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ABSTRACT We describe the first experimental example of mechanochemical polymerization of specially 
synthesized solid-state monomers, methacryloyl derivatives of bioactive compounds, lm3m.  It has been 
shown, however, that there exists a monomer selectivity for efficiency of such reactions, although all the 
monomers studied undergo conventional solution polymerizations using radical initiators. The detailed 
mechanistic implications on the reaction of lm, as a representative example, have been clarified based on 
ESR kinetics on its comparison with that of the corresponding mechanoradical formation of lp, the progreasive 
changes in molecular weight distribution including its heterogeneity, and kinetics of the polymer conversion. 
It has been shown that the mechanochemical polymerization involves a mechanoradical-initiated polym- 
erization as a dominant process, and if one appropriately designs methacryloyl vinyl monomers along the 
line of the structural criteria derived from the quantum chemical considerations, one can make a variety of 
solid-state monomers undergo the mechanochemical polymerizations essentially quantitatively. Thus, the 
present result provides a novel and simple methodology for polymeric prodrug syntheses of low heterogeneity 
through a totally dry process. 

Introduction 
In principle, two distinctly different types of solid-state 

radical-chain polymerizations are known: radiation- 
induced polymerization and mechanochemical polymer- 
ization. A variety of vinyl monomers undergo radiation- 
induced solid-state polymerization, but in relatively low 
yield. One of the noticeable features in these polymer- 
izations is that the monomer crystallinity plays an 
important role in the efficiency of such reactions, although 
polymer formation is accomplished by disruption of ita 
crystallinity.' 

Kargin et al. first reported mechanochemical polym- 
erization of solid-state monomers more than 3 decades 
ago.* Nevertheless, relatively little work has been done 
with mechanochemical polymerizations in the solid state.$' 
This may be because most conventional vinyl monomers 
are liquid a t  room temperature.* Thus, acrylamide (AAm) 
and methacrylamide (MAAm) are the only well-investi- 
gated monomers in such polymerizations, and the earlier 
investigations were conducted in the presence of inorganic 
activators such as NaC1, BaSO4, and quartz.' It has 
recently been shown, however, that polyacrylamide 
(PAAm) and polymethacrylamide (PMAAm) can be 
obtained in the absence of an activator by vibratory milling 
in metallic vessels.sp6 Simionescu et  al. have suggested 
that the mechanism by which these polymerizations are 
initiated involves an electron transfer from the activated 
metal surface to the vinyl bond of the monomer to produce 
the corresponding anion radical followed by the propa- 
gation through a radical-chain polymerization (Scheme 
I) .SJ8 

Most of such research has so far been directed mainly 
toward synthetic purposes and finding effective opera- 
tional conditions. The detailed reactions of mechano- 
chemical polymerizations in the solid state have not been 
worked out, except for our recent work on ESR kinetics 
in the reaction of AAm? and no attempt has yet been 
made to obtain functionalized polymers by the mecha- 
nochemical polymerization of vinyl monomers. 

Development of sustained- and controlled-release sys- 
tems for drug delivery is  one of the most active areas 
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Scheme I 

R=alkoxy or amino proup 

today in the entire field of drug research.16 Polymeric 
prodrugs, in which a drug is attached covalently to a 
polymer backbone and slowly released under appropriate 
conditions, possess unique properties distinct from those 
of the corresponding lower molecular weight prodrugs and 
can be utilized as asustained-release deliverysystem. Thus, 
the chemotherapeutic utility of polymeric prodrugs has 
been the focus of intense research.16 The polymeric pro- 
drugs obtained from methacryloyl as well as acryloyl vinyl 
monomers are especially useful for sustained-release drug 
delivery, since the drugs are bonded to polymer backbones 
through hydrolyzable ester and/or amide groups. 

We have studied novel mechanochemical polymeriza- 
tions of several selected specially synthesized vinyl mono- 
mers, Le., methacryloyl derivatives of bioactive compounds 
such as acetaminophen (1; analgesic and antipyretic agent), 
7-theophyllineacetic acid (2; smooth muscle relaxant), and 
5-fluorouracil (5-FU, 3; antineoplastic agent). 

We report for the first time that some appropriately 
designed methacryloyl derivatives undergo facile me- 
chanochemical solid-state polymerizations to give the cor- 
responding polymeric prodrugs essentially quantitatively. 
We also provide detailed mechanistic implications of such 
a reaction of p(methacryloy1oxy)acetanilide (lm) as a 
representative example based on the ESR kinetics, mo- 
lecular weight changes, and rate of monomer consumption 
as well as the scope and limitations of mechanochemical 
polymerizations of vinyl monomers derived from the 
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quantum chemical considerations. 

Experimental Section 
p(Methacryloy1oxy)acetanilide (lm). To a solution of ac- 

etaminophen (1; 1 g, 6 mmol) and methacryloyl chloride (0.75 g, 
7.2 mmol) in dry acetonitrile (60 mL) was added triethylamine 
(0.73 g, 7.2 mmol). The reaction mixture was stirred for 30 min 
at room temperature and then evaporated in vacuo. The residue 
was dissolved in CHC13 (50 mL). The CHChsolution was washed 
fully with HzO, dried, and evaporated in vacuo. The residue was 
recrystallized from benzene to yield 0.8 g (61 % ) of lm as colorless 
needles: mp 120-121 "C; IR (KBr) 1730,1660 cm-' (C=O); 'H 

( 8 ,  1 H, -C=CH-), 6.26 (8, 1 H, -C=CH-), 7.07-7.63 (m, 4 H, 
phenyl), 10.0 (br, 1 H, amide); UV (ethanol) h- 273 nm (c so00); 
EIMS m / z  219 (M+). Anal. Calcd for C12HlaNOs: C, 65.74; H, 
5.98; N, 6.39. Found: C, 65.53; H, 5.98; N, 6.14. 

(Methacryloy1oxy)ethyl 7-Theophyllineacetate (2m). 
To a suspension of potassium theophyllineacetate (2; 0.58 g, 2.1 
mmol) in dry dimethylformamide (DMF; 20 mL) was added 
l-chloro-2-(methacryloyloxy)ethylene (0.4 g, 2.7 mmol). The 
reaction mixture was heated at  100 OC for 5 hand then evaporated 
in vacuo. The residue was dissolved in CHCh (100 mL). The 
solution was washed with HpO (20 mL), dried, and evaporated 
in vacuo. The residue was recrystallized from methanol to yield 
0.48 g (65%) of 2m as colorlees plates: mp 125-126 OC; IR (KBr) 
1745,1710,1695,1660 cm-' ( C 4 ) ;  'H NMR (CDCl3) 6 1.94 (e, 
3 H, CH31, 3.38 (8,  3 H, CH&, 3.60 (8,  3 H, CH3), 4.40-4.46 (m, 

-C=CHz), 6.12 (8 ,  1 H, -C=CHz), 7.60 (8,  1 H, theophylline 
ring); UV (ethanol) A, 244 nm (c 13 500); EIMS m/z  350 (M+). 
Anal. Calcd for Cl~Hl&Og: C, 51.43; H, 5.18; N, 15.99. Found 
C, 51.48; H, 5.24; N, 15.87. 

l-[(Methacryloyloxy)methyl]-5-fluorouracil (3m).17 The 
mixture of 5-FU (3; 0.5 g, 3.8 mmol) and 37% formalin (0.8g, 9.6 
mmol) was stirred for 30 min at  60 OC, and then excess formalin 
was evaporated off in vacuo to give 1,3-bis(hydroxymethy1)-5- 
fluorouracil as viscous oils. To  a solution of dry acetonitrile (6 
mL) containing crude 1,3-bis(hydroxymethyl)-&fluorouracil with- 
out further purification was added methacryloyl chloride (0.4 g, 
3.8 mmol), hydroquinone (20 me), and triethylamine (0.75 g, 7.4 
mmol), and the mixture was stirred at  room temperature 
overnight. After the solvent was evaporated off, methylene 
chloride (35 mL) was added to the residue, washed with 1 N 
hydrochloric acid (35 mL) twice and water, and dried over MgSO,. 
After the solvent was evaporated off, the residue was chromato- 
graphed over silicagel (Wakogel C300) in ethyl acetate and n-hex- 
ane (1:l) as an eluent. The eluated product was further 
recrystallized from methylene chloride and n-hexane (ca. 1:l) to 
yield 0.2 g (23%) of 3m: mp 116-117 OC; IR (KBr) 3200 (N-H), 
3075 (-CH=CF), 1720 (-OC-O), 1680 cm-l ( C 4 ) ;  lH NMR 
(CDCL) d 1.96 (s 3 H, CHd, 5.74 (a, 3 H, -CHZ- and =CH-), 6.24 

H, -CONH); EIMS m/z  220 (M+). Anal. Calcd for CeHeNpOIF: 
C, 47.37; H, 3.97; N, 12.28. Found C, 47.24; H, 4.04; N, 12.18. 
l-Methacryloyl-6-fluorouracil(3n).'~ The mixture of 5-FU 

(3; 0.5 g, 3.8 mmol) and hexamethyldisilazane (3 mL) was re- 
fluxed for 5 h. After excess hexamethyldisilazane was evaporated 
off in vacuo, the viscous residue was rinsed twice with dry benzene 
(3 mL) and dried in vacuo. To  a solution of dry acetonitrile (30 
mL) containing 2,4-bis(trimethylsilyl)-5-fluorouracil without 
further purification was added methacryloyl chloride (1 g, 9.6 
mmol), and the mixture was stirred at  room temperature for 30 
min. After the solvent and exceas methacryloyl chloride was 
thoroughly evaporated off, the residual solid was recrystallized 
from dry benzene to yield 0.35 g (46%) of 3n: mp 146-147 OC; 
IR (KBr) 1730,1720,1690 cm-l (C-0); 1H NMR (DMSO-de) 6 

7.86 (d, J = 5.9 Hz, 1 H, -CH==CF-), 12.10 (br, 1 H, -CONHI; 
EIMS m/z 198 (M+). Anal. Calcd for Ca7NaOsF: C, 48.49; H, 
3.61; N, 13.99. Found: C, 48.49; H, 3.56; N, 14.14. 

Radical-Initiated Solution Polymerization. For lp, a 
monomer, l m  (0.65 g, 3.0 mmol), and benzoyl peroxide (5 mg, 
0.02 mmol) in dioxane (4 mL) were warmed at  60 O C  in a sealed 
glass-made tube under nitrogen for 40 h. After DMF (2 mL) was 
added, the content was poured into a large amount of methanol. 

NMR (DMSO-ds) 6 1.99 (8,  3 H, CH3), 2.05 (8 ,  3 H, CH3), 5.88 

4 H, -OCHzCHzO), 5.12 (8,  2 H, -NCHzCO), 5.61 (8 ,  1 H, 

(8 ,  1 H, =CH-), 7.70 (d, J = 5.5 Hz, 1 H, -CH=CF-), 9.51 (8, 1 

2.05 (8,3 H, CHa), 5.57 (8,l H,-C=CHp), 5.63 (8,l H,-C....CHp), 
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The precipitated polymer was collected and dried in vacuo to 
yield 0.23 g (35%) of lp: IR (KBr) 3300,1740, 1665 cm"; lH 
NMR (DMSO-ds) 6 1.40 (br, 3 H), 2.01 (e, 5 H), 7.00 (br, 2 H), 
7.53 (br, 2 H), 9.89 (br, 1 H). For 2p, a monomer, 2m (0.5 g, 1.4 
mmol), and azobis(isobutyronitri1e) (AIBN, 3 mg, 0.02 mmol) in 
DMF (10 mL) were warmed at  60 OC for 90 h in a manner similar 
to that described for lp.  The content was poured into a large 
amount of methanol to yield 0.14 g (82%) of 2p: IR (KBr) 1700, 
1655 cm-1; 1H NMR (CDCl3) 6 0.86-1.03 (br, 3 H), 1.90 (br, 2 H), 
3.30 (8, 3 H), 4.19 (br, 2 H), 4.40 (br, 2 H), 5.17 (br, 2 H), 7.70 
(s,1 H). For 3p, a monomer, 3m (0.35 g, 1.53 mmol), and AIBN 
(6.5 mg, 0.04 mmol) in benzene (30 mL) were heated at  60 OC for 
24 h in a manner similar to that described for lp. The content 
was poured into a large amount of methylene chloride. The 
precipitated polymer was collected and dried in vacuo to yield 
0.25 g (71%) of 3p: IR (KBr) 3450,1700 cm-l; lH NMR (DMSO- 
de) 6 0.80-1.05 (br, 3 H), 1.90 (br, 2 H), 5.58 (br, 2 H), 8.11 (br, 
1 H), 12.00 (br, 1 H). 

General Procedure of Mechanochemical Polymerization. 
Polycrystalline monomer (100 mg) was mechanically fractured 
by ball milling (stainless steel ball (6.0 mm 4,890 mg) in a stainless 
steel twin-shell blender (7.8 mm 4,24 mm long) (Vibrating Mill, 
Shimadzu Co., Ltd.) a t  room temperature for a prescribed period 
of time. A prescribed quantity of the resulting fractured powder 
was transferred to an ESR tube, which was then sealed and 
submitted to ESR measurements. All operations were carried 
out under strictly anaerobic conditions (pure nitrogen atmos- 
phere) in a vacuum glovebox (VG-800, Sanplatec Corp.). This 
experimental device makes it possible to study the ESR kinetics 
of mechanochemical polymerizations. For the measurements of 
NMR spectra and molecular weights of fractured mixtures, the 
resulting powders were exposed to air immediately after milling 
and then allowed to stand overnight to quench the peroxy radicals 
formed. 

The temperature of the metallic vessel was quickly raised on 
vibratory milling to ca. 40 OC (within 1 min) but remained at the 
same temperature even for a longer vibratory milling. The 
reaction procedure using a Teflon vessel (7.8 mm 4,24 mm long) 
and ball (6.0 mm 4,290 mg) is the same as that described for the 
metallic vessel. The mechanoradical formation of each polymer 
(100 mg), lp-3p, was carried out in the same manner as described 
above. 

lH NMR Spectral Measurement. 'H NMR spectra were 
recorded on a JEOL JNM-GX270 FT-NMR spectrometer in 
either DMSO-d60r CDCb. TMS was used as an internal standard. 
For determination of the rate of polymer conversion, the 'H NMR 
spectra of each of the fractured mixtures were taken after being 
exposed to air to quench the radicals. 

X-ray Diffraction Spectral Measurement. X-ray powder 
diffraction patterns were measured on Rigaku RAD-IC with Cu 
Ka radiation. 
ESR Measurements. The ESR spectra were recorded on a 

JEOL JES-RE1X spectrometer with X-band and 100-kHs field 
modulation, and the microwave power level was kept a t  less than 
0.04 mW, since power levels higher than this began to produce 
saturation effects in the spectra. The spectral intensity was 
determined by double integration. The radical concentration 
(spin number/gram) was calculated from the spectral inteneities 
with the aid of a calibrated line obtained from the spectral 
intensities of poly(methy1 methacrylate) (PMMA) samples 
impregnated with DPPH. Measurements ofg-values were made 
relative to the fourth signal from the lower magnetic field @ = 
1.981) of Mn2+ in MgO. The computer simulations were 
performed according to the method previously reported.le 

Molecular Weight Measurement. The progressive changes 
in molecular weight were monitored by a gel permeation chro- 
matograph (GPC; Shimadzu LC-6A) equipped with a refractive 
index detector (Shimadzu, RID-GA), gel column (Shodex KD- 
800M and KD-WM), and a data analyzer (Shimadzu, Chromato- 
pac C-MA), under the following conditions: elution solvent, DMF 
containing 10 mmol of LiBr; flow rate, 0.7 mL/min; column tem- 
perature, 40 OC. Calibration was carried out with a standard 
specimen of poly(ethy1ene oxide). 

Molecular Orbital Calculation. The molecular orbital 
calculations of methacryloyl compounds were carried out by the 
AM1 proceduremand the UAMl procedure (AM1 with the UHF 
formalismzl) as implemented in the MOPAC program (QCPE, No. 
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549). Full geometry optimization was started from the C, 
symmetry with the standard bond length and angles.= The 
potential energy surface of l m  was obtained as a function of 
rotationsabout twocarbon-carbonsinglebondswithin thes-trans 
isomer of the methacryloyl component. The calculations were 
performedon a FACOM M-780/20 computer at the Computation 
Center of Nagoya University. 

Results and Discussion 
Mechanochemical Polymerization. Mechanochem- 

ical polymerizations of four kinds of polycrystalline vinyl 
monomers derived from three types of bioactive com- 
pounds, 1-3 (Scheme 11) were carried out in a metallic 
twin-shell blender for 45 min at room temperature under 
strictly anaerobic conditions, according to the method 
described in the Experimental Section. 

The polymer conversion of each fractured mixture was 
determined by observing the disappearance of vinyl 
protons and the appearance of the corresponding alkyl 
protons of the polymer in the lH NMR spectra of the 
resulting fractured powders. 

The results demonstrate that there exists a selectivity 
for efficiency of the mechanochemical polymerizations; 
three vinyl monomers, lm-3m, underwent mechanochem- 
ical solid-state polymerizations to give the corresponding 
polymers essentially quantitatively. This eliminates the 
need for any workup such as is required in reactions in the 
liquid state. The spectroscopic data (IR and lH NMR) 
for the polymers thus obtained were identical with those 
obtained by solution polymerizations using a conventional 
radical initiator in all cases. The X-ray diffraction of these 
polymers did not exhibit any peak for the crystallinity 
shown in the monomers but shows only halo patterns so 
that the resulting polymers are all amorphous. The 
monomer 3n, however, did not undergo mechanochemi- 
cal polymerization to a detectable extent. This is in sharp 
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contrast to the fact that all these methacryloyl derivatives 
have been shown to undergo solution polymerizations using 
conventional radical initiators. 

We have also attempted the mechanochemical polym- 
erization of lm  using a Teflon blender under anaerobic 
conditions or a metallic blender under aerobic conditions. 
There was no evidence of polymer formation in either case. 

Quantum Chemical Considerations for Mechani- 
cally Polymerizable Methacryloyl Monomers. The 
methacryloyl moieties of 2m and 3m are electronically 
isolated from the conjugated *-moiety of the ester sub- 
stituent (theophylline in 2m and 5-FU in 3m) through 
alkyl groups, so that they are essentially identical with 
those of conventional monomers such as AAm and MAAm 
in structural terms. I t  is understandable for them to 
undergo mechanochemical polymerizations as readily as 
conventional monomers. 

Thus, in light of the observed monomer selectivity in 
mechanochemical polymerizations, we have examined the 
nature of the electronic structure of monomers, lm  and 
3n. The monomer of 7-methacryloyltheophylline (4n) was 
also calculated as a structurally related compound of 2m. 

The mechanochemical polymerization of vinyl mono- 
mers in a metallic vessel is initiated by the formation of 
anion radicals produced by an electron transfer from the 
activated metal surface (vide supra).s An electron affinity 
(Ea) of the molecule is a measure of the feasibility of an 
electron transfer to the molecule, the E, can be approx- 
imated to the energy of lowest unoccupied molecular 
orbital (LUMO) in MO terms. Thus, it is important to 
understand the nature of LUMO for the capability of 
anion-radical formations. 

Figure 1 shows the energies and coefficients (eigenvec- 
tors) of lower lying r-type unoccupied molecular orbitals 
in the equilibrium geometries of lm, 3n, and 4n calculated 
from the AM1 wave functions, together with those of meth- 
acrylic acid (MAA) and AAm for comparisons with the 
same level of approximation. 

It is seen that the LUMO's are all lower in energy than 
those of MAA and AAm so that they should have no 
difficulty in forming the corresponding anion radicals. 
However, the LUMOs polarizations, which should cor- 
respond to the spin density distribution in the resulting 
anion radicals,29 vary with compounds due to the very 
large conformational difference in the equilibrium geom- 
etries. The LUMO's coefficient of lm  ($a*) is considerably 
polarized to the methacryloyl component. As a result, 
the anion radical formed should be capable of undergoing 
the ensuing radical-chain polymerization of the vinyl 
group, accounting for the occurrence of the mechanochem- 
ical polymerization of lm  as experimentally observed. On 
the other hand, in 3n and 4n, in which the six- and five- 
membered cyclic rings as ester substituents are directly 
bonded with the methacryloyl carbonyl group, the LU- 
MOs coefficients ($a* for 3n and $a* for 4n) are 
completely localized to such ester components, as opposed 
to the situation for lm, apparently due to orthogonality 
between the methacryloyl vinyl bond and the rest of the 
molecule in their equilibrium geometries. Further, in the 
lower lying *-type unoccupied molecular orbitals of 3n 
and 4n, the orbitals that are polarized to the methacryloyl 
vinyl bond with the same nodal property lie a t  a much 
higher energy level ($,I* for 3n and $SI* for 4n) than those 
of MAA and AAm. 

Although it is conceivable from the examination of mo- 
lecular models that the planar geometry Of 3n could cause 
severe steric hindrance between the two components, the 
methacryloyl vinyl hydrogen and the uracil ring (either of 
2-carbonyl oxygen or &hydrogen), the calculated equi- 
librium geometry with out-of-plane deformation in the 
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Figure 1. Energies and coefficient distributions of lower lying *-type unoccupied molecular orbitals in the equilibrium geometries 
calculated by the AM1 method. 
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Figure 2. Potential energy surface of 1 m as a function of rotatione 
about two carbon-carbon single bonds evaluated by the AM1 
method. 

methacryloyl component (Figure 1) is rather unexpected. 
Therefore, we have further inspected the potential energy 
surface of 3n with respect to the rotational conformers 
within the s-trans isomer of a methacryloyl moiety, and 
the result is shown in Figure 2. 

In fact, the planar geometry of either 1 or I1 has been 
shown to be very unstable. The high core-repulsive 
contribution at A for I and electron-repulsive contribution 
at B for I1 (Figure 2) are responsible for their destabili- 
zations, respectively. It also became apparent that an 
energy optimization in the equilibrium geometry of 3n is 
the consequence of greater stabilizing energy gain due to 
the full A-A interaction between the methacryloyl car- 
bonyl group and a uracil ring (Hf(e=9O0 and 4=Oo) - Hf 
(e=4=90°) = 4.11 kcal/mol), while the same energy loss 
due to disruption of planarity of the methacryloyl group 
was negligible (Hf(e=Oo and #=SOo) - Hf(B=4=9O0) - 0 
kcal/mol). A similar situation has also been shown in 4n 
from the result of the calculated potential energy surfaceaZ4 

Thus, we believe that this kind of electronic structural 
feature is the essential reason for the failure of the me- 
chanochemical polymerization of 3n.% It can be predicted 
that 4n would also be unreactive in the mechanochemical 
polymerization. It should be noted, however, that this 
view does not exclude the reactivity for the radical-initiated 
solution polymerization Of 3n, as experimentally observed, 
since the reactivity of avinyl bond with free radicals should 
be considered distinct in nature from the formation of the 
corresponding anion radical by electron transfer. 

These results suggest, in turn, that introduction of some 
spacer groups between the methacryloyl group and ester 
substituent makes it possible to undergo mechanochem- 
ical polymerizations of a wide variety of methacryloyl vinyl 
monomers. 

ESR Spectrum Observed in Mechanochemical Po- 
lymerization. In order to gain fundamental insight into 
the nature of mechanochemical polymerizations of these 
monomers, the detailed mechanistic implications of lm  
were explored as a representative example. 

Figure 3 shows the ESR spectra of the radical produced 
in the course of mechanochemical polymerization of lm. 
The spectral feature remained unchanged at  various stages 
of vibratory milling, which is most characterized by five 
major lines with four shoulders ("nine-line spectrum"). 
Virtually identical spectra were also obtained in polym- 
erizations of the other two monomers, 2m and 3m. We 
believe that this is the first observation of well-defined 
ESR spectra of the radicals observed in mechanochemical 
solid-state polymerizations of methacrylic monomers. 

Because of the abnormal intensity distribution in the 
nine-line spectra observed in various types of reactions, 
such spectra have long been the subject of much discus- 
sion.% It  is now well established that the standard nine- 
line spectra of the radicals in radiation-induced low- 
temperature solid-state polymerizations (77 K) of MMA 
and closely related methacrylic monomers consist of a 
single end-chain radical, -CH&(COOR)(CHS).~ 



Macromolecules, Vol. 24, No. 14, 1991 Solid-State Polymerization of Vinyl Monomers 4051 

2 . 0  1 

Figure 3. ESR spectrum observed in mechanically fractured 
lm and the corresponding simulated spectrum shown as a dotted 
line. 

We note, however, that the ESR spectra of the radicals 
produced in plasma-irradiated PMMA and the structurally 
related polymers have recently been shown to be outlines 
of multicomponent spectra including the nine-line spec- 
trum.19 

The present ESR spectrum is essentially identical with 
those of mechanoradicals obtained from methacrylic 
polymers such as polymethacrylic acid (PMAA) and its 
methyl ester (PMMA).28-30 Furthermore, we have also 
carried out mechanoradical formation of polymers, lp- 
3p, obtained by conventional radical-initiated solution 
polymerizations of lm-3m. The ESR spectra of the me- 
chanoradicals thus obtained were all identical with the 
spectra shown in Figure 3. I t  is now firmly established 
from the mechanistic study at 77 K that the mechanism 
by which mechanoradicals are formed involves main-chain 
scission to give initially two different radicals.2s For 
instance, the mechanical fracture of PMMA gives an end- 
chain radical, -CH&(COOR)(CH3), and a primary alkyl 
radical, -C(COOR)(CH3)CH2. However, the latter radical 
has been shown to be quite unstable, undergoing rear- 
rangement above 140 K to the corresponding secondary 
midchain radical, followed by the termination reactions.29 

Thus, the radical in the ESR spectra (Figure 3) can be 
unambiguously assigned to a single end-chain radical 
(equivalent to a propagating radical) (vide infra). The 
simulated spectrum shown in Figure 3 as a dotted line 
also supports this conclusion. It is seen that the observed 
spectrum has been nicely reproduced by the simulated 
spectrum, which gives the following spectroscopic param- 
eters: g-value = 2.0037, HSC; aH,(1) = 1.33, UH,(2) = 0.98, 
and U M ~  = 2.24 mT. 
ESR Kinetics of the Radicals Formed in Reaction 

of lm. Figure 4 shows the progressive changes in the 
radical concentration of the ESR spectra in the course of 
the mechanochemical polymerization of lm, together with 
those of the mechanoradical formation of the polymer, lp. 

I t  is seen that both line features are similar in nature 
to each other, but the maximum value of l p  appears earlier 
than that of lm. This is apparently due to the presence 
of time lag (ca. 5 min) in the case of lm  (vide infra). After 
reaching the maximum value, the radical concentrations 
gradually decrease in both cases. Separate experiments 
have shown that these radicals are thermally stable for a 
long period at  40 O C  (see the Experimental Section) so 
that the decrease in the radical concentration must be 
caused by the vibratory milling. 

This is in sharp contrast to the progressive changes in 
the radical concentration of mechanoradical formation in 
PAAme and PMAAm.* The radical formation in PAAm 

0 10 20  30 40 50 
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Figure 4. Progressive changes in radical concentration in the 
course of vibratory milling: (0) mechanochemical polymeriza- 
tion of Im; (0) mechanoradical formation of lp. 

and PMMAm did not exhibit the maximum value but 
showed a parabolic increase in the course of vibratory 
milling. This discrepancy can be rationalized in terms on 
the basis that the mechanoradicals of PAAm and PMAAm 
are strongly stabilized by intrinsic inter- and intramo- 
lecular doubly hydrogen-bonding interactions among the 
amide groups directly bonded with the polymer main chain. 

Progressive Changes in Molecular Weight and Its 
Heterogeneity. Gel permeation chromatograms (GPC) 
at various stages of vibratory milling of l m  and lp  are 
shown in Figure 5. 

It  is seen from parts A and B of Figure 5 that the 
progressive changes in GPC are similar, although unde- 
graded l p  is of a rather broad molecular weight distri- 
bution. We note that GPC of l p  does not show the bimodal 
nature of the distribution (such aa those having original 
higher molecular weight and degraded lower molecular 
weight) in the course of polymer degradation but shows 
only a broadened one-component curve. This indicates 
that mechanical fracture of l p  may cause the rather 
random polymer main-chain scission. 

Figure 6 shows the progressive changes of the number- 
average molecular weight (&) of the polymer formed in 
mechanochemical polymerization of lm, together with 
progressive changes of in mechanical fracture of lp. 
It is seen that, in the reaction of lm, the maximum mo- 
lecular weight appeared at ca. a 5-min duration of vibratory 
milling, while the progressive changes in lp exhibited a 
simple decay toward a limiting value. 

The heterogeneity (H = &/&), however, behaves 
differently as shown in Figure 7. The index H in the 
reaction of lm  continues to increase for ca. a 10-min milling 
(H = 1.398 for a 9-min milling) and then tends to decrease 
toward the limiting value (H = 1.078 for 45 min), while the 
index H (H = 1.928) in the reaction of l p  exhibited a 
simply decay, due to the broad molecular weight distri- 
bution of undegraded lp, toward a similar limiting value 
(H = 1.100 for a 45-min milling), which is nearly the same 
as that of lm. 

It should be mentioned here that the exceptionally low 
H values (far less than 2) of fractured polymers from lm 
and l p  is unusual, though not unprecedented.Sl On the 
basis of the available data, we cannot provide any definitive 
reason at  present, and even from a theoretical basis, there 
is no single and simple criterion for random scission of a 
polymer chain that will cover every situation.s2 It can be 
assumed, however, that bulky substituents bonded to the 
main chain of the present polymer (polymer’s stereochem- 
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Figure 5. Gel permeation chromatograms (GPC) at various stages of vibratory milling of l m  (A) and lp  (B). 
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Figure 6. Progressive changes in molecular weight (&,) in the 
course of vibratory milling: (0) mechanochemical polymeriza- 
tion of lm; (0) mechanical fracture of lp .  
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Figure 7. Progressive changes in heterogeneity in the course of 
vibratory milling: (0 )  mechanochemical polymerization of lm; 
(0) mechanical fracture of l p .  

istry) as well as a highly powerful mechanical force may 
contribute to this specificity. 

The appearance of the maximum molecular weight at  
such a short duration of vibratory milling of lm provides 
an additional insight into the mechanistic implication of 
mechanochemical polymerizations; Le., the propagation 

100 , 

do 80 . 
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Figure 8. Progressive changes in polymer conversion (monomer 
consumption) in the course of vibratory milling of lm. 

rate is very high, and the propagating radicals are rapidly 
terminated to give polymers of higher molecular weight. 
This captures the essential reason for the increase in index 
H for an earlier stage of the reaction of lm when the un- 
reacted monomer still exists, since the polymer degradation 
begins to occur immediately after the polymer was formed. 
Thus, the molecular weight also begins to decrease 
exponentially toward a limiting value, below which a 
polymer will not be further degraded. 

Therefore, most of radicals observed in the course of 
the mechanochemical polymerization of lm can be con- 
sidered to be the mechanoradicals in nature, not the 
propagating radicals (identical with each other in ESR). 
This concomitantly accounts for the presence of ca. a 5-min 
time lag followed by the steep increase in the radical 
concentration in the reaction of lm (Figure 4), since the 
formation of mechanoradicals is a characteristic feature 
of polymers. 

Polymer Conversion. Figure 8 shows plots of the 
monomer consumption as a function of the duration of 
the vibratory milling of lm. The rate of monomer 
consumption was monitored by the decay of the olefinic 
protons of monomers as well as the corresponding growth 
of the alkyl protons of polymers in the lH NMR spectra 
of the fractured mixtures (vide supra). 

It is seen that the kinetics of monomer consumption 
exhibited a sigmoid curve (well fitted with a logistic curve) 
with ca. a 5-min time lag, and the monomer consumption 
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has been nearly completed in ca. 15 min of vibratory milling 
when the radical concentration reaches a maximum value 
(Figure 4). In other words, the radical concentration 
increases while the unreacted monomer continues to 
produce the polymers. 

In accord with the conclusion described in a previous 
subsection, the presence of time lag in Figure 8 also 
indicates that the polymerization initiated through the 
anion radical is only a minor process in the mechano- 
chemical polymerization of lm, though indispensable to 
initiate, and the steep increase in the rate of monomer 
consumption with lowering of the molecular weight of the 
polymer formed (as well as the same increase in the radical 
concentration) can be ascribed to the occurrence of a very 
dominant “mechanoradical-initiated polymerization”.*2 

This mechanistic view was further substantiated with 
the following experimental observations; in the vibratory 
milling of l m  in the presence of an equal amount of lp  
using a Teflon twin-shell blender for 45 min under 
otherwise identical conditions, l m  did undergo the me- 
chanochemical p~lymerization.~~ This polymerization is 
obviously induced by the mechanoradicals formed from 
lp, since l m  is unreactive in a Teflon blender (vide su- 
pra), reinforcing the above-mentioned conclusion. 

Conclusions. The conclusion drawn from the present 
study can be summarized as follows. We have presented 
the first example of mechanochemical polymerization of 
solid-state vinyl monomers derived from bioactive com- 
pounds, lm-3m. A monomer selectivity for efficiency of 
such reactions has been shown, althoughall the monomers 
studied undergo conventional radical-initiated solution 
polymerizations. Combined data of kinetics on the radical 
concentrations, molecular weight distribution, and poly- 
mer conversion of lm studied as a representative example 
enabled us to clarify the precise nature of this type of 
reaction. Thus, if one prepares the monomers along the 
line of the structural criteria derived from the quantum 
chemical considerations, the present reactions seem ap- 
plicable to a wide variety of methacryloyl derivatives of 
an important class of bioactive compounds with different 
physicochemical properties. 

The present result is not only of interest on its own 
right but also provides a novel methodology for simple 
polymeric prodrug syntheses through a totally dry process. 
Of more importance is the fact that the resulting polymers 
are of lower heterogeneity, which is of great value for highly 
functionalized polymeric prodrug syntheses, and we believe 
the result reported here will spark new interest in this 
research area. The nature of hydrolyses of the resulting 
polymeric prodrugs will be the subject of a forthcoming 
paper and is reported elsewhere. 
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