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SlM.1ARY 

The major goal of this research was to prepare and evaluate new polymers 

containing pendent herbicide sUbstituents. These systems were to be designed 

so that herbicide release would occur by the slow. sequential hydrolysis of the 

herbicide-polymer chemical bonds. The specific objectives of this research 

were to: (a) copolymerize the 2-acryloyloxyethyl and 2~thacryloyloxyethyl 

esters of fenac (AOE Fenac and MOE Fenac) with various amounts of methacrylic 

acid (MA); (b) copolymerize the 2-acryloyloxyethyl ester of 2.4-dichloro­

phenoxyacetic acid (AOE 2.4-D) with various amounts of 2-hydroxyethyl meth­

acrylate (HEMA); (c) detennine the reactivity ratios of the two monomers in the 

copolymerization; (d) synthesize copolymers of AOE 2.4-D and HEMA with unifonn 

compositions and to compare their hydrolysis rates with those of analogous 

copolymers with nonunifonn compositions; (e) carry out the copolymerization of 

AOE 2.4-D and HEMA in the presence of multifunctional branching and cross­

linking agents; (f) copolymerize the 2~thacryloyloxyethyl ester of 2.4-D (MOE 

2.4-D) with glycidyl methacrylate (OMA) and glyceryl methacrylate (GEM); (g) 

prepare 2-hydroxy-34nethacryloyloxypropyl 2.4-dichlorophenoxy acetate (HMDP 

2.4-D); (h) homopolymerize and copolymerize H!\OP 2.4-D wi th HEMA and QE1I;I; (i) 

homopolymerize and copolymerize OMA with hydrophilic comonamers such as HEMA. 

and treat the resulting prepolymers with 2.4-D; and (j) detennine the release 

rates of all the polymers prepared. 

Copolymerizat ions of AOE Fenac and MOE Fenac wi th various amounts of MA 

were carried out in refluxing methyl ethyl ketone (MEK) with azobisiso­

butyronitrile (AIBN) as the initiator. The copolymers. however. did not 

undergo hydrolysis under mildly alkaline conditions. 

A series of copolymerizations of AOE 2.4-D with various amounts of HEMA 

was also carried out in refluxing MEK with AIBN as {he initiator. The molar 

feed ratios of AOE 2.4-D to HEMA employed were 84:16. 60:40. 50:50. and 40:60. 

The first copolymer did not undergo hydrolysis in a buffer solution with a pH 

of 8 at 30 oe. Although the second hydrolyzed very slowly releasing 2.4-D at a 

rate of less than 0.2 mg/g of copolymer/day for approximately 300 days. the 

rate of hydrolysis gradually increased with time. At the end of this period. 

the rate began to increase dramatically. The third and fourth copolymers 

released 2.4-D at nearly constant rates of 1.~ and 1.6 mg/g of copolymer/day. 

respec tive Iy • 

A series of branched copolymers was prepared by carrying out copolymer­
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izations of AOE 2.4-0 and HEMA in dilute solutions in the presence of small 

amounts of 2.2-dimethylpropanediol dimethacrylate (OPDM) and 2.4-divinyl­

benzene. These copolymers hydrolyzed slightly faster in reconsti tuted hard 

water than did linear copolymers with similar compositions. 

A series of crosslinked copolymers was prepared by carrying out copoly­

merizations of AOE 2.4-0 and HEMA in concentrated solutions in the presence of 

SIffill arrounts of DPLM and pentaerythri tol triacrylate. The crosslinked systems 

released 2,4-D in slightly alkaline solutions at nearly constant rates that 

varied from 0.4 to 2.2 mg/g copolymer/day. The rate of hydrolysis was more 

dependent on the percentage of BEMA contained in the copolymer than on its 

degree of crosslinking. 

The free-radical reactivity ratios of AOE 2.4-D and HB~ were detennined 

by the method of Fineman and Ross (1950) to be 0.44 and 2.62, respectively. 

These values were used to design experiments that produced copolymers with 

unifonn compositions. In a brief hydrolysis study, these copolymers released 

2,4~D slightly faster than copolymers with similar HEMA contents but with 

nonunifonn compositions. 

I\{)E 2, 4-D was copolymerized wi th various amounts of fffiVlA, QV1.o\, and GEM in 

MEK at 70°C with AlBN as the initiator. The copolymers containing HEMA and GMA 

did not hydrolyze under mildly alkal ine condi t ions. The a1I\ copolymers, 

however, underwent hydrolysis similarly to AOE 2,4-U/HEMA copolymers. A 

copolymer prepared from a 6U:40 I\{)E 2,4-U/GEM feed released 2,4-D very slowly 

for approximately 150 days before displaying a dramatic increase in its rate of 

hydrolysis. A copolymer prepared from a 50:50 feed released 2,4-D at a nearly 

constant rate of 1.H mg/g copolymer/day for over 200 days. 

HMOP 2,4-D was prepared in 96-98 %yield by the reaction of 2,4-D with GMA 

in the presence of tetramethylammonium chloride. The monomer was polymerized 

in 1~ at 7UoC w1th AlBN as the initiator. The homopolymer did not hydrolyze 

in reconstituted hard water. 

f-M.)P 2,4-D was copolymeriZed wi th various amounts of HEMi\ and GEM. 

Although the copolymers containing HEMA did not undergo hydrolysis, copolymers 

containing approximately 60 mole % GEM released 2,4-D at a rate of 1 mg/g 

copolymer/day. 

Srunples of Poly GMA with number average molecular weights (Nh) that 

ranged from 16,000 to 23,600 were prepared by·carrying out the polymerization 

of GMA wi th di fferent amounts of AlEN. The haropolymers were treated wi th 

various amounts of 2,4-D to yield a series of adducts that contained from 10 to 
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79 mole % 2,4-0. These adducts, however, hydrolysed very slowly when immersed 

in recons ti tuted hard wa ter. 

UMA was copolymerized with HEMA, 2-hydroxyethyl acrylate CHEA), 2-hydroxy­

propyl methacrylate CI-IPM\), and 2-dimethylaminoethyl methacrylate CmfAEM..<\) to 

afford the corresponding copolymers, which were treated with 2,4-0. The 2,4-0/ 

CopolyCGMA-HEMA) adducts hydrolyzed at nearly constant rates releasing 0.6 to 

0.9 mg 2,4-D/g adduct/day. The adducts prepared from the HEA and HPMA copoly­

mers hydrolyzed very slowly. A 2,4-0/CopolyCGW\-lX\1AEM\) adduct released 2,4-D 

at a rate of 5 rng/g copolymer/day. 

The homopolymerization of GMA was carried out in the presence of various 

amounts of 2-mercaptoethanol CME). The hydroxy-terminated hOlOOpolymers, which 

had Mh's of 5,800 and 8,600, were treated with 2,4-0 to afford adducts that 

contained 60 mole %of the herbicide. These adducts released 2,4-0 at rates 0f 

4.1 and 1.5 rng/g adduct/day, respectively. A similar homopolymerization of GMA 

in the presence of I-propanethiol CPT) produced a polymer with an Mh of 

5,300. An adduct of this polymer that contained 60 mole % 2,4-0 also underwent 

hydrolysis in reconstituted hard water releasing 2,4-0 at a rate of 5 mg/g 

adduc t /day. 

Copolymerizations of GMA with HEMA were carried out in the presence of ME. 

The molar feed ratios of (M<\ to HEM\ errployed were 90: 10 and 80: 20. The 

copolymers were treated with 60 mole %2,4-0 to afford adducts that released 

the herbicide at rates of 4.7 and 4.8 mg/g adduct/day, respectively. 

2,4-D/Poly GMA adducts containing pendent glycol moieties were prepared by 

treating srunples of Poly GMA with ~S04 prior to their reaction with 

2,4-D. Adducts obtained from Poly GMA with an Mh of 16,500 hydrolyzed 

slower than similar adducts that did not contain glycol groups. Adducts pre­

pared from hydroxy-terminated Poly GMA srunples with Mh's less than 6,000, 

however, released approximately 5 rng 2,4-D/g adduct/day. 

The dimethylamine salt of 2,4-0 COMA 2,4-0) was physically incorporated in 

crosslinked chitosan and carboxymethylcellulose CaMe) matrices. Both fo~la­

tions released the majority of their DMA 2,4-D in a few days when immersed in a 

buffer solution with a pH of 8. DMA 2,4-D and dichlobenil were also incorpo­

rated in beeswax matrices. Although DMA 2,4-D was quickly released from the 

beeswax matrix, dichlobenil was slowly released over a 6 month period. 

CMC and hydroxyethyl cellulose were treated with the acid chloride of 

2,4-0 to afford the corresponding adducts. Both of these adducts hydrolyzed 

very quickly in a buffer solution with a pH of 8. 
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The syntheses of AOE and IDE 2,4-D were scaled-up to kilogram levels. 

This was accomplished by carrying out the reactions of the acid chloride of 

2,4-D with HFA and HFMA in presence of powdered IlDlecular sieves. Both 

IlDnamers were extremely difficult to purify in large quantities. 

Several attempts were made to scale-up the syntheses of a 50:50 MOE 2,4-D/ 

GEM copolyroor and a 50: 50 AOE 2, 4-D/HFMA copolymer crosslinked wi th DPIl\1. This 

work was abandoned because the polyroorizations could not be carried out in 

concentrated solutions without the formation of insoluble gels. 

The reaction of 2,4-D with GMA was scaled-up to provide kilogram quan­

tities of ~{)P 2,4-D. Large-scale polymerizations of the monomer in concen­

trated solutions, however, resulted in branched and crosslinked systems. 

The synthesis of one of the IlDst promising controlled-release systems 

prepared and evaluated in this study, i.e., an hydroxy-tenninated, low­

IlDlecular-weight 2,4-D/Poly GMA adduct, was successively scaled-up to commer­

cial levels. However, the processing of the adduct solution as obtained from 

the reaction mixture was difficult. A method must be developed to remove the 

solvent before the procedure can be used to prepare material for field tests. 
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PREFACE 

The study presented in this report was sponsored by the Department of 
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Thcnpson, C.O. Arah, M.W. Whi tlock, M. Talukder, C.J. Chou, and R. Gupta. 

The study was conducted uner the general supervision of Dr. John 

Harrison, Chief, Enviromnental Laboratory (EL), WES; Dr. R. L. Eley, fonner 

Chief, Ecosystem Research and Sirrulation Division (ERSD), EL; Mr. Donald L. 

Robey, Chief. ERSD; Dr. R.M. Engler, fonner Chief. Ecological Effects and 

Regulatory Criteria Group (EERCG), ERSD; Dr. Thomas L. Hart, Chief, 

Aquatic Processes and Effects Group (APEG); and under the direct super­

vision of Dr. Howard Westerdahl, APEG, contract monitor. Mr. J.L. 

Decell is Manager, APCRP, at WES. 

Commanders and Directors of WES during the conduct of this study and 

preparation of the report were COL John L. Cannon, CE, COL Nelson P. Conover, 

CE, COL Tilford C. Creel, CE, and COL Robert C. Lee, CEo Technical Directors 

were Mr. F.R. Brown and Dr. Robert W. Whalin. 

This report should be cited as follows: 

Harris, F.W. 1985. "Evaluation of Polymers for Controlled 
Delivery of Herbicides for Aquatic Plant Control," Technical 
Report A-85-2, prepared by Wright state University, Dayton, 
Ohio, for the US Army Engineer Waterways Experiment Station, 
Vicksburg, Miss. 
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EVAllJATIoo OF POLYMEHS FOR CXNIlULLID DELIVERY
 

OF HERBICIDES FeR AQjATIC PLANT CXNffi)L
 

INIRlXJCI'100 

1. One approach to preparing controlled-release formulations that contain 

a high percentage of herbicide has been the synthesis of polymers that contain 

pendent herbicide substituents. These systems have been designed so that 

herbicide release will occur by the slow, sequential hydrolysis of herbicide­

polymer chemical bonds. In the initial phase of this work herbicides were 

converted to polymerizable ester derivatives, which were subsequently hamo­

polymerized (Harris, Post, and Feld 1974; Harris, Feld, and Bowen 1975; Harris 

and Post 1975). In this lnanner a series of polymers was prepared in which ~he 

herbicide was attached to the backbone via different spacer groups. It was 

postulated that increasing the distance between.the hydrolyzable linkage and 

the hydrophobic backbone would enhance the hydrolysis of the herbicide-polymer 

ester bonds. Thus, the vinyl, the 2-acryloyloxyethyl, the 2;nethacryloyloxy­

ethyl, the 4-acryloyloxybutyl, and the 4;nethacryloyloxybutyl esters of 2,4-di­

chlorophenoxyacetic acid (2,4-D), 2-(2,4,5-trichlorophenoxy) propionic acid 

(silvex), and 2,3,6-trichlorophenylacetic acid (fenac) were prepared and poly­

merized by bulk- and solution-free-radical techniques. The polymerizations 

were enhanced by low initiator concentrations and mild conditions. Polymeric 

materials were obtained that exhibited inherent viscosities as high as 2.03. 

None of the hamopolymers, however, underwent hydrolysis under mildly basic 

conditions at runbient temperature. 

2. In an attempt to enhance herbicide hydrolysis, the 2-acryloyloxyethyl 

and 2-methacryloyloxyethyl esters of 2,4-D (AOE 2,4-D and l~E 2,4-D) were 

copolymerized with monomers containing carboxyl or aminimide groups (Harris et 

al. 1977 a,b). For example, AOE 2,4-D was copolymerized with methacrylic acid 

and with trimethylamine methacrylimide. These copolymers did hydrolyze under 

mildly alkaline conditions. The rate of hydrolysis was dependent upon the 

amount and type of hydrophilic camonomer used. Surprisingly, the copolymers 

prepared from MOE 2,4-D did not undergo hydrolysis under similar conditions. 

3. In this phase of the work, fenac was to be incorporated in copolymer 

systems. The copolymerization of AOE 2,4-D and MOE 2,4-D with new hydrophilic 

monomers was to be extensively investigated. The effects of sequence distri ­

bution, branching, and crosslinking on the reSUlting copolymers' rates of 
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hydrolysis were to be detennined. A new herbicidal monomer containing 2,4-D 

and a hydrophilic group was to be prepared and polymerized. An alternate route 

to polymeric herbicides in which functionalized prepolymers were to be prepared 

and then treated with herbicides was to be explored. The specific objectives 

of this research were to: (a) copolymerize the 2-acryloyloxyethyl and 21TIeth­

acryloyloxyethyl esters of fenac (AOE Fenac and MOE Fenac) with various amounts 

of methacrylic acid; (b) copolymerize AOE 2,4-D with various amounts of 

2-hydroxyethyl methacrylate (HEMA); (c) detennine the reactivity ratios of the 

two monomers in the copolymerization; (d) synthesize copolymers of AOE 2,4-D 

and HE~ with unifonn compositions and compare their hydrolysis rates with 

those of analogous copolymers with nonunifonn compositions; (e) carry out the 

copolymerization of AOE 2,4-D and HEMA in the presence of multifunctional 

branching and crosslinking agents; (f) copolymerize MOE 2,4-D with glycidyl 

methacrylate (OMA) and glyceryl methacrylate (GEM); (g) prepare 2-hydroxy­

31TIethacryloyloxypropyl 2,4-dichlorophenoxy acetate (HMUP ~,4-D); (h) hamo­

polymerize and copolymerize HMDP 2,4-D with 1~V\ and GEM; (i) hamopolymerize 

and copolymerize OMA with hydrophilic camonomers such as HEMA, and to treat the 

resulting prepolymers with 2,4-D; and (j) detennine the release rates of all 

the polymers prepared. 
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RESULTS AND DISCUSSIClil 

Preparation and hydrolysis of copolymers containing fenac (Aulabaugh 1977) 

4. Copolymerizations of AOE Fenac (la) and MOE Fenac (lb) with various 

aroounts of rrethacrylic acid (MA) C.~) were carried out in refluxing methyl ethyl 

ketone (MEK) with azobisisobutyronitrile (AIBN) as the initiator (Tables 1-4). 

The yields of the copolymers ranged from 40 to 79%. Chlorine analysis 

indicated thet the copolymers actual compositions at these conversions were 

nearly identical to the composition of the monomer feed. 

5. In an attempt to increase the yield of the copolymers, a copoly­

merization of a 90:10 molar ratio of la to 2 was carried out in MEK contained 

in a sealed tube. The tube was degassed and sealed under vacuum prior to the 

polymerization. The yield of copolymer and the polymer's inherent viscosity, 

however, were not increased. 

6. The acid-containing copolymers were soluble in chlorinated hydro­

carbons, tetrahydrofuran (THF), N,N-dirrethylfonnoomide (DMF), acetone, MEK, and 

partially soluble in benzene, but were insoluble in water, aliphatic hydro­

carbons, and ethyl ether. The inherent viscosities ranged from 0.07 to 0.14 

(0.50 g/dl in chlorobenzene at 30°C) (Tables 1 and 2). Gel penneation chroma­

tography studies of the copolymers showed they had number average molecular 

weights (Mh's) of approximately 60,000-80,000 based on polystyrene 

standards. The gel penneation chromatograms also showed broad molecular weight 

distributions. The copolymers' glass-transition temperatures (Tg's) ranged 

from 39-40°C to 77-78°C (Tables 3 and 4). In both AOE Fenac/MA and MOE Fena,c/ 

MA copolymers, the Tg increased as the percentage of MA in the copolymer 

increased. The Tg's of the MOE Fenac copolymers were higher than those of the 

AGE Fenac copolymers. 

7. A study of the hydrolysis of the copolymeFs in an aqueous solution 

buffered to pH 8 at 300 e was carried out. Thus, representative samples were 

extracted with ether overnight and then sieved to a particle size of 125-420 • 

The hydrolysis solutions were slowly agitated to ensure mixing. The aroount of 

herbicide released from three replicates of each polymer was measured periodi­

cally by ultraviolet spectroscopic analysis. (All of the release rate studies 

in this work were carried out with similar procedures.) 

8. All of the polymers released less than 2.5 rug of fenac over a 120-day 

period. The snall amount of fenac that was released was probably due to 

residual monomers that were trapped in the polymer matrix. A 0.5-g sample of a 
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Table 1. Copolyrrerization of AOE Fenac and MA. 

M:>ncxner Feed 
(1001 e ratio 

AOE Fenac :MA) 

Copolymer Oompositiona 

(nnle ratio 
AOE Fenac :MA) 

Yield 
(%) 

[n Ib 

100:0 100:0 75 0.08 

95:5 94:6 63 0.10 

90:10 90:10 79 0.07 

90: 10 (vacuun) 88:12 65 0.09 

85:15 89 :11 40 0.08 

a. 
b. 

Detennined frOO chlorineanalysis 
Inherent viscosity (0.50 g/dl in chlorobenzene at 30°C) 

Table 2. Copolymerization of IDE Fenac and MA 

M:>naner Feed Copolymer Corrl>osi t iona Yield 
(nnle ratio (nnle ratio (%) 

IDE Fenac:MA) M)E Fenac :MA) 

{nIb 

a. 
b. 

100:0 100:0 

95:5 97:3 

90:10 91:9 

80:10 83:17 

Detennined from chlorine analysis 
Inherent viscosity (0.50 g/dl in chlorobenzene 

93 

73 

70 

70 

at 30°C) 

0.14 

0.11 

0.08 

0.07 
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Table 3. Physical and Spectral Data for AOE Fenac-MA Copolymers 

. a
Copolymer Elemental Analysis Tgb 

(lIOOle Ratio (~~) C H CI (0 C) 
AOE Fenac :MA) 

100:0 1740 46.25 
46.51 

3.28 
3.36 

31.51 
31.60 

25-27 

84 :6 1740 
2900 

46.41 
46.46 

3.34 
3.42 

31.00 
30.65 

39-40 

90:10 1740 
2900 

46.52 
46.46 

3.39 
3.42 

30.64 
30.65 

42-43 

90:10 
(vacm.m) 

1740 
2900 

46.57 
46.81 

3.38 
3.48 

30.44 
30.41 

44-45 

90:11 1740 
2900 

46.54 
46.52 

3.40 
3.46 

30.54 
30.52 

54-56 

a. Calcd/Found 
b. uetennined	 from differential scanning calorimeter (DSC) data 

Table 4. Physical and Spectral Data for IDE Fenac-MA Copolymers 

Copolymer 1~1 Elemental Analysisa Tgb 
(M:>le Ra t io (em ) C H CI (0 C) 
tvOE Fenac :MA.) 

100:0 1735 47.82 3.73 30.25 59-60 
47.70 3.73 30.34 

97:3	 1735 47.88 3.75 30.02 63-65 
47.84 3.75 30.04 

91:9	 1735 48.01 3.80 29.53 66-68 
2900 48.24 3.73 29.53 

83:17	 1725 48.20 3.88 28.80 77-78 
2900 48.23 3.93 28.86 

a. Calcd/Found 
b. Detennined	 from DSC data 
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MOE Fenac-MA copolymer containing 15 mole ~ acid was hydrolzed for lU days in 

the buffer heated to 47°C. Approximately 137 mg (0.572 mmol) of fenac was 

released. This corresponds to 42% of the fenac originally contained in the 

polymer. Ethylene glycol (75 mg (0.12 mmole» was detected in the water with 

gas chromatography using a Porapak Q column and a flrune ionization detector. 

Preparation and hydrolysis of linear copolymers of AGE 2,4-D and BEMA (Thompson 

1978) 

9. A series of copolymerizations of AGE 2,4-D (!! with various amounts of 

HEMA (~) was carried out. The copolymerizations were conducted in MEK heated 

at reflux with AIBN as the initiator. The molar feed ratios of ! to i employed 

were 84:16, 60:40, 50:50, and 40:60. The white copolymers (6a-d) were isolated 

by precipitation in hexane and then extracted overnight with ether in order to 

remove any unreacted monomer. The yields of the copolymers ranged from 64-78%. 

10. The copolymers were soluble in several organic solvents, such as THF, 

DMF, and aliphatic ketones, but were insoluble in aliphatic hydrocarbons, ethyl 

ether, and water. The copolymers had ~h's that ranged from 4,500 to 6,600 

and Tg's that varied from 19-33°C (Tables 5 and 6). The Tg's increased as the 

percentage of BEMA in the copolymers increased. Gel permeation chromatograms 

of the copolymers showed relatively broad molecular-weight distributions. 

11. The release rates of the copolymers were detennined by the procedure 

described in paragraph 7 (Tables 7 and 8). Copolymers 6b-d slowly underwent 

hydrolysis under the mild conditions. Copolymer 6a, however, did not 

hydrolyze. Evidently, this polymer did not contain enough hydrophilic moieties 

to pennit hydrolysis. Powdered sarrples of this material also fused together 

when immersed in the buffer, thereby greatly reducing th~ amount of surface 

area exposed to the medi\En. This behavior can be attributed to the polymer's 

low Tg (19-20°C). Copolymers 6b-d also slowly swelled and then gradually went 

into solution as the hydrolyses proceeded. The swelling was accompanied by an 

autoacceleration in the rate of hydrolysis. Since the spectroscopic method 

used to detennine release rates did not differentiate between bound and unbound 

2,4-D, it is possible that the actual increases in rate were not as large as 

indicated in the tables. All of the analytical samples were centrifuged prior 

to analysis in an attempt. to remove any remaining copolymer. 

12. Although all the copolymers had densities greater than water, ground 

particles of these materials tended to float when initially placed in the 

buffer. This was probably due to entrapped air and surface-tension effects. 

Since the copolymers also hydrolyzed very slowly initially, it was postulated 

16
 



Table 5. Copolymerization of AOE 2,4-D with BEMA. 

Polymer ~narer Feed Copolymer Cooposi tiona [n }b M C 

No. (M:>le Ratio (M:>le Ratio n 

AOE 2, 4-D: I-IEM\) AOE 2,4-D:HFMA) 

6a 84 :16 84:16 0.08 

6b 60:40 51 :49 0.19 4,500 

6c 50:50 40:60 0.43 6,400 

6d 40:60 30:70 0.43 6,600 

a. Detennined from chlorine analysis 
b. Inherent viscosity (0.50 g/dl in DMF at 30°C) 
c. Detennined fran vapor pressure OSIIDnetry 

Table 6. Physical and Spectral Data for AOE Fenac-MA Copolymers 

Polymer IR Elemental Analysisa Tgb 
No. (an- 1 ) C H CI (oC) 

6a	 1720 49.37 4.04 19-20 
3400 50.24 4.54 20.68 

6b	 1720 50.72 4.86 27-28 
3400 50.62 4.84 15.99 

6c	 1720 51.36 5.25 30-31 
3400 50.98 5.30 13.88 

6d	 1720 52.02 5.65 32-33 
3400 51.89 5.80 11.54 

a. Ca Icd/Found 
b. Detennined from DSC data 
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Table 7. Hydrolysis of Copolymers 6b and 6d 

Copolymer 6b Copo I ymer 6d. 

Days ~ 2,4-Da % 2,4-D Days ~ 2,4-Db % 2,4-D 
per g Polymer Released per g Polymer Released 

1 0.9 0.1 2 1.1 0.3 

5 2.0 0.4 6 4.8 1.3 

7 2.9 0.6 9 9.3 2.5 

11 4.5 0.9 14 25.5 7.0 

18 6.4 1.3 20 32.7 9.0 

25 7.0 1.4 28 39.9 11.1 

29 9.5 1.9 31 45.4 12.6 

46 10.7 2.2 37 53.9 14.9 

54 11.5 2.3 42 67.7 18.8 

64 13.0 2.6 48 83.7 23.2 

74 14 .1 2.8 55 114.0 31.6 

92 17.3 3.5 66 139.0 38.6 

109 20.4 4.1 73 200.6 55.7 

124 22.0 4.5 115 218.5 60.7 

141 24.8 5.0 157 258.1 71.7 

200 42.7 8.7 175 279.3 77.6 

230 51.2 10.4 

261 62.8 12.8 

294 80.9 16.5 

352 97.8 19.9 

396 120.5 24.6 

a. Average amount of 2,4-D released Iram three l-g replicates in designated 
m.mi>er of days 

b. Average amount of 2,4-D released fram three 0.5-g replicates in designated 
nun:t>er of days 
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Table 8. Hydrolysis of Polymer 6c a 

Copolymer 6c 

Days ~ 2,4-D 
per g Polymer 

2 4.3 

7 8.0 

13 13.4 

20 17.5 

31 29.1 

38 39.9 

45 43.5 

52 51.7 

63 79.5 

70 107.3 

80 161.9 

91 196.4 

118 224.7
 

161 238.2
 

212 312.3
 

Polymer 6c (surfactant) 

% 2,4-D Days 
Released 

0.9 

1.8 

3.1 

4.0 

6.7 

9.2 

10.0 

11.9 

18.4 

24.8 

37.5 

45.4 

52.0 

55.1 

72.3 

6 

10 

21 

30 

65 

72 

80 

91 

99 

105 

135 

154 

183 

~ 2,4-D %2,4-D 
per g Polymer Released 

5.2 1.2 

6.4 1.4 

14.7 3.4 

15.5 3.5 

50.3 11.6 

85.4 19.7 

86.4 20.0 

147.7 34.2 

158.6 36.7 

180.0 41.6 

218.5 50.6 

246.5 57.1 

278.1 64.4 

a. Release rates expressed as the average aroount of 2,4-D 
released from three 0.5-g replicates in designated number of days 

19
 



that the physical wetting of the copolymer surface could be playing a role in 

the hydrolysis process. 

13. In order to test this hypothesis, the rate of hydrolysis of polymer 

6c was detennined in a buffer solution containing a few drops of a commercial 

surfactant, i.e., Dupont's Zonyl FSN. Although the polymer particles immedi­

ately sank when placed in the treated buffer solution, their rate of hydrolysis 

was not significantly different from that in the absence of the wetting agent 

(Table 8). 

14. As in the case of AOE 2,4-D/methacrylic acid copolymers, the rate of 

hydrolysis appeared to depend upon the percentage of hydrophilic monomer in the 

copolymer. However, it is interesting to note that, although polymers 6c and 

~ hydrolyzed considerably faster than 6b, polymer 6d hydrolyzed only slightly 

faster than~. Polymer 6d dissolved completely in 205 days while 6c was nut 

entirely dissolved in 390 days. It is possible that there is a limiting degree 

of hydrophilicity above which an autoacceleration in rate occurs. Polymers ~ 

and ~ were evidently hydrophilic enough to almost immediately undergo auto­

accelerating hydrolyses. Polymer &2, however, hydrolyzed slowly until it 

became hydrophilic enough for the autoacceleration in rate to occur. The data 

suggest that this point was reached after 294 days at which time 8 mole %of 

the AOE 2,4-0 contained in the copolymer had undergone hydrolysis. Hence, 43 

mole %of AOE 2,4-D was present in the copolymer at the start of the auto­

accelerating process. This is comparable to the 40 mole %of AOE 2,4-D 

contained in polymer 6c initially. 

Detennination of the reactivity ratios of AOE 2,4-D and HEMA (Thompson 1978) 

15. In order to learn more about the copolymers' compositions, the free­

radical reactivity ratios of AOE 2,4-0 and HEMA were determined by the method 

of Fineman and Ross (1950). Thus, a series of copolymerizations with varying 

monomer feed ratios were run in MEK heated at 70°C. The copolymerizations were 

carried out to low conversions, and the resulting copolymers' compositions were 

detennined by chlorine analysis (Table 9). The data were then SUbstituted in 

the following equation: 

(1)2C:) C::F1 [C::)C:J] r1) " + r 

where f1 and f 2 are the respective mole fract-ions of AOE 2,4-0 and HEMA 

in a given feed, F1 is the mole fraction of AOE 2,4-0 in the resulting 

copolymer, and r1 and r 2 are the free radical reactivity ratios of AOE 
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Table 9. 
HEM\. fo

Copolyrrerization of ADE 2,4-D with 
r React i vi ty Ratio Detennina t ions 

M>naner Feed 
(1OO1e ratio 

fIDE 2,4-D:HEM\.) 

CopoIymer ili'q>os i t iona 

(1OO1e ratio 
PDF. 2, 4-D :HfMA.) 

Yield 
(%) 

94:6 87:13 12 

90:10 80:20 9 

80:20 64:36 7 

60:40 37:63 5 

40:60 20:80 

a. Detennined by chlorine analysis 

Table 10. calculated M>lar Feed Ratios for Unifonn
 
Conl><>si tion PDF. 2,4-D/HEM\. Copolymers
 

Desired ",lar [.HJMI\.] Initial ",lar 
Corrposition [ADE 2,4-D] Feed Ratio 

.ADE 2,4-D:HEMA HE 2,4-D:HEMA 

2:1 0.21 83:17 

1:1 0.41 71 :29 

1:2 0.80 56:44 

21
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2,4-0 and BEMA, respectively. The teon on the left side of the equation was 

then plotted against the coefficient of r 1 for each feed ratio used. The 

slope and intercept of the straight line obtained, i.e., r1 and r2' 

were detennined by least-squares analysis to be 0.44 and 2.62, respectively. 

16. Since BEMA is considerably more reactive than AGE 2,4-D, the compo­

sition of copolymers of these two monomers is nonunifonn. Material fonned 

early in the polymerization contains more t~ than present in the feed, while 

copol~er fonned at higher conversions contains less. 

Preparation and hydrolysis of linear copolymers of AGE 2,4-D and HEMAwith 

unifonn compositions (Whitlock 1980) 

17. The molar ratios of AGE 2,4-D and HEMA needed to prepare unifonn 

composition copolymers containing 2:1, 1:1, and 1:2 ratios of AGE 2,4-0 to HEMA 

were calculated according to the method of Fineman and Ross (1~50) using the 

values of 0.44 for r 1 and 2.62 for r2. The results are given in Table 

10. 

18. Due to the change in monomer composition that occurs as the copoly­

merization proceeds, the initial feed ratios will only afford the desired 

copolymer canposition if the polymerization is carried out to low conversion. 

However, if the rate of copolymerization is known, the initial monomer compo­

sition may be maintained by making appropriate monaner additions as the poly­

merization proceeds. Hence, the next step in this study was to detennine the 

rate of the monomer conversion to copolymer. A series ot copolymerizations of 

10 g AOE 2,4-0 and 1. 67 g I:-IE.AA (71: 29 mole ratio) in 50 ml of MEl:< at 70° C was 

carried out for various periods of time. Ihe polymerizations gave an average 

conversion of 20 % per hour. Thus, 10 % of each canonomer was consumed per 

hour. 

19. Copolymerizations of AOE 2,4-D and ~ were then carried out using 

initial molar feed ratios of 83:17, 71:29, and 56:44 (Table 11). The copoly­

merizations were run in MEK at 70°C with AlliN as the initiator. An appropriate 

amoW1t of each monomer was added after 1 hr so as to restore the initial 

monaner ratios. The monomer additions were repeated every hour for the next 2 

hr. After the last addition, the reaction mixture was heated one additional 

hour, allowed to cool, and then added dropwise to 1000 ml hexane to precipitate 

the product. The white polymers were extracted overnight with ethyl ether to 

remove any unreacted monomer or initiator residues and dried under reduced 

pressure. The yields ranged fram 43-75%. 

20. This procedure gave very good results. The initial molar feed ratios 
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Table 11. ADE 2,4-D/HEMA Copolymers with Unifo~ Compositions 

-

Polymer Desi red 
No. Carposi tion 

Mmanera 

Feed 
Reactionb Yield 
Time (hr) (%) 

%CI Tgc 
(OC) 

[ dnI Copolymere 

Cwposi tion 

7a 50:50 80:20 f 4 52 15.65 19 0.26 49:51 

7b 60:40 86:14 4 57 17.15 19 0.19 58:42 

7c 70:30 90:10 4 42 18.21 14 0.18 65:35 

8a 50:50 71 :29g 5 70 16.70 22 0.22 55:45 

8b 34:66 56:44 4 43 13.70 25 0.33 39:61 

Bc 66:34 83:17 4 75 19.62 20 0.15 75:25 

9h 50:50 24 80 14.96 20 0.26 46:54 

a. M:>lar ratio AOE 2,4-D:HFMA. 
b. Q1e hour interval between programned additions 
c. Detennined frem DSC data 
d. Inherent viscosi ty (0.50 g/dl in INF at 30°C) 
e. Detennined frem chlorine analysis 
f. 25% of total ~ added initially and at each interval 
g. 10% of initial feed added at each interval 
h. Prepared by batch procedures 
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should have given copolymer compositions of 60:34, 50:50, and 34:00, respec­

tively. As detennined by chlorine analysis, actual copol~er compositions of 

75:25, 55:45, and 39:61 were obtained. In each case, the copol~er contained 

slightly less than the theoretical amount of HB~. 

21. A second procedure was also used to prepare copol~ners with unifonn 

compositions (Table 11). In this procedure only the more reactive monomer, 

i.e., BEMA, was added to the polymerization. Thus, 50:50, 60:40, and 70:30 

molar feed ratios of AOE 2,4-D to HEMA were weighed out. In this case, 

however, only 25% of the HEN~ was added to the initial polymerization mixtures. 

The remaining 75% was added in three equal portions at I-hr intervals during 

the polymerization. After the polymerization had been allowed to proceed a 

total of 4 hr, the reaction mixture was worked up as described in the first 

procedure. The yields of the copolymers ranged from 42-57%. 

22. This procedure also gave very good results. Actual copol~er compo­

sitions of 49:51, 58:42, and 65:35 were obtained. Although the copol~ers 

contained slightly more than the theoretical amount of HB~, their compositions 

were closer to the calculated values than those obtained with the first 

procedure. 

23. The copolymers were soluble in several organic solvents such as ~', 

DMF, and aliphatic ketones, but were insoluble in aliphatic hydrocarbons, ethyl 

ether, and water. Their Tg's ranged from 14-25°C and increased as the percen­

tage of HEMA in the copol~ners increased (Table 11). 

24. The release rates of the copolymers were obtained by a slight modifi ­

cation of the procedure found in paragraph 7. In this case, the srunples were 

immersed in reconstituted hard water with a hardness of 16U-18U mgtl and a pH 

of 8.0. The solutions were also stored at ambient temperature (Tables 12-14). 

25. As shown in the tables, all the AOE 2,4-DtHEMA copolymers underwent 

hydrolysis. Although only a small percentage of the 2,4-D contained in the 

copolymers was released in this brief study, the effect of the programmed 

addition of the monomers on the resulting copol~ers' release rates can be seen 

by comparing the release rates of the copolymers made by the two different 

procedures to that of copolymer ~ (Table 14), which was prepared by a standard 

batch technique (Table 11). For exrunple, copol~er 8b, which contained only 7% 

more BEMA, released 2,4-D approximately three times faster than~. Copolymer 

8a had a release rate slightly faster than~,·even though it contained 9% less 

HEMA. The most dramatic example of the effect of composition is found when 

comparing copolymer ~ with~. Although the fonner contained over 50% less 
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Table 12. Hydrolysis of Copolymers 7a-c a 

Copolymer 7a Copolymer 7b Copolymer 7c 

Days	 lVg 2,4-D per % 2,4-D lVg 2,4-D per· % 2,4-D ~ 2,4-D per % 2,4-D 
g polymer Released g polymer Released g polymer Released 

2 5.4 1.1 3.0 0.6 2.7 0.5 

9 11.1 2.3 6.5 1.5 7.0 1.2 

13 12.6 2.6 7.6 1.4 8.2 1.4 

20 15.3 3.1 9.1 1.7 9.9 1.7 

26 17 .0 3.5 10.6 2.0 10.9 1.9 

34 18.3 3.8 12.2 2.3 12.0 2.1 

47 20.4 4.2 14.0 2.6 14.0 2.5 

54 21.1 4.3 14.8 2.8 14.7 2.6 

61 21.7 4.5 15.7 2.9 14.9 2.6 

68 22.3 4.6 16.1 3.0 15.6 2.7 

75 22.8 4.7 16.5 3.1 16.0 2.8 

85 22.9 4.7 16.6 3.1 16.7 2.9 

a.	 Release rate expressed as the average am>unt of 2,4-D released 
from three 0.5-g replicates in designated number of days 
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Table 13. 

Copolymer 8a 

Days J\'~ 2,4-D 
per g Polymer 

2 1.6 

9 5.0 

13 6.0 

20 7.8 

26 8.6 

34 10.0 

40 11.0 

47 12.1 

54 12.5 

68 13.4 

75 13.8 

Hydrolysis of Copolymers Sa and ~ a 

Copolymer 8b 

% 2,4-D Days 
Heleased 

0.3 2 

1.0 6 

1.2 9 

1.5 16 

1.7 23 

1.9 30 

2.1 40 

2.3 

2.4 

2.6 

2.7 

~ 2,4-D % 2,4-D 
per g·Polymer Released 

8.3 2.0 

14.1 3.3 

17.1 4.0 

24.0 5.7 

27.2 6.4 

31.3 7.4 

35.0 8.3 

14.1 2.7 

a. Release rate expressed as the average amount of 2,4-D released 
from three 0.5-g replicates in designated number of days 
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Table 14. 

Copolymer 8c 

Days ~ 2,4-D 
per g Polymer 

4 

10 

17 

24 

31 

45 

2.7 

4.3 

5.6 

6.3 

7.2 

7.7 

Hydrolysis of Copolymers 

% 2,4-D Days 
Released 

0.4 6 

0.7 9 

0.9 16 

1.0 23 

1.2 30 

1.3 40 

~c and ~ a 

Copolymer ~ 

~ 2,4-D % 2,4-D 
per g Polymer Released 

2.7 0.6 

3.8 0.8 

6.6 1.4 

7.3 1.5 

7.5 1.6 

8.5 1.S 

a. Release rate expressed as the average amount of 2,4-D released 
from three 0.5-g replicates in designated number of days 

Table 15. Copolymerization of AOE 2,4-D with HEMA 
in the Presence of Multifunctional Monomers (MM) 

Polymer 
No. 

Wt % 
l'vM 

Copolymer Cooposi tiona 

l\ble Ratios 
{fl}b M C 

n 

AOE 2, 4-D:HEMA.:M\1 

lOa 4 36.0 60.4 3.6 0.208 17,000 

lOb Sd 44.5 48.6 6.9 0.190 12,000 

11 4e 27.5 65.9 6.6 0.262 15,800 

12 4f 31.6 65.5 2.9 insoluble insoluble 
gel gel 

. a. Oetennined from chlorine analysis 
b.	 Inherent viscosity (0.50 g/dl in ill1F at 30D e) 
c.	 NUmber-average molecular weight detennined with vapor-pressure osmometry 

(VPO) 
d.	 2, 2-Dirrethylpropanediol dirrethacryla te 
e.	 Divinyl benzene 
f.	 Pentaerythritol triacrylate 
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HEMA, it released 2,4-D at approximately the srune rate as~. All of these 

comparisons strongly suggest that copolymers with unifonn compositions will 

undergo hydrolysis at faster rates than analogous copolymers with non-unifonn 

compositions. 

26. This conclusion can be further SUbstantiated by comparing the release 

rates of copolymers 7a-c with that of~. Copolymer 7a, with only 3% less BEMA, 

released 2,4-D approximately two times faster than~. Although copolymer 7b 

contained 12% less HEMA than~, it had a faster hydrolysis rate. Even more 

significantly, the release rate of 7c, which contained 2U~ less HEMA, was also 

faster. 

Preparation and hydrolysis of branched copolymers of AOE 2,4-D and HEMA 

(Thompson 1978) 

27. In order to detennine the effects of molecular weight and branchin5 on 

the copolymers' rates of hydrolysis, copolymerizations were conducted in the 

presence of lnultifunctional branching agents. 'rhus, the polymerization of a 

50:50 molar feed ratio of AOE 2,4-D and HEMA in the presence of 4 and 8% 

2,2-dimethylpropanediol dimethacrylate (DPa~) provided the corresponding 

branched copolymers (lOa and~). An additional branched copolymer (ll) was 

prepared by polymerizing a 50:50 lnolar feed ratio of AOE ~,4-U and HEMA in the 

presence of 4% m-divinylbenzene (Table 15). 

28. Although the inherent viscosities of the branched copolymers were 

comparable to those of their linear analogs, their molecular weights were 

higher. The Tg's of copolymers lOa and Qwere similar to those of corres­

ponding linear compositions (Table 16). The Tg of polymer II, however, was 

considerably higher, due to the aromatic ring introduced into the system though 

the use of m-divinylbenzene. The branched copolymers underwent hydrolysis in 

reconstituted hard water at rates slightly faster than those of linear polymers 

with similar compositions (Tables 17-18). As with'the linear systems, the 

rates increased as the hydrolysis proceeded. The branched systems also slowly 

swelled and gradually went into solution. 

Preparation and hydrolysis of crosslinked copolymers of AGE 2,4~D and BEMA 

(Arah 1979) 

~9. In order to detennine the effects of cross-linking on the copolymers' 

release rates, 4% (w/w) of pentaerythritol triacrylate (PELA) was added to a 

polymerization of a 50:50 molar feed ratio of-AOE 2,4-D and HEMA (Table 15). 

The resulting copolymer (12) underwent hydrolysis at nearly a constant rate 

(Table 18). The polymer swelled as the hydrolysis proceeded, but did not go 

28
 



Table 16. Physical and Spectral Data for Copolyrrers 
of AUE 2,4-1), HEW\, and MIl tifunctional l\tm<Xners 

Copolymer IR Elemental Analysisa Tgb
 

No. (an- 1) C H CI COC)
 

lOa	 1720 52.11 5.48 25-27 
3400 51.92 5.66 12.90 

1Ub	 1720 51.96 5.22 23-25 
3400 51.81 5.40 14.75 

11	 1720 53.98 5.80 50-51 
3400 54.89 6.05 10.72 

12	 1720 52.07 5.58 33-35 
3400 52.29 5.63 11.82 

a.	 Calcd/Found 
b.	 Detennined frOOl USC da ta 

Table 17. Hydrolysis of Copolymers lOa and £. a 

Copolymer lOa COpolymer lOb 

Days A\?; 2,4-1) % 2,4-D Days I~ 2,4-D % 2.4-D 
per g Polymer Released per g Polymer Released 

3 0.4	 0.1 4 6.3 1.4 

16 1.9 1.9 7 13.9 3.1
 

23 16.8 4.2 14 34.0 7.6
 

31 27.4 0.9 21 35.9 8.1
 

37 44.5 11.3 34 43.7 9.8
 

44 76.5 19.4 57 240.6 54.2
 

56 134.3 34.1 85 257.6 58.1
 

79 264.2 67.1 113 267.0 60.2
 

105 268.9 68.2 146 291.0 65.6 

135 283.2 71.9 194 313.3 70.6 

154 318.2 80.8 

a.	 Release rate expressed as the average amount of 2,4-D released 
frOOl three 0.5-g replicates in designated number of days 
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Table 18. Hydrolysis of Copolymers.!.!. and ~ a 

CopoIymer .!.!. Copolymer ~ 

Days I\\?; 2,4-D % 2,4-D Days ~ 2,4-D % 2,4-D 
per g Polymer Released per g Polymer Released 

7 3.0 0.9 2 4.9 1.3 

20 9.2 2.7 9 26.6 7.4
 

27 18.8 5.6 16 41.7 11.6
 

43 35.7 10.7 23 56.4 15.7
 

56 49.8 14.9 27 68.1 18.9
 

65 62.2 18.6 38 98.3 27.4
 

77 70.9 21.2 50 120.5 33.6
 

9a 143.4 42.9 65 155.4 43.3
 

104 242.3 72.6 87 217.8 60.7 

136 327.1 98.0 119 260.3 72.5 

154 267.2 74.4 

a. Release rates expressed as the average amount of 2,4-D released 
from three 0.5-g replicates in designated number of days 
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into solution. Since this is the type of release rate desired, more extensive 

research was conducted on the effects of crosslinking. 

30. A series of copolymerizations of AOE 2,4-0 and BEMA was carried out 

with equimolar mnounts of the two monomers in the presence of 2, 4, and 8 % 

(w/w) p~ and DPU~ (Tables 19 and 20). 'fhe polymerIzatIons, which were 

conducted in various rumounts of MEK at 70°C, were run until gelation occurred. 

The white polymers were isolated by precipitation in hexane, extracted over­

night with ether to remove any unreacted monomer and initiator residues, and 

dried. Yields of the polymers ranged from 26-91%. 

31. The crosslinked products were insoluble in organic solvents. Their 

Tg's ranged from 45-50 C, with the Tg's of the trifunctionally crosslinked 

polymers being higher than their difunctionally crosslinked counterparts 

(Tables 19 and 20). 

32. The release rates of the crosslinked copolymers, which were detennined 

in a buffer solution (pH = 8) at 30°C, were dependent upon the systems' hydro­

philicity (Tables 21-24). As with the corresponding linear copolymers, the 

rates increased as the degree of hydrophilicity increased. Although there was 

some evidence that an increase in the degree of crosslinking may result in a 

slight decrease in the rate of hydrolysis, the hydrophilicity, as detennined by 

the copolymer's composition at the time of gelation, appeared to be the major 

factor governing the rate at which a given copolymer underwent hydrolysis. For 

example, copolymer 13a hydrolyzed more than twice as fast as 13b although it 

had a considerably higher degree of crosslinking. This can be attributed to 

its higher BEMA content, i.e., its higher HEMA/AOE 2,4-D ratio. Another 

contributing factor may have been the hydrophilicity of the crosslinking agent 

itself. Since PED\ contains a free hydroxyl group, the incorporation of this 

molecule into a crosslinked network may result in ~n increase in hydro­

philicity. 

33. An addi tional example of the overriding ettect ot cClI1posi tion can be 

found by comparing polymers~,..£" and~. These copolymers underwent 

hydrolysis at similar rates despite their large differences in degree of 

crosslinking. Their hydrophilicities, as detennined by their BEMA and PErA 

contents, however, were very similar. 

34. There was some evidence that the degree ot crosslinking may be more 

important in less hydrophilic copolymers, i.e., copolymers containing lower 

HEl.Y14./AOE 2,4-D ratios. For example, copolymers 13b, ~, and 1. had similar 

compositions but slightly different release rates. In fact, the release rates 
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Table 19. Cross1inking Studies wi th PErA 

Polymer 
No. 

Wt. % 
PErA 

Reaction 
TiIre 

Yield 
(%) 

Tge 
(DC) 

% Cl Copolymer f 
Qxrposition 

Release 
Rateg 

in feed (hr) AOE 2 t 4-D:HEMA.:PErA 

13a a 2 3c 28 48 10.77 29:66:5 1.9 

13b b 2 23d 91 47 14.64 45:53:2 0.8 

13c a 4 2c 27 49 11.09 33:58:9 1.6 

13d b 4 23d 85 49 13.84 42:54:4 0.7 

13e a 
8 1c 32 50 9.00 26:58:16 1.6 

13f b 8 23c 86 49 13.24 41:53:6 0.4 

a. Volune of solvent used was 25 ml 
b. Volurre of sol vent used was 80 ml 
c. Actual time of polymerization, i.e., the time at which gelation occurred 
d. Actual time of polymerization, i.e. , reaction was allowed to run ovemight 

during which time gelation occurred 
e. Detennined fran DSC data 
f. calculated from chlorine analysis assuming complete incorporation of the 

used PErA 
g. OVer a period of about 60 days 
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Table 20. Crosslinking Studies with DPIl\1. 

TgePolymer Wt. % Reactian Yield %Cl Copolymer f Release
 
No. DPIM Time (%) (0 C) Oamposition Rateg
 

in feed (hr) AOE 2.4-D:HEMA:DPll\1
 

14a a 2 

14b b 2 

14c c 2 

14d a 4 

14e b 4 

14f c 4 

~a 8 

14h b 8 

14i c 8 

4 

44 

192 

3 

7 

120 

2 

19 

17 

28 

84 

90 

44 

58 

89 

26 

53 

76 

46 

45 

45 

47 

47 

46 

48 

47 

47 

10.57 

15.35 

12.62 

12.96 

12.02 

10.39 

9.30 

11.92 

11.02 

28:66:6 2.2 

49:49:2 1.0 

35:62:3 h 

39:48:13 0.9 

34:60:6 0.8 

27:70:3 h 

27:48:25 1.1 

36:52:12 0.7 

30:61:9 h 

a.	 Volune of solvent used was 25 ml 
b.	 Volune of solvent used was 50 ml 
c.	 Volune of sol vent used was 75 ml 
d.	 Actual time of polymerization, i.e., the time at which gelation occurred 
e.	 Detennined fran DSC data 
f.	 calculated from chlorine analysis assuming complete incorporation of the 

used PErA 
g.	 OVer a period of about 60 days 
h.	 No hydroysis data were obtained 
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Table 21. Hydrolysis of Cross I inked U>polymers 13a, 13c, and 13ea 

Copolymer 13a Copolymer 13c Copolymer 13e 

l\\?; 2,4-D % 2,4-D ~ 2,4-D %-2,4-D l\\?; 2,4-D % 2,4-D 
Days per g Released Days per g Released Days per g Released 

2 2.8 0.8 7 12.1 3.5 2 2.0 0.7 

7 9.9 3.0 13 23.7 6.9 7 7.7 2.7 

15 20.4 6.1 18 29.1 8.4 15 15.9 5.7 

22 32.1 9.6 23 45.3 13.1 22 26.4 9.4 

28 42.9 12.8 28 54.4 15.8 28 35.0 12.5 

36 65.7 19.6 43 75.4 21.8 36 52.7 18.8 

42 68.1 20.3 57 90.2 26.1 42 63.1 22.5 

50 89.5 26.7 63 102.9 29.8 49 49.7 28.4 

53 95.9 28.7 71 113.6 32.9 55 85.7 30.5 

57 103.3 30.8 88 120.3 34.8 62 90.9 32.4 

a.	 25 ml MEK used in polymerization: release rate data expressed as the 
average amount of 2,4-D (in mg) released from three 0.5-g replicates 
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Table 22. Hydrolysis of Crosslinked Copolymers 13b, 13d, and 13fa 

Copolymer 13b	 Copolymer 13d Copolymer 13f 

~ 2,4-D % 2,4-n ~ 2,4-D % 2,4-D ~ 2,4-D % 2,4-D 
Days perg Released Days per g Released Days per g Released 

2 1.5 0.3 2 0.5 0.1 2 0.0 0.0 

9 6.2 1.4 9 3.8 0.8 9 1.1 0.3 

15 12.3 2.7 15 8.5 1.8 15 2.4 0.6 

22 15.6 3.4 22 11.4 2.4 22 3.8 0.9 

29 22.3 4.9 29 17.9 3.8 28 6.4. 1.6 

36 33.0 7.2 39 32.9 6.9 36 9.0 2.2 

43 41.2 9.0 42 .35.5 7.5 46 13.2 3.2 

61 45.4 10.0 61 41.2 8.7 53 14.5 3.5 

74 51.6 11.3 74 47.1 9.9 61 20.2 4.9 

83 63.7 14.0 83 56.4 11.9 83 32.3 7.8 

95 71.7 15.7 95 64.1 13.5 95 40.9 9.9 

a.	 80 ml MEK used in polymerization: release rate data expressed as the 
average amount of 2,4-D (in mg) released from three 0.5-g replicates 
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Table 23. Hydrolysis of Cross I inked Copolyrrers 14a, 14d, and ~a 

Copolymer 14a Copolyrrer 14d Copolyrrer !![ 

l\t; 2,4-D % 2,4-D l\t; 2,4-D % 2,4-D l\t; 2, 4-D % 2,4-D 
Days per g Released Days per g Released Days per g Released 

2 2.7 0.8 7 5.3 1.3 4 2.4 0.8 

7 9.9 3.0 13 11.7 2.9 9 6.3 2.2 

15 20.0 6.3 18 14.4 3.6 14 12.0 4.2 

22 34.2 10.4 23 24.0 5.9 22 19.2 6.6 

28 45.5 13 .8 28 27.6 6.8 29 25.1 8.7 

30 56.8 17.2 43 38.5 9.0 35 31.9 11.0 

36 70.6 21.4 57 51.0 12.6 43 44.7 15.4 

42 84.7 25.7 63 56.8 14.1 49 53.0 18.3 

51 104.0 31.6 71 64.7 16.0 57 57.1 19.2 

55 118.8 36.1 76 71.6 17.7 62 69.8 24.0 

a.	 25 ml MEK used in polymerization: release rate data expressed as the 
average amount of 2,4-D (in mg) released from three 0.5-g replicates 
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- - -Table 24. Hydrolysis of Crosslinked Copol~rs 14b, 14e, and 14ha 

Copolymer 14b Copolymer 14e Copolymer 14h 

~ 2,4-D % 2,4-D ~ 2,4-D % 2,4-D ~ 2,4-D % 2,4-D 
Days per g Released Days per g Released Days per g Released 

2 6.0 1.3 4 2.1 0.6 7 5.0 1.4 

8 13.1 2.7 10 6.4 1.7 13 8.2 2.2 

17 21.4 4.5 19 14.9 4.0 22 14.9 4.0 

29 34.7 7.3 31 24.7 6.6 34 22.6 6.1 

79 84.5 17.7 81 57.0 15.2 84 46.6 12.6 

a.	 50 ml MEK used in polymerization: release rate data expressed as the 
average amount of 2,4-D (in mg) released from three 0.5-greplicates 

Table 25. Ethylene Glycol Detennina~ions 

aCopolymer No. Days Moles of Ethylene Glycol %of Theoretical 
Detected XlO 

6b 310 1.4 30.2 

6c 212 3.2 22.7 

6c 185 1.4 10.8 
(surfactant) 

6d 287 1.1 8.6 

lOa 168 2.7 18.6 

lOb 114 1.6 13.1 

11 67 0.2 7.1 

12 51 1.3 24.6 

a. Based on amount of 2,4-D detected in solutions by spectrophotometric 
analysis 
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decreased as the degree of crosslinking increased. 

35. Interesting examples of the effects of composition and crosslinking 

can also be found by examining the results of the crosslinking studies with 

OPDM (Table 20). Since DPDM contains two methyl groups, the incorporation of 

this molecule in a network should result in a decrease in hydrophilicity. This 

may partially explain why li[ released 2,4-D at one half the rate of 14a. Of 

course, the reduced rate may be due to ~'s significantly higher crosslink 

density. Considering the results of the PEIA studies, however, it is more 

likely that the large difference in rates was due to the difference in 

composition. 

36. All of the crosslinked systems released 2,4-D at nearly constant 

rates. This is in contrast to linear AOE 2,4-0/HEMA copolymers which undergo 

autoaccelerating hydrolysis. This difference in behavior may be related to tile 

fact that the crosslinked systems do not dissolve as the hydrolysis proceeds. 

Detennination of ethylene glycol in hydrolysis solutions of AOE 2,4-0 

copolymers 

37. In an earlier study it was found that copolymers of AOE 2,4-D and 

methacrylic acid undergo hydrolysis at both ester linkages in the pendent 

herbicide chain. Although 2-hydroxyethyl 2,4-dichlorophenoxyacetate was not 

detected in the hydrolysis solutions used in that study, a substantial amount 

of ethylene glycol was found. In order to detennine if the copolymers of AOE 

2,4-D prepared in this work behave similarly, the hydrolysis solutions were 

analyzed for ethylene glycol. Based on the amount of 2,4-D that was detected 

in the solutions by spectrophotometric analysis, approximately 7 to 30% of the 

theoretical amount of ethylene glycol was found (Table 25). This indicates 

that hydrolysis did occur at both ester linkages. 

Linear MOE 2,4-D copolymers 

38. Although all the previous copolymers of MOE 2,4-D had been found to be 

resistant to hydrolysis, these materials still offered promise as controlled 

release systems because of their high Tg's. The copolymers could be ground 

into hard, fine powders that were easy to handle. Hence, a search for new 

comonomers that would afford hydrolyzable systems was initiated with the co­

polymerization of MOE 2,4-D with HEMA and GEM. The MOE 2,4-D/comonomer molar 

feed ratios used were 70:30, 60:40, and 50:50. The copolymerizations were 

conducted in MEK at 70°C with AIBN (0.016 g) as the initiator. The products 

were isolated by precipitation in hexane and then extracted overnight with 

ether. The yields of the copolymers ranged from 50-95% (Table 26). 
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Table 26. Copolymerization of MOE 2,4-0 with HEMA and GEM 

Copolymer No. Comonaner M>le %ME 2,4-0 Yield M>le %IDE 2,4-0a
 

In Feed (%) In Copolymer
 

15a HEMAb 60 . 50 59
 

15b tfEMI\ 50 53 51
 

16a ooR 70 94 68
 

16b GEM 60 94 56
 

16c GEM 50 95 45
 

a. Detennined from chlorine analysis 
b. 35 ml MEK used in polYmerization 
c. 80 ml MEK used in polymerization 
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39. Copolymers ~ and 1i were soluble in several organic solvents, such as 

THF,DMF, and aliphatic ketones, but were insoluble in aliphatic hydrocarbons, 
o

ethyl ether, and water. The Tg's of these polymers ranged from 50-68 C 

(Table 27). 

40. An attempt was also made to copolymerize MOE 2,4-D with crotonic acid. 

In this case, however, only MOE 2,4-D homopolymer could be isolated from the 

reaction mixture. 

41. The IDE 2, 4-D/HEMA copolymers did not undergo hydrolysis in a buffer 

solution (pH = 8) at 3ifc. The IDE 2,4-D/GEM copolymers, however, slowly 

hydrolyzed under the mildly alkaline conditions (Table 28). Evidently, the 

extra hydroxyl group in GEM imparted enough hydrophilicity to the copolymers to 

pennit hydrolysis to proceed. As with the AOE 2,4-D copolymers, the initial 

rate of hydrolysis depended on the amount of hydrophilic comonomer in the 

polymer. The copolymer prepared with a 60:4U feed displayed an autoaccelera­

tion in its hydrolysis rate after approxirnately 150 days of immersion. The 

copolymer prepared with a 50:50 feed hydrolyZed at a nearly constant rate for 

over 200 days. This is similar to the behavior of the crosslinked systems and 

may be related to the fact that the copolymer also did not go into solution as 

the hydrolysis proceeded. 

42. A study was initiated to detennine the reactivity ratios of IDE 2,4-D 

and GEM. Al though srmll amounts of GEM were puri fied by chromatography on 

silica gel using an 80:20 mixture of methylene chloride and ether, not enough 

pure monomer could be obtained to carplete this work. A short study was con­

ducted to detennine if the programmed addition of GEM to MOE 2,4-D would 

increase the hydrolysis rate of the resulting copolymer. Thus, two series of 

copolymerizations were carried out (Table 29). In the first, molar feed ratios 

of MOE 2,4-D to GEM of 50:50, 70:30, and 90:10 were copolymerized by the tradi­

tional batch technique. These copolymerizations were then repeated using a 

programmed addition procedure. Only 25% of the GEM feed was added to the 

initial polymerization. The remaining 75% was added in three equal portions at 

1-hr intervals. (Since the reactivity ratios of these two monomers were not 

known, the initial molar feed ratios necessary to prepare copolymers with 

desired compositions could not be calculated.) All the reaction mixtures were 

then worked up by the rrethod described for the !IDE 2, 4-D/HEMA. copolymers. The 

yields of the copolymers ranged from 22-65%. 

43. Copolymers 17a-c, made by the batch procedure, had M:>E 2,4-D/GEM com­

positions of 48:52, 71:29, and 95:5. This close agreement between the initial 
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Table 28. Hydrolysis of IDE 2 ,4-D/GEM Copolymers 168., 16b, and 16ca 

Copolymer 16a Copolymer 16b Copolymer 16c 

~ 2,4-D % 2,4-0 T\\; 2,4-0 % 2,4-0 ~ 2,4-0 % 2,4-0 
Days per g Released Days per g Released Days per g Released 

1 0.3 0.1 1 0.5 0.1 1 4.2 1.0 

3 0.5 0.1 4 1.8 0.4 5 19.2 4.6 

5 0.9 0.2 8 2.8 0.6 17 42.7 10.2 

10 1.1 0.2 16 7.5 1.6 25 63.7 15.2 

17 1.4 0.3 29 9.7 2.0 38 82.4 19.6 

25 2.3 0.4 38 16.4 3.4 47 106.3 25.3 

38 2.4 0.4 50 22.4 4.7 59 139.8 33.3 

59	 2.7 0.5 100 56.0 11.6 109 219.1 52.1 

215 170.0 35.2 225 425.0 100.0 

260 220.0 45.6 

a.	 80 ml MEK used in polymerization: release rate data expressed as the 
average amount of 2,4-0 (in mg) released from three 0.5-g replicates 
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Table 29. Copolymerization of IDE 2,4-D wi th GEM and CMA. 

Copolymer No. Colronaner !'vbIe %!\oDE 2, 4-D 
In Feed 

Yield 
(%) 

!'vble %IDE 2,4-Da 

In Copolymer 

17a b GEM 50 65 48 

17b- GEM 70 61 71 

17c GEM 90 43 95 

18a c 
GEM 80 22 48 

18b- GEM 90 25 73 

18c- GEM 97 37 86 

Hla b 
eM.<\. 50 91 50 

19b eM.<\. 60 87 58 

a.	 Detennined fran DSC data 
b.	 Reaction t irre was 24 hr 
c.	 25% of total GEM added initially and at each 1-hr interval 

(Total reaction tirre was 5 hr) 

Table 30. Physical Properties of MJE 2.4-D Copolymers 17-19 

Copolymer No. % CI	 Tga lnlb 

(oe) 

17a 13.94 52 0.33 

17b 17.85 42 0.16 

17c 20.78 34 0.16 

18a 13.99 54 0.21 

18b 18.13 48 0.29 

18c 19.69 30 0.17 

19a 14.93 33 0.40 

a.	 Detennined fran DSC data 
b.	 Inherent viscosi ty (0.50 g/dl in Il\1F at 30 "C) 
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feed ratio and composition suggests that these two monomers have similiar 

reactivity ratios. Copolymer compositions equal to the molar feed ratio occurs 

only when r1 = r2 = 1. (Copolymer systems are termed "ideal" when both 

comonomers show the same preference for adding one of the monomers over the 

other.) Thus, the two types of units, MOE 2,4-D and GEM, are arranged at 

random along the chain in relative amounts detennined by the composition of the 

feed. 

44. The programmed-addition procedure gave polymers (18a-c) with compo­

sitions of 48:52, 73:27, and 86:14, which were also approximately equal to the 

initial molar feed ratios. This further substantiates the premise that the 

monomers have simi lar reac t i vi ty ratios. 

45. The MOE 2,4-D/GEM copolymers were soluble and insoluble in the same 

solvents as the AOE 2,4-D/HEMA copolymers. However, the Tg's of these copoly­

mers were higher, ranging between 30-54°C (Table 30). 

46. The release rates of MOE 2,4-0/GEM copol~ners prepared by programmed­

addition techniques were faster than those of analogous copolymers prepared by 

batch procedures (Tables 31 and 32). For example, copolymer 18a, which had the 

same composition as copolymer 17a, released 55.5 mg of 2,4-D in 23 days, 

whereas, 17a released only 33 mg in this same time period. 

47. Finally, the copolymerizat ion of MOE 2 ,4-D wi th a new monomer, i.e. 

GMA, was investigated. Since GEM is prepared from GMA, the synthetic route to 

copolymers prepared from this monomer involve one less step. Molar feed ratios 

of MOE 2,4-D to GMA of 50: 50 and 60 :40 were copolymerized in MEl< at 70° C. The 

resulting copolymers (19a and b) were obtained in 91 and 87% yields, respec­

tively (Table 29). The copolymers were soluble in THF, DMF, and aliphatic 

ketones, but insoluble in aliphatic hydrocarbons, ethyl ether, and water. The 

copolymers had Tg's of 33 and 52°C, which are simi liar to those of the MOE 

2,4-D/GEM copolymers. . 

48. The MOE 2,4-D/GMA copolymers did not undergo hydrolysis in hard water 

solutions. Evidently, the epoxy ring contained in GMA did not impart enough 

hydrophilicity to pennit hydrolysis. The ring also must not have undergone any 

appreciable amount of ring opening in the hydrolysis solutions. 

Preparation of 2-hydroxy-3~thacryloyloxypropyl2,4-dichlorophenoxyacetate 

(HMOP 2,4-D) (Talukder 1981) 

49. A herbicidal monomer was sought that-would contain its own hydrophilic 

group. Thus, HMJp 2,4-D (20) was prepared by the reaction of 2,4-D with GMAin 

the presence of the quarternary-ammonium-salt catalyst tetramethylammonium 
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Table 31. Hydrolysis of IDE 2 ,4-D/GFM CopolyIrers 17a-c a 

Days 

1 

CopolyIrer 17a 

~ 2,4-D % 2,4-D 
per g Released 

2.1 0.5 

Days 

1 

Copo1yIre r 17b 

Mg 2,4-D % 2,4-D 
per g Released 

0.0 0.0 

Days 

1 

CopolyIrer 17c 

~ 2,4-D % 2,4-D 
per g Released 

0.0 0.0 

7 8.5 1.9 7 0.3 0.1 7 0.6 0.1 

11 15.4 3.5 20 0.6 0.1 20 1.0 0.2 

20 27.0 6.2 55 0.8 0.1 55 1.3 0.2 

36 53.9 12.4 99 1.6 0.3 99 1.6 0.3 

55 83.7 19.2 158 2.4 0.4 158 2.3 0.4 

99 135.3 31.0 

106 149.8 34.4 

144 216.0 50.0 

165 219.0 50.2 

a. Release rate data expressed as the average amou
released from three 0.5-g replicates 

nt of 2,4-D (in mg) 

Table 32. Hydrolysis of IDE 2,4-D/GEM Copolymers 18a-c a 

Copolymer 18a Copolymer 18b Copolymer 18c 

Mg 2,4-D % 2,4-D ~ 2,4-D % 2,4-D ~ 2,4-D % 2,4-D 
Days per g Released Days per g Released Days per g Released 

2 13.1 2.8 2 1.4 0.3 2 0.0 0.0 

6 20.4 4.3 6 2.1 0.,\ 6 0.3 0.1 

16 44.5 9.4 9 2.2 0.4 16 0.7 0.1 

23 55.5 11.7 16 3.5 0.6 23 0.9 0.2 

30 tiO.1 12.7 23 3.6 0.6 30 1.0 0.2 

40 69.4 14.7 30 3.8 0.7 40 1.2 0.2 

40 4.3 0.8 

a.	 Release rate data expressed as the average amount of 2,4-D (in mg) 
released from three 0.5-g replicates 
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chloride (TMC). After the reaction was allowed to proceed at 70 DC for 3 hr. 

the percentage of unreacted epoxy groups in the GMA was detennined by titra­

tion. The conversion of eM\. to I-f,[)P 2.4-D ranged fran 96 to 98%. Al though 

attempts to distill HMDP 2,4-D under reduced pressure were unsuccessful, the 

viscous, liquid monomer was purified by successive phase separations fran 

acetone solutions with petroleum ether. High pressure liquid chromatography 

(HPLC) did indicate the presence of a small aroount of a second cOOl>ound, which 

was most likely the isomer 3-hydroxy-2-methacryloyloxypropyl 2,4-dichloro­

phenoxyacetate (20b). The monomer was used without purification in the 

majority of the polymerizations conducted in this study. 

Hanopolyrnerization of HMDP 2,4-D 

50. The homopolymerization of HMDP 2,4-D was carried out in MEK at 70D C 

with AIBN as the initiator. TWo different concentrations of the monomer w~re 

used. i.e., 60% w/w (21a) and 16.7% w/w (21b). The white polymer, which was 

isolated by precipitation in petroleum ether, was purified by reprecipitation 

fran acetone with petroleum ether followed by extraction with ethyl ether. The 

yield of the pol~ner ranged fran 45-65%. The homopolymer was soluble in 

several organic solvents such as THF, DMF, and aliphatic ketones, but was 

insoluble in aliphatic hydrocarbons, ethyl ether, and water. The homopolymer 

obtained fran the concentrated polymerization mixture (21a) had a Tg of 42 DC 

and an inherent viscosity of 0.21 (0.5 g/dl in DMF at 30 De), While the Tg of 
the polymer obtained fran the more dilute polymerizaion mixture (21b) had a Tg 

of 46 DC and an inherent viscosity of 0.18. It is very likely that some 

branching occurred in the fonner case, which would explain the lower Tg. Such 

branching could arise by free-radical abstractions of the hydrogens in pendent 

2,4-D moieties, which would generate new polymerization sites along the back­

bone. Hydrogens located next to ether linkage are known to be extremely 

susceptible to free-radical abstraction. 

51. The homopolymers did not release 2,4-D when imnersed in reconstituted 

hard water with a pH = 8. Evidently, the free hydroxyl groups did not provide 

enough hydrophilicity to allow the hydroysis to proceed. 

Prepara t ion of H\UP 2, 4-D/HEMA copolymers 

52. Copolymerizations of HM)p 2,4-D and HEM<\. were carried out using molar 

feed ratios of 76:24 (22a), 66:34 (22b-l), and 43:57 (22c). The copoly­

merizations were run in l~ at 70 DC with AIBN as the initiator. The monomer 

mixtures were slowly added to the MEK solutions as the polmerizations 

proceeded. The final concentrations of the monomers in MEK were 60% (w/w). 
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The polymers, which were isolated by precipitation in petroleum ether, were 

reprecipitated from MEK with petroleum ether and then extracted overnight with 

ethyl ether. The yields of purified material ranged from 35-55%. The copoly­

mers displayed the same solubility behavior as the HMDP 2,4-D homopolymers. 

Their Tg's ranged from 48-52°C and increased as the percentage of lffi\1-\. in the 

copolymers increased (Table 33). 

53. A copolymerization with a molar feed ratio of HMDP 2,4-D to HEM.'\. of 

66:34 was also carried out with a total monomer concentration of 16.7% (w/w). 

The copolymer (22b-2) obtained in this case had a Tg of 60°C, which is consi­

derably higher than the Tg of a similar copolymer (22b-1, Tg = 5ifC) prepared 

in a more concentrated solution. This further substantiates the premise that 

the polymerization of HMDP 2,4-D in concentrated solutions results in 

branching. 

54. The H\UP 2,4-D/1ffiW\ copolymers imnediately released a small arrount of 

2,4-D when imnersed in the reconstituted hard water. Except in the case of 

copolymer (22c), the release rate decreased dramatically after approximately 50 

days (Table 34). The former copolymer, which was prepared from a mon~ner feed 

containing 57 mole %Hfl~, released 2,4-D very slowly but at a considerably 

faster rate than the other HEMA. copolymers. The copolymer obtained from a 

dilute polymerization mixture (22b-2) showed a larger initial burst of 2,4-D 

than the copolymer obtained from a concentrated polymerization mixture (22b-1). 

However, the release rate of this copolymer also decreased dramatically after 

the initial burst of herbicide. The initial 2,4-D released from these copoly­

mers most likely originated in unreacted monomer that was trapped in the 

polymer matrix. 

Preparation and hydrolysis of HMDP 2,4-D/GEM copolymers 

55. A series of copolymerizations of HMOP 2,4-D and GEM was carried out in 

WffiK with two different concentrations of the reactants, i.e., 60% w/w (23a-c) 

and 16.7% w/w (24a-c). The molar feed ratios of H\OP 2,4-D to GEM used were 

80:20, 64:36, and 51:49. The polymerization procedure and reaction work-up 

were identical to those described for the H'vDP 2,4-D/HEMA copolymers. The 

yields of the copolymers ranged from 22-50% (Table 35). 

56. The HMDP 2,4-D/GEM copolymers were soluble and insoluble in the same 

solvents as the HMOP 2,4-D/HEMA copolymers. However, the Tg's of these copoly­

mers were higher, ranging between 50-55°C for·23a-c and between 56-65°C for 

24a-c. The copolymers prepared in more dilute solutions had the highest Tg's 
(Table 36). 
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Table 33. Copolyrrerization of I-M)p 2,4-D and l-IDM. 

Copolymer No. MOlar Feed Ratio Yield Tga [111 b 
l-IM:F 2, 4-D: HFMA (%) (OC) 

22a 76:24 55 48 0.17 

22b-1 66:34 45 50 0.18 

22b-2 60:40 35 60 0.17 

22c 43:57 35 52 0.19 

a. Detennined fran DSC data 
b. Inherent Viscosity (0.50 g/dl in a~ at 30°C) 

Table 34. Hydrolysis of I-M)P 2,4-D and HFMA Copolyrrersa 

Copolymer 22a Copolyrrer 22b-1 Copolyrrer 22c 

~ 2,4-D % 2,4-lJ ~ 2,4-D % 2,4-D ~ 2,4-D % 2,4-D 
JJays per g Released Days per g Released Days per g Released 

2 2.3 0.4 2 2.0 0.4 2 2.1 0.5 

7 6.5 1.2 7 6.0 1.2 7 7.7 1.8 

12 13.6 2.5 12 13.5 2.8 14 20.5 4.8 

17 15.4 2.8 17 16.5 3.4 17 22.0 5.2 

24 16.0 3.0 24 18.0 3.7 24 24.0 5.6 

50 23.0 4.2 50 30.0 6.2 50 28.0 6.6 

170 33.0 6.2 170 41.0 8.4 170 51.6 12.6 

a.	 Release rate data expressed as the average amount of 2,4-D (in mg) 
released from three 0.5-g replicates 
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Table 35. Copolytrerization of H\OP 2,4-D and ill~ 

Polymer No. lVblar Feed Ra t io Yield Copolymer Compositiona 

tM)P 2,4-1): GEM (%) (MJle Ratio tM)P 2, 4-D:GEM) 

23a b 80:20 50 62:38 

23b 64:36 37 55:45 

23c 51:49 26 69:31 

24a c 80:20 45 46:54 

24b 64:36 33 41:59 

24c 51:49 22 40:60 

a. 11etennined from chlorine analysis 
b. Copolymerization run in MEK with a reactant concentration of 60% (w/w) 
c. Copolymerization run in MEK with a reactant concentration of 16.7% (w/w) 

Table 36. Physical Properties of Copolymers of H~ 2,4-D and GEM 

bCopolymer No. % CI Tga !nl
(0G) 

23a 15.35 50 0.46
 

23b 14.36 52 0.48
 

23c 16.38 55 0.49
 

24a 12.85 56 0.40
 

24b 11.88 60 0.41
 

24c 11.73 65 0.41
 

a. Detennined from DSC data 
b. Inherent Viscosity (0.50 g/dl in DMF at 30°C) 
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57. The J:M)p 2 ,4-DlGEM copolymers obtained from concentrated polymeriza­

tion mixtures (23a-c) released relatively large amounts of 2,4-D in the first 

40 days following their imnersion in hard water (Table 37). As with the lIDM. 

copolymers, their release rates fell precipitiously after this initial burst. 

The release rates of the J:M)p 2,4-D/GfM copolymers obtained from dilute poly­

merization mixtures (24a-c), however, only decreased slightly over a 96-day 

period (Table 38). The release rates of all three polymers were nearly 

identical, i.e., 1 mg of 2,4-D per g of copolymer per day. This is not too 

surprising since chlorine analysis indicated that the compositions of all the 

copolymers were nearly identical (Table 36). 

Preparation of 2,4-D/Poly G~ adducts (Chou 1982) 

58. As mentioned in the INTRODUC1'ION, one of the objectives of this 

research was to investigate an alternate route to polymers containing pendent 

herbicide sUbstituents. A prepolymer was to be prepared and then treated with 

herbicide. Thus, the haropoly- roorization of G~ was carried out in .MEK con­

taining AIHN (1.5% by weight of GMA) at 68-70°C under a nitrogen atmosphere for 

4 hr. A sample of the white polymer ~ was isolated by precipitation in water 

and then dried under vacuum overnight. The polymer was soluble in several 

organic solvents, SUCh as THF, ll~, and aliphatic ketones, but was insoluble in 

aliphatic hydrocarbons, ethyl ether, and water. The polymer had a number 

average molecular weight of 23,600 and an inherent viscosity of 0.37 (0.5 g/dl 

in D~ at 3UOC). The epoxy number of the polymer was 10.4, i.e., 97.2 %of the 

epoxide groups were intact. 

59. The MEK solution of ~ was used directly in the preparation of the 

2,4-D/Poly GMA adducts (26). Samples of this solution were mixed with various 

amounts of 2,4-D and TMC dissolved in cellosolve acetate (CA). The mixture was 

heated at 68-70°C under a nitrogen atmosphere for 4 hr. Adducts were prepared 

that contained 79, 51, 39, 20, and 10 mole % 2,4-D '(Table 39). The products 

were isolated by the same procedure described for Poly GMA. 

60. As shown in Table 40, all of the five adducts released a very small 

amount of 2,4-D in the hard water during their first 4 months of immersion. 

All of the release rates slowly accelerated as the hydrolysis proceeded. With 

the exception of the adduct containing 51 mole % 2,4-D (26b), all of the 

adducts released nearly equivalent percentages of their 2,4-D contents in 255 

days. Thus, it appears that the degree of 2,4-D sUbstitution did not signifi­

cantlyaffect the adducts' hydrolysis rates. It is not readily apparent why 

26b gave anamolous results. 
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Table 37. Hydrolysis of I-MJP 2,4-D/GEM Copolyrrers 23a-c a 

Copolymer 23a Copolyrrer 23b Copolyrrer 23c 

~ 2,4-D % 2,4-D ~ 2,4-D % 2,4-D I\\?; 2, 4-D % 2,4-D 
Days per g Released Days per g Released Days per g Released 

3 10.0 1.8 3 9.8 1.9 3 8.0 1.9 

8 73.0 13.9 8 36.0 7.5 8 26.0 6.1 

20 109.0 19.9 20 42.0 9.0 20 40.0 9.4 

35 141.0 25.8 35 56.0 11.5 35 55.0 12.9 

43 156.0 29.5 43 74.0 15.0 43 60.0 14.1 

130 163.0 30.0 130 77.0 15.8 130 72.0 16.9 

250 163.0 30.0 250 77.0 15.8 130 72.0 16.9 

a.	 Release rate data expressed as the average amount of 2,4-D (in mg) 
released from three 0.5-g replicates 

Table 38. Hydrolysis of l-M)P 2, 4-D/GEM Copolyrrers 24a-c a 

Copolyrrer 24a Copolyrrer 24b Copolyrrer 24c 

~ 2,4-D % 2,4-D ~ 2,4-D % 2,4-D ~ 2,4-D % 2,4-D 
Days per g Released Days per g Released Days per g Released 

1 5.4 1.3 1 5.0 1.4 1 5.6 1.5 

5 13.0 3.3 5 10.0 2.7 5 12.0 3.3 

10 21.0 5.3 10 18.0 4.9 10 22.0 6.0 

25 33.0 8.3 25 41.0 11.1 25 42.0 11.5 

34 39.0 9.8 34 45.6 13.3 34 46.0 14.0 

49 57.0 14.3 49 58.0 15.7 49 63.0 17.9 

64 80.0 20.0 64 75.0 19.7 64 82.0 22.5 

96 106.0 26.5 96 100.0 27.0 96 104.0 28.6 

a.	 Release rate data expressed as the average amount of 2,4-D (in mg) 
released from three 0.5-g replicates 
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Table 39. Preparation of 2,4-D/Poly GMA Adducts 

Adduct No. 2,4-0 Content a E.N. b [nl c l\\; 2,4-Dd % 2,4-Dd 

(M:>le %) per g Released 
per day per day 

26a 79 0.9 0.49 0.2 0.0 

26b 51 3.0 0.61 0.1 0.0 

26c 39 3.7 0.43 0.1 0.0 

26d 20 5.9 0.40 0.1 0.0 -

26e 10 8.0 0.38 0.1 0.0 

a. ca.lcula ted fron epoxy number 
b. Epoxy nuni>er detennined by ti tration 
c. Inherent viscosity (0.5 g/dl in DMF at 30°C) 
d. 2,4-D release rate during the first four months 

Table 40. Hydrolysis of 2,4-D/Poly G\1A Adductsa 

Days \~ 2, 4-D per g Adduct %2,4-D Released 
Adduct No. Adduct No. 

26a 26b 26c 26d 26e 26a 26b 26c 26d 26e -

1 1.6 1.6 1.0 1.7 1.8 0.3 0.4 0.3 0.7 1.4 

8 2.2 2.0 1.5 3.5 1.8 0.4 0.5 0.4 1.5 1.4 

15 3.2 2.~ 2.0 4.8 2.5 0.6 0.7 0.5 2.1 1.9 

19 3.9 3.3 2.5 5.2 2.8 0.7 0.8 0.7 2.2 2.1 

27 4.8 4.2 3.6 6.2 3.8 0.9 1.0 0.9 2.6 2.9 

33 5.0 4.6 3.8 6.5 4.3 0.9 1.1 1.0 2.7 3.2 

44 5.9 5.3 4.5 7.2 4.4 1.0 1.2 1.2 3.0 3.2 

81 10.8 8.2 8.8 10.2 6.7 2.0 1.9 2.3 4.3 5.0 

113 25.5 12.8 16.5 14.1 10.2 4.6 3.0 4.3 6.0 7.6 

142 39.8 15.7 29.6 1~.2 13.2 7.2 3.6 7.7 7.7 9.8 

255 105.9 28.4 72.4 37.4 21.4 19.1 6.6 18.9 15.8 16.0 

a. Release rates expressed as the average aJrount of 2,4-D released 
fran three 0.5-g replicates in the designate number of days 
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61. In order to fa~ilitate the hydrolysis of the 2,4-D/Poly GMA adducts, 

several attempts were made to introduce more hydrophilicity into the ester 

systems. These attempts included: (a) the introduction of hydrophilic groups 

along the precursor polymer backbone via the copolymerization of ~1A with 

hydrophilic caronomers; (b) the preparation of hydroxy-terminated adducts with 

reduced molecular weights; and (c) the incorporation of glycol moieties in the 

syst6n via the hydrolysis of pendent epoxy groups. 

Preparation of 2,4-D/Copoly(~-HEMA) adducts 

62. A series of copolymerizations of GMA with various amounts of HEMA and 

AIBN was carried out. The copolymerizations were conducted in MEK at 68-70°C 

under a nitrogen atmosphere for 4 hr. The molar feed ratios of GMA to HEMA 

employed were 60:40, which was run with 2.1% and 3.4% AIBN, and 50:50, which 

was run with 3.4% AIBN. In the latter case, the copolymer gelled during the 

polymerization. The 2,4-D/Copoly(GVIA.-ill1\\I\) adducts 27a and ~ were prepared by 

treating the 60:40 copolymer solution with a solution of 2,4-D and TMC in CA 

(Table 41). The procedure followed was identical to that used in the prepara­

tion of the 2,4-D/Poly GMA adducts. 

63. As shown in Table 42, the release rates of the 2,4-D/Copoly(GMA-HEMA) 

adducts in reconstituted hard water were considerably faster than those of the 

corresponding 2,4-D/Poly GMA adducts. The 60:40 copolymer prepared with 3.4% 

AIm afforded an adduct which hydrolyzed faster than the analogous adduct based 

on the copolymer prepared with 2.1% AIBN. This may be due to differences in 

the copolymers' molecular weights. The copolymer prepared with the higher 

concentration of initiator should have a considerably lower molecular weight. 

Preparation of 2,4-D/Copoly(GMA-HEA) adducts 

64. Two copolymerizations of GVIA. wi th 2-hydroxyethyl acrylate (HFA) were 

carried out. The copolymerizations were conducted in MEK containing AIBN (3.4% 

by weight of comonomers) at 68-70°C under a nitrogen atmosphere for 4 hr. The 

molar feed ratios of GMA to HEA employed were 80:20 and 60:40. In the latter 

case, the copolymer gelled during the polymerization. The 2,4-D/Copoly 

(GMA-HEA) adduct 28 was prepared by treating the 80:20 copolymer solutions 

with a solution of 2,4~D and TMC in CA. The procedure followed was identical 

to that used in the preparation of the 2,4-D/Poly GMA adducts. The adduct did 

not dissolve completely in any solvent. Hence, some crosslinking must have 

occurred. The release rate of this adduct in reconstituted hard water was 0.2 

mg per g of adduct per day (Table 43). Although this rate is faster than those 

of the corresponding 2,4-D/Poly GMA adducts, it is much slower than the desired 
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Table 41. Preparation of 2.4-D/CopolyCG\1A.-HFMA) Adducts 

M b dAdduct No. E.N. a Wt % E.N. c 2,4-D Content l\~ 2,4-Dd % 2.4-D
AIBN 

n CIlDle %) per g Released 
per day per day 

27a 6.0 2.1 -- 1.6 37 0.6 0.1 

27b 5.9 3.4 26,000 1.4 40 0.9 0.2 

a. Epoxy nlUTlber of Copoly(CMA-HFMA) detennined by ti tration 
b. M of CopolyCGW\-HEM<\.) detennined from vapor pressure oSImllletry CVPO) 
c. EBoxy rnmJber of 2, 4-D/CopolyCCM\-HFM<\) adduct 
d. 2,4-D release rate during 252 days 

Table 42. Hydrolysis of 2,4-D/CopolyCGW\-HFM\) Adductsa 

Adduct 27a Adduct 27b 

Days 1'.\5.2,4-D % 2.4-D ~ 2,4-U % 2,4-D 
per g Released per g Released 

1 0.7 0.2 2.7 0.7 

8 1.1 0.3 4.0 1.0 

15 1.8 0.5 5.3 1.4 

1!l 2.5 0.7 6.7 1.7 

27 3.8 1.0 9.2 2.4 

33 5.2 1.3 11.4 3.0 

39 6.4 1.7 15.4 4.0 

44 7.5 2.0 16.0 4.1 

81 27.7 7.2 .37.5 9.7 

113 55.4 14.4 73.4 9.0 

142 77.4 20.0 99.4 25.7 

187 104.0 26.9 144.0 37.4 

204 113.0 29.2 154.0 39.9 

252 131.0 33.8 190.0 49.3 

a. Release rates expressed as the average amount of 2,4-D released 
from three 0.5-g replicates in the designated number of days 
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Table 43. Hydrolysis of 2,4-D/Copoly(G\1A.-HFA) Adduct!!!. a 

Da~s Mg 2,4-D per g % 2,4-D Released 

1 1.2 0.2 

6 2.4 0.5 

42 5.8 1.2 

75 10.7 2.1 

107 22.1 4.4 

a.	 Release rated expressed as the average amount of 2,4-D released 
from three 0.5-g replicated in the designated number of days 

Table 44. Hydrolysis of 2,4-D/Copoly(G\1A.-HPMA.) Adduct ~ a 

Days ~ 2,4-D per g % 2,4-D Released 

1	 5.3 1.1 

3	 8.9 1.8 

4	 10.1 2.0 

5 11.6 2.3 

20 19.5 3.9 

39 19.5 3.9 

72 20.1 4.0 

104	 23.5 4.7 

a. Release rates expressed as the average amount of 2,4-D released 
from three 0.5-g replicates in the designated number of days 
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release rate of 1 mg of 2,4-D per g of adduct per day. 

Preparation of 2,4-D/Copoly(GMA-HPMA) adducts 

65. A copolymerization of GMAwith 2-hydroxypropyl methacrylate (f-IPM..<\) was 

conducted in MEK containing AIBN (3.4% by weight of comonomer) at 68-70°C under 

a ni trogen atroosphere for 4 hr. The roolar feed rat io of GMA to HPM\ efll>loyed 

was 60:40. The 2,4-D/Copoly (GMA-HPM\) adduct ~ was prepared by treating the 

60:40 copolymer solution (E.N.= 3.7) with a solution of 2,4-0 and TMC in CA. 

The procedure followed was identical to that used in the preparation of the 

2,4-0/Poly GW\ adducts. The adduct had an E.N. of 1.5 which corresponds to a 

2,4-U content of 39%. 

66. As shown in Table 44, after the adduct quickly released several mg of 

2,4-D, the release rate decreased dramatically. The initial burst was prcoably 

due to the release of unreacted 2,4-D that was trapped in the polymer matrix. 

Prepara tion of 2, 4-D/Copoly(G'M.-Il\1AEMA) adduc ts 

67. 1Wo copolymerizations of GMA with 2-dimethylaminoethyl methacrylate 

(IM\FMA) were also carried out. The copolymerizations were conducted in MEK 

containing AIBN (3.4% by weight of comonomers) at 68-70°C under a nitrogen 

atroosphere for 4 hr. Theroolar feed ratios of GMA to IJ\i.o\E1v~ erTl>loyed were 95:5 

and 90:10. In the latter case, the copolymer gelled during the polymerization. 

The 2, 4-D/Copoly(GMA-IXvlAEMA.) adduct ~ was prepared by treating the 95: 5 

copolymer solution with a solution of 2,4-U and Jrne in CA. The procedure 

followed was identical to that used in the preparation of the 2,4-D/Poly GMA 

adducts. The adduct did not dissolve completely in any solvent, indicating 

that some crosslinking occurred. lbe release rate of this adduct was 5.0 mg of 

2,4-D per g of polymer. After approximately 172 mg of 2,4-D per g of polymer 

had been released, the release rate slowed considerably (Table 45). The pH of 

the solution had changed from 8.0 to 4.6, which may have affected the rate. It 

is roore likely that the decrease in rate was due to a decrease in the diffusion 

of free 2,4-0 out of the polymer particles. The concentration of 2,4-D in the 

solution at this point was approximately 36% of the saturation level (0.8 g/ 

100 g). 

Preparation of hydroxy-tenninated 2,4-D/Poly GMA adducts with low roolecular 

weights 

68. It was postulated that the adducts' release rates could be enhanced by 

using an hydroxy-substituted chain transfer agent in the preparation of the 

Poly GMA prepolymer. This would result in hydroxy-tenninated systems with 

reduced roolecular weights that should be roore hydrophilic and, hence, roore 
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susceptible to hydrolysis. Thus, the homopolymerization of GMA was carried out 

in the presence of various amounts of the chain transfer agent 2-mercapto­

ethanol (ME) (Table 46). The polymerizations were conducted in MEK containing 

AlBN (2% by weigh~ of GMA) at 68-70°C under a nitrogen atmosphere for 4 hr. 

The hydroxy-tenninated prepolymers were treated with 2,4-D and tetraethyl­

ammonium bromide (TEB) in CA according to the earlier described procedure. 

69. The release rates of these adducts (31a,b) were faster than those of 

the previously prepared 2,4-D/Poly(GMA) adducts 26 a-e (Table 47). As with the 

2,4-D/Copoly(GMA-DMAEMA) adduct, the release rate of 31a appeared to slow 

considerably after approximately 175 mg of 2,4-D per g of adduct had been 

released. After 73 days the adduct was collected by filtration, washed with a 

litre of distilled water, dried under vacuum overnight, and then reimmersed in 

reconstituted hard water. The adduct immediately began to release 2,4-D velY 

quickly. After 10 days, the rate had slowed to the same level displayed during 

the first 37 days of the study, i.e., approximately 4.0 mg per g of adduct per 

day. 

Preparation of hydroxy-tenninated 2,4-D/Copoly(GMA-HEMA) adducts with low 

molecular weights 

7U. The same approach to enhancing release rates described in the previous 

section was employed in the preparation of 2,4-D/Copoly(GMA-HEMA) adducts. 

Thus, the copolymerizations of GMA with various amounts of HEMA were carried 

out in the presence of ME. The copolymerizations were conducted in MEK con­

taining AlBN (2% by weight of comonomers) and ME (3% by weight of comonomers) 

at 68-70°C under a nitrogen atmosphere for 4 hr. The molar feed ratios of GMA 

to HEMA employed were 90:10 and 80:2U. The hydroxy-tenninated prepolymers were 

treated with 2,4-D and TEB in CA according to the procedure described above to 

give adducts 32a and Q (Table 48). 

71. The release rates of these hydroxy-tenninated copolymer adducts were 

considerably faster than those of the 2,4-D/ Copoly(GMA-HEMA) adducts 27a and 

~ even though much less HEMA was employed (Table 49). They were also slightly 

faster than that of the corresponding hydroxy-tenninated 2,4-D/Poly GMA adduct 

31a. As with 31a the release rates did slow dramatically after approximately 

171 mg per g of adduct was released after 58 days. Adduct 32a was isolated by 

the procedure described for 31a and reimmersed in reconstituted hard water. 

The adduct quickly began to release 2,4-D at almost the same rate displayed 

during its first month of immersion. This rate was maintained until the adduct 

had released approximately 170 additional mg of 2,4-D per g of adduct. At this 
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Table 45. Hydrolysis of 2,4-D/Copoly(G\1A-Il\1AFM<\) Adduct 30 a 

Da~s 

2 

7 

8 

9 

24 

26 

33 

76 

108 

l\\?; 2. 4-D per g 

13.6 

53.7 

59.0 

74.4 

152 

157 

172 

186 

191 

% 2,4-D Released 

2.9 

11.4 

12.6 

15.8 

32.4 

33.5 

36.6 

39.6 

40.6 

a.	 Release rates expressed as the average amount of 2,4-D released 
fram three 0.5-g replicates in the designated number of days 

Table 46. Preparat ion of 2,4-D/Poly CMA Adducts 

cAdduct No. E.N. a Wtd% Mb E.N. 2,4-D Content .~ 2,4-D % 2,4-Dn
ME (rrole %) per g Released 

per day per day 

31a 10.5 3.0 5,800 2.4 60 4.1e 0.ge 

31b 10.7 1.5 8.600 2.4 61 1.5 f 0.3 f 

a.	 Epoxy mnnber of CM\ 
b.	 M of Poly CMA detennined fram VPO 
c.	 E{Joxy number of 2,4-D/Poly G\1A adduct 
d.	 % ME by weight of CM\ 
e.	 2,4-D release rate during 41 days 
f.	 2,4-D release rate during 80 days 
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Table 47. Hydrolysis of Hydroxy-Tenninated 2,4~D/Poly (Ml\ Adductsa 

Adduct 31a	 Adduct 31b 

Days ~ 2,4-D % 2,4-D Days ~ 2,4-0 % 2,4-0 
per g Released per g Released 

4 21.5 4.7 3 6.9 1.5
 

12 62.4 13.5 4 7.8 1.7
 

16 74.9 16.2 5 8.4 1.8
 

19 86.6 18.8 10 13.8 3.0
 

22 103 22.4 12 15.0 3.3
 

27 124 27.0 19 22.5 4.9
 

31 139 30.2 24 29.7 6.5
 

37 157 34.1 27 34.5 7.5
 

41 176 38.3 31 40.5 8.8
 

49 185 40.3 36 48.9 10.6
 

61 191 41.6 40 57.4 12 .8
 

73 192 41.7 54 82.9 18.0
 

75 238 51.8 64 99.3 21.6
 

76 260 56.6 80 124 26.9
 

83 297 64.6
 

88 318 69.0
 

110 351 76.4 

a.	 Release rates expressed as the average amount of 2,4-D released 
from three 0.5-g replicates in the designated number of days 
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Table 48. Preparation of Hydroxy-Tenninated 
2,4-D/Copoly«M<\-!iEM\) Adducts 

Adduct 
No. 

M:>lar 
Feed Ratio 
of 1: 13 

abcE.N. E.N. 2,4-D Content M 
n(mole %) 

~ 2,4-Dd 

per g 
per day 

% 2,4-Dd 

Released 
per day 

32a 90:10 9.3 2.4 60 5,200 4.7 0.94 

32b 80:20 8.5 2.1 58 8,200 4.8 0.95 

a. Epoxy nurrber of hydroxy-tenninated copoly{(M<\-HFMA) 
b. Epoxy number of 2,4 -D adduc t . 
c. M of copoly«M<\-HElVIA) detennined frOO1 VPO 
d. 2~4-D release rate during the first month 
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Table 49. Hydrolysis of Hydroxy-Terminated
2,4-D/CopolyCCMA.-HFMA) Adductsa 

Adduct 32a	 Adduct 32b 

Days ~ 2,4-D % 2,4-D Days ~ 2,4-n % 2,4-D 
per g Released per g Released 

2 23.7 4.8 3 48.4 9.7 

6 31.5 6.3 6 60.4 12.1 

9 43.5 8.7 9 81.6 16.3 

12 62.2 12.4 14 112 22.6 

17 97.1 19.4 18 128 25.6 

21 115 23.1 24 153 30.7 

27 145 29.0 28 168 33.5 

31 160 32.1 36 181 36.2 

39 171 34.2 48 185 37.0 

51 179 35.8 55 185 37.0 

58 182 36.4 

66 217 43.5 

70 281 56.2 

75 315 63.0 

79 334 67.0 

97 347 69.4 

98 390 78.0 

99 404 80.8 

104 433 86.6 

110 456 91.2 

a.	 Release rates expressed as the average amount of 2,4-D released 
from three 0.5-g replicates in the designated number of days 
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point the rate again rapidly decreased. The pH of the hydrolysis solution had 

also decreased to 5.8. After 97 days, the adduct was i~olated by filtration 

and washed wi th 2 R- of water. After drying overnight under vacuum, the 

replicates were reimmersed in fresh recon~tituted hard water. Once again, the 

adduct quickly began to release 2,4-D at essentially the same rate displayed 

during its first month of immersion. 

Preparation of 2,4-D/Poly GMA adducts containing pendent glycol moieties 

72. The next attempt at increasing the adducts' hydrophilicities involved 

the generation of glycol moieties along the polymer backbone. It was postu­

lated that the systems' hydrophilicities could be increased dramatically by 

hydrolyzing several of the pendent epoxide groups. TWo different approaches 

were investigated. In the first, the Poly GMA prepolymer was partially hy1ro­

lyzed prior to its treatment with 2,4-D. In the second, a 2,4-D/Poly GMA 

adduct was prepared that contained unreacted epoxide groups. The epoxide 

groups were then converted to glycol moieties. Both approaches were also used 

with the hydroxy-tenninated systems described earlier. 

Reaction of 2,4-D with partially hydrolyzed Poly GMA 

73. The hOlOOpolymerization of GMA was carried out in MEX containing AI~ 

(3% by weight of GMA) at 68-70°C under a nitrogen atmosphere for 4 hr. Concen­

trated sulfuric acid was diluted with CA and then added dropwise to the poly­

merization mixture. The mixture was stirred and heated at 68-70°C under a 

nitrogen atmosphere for 2 hr. The hydrolysis was carried out with 0.7 wt % and 

0.28 wt % sulfuric acid (Table 50). The partially hydrolyzed prepolyn~rs were 

treated with 2,4-D and 1MC in CA according to the earlier described procedure. 

to give adducts 33a and .£.. 
74. The release rates of these adducts were even slower than those of the 

corresponding 2,4-D/Poly GMA adducts (Table 51). This was totally unexpected 

since the adducts should be considerably more hydrophilic than adducts 26a-e. 

75. A series of hOlOOpolymerizations of GMA was carried out in the presence 

of various amounts of the chain transfer agent ME. The polymerizations were 

conducted in MEK containing AIBN (2% by weight of GMA) at 68-70°C under a 

nitrogen atmosphere for 4 hr. The hydrolysis reactions were carried out with 

0.37 wt % sulfuric acid according to the procedure described iii the previous 

sections. The partially hydrolyzed hydroxy-tenninated prepolymers were treated 

with 2,4-D and 1MC in CA by the procedure described earlier (Table 52). 

76. As shown in Tables 53 and 54, the release rates of these adducts were 
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Table 50. Reaction of 2,4-DWith Partially Hydrolyzed Poly GMA 

Adduct 
No. 

Wt %a 

~S04 

b
E.N. 

c
E.N. EPoxide 

opened 
(mole %) 

E.N.d M e 
n 

2,4-D Content 
(mol e %) 

~ 2,4-D
f 

Re leased 
per day 

33a U.70 11.0 8.2 25 1.3 16,500 51 0.04 

33b 0.28 11.0 1U.1 8 2.5 50 0.03 

a. % lLzS04 by weight of GMA 
b. Epoxy number of Poly (]1M. before hydrolysis wi th ~S04 

c. Epoxy number of partially hydrolyzed Poly GMA 
d. EPoxy ntlilDer of 2,4-D adduct 
e. M of partially hydrolyzed Poly GMAdetennined from VPO 
f. 2~4-D release rate during the first month 
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Table 51. Hydrolysis of 2,4-D/Partially Hydrolyzed Poly Gv1A Adductsa 

Adduct 33a Adduct 33b 

09.ys ~ 2,4-D % 2,4-D ~ 2.4-D % 2,4-D 
per g Released per g Released 

2	 0.3 0.1 0.3 0.1 

3	 0.8 0.2 0.6 0.2 

8	 0.9 0.2 0.6 0.2 

17	 1.2 0.3 1.1 0.3 

24	 1.5 0.4 1.2 0.3 

31	 1.5 0.4 1.2 0.3 

a.	 Release rates expressed as the average amount of 2,4-D released 
from three 0.5-g replicates in the designated number of days 

Table 52. Reaction of 2,4-U With Partially Hydrolyzed Poly Gv1A 

fAdduct Wt %a E.N. b E.N. c Epoxide E.N.d M. e 2,4-0 Content ~ 2,4-D
nNo. ME opened (rrole %) Released 

(rrole %) per day 

34a 1.0 11.4 10.0 10.0 1.7 8,300 62 2.0 

34b J.O lU.4 2.5 5,600 45 5.3 

34c 4.0 9.9 2.4 4,200 40 5.2 

34d 5.0 10.6 1.8 3,0'00 53 5.1 

a.	 % ME by weight of CMA. 
b.	 Epoxy nurrber of hydroxy-tenninated Poly Gv1A before being hydrolyzed 
c.	 Epoxy IlUIlber of partially hydrolyzed, hydroxy-tenninated Poly Gv1A 
d.	 Epoxy nurrber 0 f 2, 4-D adduc t 
e.	 M of Poly GV1A detennined from VPO 
f.	 2?4-D release rate during the first rronth 
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Table 53. Hydrolysis of Adduct 34a a 

Days ~ 2.4-D per g % 2.4-D Released 

4 37.0 

5 41.0 

6 43.9 

7 42.2 

10 48.9 

15 55.4 

24 73.4 

29 81.5 

32 91.4 

36 98.4 

39 102 

42 112 

47 122 

51 13U 

57 141 

61 148 

69 157 

81 166 

88 169 

93 174 

100 179 

127 180 

7.9 

8.7 

9.3 

9.4 

10.4 

11.8 

15.6 

17.3 

19.4 

20.9 

21.7 

23.8 

25.9 

27.6 

30.0 

31.5 

33.4 

35.3 

35.9 

37.0 

38.1 

38.3 

a. Release rates expressed as the average amount of 2.4-D released 
fram three 0.5-g replicates in the designated number of days 
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Table 54. Hydrolysis of Adducts 34b, £, and d a 

~	 2,4-U per g % 2,4-D Released 
Adduct No. Adduct No. 

Days 34b 34c 34d 34b 34c 34d -

6 51.0 55.7 54.7 10.8 11.9 11.6 

10 78.1 92.9 91.1 16.6 19.8 19.4 

17 130 144 140 27.6 30.6 29.7 

20 160 159 160 34.1 33.9 34.0 

27 173 177 176 36.8 37.7 37.5 

31 184 186 182 39.2 39.5 38.7 

35 184 189 190 39.2 40.2 40.4 

45 202 200 202 42.9 42.6 42.9 

52 204 201 202 43.4 42.9 42.9 

69 204 202 202 43.4 42.9 42.9 

73 277 283 --- 58.9 60.4 

79 312 318 --- 66.4 67.7 

101 342 357 --- 72.8 76.0 

a.	 Release rates expressed as the average amount of 2,4-D released 
fram three 0.5-g replicates in the designated "nurnber.of days 
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slightly faster than those of adducts 31a and 2, which did not contain any 

glycol moieties. SUrprisingly, adducts 34b, £, and ~ all displayed similar 

release rates. Unce again, the adducts' release rates decreased markedly after 

approximately 170 mg of 2,4-0 per g of adduct was released. Adducts 34b and c 

were isolated by the procedure described for 31a and reimmersed in reconsti ­

tuted hard water. Both adducts quickly began to release 2,4-D at very 

accelerated rates. 
tHydrolysis of the residual epoxy groups in a 2,4-D/Poly G~ adduct 

77. A 2,4-D/poly GMA adduct (E.N.= 2.6) containing 57 mole % 2,4-D was 

prepared fran a Poly GMA sample wi th an ~ of 20,000 according to the pro­

cedure described for adduct 26. Concentrated sulfuric acid was diluted with CA 
o

and then added to the adduct mixture, which was stirred and heated at 68-70 C 

under a nitrogen atmosphere for 42 hr. The hydrolysis was carried out with 

0.015 wt % sulfuric acid. The partially hydrolyzed adduct had an E.N.= 0.2 

which suggests that 38 mole % of the epoxide groups were opened. 

78. It appears that the adduct's hydrophilicity was increased, as adduct 

35a released 2,4-D much faster than adducts 26 a-e (Table 55). Its release 

rate of 0.9 mg of 2,4-D per g of per day was remarkably constant over a 5-month 

period. 

Hydrolysis of the residual epoxy groups in hydroxy-tenninated 2,4-D/Poly GMA 

adducts 

79. A sample of adduct 31a in MEKwas treated with various amounts of 

sulfuric acid in CA at 68-70°C for 3 hr to afford 36a and b (Table 56). 

Surprisingly, the release rate of 36b was slightly slower than that of 36a 

even though 36b contained more glycol moieties (Table 57). In fact, both of 

the adducts released 2,4-D slower than 31a, which does not contain any glycol 

functions. It is possible that some of the pendent 2,4-D ester linkages also 

underwent hydrolysis during the sulfuric acid treatment. The release rates 0' 
both adducts slowed considerably after approximately 170 mg of 2,4-D per g of 

adduct was released. As in previous cases, when the adducts were reimmersed in 

reconstituted hard water, they immediately began to release 2,4-D at greatly 

accelerated rates. 

Effect of the molecular weight of Poly GMA on the hydrolysis of 2,4-D/Poly GMA 

adducts 

80. The results of the hydrophilicity studies reported in the previous 

sections suggested that the molecular weight of the polymer precursor might 

also playa major role in detennining an adduct's release rate. In order to 
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Table 55. Hydrolysis of 2,4-D/Poly CM\ Adduct 35a a 

Da,rs ~ 2,4-D per g _ % 2,4-D Released 

6
 

7
 

8
 

10
 

17
 

23
 

30
 

39
 

46
 

53
 

56
 

63
 

77
 

98
 

115
 

134
 

163
 

220
 

251
 

11.6 2.5 

13.3 2.8 

14.0 3.0 

16.5 3.5 

23.2 4.9 

28.5 6.1 

34.5 7.3 

45.0 9.6 

53.4 11.4 

56.4 12.0 

57.3 12.2 

68.4 14.6 

84.6 18.0 

95.4 20.3 

111 23.6 

128 27.1 

144 30.7 

180 . 38.3 

190 40.4 

a. Release rates expressed as the average amount of 2,4-D released 
from three 0.5-g replicates in the designated number of days 
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Table 56. Preparation of Partially Hydrolyzed,
 
Hydroxy-Tenninated 2,4-D/Poly GMA Adctucts
 

Adduct Wt %a M b E.N. c 2,4-D E.N.
d Epoxide M?; 2, 4-De %2,tt-De 

n Content opened per g ReleasedNo. ~OO4 
(mole %) (mole %) per day per day 

36a 0.58 5,800 2.4 60 2.2 3.0 3.6 0.8 

36b 2.30 5,800 2.4 60 2.1 5.5 2.6 0.6 

a. %~SO by weight of G\1i\. 
b. M of ~oly GMA detennined fran VPO 
c. r;Boxy number of 2,4-D adduct before hydrolysi s 
d. Epoxy number of 2,4-D adduct after hydrolysis with sulfuric acid 
e. 2,4-D release rate during 40 days 
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Table 57. Hydrolysis of Adducts 36a and ~ a 

Adduct 36a Adduct 36b 

Days ~ 2,4-D % 2,4-D ~ 2,4-D % 2,4-D 
per g Released per g Released 

4 22.2 5.9 18.7 4.1 

12 64.2 14.9 44.2 9.6 

16 79.9 17.4 48.9 10.6 

19 88.9 19.3 57.9 12.6 

22 103 22.4 66.9 14.6 

27 120 26.2 85.4 18.6 

31 131 28.4 94.6 20.6 

37 146 31.8 106 23.0 

41 163 35.4 121 26.4 

49 172 37.3 131 28.4 

61 182 39.5 152 33.1 

68 182 39.5 163 35.4 

76 212 46.2 190 41.4 

80 271 58.9 222 48.2 

85 305 66.4 256 55.7 

107 339	 73.8 314 68.4 

a.	 Released rates expressed as the average amount of 2,4-D released 
from three 0.5-g replicates in the designated number of days 
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further investigate the effect of molecular weight, an attempt was made to 

reduce the molecular weight of the Poly GMA prepolymer without increasing its
 

hydrophilicity. TWo approaches were investigated. In the first, the molecular
 

weight was decreased by using increased amounts of the initiator AIBN. In the
 

second, the hamopolymerization of GMA was carried out in the presence of a
 

chain transfer agent that does not contain any hydrophilic functionality, i.e.,
 

1-propanethiol (PT).
 

Preparation of low-rnolecular-weight 2,4-D/Poly(~) adducts via the use of
 

increased amounts of AIm 

81. Homopolymerizations of GMA were carried out in MEK containing 3.4 wt % 

and 4.0 wt %AIEN at 68-70°C under a nitrogen atmosphere for 4 hr. In the 

latter case, the polymer gelled during the polymerization. The polymer pre­

pared with 3.4 wt %AIEN had a number-average molecular weight of 17,000. This 

is approximately 6,600 amu less than the molecular weight of the Poly GMA pre­

pared pre~iously with 1.5 wt % AIBN. The epoxy number of the polymer was 10.4, 

i.e., 97% of the epoxide groups remained intact. Several 2,4-D/Poly GMA 

adducts(37a-d) were prepared by treating the polymer solution with various 

wnounts of 2,4-0 and TMA in CA. The procedure followed was identical to that 

described earlier. The adducts contained 51, 40, 31, and 19 mole %2,4-D 

(Table 58). 

82. As shown in Table 59, the release rates of these adducts were very 

slow. In fact, they were very simi lar to those of adducts 26a-e, which were 

prepared from the Poly GMA with a molecular weight of 23,600. 

Preparation of low-molecular-weight 2,4-0/Poly GMA adducts via the use of the 

chain transfer agent I-propanethiol 

83. A h<:m:>polymerization of GMA was carried out in MEK containing AIBN (2% 

by weight of GMA) and PT (3% by weight of GMA) at 68-70°C under a nitrogen 

atmosphere for 4 hr. The polyrrer had an epoxy mnnb'er of 10.8 and a nl1l1iJer­

average molecular weight of 5,300. A 2,4-0/Poly GMA adduct ~ containing 60 

mole %of 2,4-D (E.N.= 2.34) was prepared by treating the polymer solution with 

2,4-D and TEE inCA. The procedure was identical to that described earlier. 

As shown in Table 60, the release rate of this adduct was 5 mg per g of adduct 

per day, which was forty times faster than those of the corresponding adducts 

~ and 37. In fact, the release rate was even slightly faster than that of the 

hydroxy-terminated 31a, which had a cOlT{>arable molecular weight. The adduct's 

release rate did decrease after approximately 170 mg of 2,4-0 per g of adduct 

had been released. 
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Table 58. Preparation of 2,4-D/Poly G\1A Adducts 
With Reduced Molecular Weights 

Adduct No. E.N. a 2,4-D Content ~ 2,4-Db % 2,4-Db 

(lOOle %) per g per day Re 1eased per day 

37a 2.8 51 0.20 0.04 

37b 3.8 40 0.07 0.02 

37c 4.9 31 0.04 0.02 

37d 6.5 19 0.05 0.03 -

a.	 Epoxy number of 2,4-D/Poly G\1A adduct 
b.	 2,4-D release rate during 229 days 

Table 59. Hydrolysis of 2,4-D/Poly G\1A Adducts8 

With Reduced Molecular Weights 

~	 2,4-D per g % 2,4-D Released 
Adduct No. Adduct No. 

Days 37a 37b 37c 37d 37a 37b 37c 37d 

1 2.7 3.5 3.3 1.4 0.6 0.9 1.0 0.6 

7 4.5 5.9 5.1 2.6 1.0 1.5 1.6 1.1 

11 4.9 6.9 5.3 3.1 1.1 1.8 1.7 1.4 

18 5.1 7.1 5.7 3.7 1.2 1.9 1.8 1.6 

72 11.3 9.0 6.8 6.0 2.6 2.4 2.1 2.6 

119 23.2 17.0 14.0 11.0 5.3 4.4 4.4 4.8 

229 48.4 19.0 17 .5 12.4 11.1 5.0 5.5 5.5 

a.	 Release rates expressed as the average amount of 2,4-n released 
from three 0.5-g replicates in the designated number of days 
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Table 60. Hydrolysis of 2,4-D/Poly G\1A Adduct 

Da1s M$ 2,4-D per g 

4 33.5 

6 40.0 

8 53.7 

13 77.1 

18 106 

21 122 

25 146 

31 173 

53 211 

83 211 

- ­

~ a 

%2,4-D Released 

6.7 

8.0 

10.7 

15.4 

21.2 

24.5 

29.2 

34.6 

42.1 

42.1 

a. Release rates expressed as the average amount of 2,4-D released 
from three 0.5-g replicates in the designated number of days 
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84. The effect of the molecular weight of the prepolymer on the 2,4-D 

adduct's release rate is illustrated in Table 61. In all three types of 

adducts, dramatic increases in release rates were achieved when the molecular 

weight was reduced to less than approximately 8,000. Apparently, these low­

molecular-weight adducts are considerably more susceptible to hydrolysis than 

their high polymer analogs. In fact, it appears that most of the large 

increases in release rate attained in this study can be attributed to molecular 

weight reductions. 

Physical fonnulations of herbicides entrapped in biodegradable matrices 

85. The dimethylrumine salt of 2,4-D COMA 2,4-D) was physically incor­

porated in crosslinked chitosan and carboxymethylcellulose CCMC) matrices. 

This was accomplished by adding a crosslinking agent, e.g., glutaraldehyde, to 

a stirred aqueous solution of chitosan or CMC containing DMA 2,4-D. In both 

cases, the addition of the crosslinking agent resulted in the immediate forma­

tion of an insoluble gel. The gels were filtered, dried in a vacuum oven, and 

ground to a unifonn particle size. Unfortunately, the gel particles released 

most of their DMA 2,4-D in a few days when immersed in a pH = 8 buffer solu­

tion. In an attempt to slow down the release of 2,4-D from crosslinked chi to­

san fonnulations, the matrix was coated with a crosslinked chitosan film. This 

fonnulation, however, still released the water-soluble salt very quickly with 

the majority of the active ingredient being lost in a few days. 

86. DMA 2,4-D and dichlobenil were also incorporated in beeswax matrices 

by the following procedure. Sol id slabs of beeswax were frozen to -78°C and 

then ground to a fine powder. The powder was mixed with 20% Cw/w) of herbicide 

and 6% Cw/w) iron oxide. The resulting mixture was melted in a hot water bath, 

stirred, and then poured into a brass pellet mold. The mold was cooled rapidly 

in a dry ice/acetone bath to afford cylindrical pellets that weighed 0.25 g and 

were 6 mn in length and 5 mn in diarreter. Upon irrmersion in the pH = 8 buffer, 

DMA 2,4-0 was quickly released from the beeswax matrix. Dichlobenil, however, 

was slowly released over the 6-month test period at a rate of 0.10-0.15 mg per 

pellet per day. 

Chemical attachment of herbicides to biodegradable polymers 

87. The reaction of the acid chloride of 2,4-D with CMC was carried out 

under several different sets of reaction conditions. The best yield of acyla­

ted product was obtained in refluxing pyridine. This fonnulation, however, 

hydrolyzed quickly in the pH = 8 buffer. Evidently, the anhydride linkages 

that joined the 2,4-D to the CMC backbone were very susceptible to basic 

73
 



Table 61. Effect of Molecular Weight of Preformed Polymer 
on the Hydrolysis of 2,4-D/Poly GMA Adducts 

Adduct Type Adduct No. M of Polymer ~ 2,4-Dn per g per day 

2,4-D/Poly GMA Adducts 26a-e 23,600 less than 0.2 

37a-d 17,000 less than 0.2 

31b * 8,600 1.5 

31a * 5,800 4.1 

38 5,300 5.2 

2,4-D/Copoly (GMA-HEMi\) 27b 26,000 0.9 
Adducts 

32b * 8,200 4.8 

32a * 5,200 5.2 

2,4-D/Poly GMA Adducts 35a 20,000 0.9 
Containing Glycol 
l~iet ies	 34a * 8,30U 2.0 

34b * 5,60U 5.3 

34c * 4,200 5.2 

34d * 3,UOO 5.1 

* Hydroxy-Tenni na ted Adduc t 
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hydrolysis. 

88. Hydroxyethyl cellulose (HEC) was also treated with the acid chloride 

of 2,4-D in a DMF/pyridine mixture. The reaction afforded a 70-80% yield of 

product. Chlorine analysis indicated that the degree of sUbstitution was 

approximately 2. This fonnulation also released the majority of its 2,4-D 

content in a few days. 

Scale-up of roonaner syntheses 

89. The scale-up work described in this and the following sections was 

carried out simultaneously and in conjunction with much of the research des­

cribed earl ier. 

90. In order to develop procedures for producing large amounts of mate­

rial for field tests, a study of the scale-up of the syntheses of the roost 

premising copolymers was begun in the last quarter of 1979. This work was 

initially focused on the scale-up of the syntheses of the monaners AGE and MOE 

2,4-D and GMA. Since both of the herbicide monomers are prepared frem the acid 

chloride of 2,4-D, approximately 90 kg of 2,4-D acid was treated with thionyl 

chloride to afford over 70 kg of the reactive intermediate. The reactions of 

the acid chloride with HEA and HEMA were initially carried out in the presence 

of N,N-dimethylaniline, which was used to neutralize the liberated Hel. Since 

the yields of AGE and MOE 2,4-D at the 1-2 kg level were less than 30%, the use 

of other bases was investigated. This led to the discovery that the yields 

could be increased to approximately 40-50% by employing 3,5-lutidine. Several 

problems, however, were still encountered in carrying out the syntheses on a 

large scale. For example, after the reaction between the acid chloride of 

2,4-0 and HEA or HEMA was stopped, the reaction mixture had to be extracted 

several times to remove unreacted starting material. During these extractions, 

relatively stable emulsions formed, thereby greatly delaying the extraction 

process. The reactions were carried out under several different sets of reac­

tion conditions in an attempt to alleviate these problems. The extraction 

emulsions were avoided and the yields increased to approximately 70% by decrea­

sing the concentration of reactants and increasing the time of reaction. Appa­

rent ly, the increase in the aroount of sol vent permi t ted nnre of the interme­

diate 2,4-D/lutidine salt to remain in solution. 

91. Since this procedure was still time-consuming, several roodifications 

were investigated in order to simplify and improve the process. This work led 

to the replacement of the tertiary amine base with molecular sieves. (Powdered 

3A sieves had been reported to effectively adsorb Hel.) Thus, the reaction of 
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the acid chloride of 2,4-D with BEMA was carried out over powdered molecular 

sieves in carbon tetrachloride, ether, and ethylene chloride. The yield of MOE 

2,4-D ranged from 50 to 75%. This procedure was considerably simpler because 

the reaction mixture did not have to be extracted to remove the wnine. How­

ever, the yield of product decreased to less than 30% when large amounts of the 

sieves were used. This was because they were partially deactivated by water 

adsorption during handling and storage. The problem was solved by drying the 

sieves under vacuum immediately prior to use. 

92. Regardless of the procedure used, the monomers were obtained in im­

pure states. Although small wrounts of ei ther monomer could be purified, the 

purification of large amounts in a reasonable period of time proved difficult. 

For example, several attempts were made to recrystallize large wrounts of MDE 

2,4-U from organic solvents. However, the monomer either completely failed to 

crystallize or crystallized very slowly (1-2 weeks). Although small amounts of 

pure materials were obtained, attempts to distill the monooer under high vacuum 

resulted in considerable decomposition. A copolymerization of the impure MOE 

2,4-D with GEM was carried out to detennine if purification could be avoided. 

TIle pol~nerization. however, gave only a small amount of low molecular weight 

mil. terial • 

93. The preparation of large amounts of the comonomer GEM was also ex­

tremely time-consuming. This was because the hydrolysis of eM\. had to be 

carried out in dilute solution in order to avoid side reactions. 

94. Due to the many problems experienced with the preparation and puri­

fication of AOE and MOE 2,4-D, a search for a more easily prepared herbicidal 

mononer was initiated. Thus, 2,4-D acid was treated with GMA in the presence 

of a quaternary amronium salt catalyst to afford a quantitative yield of l-M)E 

2,4-U. Although HPLC analysis showed that the crude product contained at least 

two isoners, the material could be successfully poiymerized without purifica­

tion. No major problems were encountered in preparing approxirmtely 2 kg of 

I-M:>E 2,4 -D by thi s procedure. 

Scale-up of polymer syntheses 

95. The first two syntheses selected for scale-up were that of a 50:50 

j\{)E 2,4-D/GEM copolymer and a 50:50 AOE 2,4-D/fIEIM. copolymer crosslinked with 2 

wt % DPJ:l\1. The MOE 2, 4-D/GEM copolymer was prepared in 100-500 g lots in MEK 

with a monomer concentration of 20-25 wt %. However, attempts to increase the 

monomer concentration resulted in the fonnation of insoluble gels. This was 

attributed to an increase in chain transfer to polymer as the concentration 
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increased. 'fhe increase in concentration was necessary in order to make the 

commercial production of the copolymer economically feasible. 

96. Attempts to scale-up the synthesis of the crosslinked AGE 2,4-0/HEMA 

copolymer were also unsuccessful. This was due to the fact that it was impos­

sible to control and predict the degree of crosslinking when the concentration 

of reactants was increased. 

97. As soon as the preparation of HMDE 2,4-D described in paragraph 94 

was developed, work was begun on the scale-up of the monomer's polymerization. 

Although several runs gelled, successful homopolymerizations were carried out 

in xylene and MEK with monomer concentrations as high as 50-60%. The homo­

polymer, however, did not undergo hydrolysis in reconstituted hard water. Work 

was then initiated on the scale-up of the copolymerization of HMDE 2,4-D with 

HEM\ and wi th GEM. All attempts to run these copolymerizations wi th rronomer 

cocentrations above 50% resulted in the formation of insoluble gels. 

Scale-up of the preparation of 2,4-D/Poly GMAadducts 

98. In order to avoid chain transfer problems, a new synthetic route to 

the desired polymers was devised. Glycidyl methacrylate (CMA) was homopoly­

merized to afford an epoxy-containing prepolymer with a number-average rrole­

cular weight of approximately 24,000. The polymer was then treated with 60 

mole % 2,4~) to yield the corresponding ~,4-D/Poly UMA adduct. Despite the 

fact that only preliminary release rate data were available on this fo~la­

tion, its preparation was i~diatedly scaled-up due to the pressing needs of 

the Corps for material for field tests. Due to the lack of suitable production 

facilities on campus, this work was conducted by Daychem Laboratories. Approx­

imately 90 kg (200 lbs) was prepared in March 1981 by Daychem and sold to 

Wright State University. The material was hand delivered to Mid--Florida Mining 

where it was incorporated in clay pellets with great difficulty. Unfortunate­

ly, the process of coating the clay with a methyl ethyl ketone solution of the 

polymer resulted in a very tacky fonnulation that plugged the pellet dies. 

99. In June 1981 another 180 kg (400 lbs) of the 2,4-D/Poly GMA adduct 

was prepared by Daychem Laboratories and sold to Wright State. This material 

was also incorporated in clay pellets by Mid-Florida Mining. The same pro­

cessing problems mentioned above were experienced during the pelletization 

process. 

100. During the course of the scale-up work, careful release rate studies 

were run on the 2,4-D adduct. These studies revealed that the fonnulation re­

leased 2,4-D at a very slow rate (0.2 mg of 2,4-D/g of adduct/day). The ini­
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tial burst of 2,4-D observed in the subsequent field tests was probably due to 

unreacted herbicide that was trapped in the resin. Because of the adhesive 

nature of adduct when applied from solution, the clay pellets did not disin­

tegrate when immersed in water. This further reduced the amount of herbicide 

released from the copolymer. 

101. These results led to the following conclusions: 

a. The preparation of large amounts of 2,4-D/Poly GMA adduct was 

feasible. 

b. The release rate of the initial adduct was too slow and had to be 

increased. 

c. The clay pelletizing procedure using a solution of adduct had to be 

irq>roved or else abandoned. 

102. During the next 18 months considerable research was carried out to 

increase the adduct's release rate and to improve the processability of the 

resin. This led to the discovery that the release rate could be increased 

dramatically by decreasing the molecular weight of the Poly GMA prepolymer. In 

fact, the release rate could be increased from 1 to 5 mg 2,4-D/g adduct/day by 

decreasing the molecular weight from 9,000 to 5,000. Several kilograms of two 

different adducts were then prepared and isolated by precipitation in water. 

Although the precipitation process was tedious due to the tendency of the 

resins to became tacky and aggregate, assurances were given by several indus­

trial pilot-plant operators that the process was feasible with their equipment. 

Powdered samples of each adduct were incorporated in clay pellets by the 

Agriculture Warehouse Co. No significant problems were encountered in pro­

cessing the dry powders. The release rates of pellets of the two adducts were 

detennined at the U.S. Department of Agriculture (USDA) Laboratory in Fort 

Lauderdale. They were approximately 1.5 mg 2,4-D/g adduct/day and 5 mg 2,4-D/g 

adduct/day, respectively. After consultation with 'Corps and USDA personnel, it 

was decided to scale-up the preparation of an adduct that would release 2,4-D 

at a rate intermediate between these two. 

103. During April 1983, approximately 455 kg (1000 lbs) of the desired 

adduct was prepared at SBS Chemical's pilot plant. The adduct met all of the 

material specifications. However, several attempts to precipitate the adduct 

in water were unsuccessful. The adduct formed a sticky, fibrous mat that 

aggregated along the bottom and sides of the precipitation vessels. 

104. During the next several weeks, many different approaches to precipi­

tating the adduct were investigated. This work led to a procedure in which the 
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adduct solution was first diluted with an equal volume of methanol and then 

added to ice water to afford an off-white powder. Because of the many material 

losses suffered during the unsuccessful precipitation attempts, the total 

amount of material obtained was 227 kg (500 lbs). This was incorporated in 

clay pellets by the Agricultural Warehouse. 

105. TWo attempts were made in July 1983 to prepare an additional 227 kg 

(500 lbs) of adduct. Unfortunately, the monomer holding tanks were extremely 

wann during the first run due to the hot weather. The heat resulted in the 

premature polymerization and gellation of the GMA monomer. In the second 

attempt, due to a malfunctioning pump, the 2,4-D was added too quickly. This 

resulted in the gellation of the entire batch. 

106. During July it was also discovered that the pellets prepared by the 

Agriculture Warehouse released all of their 2,4-D content in a few days. In 

fact, a high percentage of the 2,4-D was released as the methyl ester. Evi­

dently, the lnethanol used to dilute the adduct solution reacted with the resin. 

It is also likely that the adduct underwent considerable hydrolysis in the 

methanol-water precipitation mixture. 
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ONliJS leNS AN) REnl\1MEN)KrlCNS 

107. AOE and MOE Fenac can be copolymerized with MA to afford copolymers 

with Mb's of 60,000 to 80,000. These materials, however, do not undergo 

hydrolysis under mildly alkaline conditions. 

108. Copolymers with Mb's of 4,500 to 6,600 can be obtained from the 

copolymerization of AOE 2,4-D wi th I-ill'M.. Upon imnersion in a buffer solution 

(pH = 8), the copolymers hydrolyze very slowly until a sufficient percentage of 

the polymer's repeat units have been converted to hydrophilic moieties. At 

this point, i.e., when the AOE 2,4-0 content has been reduced to approximately 

60 mole %, the rate of hydrolysis dramatically increases and then remains 

relatively constant for a period of 6-8 months. The length of the inhibition 

period prior to the autoacceleration in rate is dependent upon the amount of 

~ initially incorporated in the copolymer. Polymers containing over 40 mole 

%Hfl~ are hydrophilic enough to almost immediately undergo autoaccelerating 

hydrolyses. 

109. The reactivity ratios of AOE 2,4-D and HEMA in their copolymeriza­

tions are 0.44 and 2.62 respectively. Since I-ill'M. is considerably more reactive 

than AOE 2,4-D, the composition of their copolymers is nonuniform. Material 

fonned early in the polymerization contains more I-ill'M. than present in the feed, 

while copolymer formed at higher conversions contains less. 

110. Copolymers of AOE 2,4-D and HEM.I\. with uniform corrpositions can be 

prepared by making appropriate monomer additions as the polymerization pro­

ceeds. Such copolymers will undergo hydrolysis at faster rates than copolymers 

with similar HEMA contents and nonuniform compositions. 

111. Branched copolymers of AOE 2,4-D and HEMA can be prepared by carry­

ing out their copolymerizations in dilute solutions containing ~ll amounts of 

nultifunctional monomers, such as DPIl\1. The branched systems hydrolyzed 

slightly faster than linear copolymers with similar compositions. 

112. The copolymerization of AOE 2,4-D and HEMA in concentrated solutions 

containing small arrounts of DPll\1 and PErA results in crossl inked systems. 

These materials undergo hydrolysis at nearly constant rates. The material's 

hydrophilicity, as determined by the copolymer's composition at the time of 

gellation, is more important in determining the system's rate of hydrolysis 

than its degree of crosslinking. A given system's rate can be varied by 

varying the crosslink density, providing the degree of hydrophilicity remains 

the same. 
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113. MOE 2,4-D can be copolymerized with BEMA, GMA. and GEM to afford 

copolymers with Tg's near 50°C. The copolymers containing HEMA and GMA do not 

hydrolyze under mildly alkaline conditions. The MOE 2.4-D/GEM copolymers. 

however, undergo hydrolysis similarly to AOE 2,4-D/HEMA copolymers, i.e., they 

hydrolyze slowly until approximately 50 mole %of their repeat units consist of 

hydrophilic moieties. At this point. the rate dramatically increases and then 

remains relatively constant for 6-8 months. Copolymers containing over 50 mole 

% of GEM begin to hydrolyze at a constant rate almost immediately upon 

~ immersion. 

114. The reaction of 2,4-D with GMA in the presence of TMC affords a 

nearly quantitative yield ofl-l\OP 2,4-D. The IIDnaner as obtained is suf­

ficiently pure to undergo successful homopolymerization and copolymerization. 

The homopolymer and copolymers containing HEMA do not hydrolyze under mildly 

alkaline conditions. HMDP 2.4-D/GEM copolymers containing greater than 50 mole 

%GEM hydrolyze at nearly constant rates. 

115. GMA can be homopolymerized in MEK wi th Al~ as the initiator to 

afford polymers with Mh's of greater than 20,000. The homopolymer will 

react with 2,4-U in the presence of quaternary ammonium salts to give ester 

adducts. The degree of sUbstitution of 2.4-D in such adducts does not signi­

ficantly affect the very slow rate at which they undergo hydrolysis in recon­

sti tuted hard water. 

116. GMA can be copolymerized wi th hydrophil ic comonaners. such as I-IDAA.. 

HEA. HPM\. and ll\1A.EM\. The amount of corronaner that can be used. however. is 

limited as the use of excessive amounts will result in crosslinking. Some 

2,4-D/GMA copolymer adducts can be prepared that hydrolyze 30 to 40 times 

faster than similar homopolymer adducts. 

117. Glycol moieties can be incorporated in 2,4-D/Poly ~ adducts by 

treat iog thei r free epoxy groups wi th very dilute ~S04. Adducts 

treated in this manner undergo hydrolysis at greatly accelerated rates. 

118. Hydroxy-tenninated polymers with Mh's of less than 10,000 can be 

prepared by the homopolymerization and copolymerization of GMA in the presence 

of ME. The 2,4-D adducts prepared from these polymers are considerably more 

susceptible to hydrolysis than their higher rnolecular weight analogs. The 

molecular weight of the prepolymer is more important than its relative degree 

of hydrophilicity in detennining the correspo~ding adduct's rate of hydrolysis. 

119. Low4TI01ecuiar weight Poly GMA can also be prepared by carrying out 

the polymerization of GMA in the presence of PE. The 2.4-D adducts prepared 
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from Poly GMA with an Mh of approximately 5,000 hydrolyze 30 to 40 times as 

fast as those prepared from Poly GMA with an Mh of 24,000. The most 

effective method for increasing the rate of hydrolysis of syst~ns of this type 

appears to lower their molecular weights. 

120. DMA 2,4-D can be physically entrapped in beeswax and in crosslinked 

chitosan and CMC matrices. The water-soluble salt, however, is released 

quickly from these formulations upon immersion in water. Dichlobenil can also 

be physically dispersed in beeswax matrices. These formulations slowly release 

the herbicide, which is only slightly water soluble, for at least 6 months 

following immersion. 

121. The 2,4-D can be chemically attached to CMC and HEC. The resulting 

2,4-D/polymer adducts rapidly undergo hydrolysis under slightly alkaline 

conditions. 

122. AOE and MOE 2,4-D can be prepared in kilogrron quantities by the 

reaction of the acid chloride of 2,4-D with HEA and HEMA, respectively. 

Although the reactions are facilitated by the use of molecular sieves that 

adsorb the liberated hydrochloric acid, the average yields are only 50%. The 

monomers must be purified prior to polymerization. MOE 2,4-D is very difficult 

to purify in large quantities. The preparation of large amounts of GEM is also 

extremely time-consuming because the hydrolysis of GMAmust be carried out in 

very dilute solutions. 

123. HMDP 2,4-D can be prepared in kilogrron quantities by the reaction of 

2,4-D with GMA. 'The monomer is obtained in quantitative yield and can be poly­

merized without purification. 

124. Polymerizations involving AOE and MOE 2,4-D are very difficult to 

scale-up because they cannot be carried out in solutions containing high con­

centrations of the monomers. Such conditions result in the formation of 

insoluble gels. The polymerization of HMDP 2,4-D in concentrated solutions 

also often results in gellation. 

125. The most promising controlled-release systems prepared and evaluated 

in this study, i.e., the low-molecular-weight 2,4-D/Poly GMA adducts, can be 

prepared in commercial quantities. However, the processing of the adduct 

solution as obtained from the reaction mixture is difficult. A method must be 

developed to remove the solvent before the adduct can be used in field tests. 

126. Solvent removal and the subsequent 'processing of the resin would be 

greatly facilitated if the adduct did not contain unreacted epoxy groups. For 

example, the adduct solution cannot be heated to remove solvent because these 
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groups readily undergo thennal polymerization. It is recommended that research 

be carried out to eliminate these groups from the system. This could be accom­

plished by reducing the amount of epoxy groups contained in the prepolymer. 

Approximately 4U mole % of these groups are not needed because they do not 

react with 2,4-D (probably due to steric hindrance). Hence, their replacement 

with an inert monomer, such as styrene or methyl methacrylate, would not reduce 

the adducts' 2,4-D content. Solvent could be readily removed from such a 

system at elevated temperatures, and the product could be processed similarly 

to thermoplastics in conventional equipment. 
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APPENDIX A: EXPERll1ENTAL METHODS 

General procedure for the copolymerization of AOE Fenac, MOE Fenac, and AOE 

2,4-U 

1. Herbicide monomer, the comonomer, deoxygenated 2-butanone (4 ml/g 

of monomers), and 0.05% (w/v) AIBN were stirred and slowly heated to 7SoC. The 

solution was heated at reflux for 3 hI' under nitrogen, diluted with 2-butanone, 

and poured into hexane. The polymer that precipitated was collected by filtra­

tion and extracted overnight with ether to remove unreacted monomer. The co­

polymer was reprecipi tated from chloroform wi th hexane. The copolymer was then 

dried under vaCUlun at 64°C. 

Preparation of buffer solution 

2. A solution of 0.375 mol boric acid in approximately SOO ml glass­

distilled water was titrated with a 0.7 N aqueous solution of sodium hydroxide 

to a pH of 8.00. The volume of the mixture was then diluted with water to 1 t. 

Preparation of reconstituted hard water (Marking and Dawson 1976) 

3. The reconstituted hard water that was prepared by the known 

procedure contained 192 rrgl ~ NaI-ID3 , 120 ~/i CaOO4-2~O, 120 rrg/t 

~OO4' and 8 rrgl R, KGl. 

Hydrolysis studies 

4. The homopolymers and copolymers were ground and sieved to obtain a 

uniform particle size of 125-420U. Three 0.5-g replicates of each sample were 

placed in individual 50U4Ul flasks containing 300 ml of buffer solution or 

reconstituted hard water. The flasks were equipped with sintered-glass samp­

ling tubes which allowed analytical samples to be removed free of any polymer 

particles. In some cases, the flasks were placed in a constant temperature air 

bath maintained at 30·± 1.0·C. The bath was attached to a laboratory rotator 

that provided slight agitation. Some flasks were stored at ambient temperature 

without agitation. The amount of fenac or 2,4-D released was determined 

periodically by spectrophotometric analysis at 203 and 230 nm, respectively. 

Determination of reactivity ratios of AOE 2,4-D and BEMA (Thompson 1978) 

5. Several copolymerizations with different feed ratios were carried 

out by the following procedure: AOE 2,4-D, BEMA, 2-butanone, and AIm were 

deoxygenated and sealed in a glass ampule under vacuum. After the ampule was 

rotated and heated to 80°C for 1 hI', it was opened and the contents poured into 

hexane. The copolymer that precipitated was collected by filtration, extracted 

overnight with ether to remove unreacted monomer, and dried under vacuum at 
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64°C. The percentage of AOE 2,4-0 in the copolymer was detennined by chlorine
 

analysis.
 

Detennination of ethylene glycol in hydrolysis solutions of AGE 2,4-D
 

copolymers (Scoggins 1977)
 

6. The amount of ethylene glycol present in the hydrolysis solutions 

was detennined by the following colorimetric procedure. To 1 ml of the 

solution was added 4 ml of 0.003 M trisodium paraperiodate, 1 ml of 0.03 M 

3-methyl-2-benzothazolinone hydrazone hydrochloride monohydrate (MBH), and 30 

ml of 0.007 M ferric chloride. The mixture was then diluted with water to 100 

mI. The solution. which was dark blue indicating the presence of ethylene 

glycol, was then sUbjected to spectrophotometric analysis at 630 nm. 

Prepara t ion of I inear copolymers of AOE 2. 4-D and HEM\. wi th uni fonn 

compositions (Whitlock 1980) 

7. The following is a description of a typical copolymerization proce­

dure. Copolymerizations were conducted in an Ace Glassware polymerization 

vessel. MEK (50 ml) was placed in the polymerization vessel and purged with 

nitrogen for 30 min. After the solvent was heated to 70°C, 10 g of AOE 2,4-0. 

1.67 g of HEMA, and 0.U16 g of AIBN were added under nitrogen. The polymer­

ization mixture was maintained at 70°C and stirred for 1 hr. An additional 1.0 

g of AOE 2,4-D and 0.167 g of l-!EM'\. were then added and the polymerization was 

allowed to proceed at 70°C. This addition of monaners was repeated tv.u IIDre 

times at 1-hr intervals. After the last addition, the polymerization mixture 

was heated at 70°C for an hour, cooled, and then added dropwise to 1 t of hexane. 

The polymer that precipitated was collected by filtration. extracted overnight 

with anhydrous ethyl ether. and dried under reduced pressure. 

Preparation of branched and crosslinked copolymers of AOE 2.4-D and HEM\. (Arah 

1978) 

8. O>polymerizations were conducted in an Ace glassware polymerizat ion 

vessel equipped with a hollow trubore stirrer that pennitted nitrogen to be 

introduced below the surface of the reaction mixture. The copolymerizations 

were carried out in MFX at 70°C for the designated time period (Tables 15, 19. 

and 20). AIBN (0.016 g) was used as the initiator. Crosslinked systems were 

run until gelation occurred. The reaction mixtures were added to hexane, and 

the resulting suspensions agitated in a Waring blender. The polymers were 

collected by filtration, extracted overnight with anhydrous ethyl ether to 

reIIDve unreacted monomer and initiator residues, and then dried under vacuum at 

34° C. 
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2-Hydroxy 34Dethacryloyloxypropyl 2,4-dichlorophenoxyacetate (HMOP 2,4-D) 

9. The following procedure was carried out with equimolar amounts of 

2,4-D and GMA. A stirred slurry of 2,4-D in MEK (15% w/w) and TMC (1.5% w/w) 

was heated to 70°C under a nitrogen atmosphere. A mixture of GMA and p-meth­

oxyphenol (0.15% w/w) was then slowly added to the reaction vessel with 

constant stirring. The reaction mixture was maintained at 70°C for 3 hr, 

.cooled,	 and then stored in the refrigerator. Determination of the epoxy con­

tent of several different reaction mixtures indicated that 96-98% of the GMA 

underwent reaction under these conditions. All attempts to distill the product 

under reduced pressure resulted in considerable decomposition. The light 

yellow oil was purified by the following procedure. Low-boiling petroleum 

ether was slowly added to a stirred clear solution of the crude product in 

acetone. The heavy, highly viscous oil that slowly separated at the bottom of 

the container was removed using a separatory funnel. After the process was 

repeated several times, the monomer was dried under reduced pressure overnight 

in order to remove residual acetone, MEK, and petroleum ether. The yield of 

purified monomer was 75%. IR(neat) 3500-3200 (~), 1740-1680 (C=O ketone), 

and 1620 cm-1(c=C alkene, aromatic); NMR (chloroform-D1) 7.0 (q, 15H, 

C6H3), 5.6 (d, 10 H, =~), 4.5 (q, 10H, ~~), 3.5 (m, 5H, 

-QH), 4.8 (s, 5H, ~), 2.5 (q, 10H, ~), 2.1 (s, 15H, ~3)' and 

3.2 ppm (s, 10H, ~-C-), Anal. Galcd. for C15H16C1206: 

C, 49.60; H, 4.44; Cl, 19.51 Found: C, 49,45; H, 4.66; Cl, 19.77 

Glyceryl methacrylate (GEW1) (Hefofo 1965) 

10. To a suspension of GMA in water (60% v/v) was added concentrated 

I~S04 (0.1 v/v). The mixture was stirred for 5 days at O°C, during 

which time the GMA went into solution. The solution was neutralized with NaOH 

and extracted several times with anhydrous ether. The ether extract was 

saturated with NaCl and stored for 1 hr. After the water that separated was 

removed, the ether layer was diluted with methylene chloride and dried over 

anhydrous MgS04. The solvents were then removed under reduced pressure and 

the residual products stored in the refrigerator. 

Homopolymerization of HMDP 2,4-D (Talukder 1981) 

11. Homopolymerizations were conducted in an Ace glassware polymeriza­

tion vessel. A typical hornopolymerization procedure follows: MEK (50 ml) was 

placed in the polymerization vessel and heated to 70°C under nitrogen. A 

mixture of 10 g of HMDP 2,4-D and 0.1 g of AIBN was then slowly added over 0.5 

hr with constant stirring. After the stirred polymerization mixture was main­
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tained at 70°C for an additional 2 hr, it was cooled and then added dropwise to
 

1 t of petroleum ether. The polymer that precipitated was collected by filtra­


tion, extracted overnight with anhydrous ethyl ether to remove unreacted mono­


lner and initiator residues, and then dried under vacuum.
 

Preparation of HMDP 2,4-D copolymers
 

12. Copolymerizations were conducted in an Ace glassware polymerization 

vessel. The following is a description of a typical copolymerization proce­

dure: MEK (75 ml) was placed in the polymerization vessel under a continuous 

stream of nitrogen. After the solvent was heated to 70°C, a mixture of 22.5 g 

of HMDP 2,4-D (0.06 mol), 2.5 g of GEM (0.015 mol), and 0.25 g of AlBN was 

slowly added over 1 hr with constant stirring. The stirred polymerization 

Inixture was heated at 70°C for an additional 2 hr, cooled, and then added drop­

wise to 2 ~ of petroleum ether. The polymer that precipitated was collected ty 

filtration, extracted with anhydrous ethyl ether, and dried under reduced 

pressure. 

Preparation of 2,4-D/Poly GMA adducts (Chou 1982) 

13. All of the 2,4-D/Poly G~ adducts were prepared by the same general 

procedure. The following is a typical example. MEK (135 g) was placed in a 

I-t Ace polymerization vessel under a nitrogen atmosphere. After the solvent 

was heated to 65°C, a mixture of 250 g of G~, 5.0 g of AlBN,and 2.5 g of ME 

was slowly added over a 3-hr period with constant stirring. After the addition 

was complete, the polymerization mixture was maintained at 70°C for 1 hr. A 

mixture of 0.5 g of AlBN in 10 g of MEK was added, and the polymerization 

mixture was maintained at 70°C for another hour. A mixture of 60 g of 2,4-D, 

33 g of cellosolve acetate, and 2.5 g of TEAS was then added, and the reaction 

allowed to prodeed at 70°C for 1 hr. The addition of the above mixture was 

repeated three more times at 2-hr intervals. Afte\ the last addition, the 

reaction mixture was maintained at 70°C for 2 hr, and then cooled to roam temp­

erature. The polymer solution was diluted with twice the amount of acetone, 

and added dropwise to stirred distilled water. The resulting precipitate was 

agitated in a Waring blender containing a 1:5 mixture of ethyl alcohol and 

water. The polymer was collected by fil tration and dried under vacuum 

overnight. 

Preparation of 2,4-D/copolymer adducts 

14. Copolymerizations were conducted in an Ace glassware polymerization 

vessel. The following is a description of a typical copol~nerization proce­

dure. MEK (135 g) was placed in the polymerization vessel under a continuous 
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strewn of nitrogen. After the solvent was heated to 6~C, a mixture of 200 g 

of G\1A, 45 g of l-fEM.l\, 5.0 g of AIBN,and 2.5 g of ME was slowly added over a 

3-hr period with constant stirring. After the addition was complete, the poly­

merization mixture was maintained at 70 DC for 1 hr. A mixture of 0.5 g of AIBN 

in 10 g of MEK was added, and the polymer solution was maintained at 70D C for 

another hour. A mixture of 26 g of 2,4-D, 25 g cellosolve acetate, and 1 g of 

TEAS was then added and the reaction allowed to proceed at 70 DC for 1 hr. The 

addi tion of the above mixture was repeated three roore times at 2-hr intervals. 

After the last addition, the reaction mixture was maintained at 70 DC for 2 hr. 

The product was isolated by the procedure described for the homopolymer 

adducts. 

General procedure for the hydrolysis of residual epoxy groups 

15. Polymer hydrolysis reactions were also conducted in an Ace 

glassware polymerization vessel. The following is a description of a typical 

hydrolysis procedure. The Poly GMA solution (100 g), ~lich was prepared 

according to the procedure described earlier, and JO g of CA were placed in the 

reacting vessel under a continuous strewn of nitrogen. The polymer solution 

was then heated with constant stirring. A dilute acid solution was prepared by 

adding 10 ml of a mixture of 1.0 ml of concentrated ~S04 and 100 ml of 

CA to 40 ml of CA. When the t~nperature of the polymer solution reached 65 DC, 

the acid solution was slowly added over a period of 1.5 hr. After the addition 

was complete, the mixture was maintained at 70 DC for 0.5 hr. 

Determination of epoxy (oxirane) and 2,4-D content in 2,4-D!Poly GMA adducts 

(Personal Communication with Glidden-Durkee 1982) 

16. The following solutions were prepared for the determination of 

epoxy content: 0.1 N perchloric acid (HCI04 ); 25% w!v tetraethylammonium 

bromide in glacial acetic acid,and 0.5% w/v crystal violet in glacial acetic 

acid. The 0.1 N perchloric acid solution was prepared by adding 20 ml of 

acetic anhydride to a mixture of 8.5 ml of 72% HCI04 in 300 ml of glacial 

acetic acid. After the mixture was allowed to stand overnight, it was standar­

dized with potassium hydrogen phthalate (KHP). Approximately 0.15 g KHP in 10 

ml glacial acetic acid was used. The normality of the solution was calculated 

using the following equation: 

g of KHP x 1000Normal ity ::: 
204.2 x ml of HCI04 
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The tetraethylammonium hromide solution was prepared by dissolving 100 g in 400 

ml of glacial acetic acid. 

17. To between 0.2 and 0.3 g of the sample contained in a 125-ml 

conical flask was added 10 ml of acetone. The tetraethylammonium bromide 

solution (lU ml) and one or two drops of the crystal violet indicator were then 

'added.	 The mixture was titrated with the HCl04 solution until the color 

changed from violet blue to green. The epoxy content was calculated using the 

following equation: 

% oxirane (0) = 1.6 (normality of HCl04)(titration ml of HCl04 ) 

wt. of the sample 

A sample calculation of 2,4-D content is given below: 

16 (l-x).% oxirane (U) = 
142 (i-x) + 363x + g of AIBN + g of ME 

where x is the percentage of 2,4-D in the adduct. 

A6
 




