1.
SHTILMAN, Vysokomol. Soed., Ser. B 34 (1992) 32.

15. M. 1. SHTILMAN, M. B. SARKISYAN, A. M.
TSATSAKIS,I. M. SHASHKOVA and P. DAIS, Vysokomol
Soedin (Polymer Science), Ser. A 37 (1995) 22.

16. J. BRANDRUP andE. N. IMMERGUT (eds.), “Polymer Hand-
book” (Wiley, New York, 1989).

17. H. P. FRANK andG. B. LEVY, J. Polymer Sci. 10 (1953) 371.

18. YU. S. LIPATOV, A. E. NESTEROV, T. M.
GRISHEHENKO andR. A. VESELOVSKII, “A Handbook of
Polymer Chemistry” (Naukova Dumka, Kiev, 1971) (in Russian).

19. v. V. KORSHAK, M. 1. SHTILMAN, 1. V.
YAROSHENKO and T. A. BESTUZHEVA, Vysokomol.
Soed., Ser. B19 (1977) 734 (in Russian).

20. J. GUILLET, “Polymer Photophysics and Photochemistry”
(Cambridge University, 1985).

21. M. T. BEHME and E. H. CORDES, J. Organic Chem. 29
(1964) 1255.

22. H. MORAWETZ andP. E. ZIMMERMAN, J. PhyS. Chem. 58
(1954) 753.

SHTILMAN, Plant Growth

Received 3 May 2001
and accepted 11 April 2002



