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ABSTRACT: A new method of synthesis of polyphosphonates, based on transesterification of the short 
oligomers, ended with the methylphosphonate ester groups, afforded a series of polymers with either 
hydrophobic or hydrophilic chains. Thus, high-molecular-weight polymers with repeating units of desired 
length (i.e. (-CH&) and a reactive group between them (-OP(H)(O)O-) were prepared. This function was 
used for further functionalization, and amphiphilic polymers were prepared with, e.g., a hydrophobic main 
chain and hydrophilic side chains or vice versa. Some of these polymers were shown to be able to self- 
organize, forming uniform spherical structures. 

Introduction 

In our previous papers1p2 we described the successful 
preparation of high-molecular-weight poly(alky1ene phos- 
phate)s by polycondensation of dimethyl phosphonate with 
different diols, followed by transesterification. Thus, in 
the first stage, called the "low temperature stage", an excess 
of dimethyl phosphonate was used and short chains, with 
methyl ester end groups, were produced (eq 1). 

Reaction conditions are chosen in such a way (excess of 
dimethyl phosphonate, reaction time) that a t  the end of 
this stage the hydroxyl groups are reacted, as shown in eq 
1. The polymerization degree x is in the range from 3 to 
5. It is determined from the 31P NMR ~ p e c t r a . ~  

Further transesterification, leading to high-molecular- 
weight products, requires higher temperatures. The same 
is true for the direct esterification. In the direct polyes- 
terification process side reactions take place involving 
hydroxyl groups. Side reactions are eliminated in the 
transesterification. 

The main side reactions, proceeding with hydroxyl 
groups, are dehydration of the diol (eq 2) and formation 
of monoesters (eq 3). 

-CH&HzOH - H20 + -CH=CHZ (2) 

0 0 
II II 

I I 
-CH2OPOCHj + H20 -CHpOP-OH + CHjOH (3) 

H H 

At  the second stage, when a higher temperature is 
applied (>120 "C), the short chains ( x  in eq 1 from 3 to 
5) ,  formed according to eq 1, undergo a transesterification 
with elimination of dimethyl phosphonate (eq 4). In this 
way high-molecular-weight polymer is formed and side 
reactions are practically eliminated (for values of nx cf. 
Table I): 
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In this paper, polycondensation of dimethyl phospho- 
nate with polymethylene diols is presented. The obtained 
poly(dialky1 phosphonate)s (polyphosphites) have further 
been converted into the corresponding poly(dialky1 phos- 
phate)s, and the resulting polymers were characterized. 

The polyphosphonates have also been used to prepare 
amphiphilic polymers either with a hydrophobic main 
chain and hydrophilic side chains or vice versa. Polymers 
with these structures were prepared from the correspond- 
ingpolyphosphonate 1 in a two-stage process. In the first, 
1 is converted into the polyphosphate 2 or 3 and in the 
second side groups (R') are attached to the main chain. 
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An important feature of these polymers, related to 
phospholipids, is the exactly controlled length of hydro- 
phobic and hydrophilic units: 

0 0  0 0 
II I I  II II 

I I I 
~ - ~ o P o + - ~ o P o + l  - oPO-oPOI.*. 

i l l  0 0 
I I 

where 0 is a hydrophobic and - - is a hydrophilic unit. 
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The phosphotriester bond stability toward hydrolysis can 
also be controlled by using required structures. 

Experimental Part 

Materials. Dimethyl phosphonate (Fluka) was purified as 
described 

The following diols were used: 1,5-pentanediol (Aldrich), 1,6- 
hexanediol (Loba Chemie), 1,7-heptanediol (Aldrich), 1,8-oc- 
tanediol (Fluka), 1,9-nonanediol (Aldrich), 1,lO-decanediol (EGA 
Chemie), and 1,12-dodecanediol (Fluka). All diols were purified 
by vacuum distillation under reduced pressure. A small grain of 
sodium was added prior to distillation. Pyridine (POCh), tri- 
n-octylamine (Fluka), n-octyl bromide (Merck), octyl alcohol 
(Aldrich), epoxides (Aldrich), and diethylene glycol monomethyl 
ether (Aldrich) were dried and distilled before use. 

Syntheses of Polymers. Polyphosphonates 1 were obtained 
from polycondensation of dimethyl phosphonate with corre- 
sponding diols as described in our previous papers for poly- 
(ethylene glycol)s.1*2 

Poly(alky1ene ch1orophosphate)s (2) were prepared by 
chlorination of 1. Dry Clz was passed through a 10% solution 
of 1 in CHzClz until a persistent yellow coloration appeared. Excess 
Clz was then removed under vacuum until a colorless solution 
resulted. Solutions of 2 were used without polymer isolation. 

Polyphosphates 3 were prepared by oxidation of 1. DryN204 
was passed through the 10% solution of 1 in CHzClz at  -15 OC 
until a persistent yellow coloration appeared. Then, the reaction 
mixture was kept for 24 h at  room temperature. Product 3 
precipitated gradually from the solution. After separation, 3 
was washed several times with CHzClz and i-PrOH and then 
dried under vacuum. 

Polyphosphate 4-1. To a 20% solution of poly(ch1orophos- 
phate) 2 (R = PEG 200) in CHzClz was added dropwise a t  0 "C 
a solution of nonanol-1 and pyridine in CHzClz (- 20 % solution), 
and the reaction mixture was kept for 24 h at  0 "C. Alcohol and 
pyridine were used in 10% excess. Pyridinium hydrochloride 
was removed by filtration, the filtrate, containing 4-1, was 
concentrated to half of its original volume, and 4-1 was precip- 
itated to 1:l (vol) with a petroleum ether&& mixture. 4-1 was 
purified by dialysis in an EtOH/H20 (1:l) system, until no more 
C1- was present (according to the AgN03 test). 

Polyphosphates 4-2, 4-4, 4-6, and 4-7 were prepared in a 
manner similar to that described for 4-1. 

Polyphosphate 4-3. A sample of polyphosphate 3 was placed 
in a vacuum ampule. CHzClz and a 5-fold excess of epoxide 
(ethylene, propylene, or 1,2-butylene oxide) were distilled into 
the ampule (CHZClz to epoxide (v/v) ratio was equal to 1). The 
reaction mixture was kept for 48 h at  25 "C. During that time 
polymer 4-3 dissolved. At the end of the reaction CHzClz and 
unreacted epoxide were removed in vacuo, and the polymer was 
dissolved in water and purified by dialysis in HzO. 

Polyphosphates 4 4 4 - 8 ,  and 4-9 were prepared in a manner 
similar to the synthesis of 4-3. 

Polyphosphate 5-1 was obtained by neutralization of poly- 
phosphate 3 (R = PEG 600) with tri-n-octylamine in ethanol 
solution. 

Polyphosphate 5-2 was prepared by neutralization of the 
polyacid 3 (R = PEG 600) with tetra-n-octylammonium hydrox- 
ide. Tetra-n-octylammonium hydroxide was obtained by quat- 
ernization of tri-n-octylamine with n-octyl bromide in boiling 
acetone in the presence of NaI. 

n-C8Hl,Br + N(n-C8Hl,), + NaI - (n-CBHl,),N+I- + NaBr 

Tetra-n-octylammonium iodide was converted into the corre- 
sponding free hydroxide by passing an ethanol solution of the 
iodide through an anion-exchange resin Zerolit KMP (BDH). 

Measurement. 31P (81 MHz), 13C (50 MHz), lH NMR (200 
MHz) spectra were recorded with a Bruker AC 200 spectrometer. 
Molecular weights of polymers were measured by using a Hewlett- 
Packard 502 high-speed membrane or a Hewlett-Packard 302B 
vapor pressure osmometer. DSC diagrams were registered on a 
DSC V4.05 Du Pont ZOO0 apparatus. The optical microscopy 
observations were done using a CARL ZEISS JENA microscope. 
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Figure 1. 31P NMR (a) and 31P(1H) NMR (b) spectra of poly- 
(decamethylene phosphonate) (1, x = 10) in CDC13. 

Table I 
M.(vpo), qsD, Chemical Shifts, and Coupling Constants in 

the NMR Spectra for Polyphosphonates 1 

31P NMRc 
(-CHZ-)~ x Mn (osm)' in CHzCHz qspb 6, ppm ~JP-H, Hz 

5 14 100 0.27 7.9 696 
6 28 000 0.9 7.8 688 
7 9 300 0.24 7.9 
8 13 100 0.27 7.9 697 
9 9 700 0.34 7.8 

10 10 200 0.41 8.0 696,699 

12 9 900 0.25 7.8 691 
(21 300) 

(15 200) 

Mn corresponding to vsp are given, except for values in parentheses. 
Measured for 1% solutions in CHZC12, at 25 "C in an Ubelohde 

viscometer filled in vacuo. Spectra recorded on a Bruker 200-MHz 
spectrometer for approximately 5 % solutions in CDC13. 

Results and Discussion 

Synthesis of Polyphosphonates from Polymethyl- 
ene diols (Poly(polymethy1ene phosphonate)s). Poly- 
phosphonates of polymethylene diols were prepared in 
the two-stage polycondensation of dimethyl phosphonate 
with a selection of diols as described in eq 5, where x = 
from 2 to 10 and 12. 

0 
II 
I 
H 

(CH30)pP4' + HO(-CH2-),OH -C [-OPO(4H2-),4,, 
'H 

1 

In the reaction of dimethyl phosphonate with ethylene 
glycol ( x  = 2) cyclic phosphonate and linear oligomers are 
~bta ined .~  Condensation of l,&propanediol with dimethyl 
phosphonate leads almost exclusively to cyclic 2-hydro- 
2-oxo-1,3,2-dioxaphosphorinane.5 In the case of 1,4- 
butanediol, under least a t  the applied conditions, the main 
reaction was formation of THF, in agreement with earlier 
observations of Vogt et a1.6 Higher diols ( x  = from 5 to 
10 and 12) gave high-molecular-weight products. The high 
polymers are colorless solid materials. We observed that 
poly(alky1ene phosphonate)s are hydrolytically unstable 
products. Thus, purification of the polymers a t  this stage 
and all measurements (A&,, 9, NMR spectra) require the 
use of anhydrous solvents. The lH, 31P, and 13C NMR 
spectra clearly indicate the structural uniformity of the 
polyphosphonates 1. 
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Figure. 2. 'H NMR spectrum of poly(decamethy1ene phospho- 
nab )  (1, x = 10) in CDC13. 
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Figure 3. 13C(lHJ NMR spectrum of poly(decamethy1ene 
phosphonate) (1, x = 10) in CDCl3. 

NMR Spectra of Poly(decamethy1ene phospho- 
nate). In the 31P NMR spectra of polyphosphonates 1 
there are two quintets reduced to one sharp signal after 
decoupling from lH (31P{1HJ NMR). As an example the 
3lP NMR spectrum of poly(decamethy1ene phosphonate) 
is shown in Figure 1. 

Chemical shifts and coupling constants of selected 
polymers are given in Table I together with their specific 
viscosities, and M,. 

Figures 2 and 3 show lH and 13C NMR spectra of poly- 
(decamethylene phosphonate), taken as a typical example 
of 1. 

0 
II 1 2 3 4 5 5 4 3 2 1  

I 
[ - o - P - o - C ~ H , C H , C H ~ H ~ ~ C H z C H z C H ~ H ~ J  

H 6  

1 ( x =  10) 

In the NMR spectra the following signals were observed. 
1H NMR: 6 1.27 (m, HB, H4, HE,), 1.66 (m, H2), 4.01 and 
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Figure 4. DSC thermogram of poly(decamethy1ene phosphate) 
(3, x = 10). 

Table I1 
Values of Tg and T, and the Elementary Analysis Data for 

Polyphoephates 3 

elemental analysis 
theory, % found, % 

(-CHz-),x T,, OC Tm, 'C C H P C H P 
5 36.2 6.6 18.7 35.8 6.8 18.1 

7 65 43.3 7.7 16.0 41.9 7.8 15.2 
6 -20t0-6 68 40.0 7.2 17.2 39.0 7.2 16.1 

8 -11 to-0.3 83 46.2 8.2 14.9 45.3 8.2 14.6 
9 -35 to-31 78 48.6 8.6 13.9 47.5 8.6 13.5 

12a -17 to-9 102 54.5 9.5 11.7 52.6 9.4 11.5 
10 -8 to-4 97 50.8 8.9 13.1 49.4 8.8 12.5 

Poly(dodecamethy1ene phosphate) has previously been prepared 
in the other labo~atory.~ AM,, of 1100 and Tm = 40 OC were reported. 
It was also claimed that this polymer exhibits LC properties. 

4.05 (two t, Hi; 3 J p ~  = 7.7 Hz, 35HH = 6.8 Hz), 6.78 (d, H6, 
l J p ~  = 692.3 Hz). 13C{1HJ NMR S 25.41 (8, C3), 29.01 and 
29.31 (two S, C4 and C5), 30.34 (d, C2, 3Jpc = 5.5 Hz), 65.72 
(d, C1, Vpc = 5.3 Hz). The assignments of the chemical 
shifts of carbon atoms for polymers have been based on 
the data published by Stothers7 for the corresponding diols. 

Oxidation of Polyphosphonates into Polyphos- 
phates. The polyphosphonates described in the previous 
section (eq 5) were converted into the corresponding 
polyphosphates using N204 in CHzCl:! solution as an 
oxidizing agent.8 

The resulting polyphosphates 3 precipitate from the 
reaction mixture. 

Properties of Poly(polymethy1ene phosphate)s. 
Polyphosphates 3 are white, sparingly soluble powders. 
They were soluble in ethanol and butanol a t  70 O C  and are 
soluble in water when converted into salt forms. The 
melting and glass temperatures were measured by DSC, 
and Figure 4 shows a typical DSC graph of poly- 
(decamethylene phosphate) (3; x = 10). 

A summary of glass and melting temperatures, and the 
results of the elementary analysis are given in Table 11. 

All of the polyphosphates 3 collected in Table I1 show 
crystalline properties. A film of poly(decamethy1ene 
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.- 
Figure 5. Spherd i t ic  structures d>served in crystalline puly- 
(dtamethylrne  phosphate). 

Figure 6. Oriented crystalline structure formed when the poly- 
(decamethylene phosphate) sample was drawn from the melt. 

phosphate) ( 3 x  = 10),castat4O0Cfromethanolsolution, 
hasclearlyvisiblespherulites (Figure5). Thesamesample 
givesanorientedstructure whendrawnfromamelt (Figure 
6). 

The polyphosphates 3, except 3 for which x = 5, are 
hydrophobic, apparently due to the association of the 
phosphate groups; however, these polymers are soluble in 
water, as indicated above, after conversion into the 
corresponding polysalts. Poly(pentamethy1ene phos- 
phate) (3: x = 5) swells slowly in H20. It forms a gel-like 
material, after absorbing up to 1ooO% of Hz0 and 
eventually it produces a metastable water solution. 

Sal ts  of Poly(polymethy1ene phosphate)s. Salts of 
polyphosphates were obtained by neutralization of the 
ethanol solution of the respective polyacids with NazC03 
or NaOH. Excess base was removed by dialysis. 

0 0 

3 5 

The &'s of polysalts 5 were measured osmometrically 
inO.1 N NaClsolution. TheE,'sof polysalts were found 

High-Molecular-Weight Poly(alkylene phosphate)s 2231 
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Figure 7. 
phosphate) sodium salt (5, x = 10) in D20. 

to be very close to the E,, of the starting polyphospho- 
nates 1 (cf.TableII1). In the3'P NMRspectraofpolyealts 
5 signals related to the P-H group are absent. In 31P{1Hl 
NMR spectra of polyphosphates 5 there is only one sharp 
signal at 6 0.0-1.0 ppm, which is slightly broadened in the 
31P NMR spectra. The 'H(31PJ NMR spectrum of 5 is 
similartothespectrumof 1 buttheP-Hdoubletisabsent. 
13C(IH) NMR spectra of polysalts 5 are identical to the 
13C[lH) NMR spectra of the corresponding 1. Figure I 
showsa13C(IH}NMRspectrumofthesodiumsaltofpoly- 
(decamethylene phosphate) (5; x = 10). 

Reaction of Polyacid8 with Epoxides. Preparation 
of Graft Copolymers with Hydrophilic Side Chains. 
This reaction, converting polyacids into the electrically 
neutral products, allowed also the Mn of the polyacids to 
be checked, since it is known that Mn of polyelectrolytes, 
measured by osmometry, may provide erratic results. 

Addition of ethylene oxide has been shown to be a 
quantitative process: 

W('H) NMR SpeCtNm of poly(decamethy1ene 

0 0 
I I  

(8) 
[ - O ~ - C H Z - ) ~ - I ~  II 6 I-OpOC-CHz-).-lo 

OH q-CH&H+)A 
3 4 ( m  = 1.2) 

As it has been shown in our laboratory, higher values 
of m can be obtained if an external acid is used as catalyst. 
In its absence oxyethylation stops when all of the acidic 
groups are consumed. This is because addition of an 
epoxide to the P-OH groups proceeds only when acid is 
present as a catalyst.lOJ1 

Reaction of 3 with ethylene oxide was carried out in a 
heterogeneoussystem.namelyinCH~Cl2at25~C. Abfold 
excess of the epoxide was used. Reaction products 4 are 
soluble, complete conversion of the acidic groups is 
observed, and no side reactions are detected. This is 
evidenced from 1H,'3C,and31PNMRspectra. Thelength 
of the side chains (m in eq 8) was calculated on the basis 
of the integration ratio of the corresponding signals in the 
'H NMR spectrum. Figure 8 shows the l3C{IHJ NMR 
spectrum of polyester 4 ( x  = 10) where the assignments 
are given directly in the figure. 

k ' s  of polymers prepared in the following reaction 
course, polycondensation - oxidation - esterification, 
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Table IV 
List of the Prepared Graft Copolymers of the General 

Formula (-OP( 0) (0R')OR-) 

0 1 2 3 L 5 5 4 3 2 1  0 
-OF;OCH2CHzCH&H,CH2CH2CH2CH2CH2CH,oF;o - 

OCH,CH20CHzCH,0H OCH2CH,0H 
a b  c d  o b  

0 '  1 I b '  

i . 5  - I  

75 70 6 5  6 0  55  5 0  L 5  LO 3 5  30 25  
ppm 6 

Figure 8. 13C(lHJ NMR spectrum of poly(decamethy1ene 
phosphate) poly(hydroxyethy1ene) ester (4, x = 10) in CDC13. 

Table I11 
and m, of Polymers, Prepardd in the Following 

- 
R M,,(osm) E, 1Ci.(osm)* DP, 

(-CH2-)6 6300 42 7800 47 
(-CH2-)a 8500 44 7750 37 
(-CH2-)9 9700 45 9500 41 

10200 44 8000 32 
14000 86 15000 84 3- 

(-CH&H20-)4 12700 57 14700 61 
PEG 2WC 12500 51 9500 36 

8 200 
7 600 
8 300 

13 200 
16 200 

15 000 
15 000 

- 
DPn 
37 
30 
30 
44 
70 

51 
46 

m = 1, 2. hln measured in 0.1 N NaCl solution. PEG 200 = 
poly(ethy1ene glycol) 200. 

are presented in Table 111. A slight decrease of @, 
results from the series of reactions leading to the oxy- 
ethylated polytriestera with oxyethylene units in the side 
chain. 

Synthesis of Amphiphilic Graft Copolymers with 
Poly(alky1ene phosphate) Backbones. As it has al- 
ready been mentioned in the Introduction, amphiphilic 
polyphosphates with a graft copolymer structure were 
prepared by transformation of the poly(alky1ene chloro- 
phosphate)s (2) and polyacids (3). 2 and 3 were obtained 
in the reaction of polyphosphonates 1 with C12 and N204, 
respectively.8J2 

Reactions wi th  Poly(alky1ene ch1orophosphate)s 
(2). 2 were prepared from parent 1 by chlorination in 
CHzC12 solvent, as was described by us previously.12 The 
P-Cl bonds in 2 reacted with corresponding alcohols in 
the presence of imidazole (Im) or pyridine (Py) (eq 9): 

0 0 

CI 
2 

ow 
4 

Reaction with Polyacids. Polyphosphates 3 give 
polyesters 4 in reaction with epoxides (ethylene, propylene, 

R R' no. 
A PEG2W 

PEG 300 
PEG 200 

(-CHzCH&),&I R" - H.CH3 

m. 1,2  
I 
R" 

4 11 
4-2 
4-3 

6-1 
6-2 
4-4 
4-5 
4-6 
4-7 
4-8 

4-9 

aPEG = poly(ethy1ene glycol). A, B = the backbones are 
hydrophilic and hydrophobic, respectively. 

1,a-butylene oxide) (eq 8) and polysalts (5) with long 
alkylene side groups in reactions with amines and amine 
hydroxides (eq 10). 

3 

6- N R ~ +  
5 

The list of the prepared graft copolymers 4 and 5 is 
given in Table IV. To the hydrophobic main chains have 
been attached hydrophilic side chains, whereas hydro- 
phobic side chains have been attached to the hydrophilic 
backbones. 

Polymers 4 and 5 were characterized by 'H, 13C, 31P 
NMR spectroscopy. No defects were introduced during 
conversion of polyphosphonates 1 into polyphosphates 4 
and 5. The 13C NMR spectra of polymers 4-7 and 5-2 are 
presented as examples in Figures 9 and 10. 
NMR Spectra. Chemical shifts in 'H, 31P, and 13C 

NMR spectraof polymers 4-2,5-2, and 4-7 are given below. 
Groups of atoms in the repeating unit of polymer 4-2, 
taken as an example, have been marked as follows: 

0 
I t a  b d d b a  

[ -OWCH~CHZ(~H~CH~- ) ,OCHZCH~- ]  y =  4.8 I 
O-CH~CH&H~(-CHT)~&H&H&H~ 

1 2 3 4-13 14 15 16 

4-2 

In the 3lP NMR spectrum of 4-2 there is only one signal 
a t  6 = -1.81 ppm. In 'H NMR and 13C NMR the following 
chemical shifts and multiplicities were observed. lH 

1.62 (m, Hz), 3.59 (m, Hd), 3.65 (m, Hi,), 3.98 and 4.00 (two 
NMR 6 0.83 (t, H16, 3 J ~ ~  = 5.6 Hz), 1.21 (m, H3-H15), 

t, Hi, 3 J p ~  = 6.7 Hz, 3 J ~ ~  = 6.6 Hz), 4.12 (m, Ha). l3C 
NMR 6 14.08 (9, C16), 22.67 (8 ,  C15), 25.46 (8, C3), 29.20- 

C14), 66.59 (d, C,, 2Jpc = 6.7 Hz), 68.05 (d, C1, 2 J p ~  = 6.3 
29.69 (m, c4-c13), 30.29 (d, C2, 3Jpc = 7.5 Hz), 31.92 (s, 
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0 . b d d  b Q  
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70 60 30 20 

Figure 9. W('H) NMR spectrum of polysalt 5-2 in CDsOD. 

Hz), 70.55 (d, cb, 

ppm 6 

= 8.1 Hz), 70.61 (8, Cd). 
The repeating unit of polymer 5-2 is 

0 
11 a b  6 6  b a  

I 
[ - O - P - o C ~ C H ~ ( - o C H ~ H ~ ) ~ H ~ C H , I  y =  11.6 

-O'N(CH~YCYCH,CH,CH,CHFY)I 
1 2  3 1 5 8 7 8  

5-2 

In NMR spectra of 5-2 there are the following signals. 
31P(lH} NMR singlet a t  6 -1.00 ppm. 'H NMR 6 0.66 
(s, Hs), 1.07-1.15 (m, Ha-H?), 1.42 (8 ,  Hz), 2.94 (8 ,  HI), 3.41 
(8, Hd), 3.76 (8, Hb), 3.95 (S, Hd. WIIH) NMR (Figure 
9) 6 14.66 (8 ,  Cs), 23.05 (8, C?), 23.93 (8, Cz). 27.62 (8 ,  C3), 
30.35 and 30.41 (two signals, c4, Cs), 33.1 (8, cs), 60.00 (s, 
C1),65.92 (d, C., 'Jpc = 6.7 Hz), 71.89 (8 ,  Cd), 72.23 (d, cb. 
3Jpc = 8.1 Hz). 

Polyphosphonate 1 (R = PEG 600) with fin = 11 800 
(E, = 18) was a starting material for polymer 5-2 (M. 
= 18 600, E, = 16.5). According to the NMR spectra 
polysalt 5-2 includes no structural errors. 

The repeating unit of polyester 4-7 has the following 
structure: 

0 
II 1 2 3 4 5 5 4 3 2 1 

I-0 H&YC~C+WH&H&H&tlzCYCHrl 

I & @ $ H + H F  

4-7 

The following chemical shifts are observed in NMR 
spectra of 4-7. 31P(1HJ NMR 6 = -2.01 (s). 'H NMR 
6 1.22 (one signal, HrHs) ,  1.60-1.63 (m, Hz). 3.31 (8, He), 

HI), 4.07-4.13 (m, Ha). I3C(IH} NMR (Figure 10) 6 25.49 
(s, C3). 29.21 and 29.51 (two peaks, C,, Cd, 30.33 (d, CZ, 

3.46-3.54 (m, Hd), 3.58-3.72 (m, He, Hb), 6 3.94-4.00 (m, 

3Jpc = 6.6 Hz), 59.08 (8, Ce), 66.48 (d, C., 'Jpc = 5.2 Hz), 
67.85 (d, Cl, zJpc = 5.8 Hz), 70.15 (d, c b ,  %JPC = 6.9 Hz), 
70.61 (9, cc),  71.95 (9, Cd). 

The starting material 1 (R = (<Hz-)ia), Mn = 14 700 
(E,, = 67). has been used to prepare polymer 4-7, fin = 
19 500 (E, = 58). 

Several amphiphilic polymers, obtained as described 
above, have been used to prepare microspheres (plain or 
hollow). 
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Figure IO. '3C('H) NMR spectrum of polyester 4-7 in CDCI3. 

Figure I I .  Self-organized microspheres prepared from the 
amphiphilic polymer 4-7. The length of 5.5 mm in this figure 
corresponds to 10 pm In reality. 

Polymers from amphiphilic polyphosphates 5-2 and 4-7 
self-organize into microspheres when precipitated from 
the ethanol solution into water. Microspheres are visible 
in the optical microscope, and the water suspension of 
microspheres is stable for several months. In Figure 11 
the photograph of microspheres prepared from polyester 
4-7 and immobilized in the agar carrier is shown. 

The self-organizing ability indicates that the core of the 
spheres is composed of the interpenetrating hydrophobic 
and hydrophilic domains or of the multilayer micellar 
structures with hydrophobicand hydrophilic layers. These 
structural problems and the ability of the here-described 
amphiphilic polymers to self-organize as the function of 
the length of the hydrophobic and hydrophilic segments 
will be published elsewhere. 
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