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Synthesis and characterization of polystyrenes containing side-chain
tributyltin carboxylate moieties linked to the aromatic ring through
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Abstract

A new triorganotin monomer, tributyltin 33{styryl)-propionate TBTSP), has been synthesized and submitted to radical homo- and
copolymerization with styrene thus affording the corresponding polymeric derivatives having variable content of triorganotin moieties. The
low molecular weight compounds, tributyltin -€thylphenyl)-propionate and tributyltin -{sopropylphenyl)-propionate, have also been
prepared as structural models of the organotin repeating co-units of the polymers. Characterizations in solution and solid state by IR, NMR
and thermal techniques of all the polymers and low molecular weight compounds synthesized allow to conclude that the tin atoms are tetra-
and/or penta-coordinate depending on structure, physical state and tin content of the poy@@08. Elsevier Science Ltd. All rights
reserved.
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1. Introduction and incomplete conversion of the reactants, connected with
the heterogeneous nature of the solid—liquid functionalisa-
In recent years, organotin derivatives have gained rele-tion process. For this reason, the chemical anchorage of
vant interest both in academic and applied research, becauserganotin moieties to soluble organic polymers appears
of the ability of tin to afford stable bonds with organic more convenient, as it allows to combine the advantage of
carbon atoms as well as with heteroatoms; this gives rise performing organic reactions in a homogeneous liquid
to a wide range of compounds employed in organic synth- medium with the possibility offered by polymeric deriva-
esis, catalysis, particularly in esterification and trans- tives to be separated by precipitation or other methods based
esterification reactions, in the synthesis of polyesters, on their high molecular weight, thus allowing a simplified
polyurethanes and in the crosslinking of silicones [1]. purification of the products. Indeed, this way appears to be
They are also used as PVC heat stabilisers [2,3], as compowell established with a remarkable success in many organic
nents of aquatic antifouling paints, wood preservatives and syntheses [8] as well as in combinatorial chemistry [9].
biocides in general [4,5]. As a result of their toxicity, In recent work we have evaluated the possibility of
however, many organotin derivatives represent a major producing polystyrene derivatives bearing side-chain orga-
concern in many applications, particularly when they are notin moieties either by functionalisation of suitable poly-
released in the environment as hydrolysed pollutants or meric substrates with organometallic reagents or by
are present as catalyst residues in pharmaceutical formulapolymerization of tin containing monomers, thus directly
tions [6]. A potentially promising approach to address this obtaining the desired organotin functionalised polymers
problem consists in the immobilisation of the organotin [10]. Although the latter route does not allow us to control
moieties through chemical bonding to solid inorganic or easily the molecular weight and main chain stereoregularity
organic supports, e.g. silica or polystyrene, so as to avoid of the polymer, it appears preferable to the former one, as it
environmental contamination by toxic organotin residues yields polymeric derivatives with good chemical purity and
[7], despite some drawbacks, such as long reaction timeswell-known composition. The same method has therefore
been applied in the present paper to the synthesis of poly-
*Corresponding author. meric tributyltin carboxylates, such as the homopolymer
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poly(TBTSP) and a series of copolymers with styrene recycle delay of 0.1 s and a number of scans between 10 000
[poly(TBTSP-co-STY)] of various compositions, directly — and 30 000''Sn rather than the more comm&iiSn spec-
obtained from the corresponding organotin monomer tribu- tra were recorded in order to overcome local radio interfer-
tyltin 3-(p-styryl)-propionate TBTSP) by radical homo-  ences around 93.2 MHz [15,16]. Compariién and*°Sn

and copolymerization with styrene. Low molecular weight data is not a problem as primaty/Sn/°Sn isotopic effects
model compound$BTSP-E andTBTSP-I, resembling the  are negligible [17].

tin containing repeating unit of the polymers, have also been  Solid state*C and **’Sn CP-MAS NMR spectra were
prepared with the aim to compare their properties with those recorded likewise on a Bruker DRX250 spectrometer at
of the polymeric derivatives. The products synthesized and 62.93 and 89.15 MHz, respectively, under the same experi-
characterized in the present work offer potentials in anion mental conditions as described previously [18]. Chemical shift
recognition, in particular, as chloride anion carriers. Thus, referencing is towards adamantane and tetracyclohexyltin
triorganotin benzoates, phenylacetates and cinnamates haveaken as secondary references at 38.3 atfil.4 ppm,
indeed been proved recently to display interesting propertiesrespectively, forC and'’Sn. A 90 pulse of 5us and a

as selective chloride anion sensors when incorporated intocontact time of 2 ms was used in all experiments, with a
plasticized PVC membranes [11]. Triorganotin moieties relaxation delay of 2 s fot'’Sn acquisition and 4 s fdfC
linked to polymeric polycarboxylates could act as chloride acquisition. MAS rates were typically 4000 Hz f5iC and
anion sensors with a strong potential to reduce or even between 4000 and 5000 Hz f&FSn. The number of scans
suppress the problem of leakage of the organometallic was 400—1000 fot°C spectra and between 400 and 30 000

carrier from the membrane into the test solution. for ™'Sn spectra.
- - «(CHy—CH)—(CH;—CH)y-n---~ CHs—CH—R The principal compqnents of thé’Sn shielding tensors.
were analysed according to Herzfeld and Berger [19] using
WINFIT software [20]. They are reported, following
Haeberlen’s notation [21], as the isotropic chemical shift
[8.00 = — 5o = — (011 + 02 + 033)/3] (PpmM), the aniso-
G, CHe tropy (=033~ 0,,). and the asymmetry (n=
CH, CH, |02 — 014)/|033 — T0)s 11, 022, @nd o33 being the three
COO0SN(C4Hg)s COO0SN(CHo)3 components of the shielding tensor expressed in its
boly(TBTSP) (n = 1) TBTSPE R = H) principal axis system with the_follovymg ruless - T ol =
poly(TBTSP-co-STY) (0 < n < 1) TBTSP-l (R = CHy) |011 = Oupo| = 022 — 0,4,]- With this convention,  is

signed and expressed in ppm.

Fourier-transform infrared spectra (FT-IR) have been
obtained from samples prepared as KBr pellets using a
Perkin—Elmer 1750 spectrophotometer equipped with an
Epson Endeavour Il data station. Average molecular
weights of the polymers have been determined in THF solu-

Styrene was fractionally distilled under reduced pressure tion Py gel permeation chromatography (GPC) using a
(b.p. 45C at 100 mbar) over a column packed with Raschig HPLC Waters Millipore 590 apparatus equipped with a
rings, then stored under nitrogen in the cold. Anhydrous Waters UBK injector, a TO_SO Haas G4000HXL cglumn
tetrahydrofuran (THF), benzeney-pentane and carbon and an UV detgctor Perkin—Elmer LC-95 operating at
disulfide were dried according to the reported procedures 224 M. Monodisperse polystyrene samples have been
[12] and stored over molecular sieveso()hmder nitrogen. used as calibration standards. Thermogravimetric analyses
Azobisisobutyronitrile (AIBN) (Aldrich) was crystallized (TGA) have beer_1 carried out on a Pgrkm—EImer TGA-7
from abs. ethanol before use. Bis(tributyltin) oxide 2analyser by heating the samples in air at a rate 6C20

Chart 1.

2. Experimental

2.1. Solvents and chemicals

(Aldrich) was used as received. min. Differential scanning calorimetric (DSC) measurements
have been performed on a TA Instruments DSC 2920 Modu-
2.2. Physico-chemical characterizations lated apparatus at a heating rate ofQ/nin under nitrogen

atmosphere on samples weighing 5—9 mg. Melting points

'H- and*C-NMR spectra have been recorded at 300 and (uncorrected) have been determined in glass capillaries with
75.5 MHz, respectively, on a Varian NMR Gemini 300 a Bichi 510 apparatus at a heating rate 6€/Mmin. Tin
instrument from CDGl solutions, unless otherwise stated, elemental analyses have been carried out by the Service
using tetramethylsilane (TMS) as internal standard. Chemi- Central d’Analyse of CNRS in Vernaison (France).
cal shifts are given in ppm from TMSY'Sn-NMR spectra
were recorded on a Bruker DRX250 spectrometer, operatings 3. Synthesis of monomer and models
at 89.15 MHz''Sn chemical shifts were referencedo=
35.63229 MHz [13,14]. Spectra were typically recorded 2.3.1. 3-Phenyl propionic acid methyl est&) (
with a pulse angle of 30 an acquisition time of 0.37 s, a This was prepared by esterification of 3-phenyl propionic
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ester CH), 3.05 (t, 2 H, 3-CH), 2.65 (t, 2 H, 2-CH), 2.60
(s, 3 H, acyl CH).

FT-IR: 3030, 3003 ¢cy arom.), 2953—284 71y aliph.),
1738 (co ester), 1682 ico ketone), 1608 Kc—c arom.),
841, 671 p-disubst. arom.) cir.

2.3.3. 3-(p-Styryl)-propionic acid methyl esté&) (

Sodium borohydride (0.06 mol) in methanol (10 ml) was
dropwise added, under stirring, to the above mentioned acyl
intermediate (0.126 mol) in diethyl ether (80 ml). The
mixture was kept at room temperature until the ketone
carbonyl signal disappeared in the IR spectra of crude reac-
tion samples, thus indicating the progress of the reaction
towards alcohol 4. The mixture was then acidified with
ag. 10% HCI and the ether layer washed with water and

dried (NaSQ,). After evaporation of the solvent under
reduced pressure, the crude product was submitted to distil-
lation, giving directly the dehydrated product (b.p. 115—
118C at 1 mmHg) in 58% yield.

'H-NMR: 7.35-7.15 (m, 4 H, aromatic), 6.70 (dd, 1 H,
CH=CH,), 5.70 (dd, 1 Hgcis CH=CH,), 5.20 (dd, 1 Htrans
CH=CH,), 3.65 (s, 3H, CH), 2.95 (t, 2 H, 3-CH), 2.62 (t, 2
H, 2-CH,).

FT-IR: 3048, 3005 ¢y arom.), 2956—2863ucy aliph.),
1734 (yco ester), 1630%c—c vinyl), 1606 (vc—c arom.), 904
acid 1 (0.2 mol) in 1,2-dichloroethane (60 ml) with metha- (5., .,.), 842, 688 p-disubst. arom.) cr.
nol (0.6 mol) in the presence of concentrated sulfuric acid
(0.6 ml) following a procedure reported for similar deriva- 2 3 4. 3-(p-Styryl)-propionic acidsj
tives [22]. The mixture was refluxed under stirring for 8, Thjs was obtained from the methyl ester (0.068 mol) in
the water formed was separated from the organic phase ancthanol (60 ml) by addtion of KOH (0.094 mol) in ethanol
the organic layer washed with water, aq. NaH@ad water (10 ml) under stirring at room temperature for 2 days in the
again, in that order. After drying (N8Q,) the solvent was  presence of traces of copper powder as polymerization inhi-
removed under reduced pressure and the crude product fracpitor, The mixture is then made acidified with ag. 5%
tionally distilled to give the ester (b.p. 1X6at 16 mmHg)  H,50,, the solvent evaporated and the residue extracted
in 919% yield. _ with diethyl ether and thoroughly washed with water.

H-NMR: 7.30-7.15 (m, 5 H, aromatic), 3.65 (s, 3 H, after drying (NaSQ;) and solvent evaporation under
CHy), 2.95 (1, 2 H, 3-CH), 2.65 (t, 2 H, 2-Ch). reduced pressure, the crude product was purified by crystal-

FT-IR: 3075, 3064, 30291y arom.), 2952-28451cy  |ization from ethanol/water. Yield 78%.
aliph.), 1741 ¢co ester), 1605 #c—c arom.), 752 (mono- 'H-NMR: 11.50 (bs, 1 H, COOH), 7.35-7.15 (m, 4 H,
subst. arom.) . aromatic), 6.70 (dd, 1 H, B=CH,), 5.70 (dd, 1 H,cis

CH=CH,), 5.20 (dd, 1 Htrans CH=CH,), 2.95 (t, 2 H, 3-
2.3.2. 3-[(p-Acetyl)phenyl] propionic acid methyl est8 ( CH,), 2.62 (t, 2 H, 2-CH).

This was prepared by cautious dropwise addition of FT-IR: 3437 {ou acid), 3085, 3005y arom.), 2906—

acetyl chloride (0.240 mol) to an ice-cooled stirred suspen- 2853 (vcy aliph.), 1703 {co acid), 1630 {c—c vinyl), 1606
sion of 3-phenyl propionic acid methyl ester (0.178 mol) in (vc—c arom.), 902 §ch-chz), 839, 670 p-disubst. arom.)
carbon disulfide (120 ml) in the presence of aluminum cm ..
trichloride (0.440 mol). After the addition, the mixture
was refluxed for 4 h, then cooled and poured into aq. 36% 2.3.5. Tributyltin 3-(p-styryl)-propionateTBTSP)
HCI (200 ml) and ice (400 g) and the organic layer sepa- This was prepared from the acid (0.028 mol) and bis(tri-
rated. After thorough washing with water, followed by aqg. butyltin) oxide (0.014 mmol) in benzene (100 ml) under
NaHCQ; and water again, the carbon disulfide solution was reflux in a Dean Stark apparatus by azeotropically removing
dried (NaSQ,), the solvent evaporated under reduced pres- the water produced in the reaction. The benzene solution
sure and the residue fractionally distilled to give the was evaporated to dryness under reduced pressure and the
acylated product (b.p. 218-22D at 0.03 mmHg) in 72%  TBTSP monomer purified by crystallization from ethanol/
yield. water. Yield 89%.

'H-NMR: 7.90-7.30 (m, 4 H, aromatic), 3.65 (s, 3 H, 'H-NMR: 7.35-7.15 (m, 4 H, aromatic), 6.70 (dd, 1 H,

0 N

VAV N

f T 1 T T T

ppm 6 4 2 0

Fig. 1. 'H-NMR in CDCJ; of: (a) copol/2Q (b) copol/4Q (c) copol/6Q (d)
copol/8Q and (e) polyTBTSP).
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Table 1

Polymerization data fof BTSP and copolymerdBTSP/STY (polymerizations carried out in benzene at®&dor one week)

Feed Conversich Polymeric product

TBTSP (mol%) STY (mol%) TBTSP (mol%)° TBTSP (weightof M, My /M,

100 - 73 100 100 (97.2) 8400 14
80 20 70 83.6 95.8 (94.7) 7700 14
60 40 50 59.9 87.0 (85.4) 10 000 14
40 60 48 40.7 75.4 (73.2) 10 700 1.2
20 80 25 19.7 52.3 (50.5) 15 000 11

& Calculated as (gram of polymer/gram of monomers) 100.

® Determined by*H-NMR in CDCl, solution.

¢ Calculated from molar composition, as determined-bf{MR. Values in parenthesis are derived from elemental analysis of tin.
4 Determined by GPC in THF at 26.

CH=CH,), 5.70 (dd, 1 Hcis CH=CH,), 5.20 (dd, 1 Ht{rans activated carbon, following the same method described
CH=CH,), 2.95 (t, 2 H, 3-CH), 2.62 (t, 2 H, 2-CH), 1.55 above. The product, m.p. 86, was obtained in 75% yield.
(m, 6 H, SNnCHCH,), 1.35 (m, 6 H, &1,CH5), 1.15 (t, 6 H, 'H-NMR: 7.14 (s, 4 H, aromatic), 2.91 (t, 2 H, 3-GH
SnHy), 0.90 (t, 9 H, CH). 2.89 (M, 1 H, ®1-CHg), 2.61 (t, 2 H, 2-CH)), 1.59 (m, 6 H,

¥C-NMR: 178.2 (G=0), 141.1 p-arom.), 136.7 i SNCHCH,), 1.34 (m, 6 H, ®,CHs), 1.26-1.20 (m, 12 H,
arom.), 135.4 CH=CH,), 128.5 ¢-arom.), 126.2 if+ SnCH; and CHQH3), 0.90 (t, 9 H, CHCH,).

arom.), 112.9 (CHCH,), 36.3 (3-CH), 31.6 (2-CH), BC-.NMR: 178.4 (G=0), 146.4 p-arom.), 138.6 if

27.8 (SNCHCH,) 2)(Bc-11911%0) = 20 Hz], arom.), 128.2 ¢-arom.), 126.3 ifrarom.), 36.5 (3-Ch),

27.0 (SNCHCH,CH,) [3J(®C-""'Sn)=65Hz], 164  33.7 (CH(CH),), 31.5 (2-CH), 27.8 (SnCHCH,)

(SnCH,) [N(*3c-119"1Gn)= 358/342 Hz], 13.6 (Sn(Chk [A"C-Ysn)= 21 Hz], 27.0 (SNCKHCH,CH,)

CHy). [3®c-1191"8n)=64 Hz], 24.0 (CHCHj),, 16.4
1'Sn-NMR: 107. (SNCH,) [NI(*C-119"Y%n)= 358/342 Hz], 13.6 (SN(ChHk
FT-IR: 3085, 3003 {¢y arom.), 2956—2853uy aliph.), CHy).

1631 (ve—c vinyl), 1556 (vco ester), 906 §cpci), 840, 670 ’Sn-NMR: 106.

(p-disubst. arom.) crm. FT-IR: 3088, 3021, 300514 arom.), 2956—2854u1y

aliph.), 1556 ¢ ester), 818, 668pLdisubst. arom.) cnr.
2.3.6. Tributyltin 3-(p-ethylphenyl)-propionaté TSP-E)

This was prepared by Hhydrogenation ofTBTSP
(4 mmol) in dry THF (50 ml) in the presence of palladium
10% on activated carbon (0.1g) as catalyst, at room
temperature for 1h. After evaporation of the solvent
under reduced pressure, the crude product was purified b
crystallization from ethanol/water. M.p. 82, yield 55%.

H-NMR: 7.12 (m, 4 H, aromatic), 2.95 (t, 2 H, 3-GH
2.65 (m, 4 H, 2-CH and ArCH,CH;), 1.60 (m, 6 H,
SnCHCH,), 1.35 (m, 6 H, &1,CH,), 1.30-1.20 (m, 9 H,
SnCH, and ArCHCHa), 0.90 (t, 9 H, CH).

BC-NMR: 178.5 (G=0), 141.8 p-arom.), 138.5 if
arom.), 128.2 ¢-arom.), 127.8 rrarom.), 36.5 (3-
CH,), 31.5 (2-CH), 28.4 CH,CHs), 27.8 (SnCHCH,)
[®C-191%n)=20Hz], 27.0  (SNCKLCH,CH,)
[3(C-119"%n)= 65 Hz], 16.4 (SBH,) [YIHC-119"1%8n)=
360/344 Hz], 15.6 (CKCHs), 13.6 (Sn(CH)3 CHs>).

'Sn-NMR: 106.

FT-IR: 3086, 3019 ¢cy arom.), 29572854 aliph.),
1556 (vco ester), 824, 669pLdisubst. arom.) cAt.

2.3.8. p-Isopropyl cinnamic acid

This was prepared by a Knoevenagel-type reaction [23]
by dropwise addition, under strong stirring, pisopropy!
benzaldehyde (30 mmol) to malonic acid (30 mmol) in pyri-
Ydine (20 ml) in the presence of piperidine (1 ml) and hydro-
quinone (0.01 g). The mixture was then kept &®6€or 4 h,
cooled and treated with ice-cooled diluted HCI. The product
was extracted with diethyl ether and the ether solution
washed with water and dried (B80O,). Evaporation under
reduced pressure of the solvent gave the crude product,
which was purified by crystallization from ethanol/water.
M.p. 160°C (lit. [24] 157-8C), yield 83%.

'H-NMR: 7.78 (d, 1 H, ArCH:), 7.50-7.25 (dd, 4 H,
aromatic), 6.42 (d, 1 H=CHCOO), 2.92 (m, 1 H, G-
CHsy), 1.25 (d, 6 H, CH).

FT-IR: 3300—3200 %oy acid), 2953—25891(cy aliph.),
1683 (vco acid), 1626 ¢c—c aliph.), 1608 ¢c—c arom.), 980
(8crech), 823, 678 p-disubst. arom.) cir-

2.3.7. Tributyltin 3-(p-isopropylphenyl)-propionate 2.3.9. Tributyltin p-isopropyl cinnamate

(TBTSP-I) This was prepared from the acid (0.024 mol) and bis(tri-
This was prepared by hydrogenation pfisopropyl butyltin) oxide (0.012 mmol) in benzene (120 ml) as

tributyltin cinnamate in the presence of palladium 10% on described above for the esterification ofBstyryl)-propionic
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acid. The product was purified by crystallization from n-pentane, then thoroughly dried under vacuum to constant
ethanol/water. M.p. 8&, yield 88%. weight. All polymers were readily soluble in THF, chloro-
H-NMR: 7.61 (d, 1 H, ArCH), 7.45-7.25 (m, 4 H,  form and dimethylsulfoxide. Copolymers composition was
aromatic), 6.45 (d, 1 H=CHCOO), 290 (m, 1 H, determined by"H-NMR spectra, based on the ratios of the
CHCH), 1.70 (m, 6 H, SnChkCH,), 1.35 (m, 18 H, integrated signals of the aromatic to aliphatic protons
CH,CHs;, Sn(H, and CHCH3), 0.90 (t, 9 H, CHCHS,). according to the following expression:
FT-IR: 3082, 3022, 3007ucy arom.), 2958—2860uy 1 . 1
aliph.), 1639 pc_c aliph.), 1604 fc_c arom.), 1543 feo Aromatic “"H/Aliphatic'H = 4n + 5(1 — n)/34n + 3(1 — n)

ester), 982 §cu-cx), 828, 673 p-disubst. arom.) . wheren represents the molar fraction of organotin co-

units. Based on tests on samples of known composition,

2.3.10. Polymerizations: general procedure the error in the obtained data resulted around the 2% of

The homo- and copolymerizations with styrene of the value found. The composition values obtained from
TBTSP were carried out in dry benzene (10 ml) in the elemental analysis of tin were in excellent agreement with
presence of AIBN as radical initiator (2% by weight with the data calculated frotH-NMR spectra.
respect to the monomer, or monomer mixtures). The total Polymerization yields and compositions of the copoly-
amount of 1 g of monomer(s) was used, witBTSP and mers are reported in Table 34-NMR and FT-IR spectra
styrene quantities calculated in order to have molar compo-of homo- and copolymers are reported in Figs. 1 and 2,
sitions in the feed of 100, 80, 60, 40 and 20%T&TSP respectively.
[poly(TBTSP) andcopol/8Q /60, /40 and/20, respectively].
All solutions, prepared under inert atmosphere into a poly-
merization vial, were submitted to several freeze—thaw
cycles in order to remove every trace of oxygen. The vials
were then kept at 6€ for one week and the reaction
product precipitated by dropwise addition into excess

3. Results and discussion
3.1. Syntheses

- The synthesis of monom&mBTSP has been carried out
(150 mi) Of. n—pen_tane_. The polymers were p_ur_|f|e_d by starting from 3-phenyl propionic acid), through methanol
repeated dissolution in chloroform and reprecipitation in esterification to este?, followed by subsequent Friedel—
Crafts acylation to the-acetyl derivative3, hydride reduc-
. tion of the ketone to the alcohd| and alcohol dehydration
' to the styrene derivativB. The intermediate alcohdl was
actually not isolated in the pure form, as the crude product
gave directly the subsequent derivatisedue to thermal
dehydration during distillation. Finally, hydrolysis of the
i methyl ester5 gave 3-p-styryl)-propionic acidé (Scheme
W A 1). Steps from2 to 6 have been performed according to
U (d procedures reported for the synthesigefinyl phenylace-
i tic acid [25], the acid 6 being only mentioned in a patent
. \ AR [26] as a byproduct obtained through a different route.
RN \ nfﬂ ok y Iy MonomerTBTSP was finally obtained by esterification
%T ‘J bl \/\ [ of 6 with bis(tributyltin) oxide according to standard proce-
| AT dures [5]. All products reported in Scheme 1 were charac-
" : ‘ t terized by IR and NMR techniques (see Section 2).
\ I\ Monomer TBTSP was also used to prepare the model
] | ﬂ \ﬁj\‘\ compound TBTSP-E by double bond hydrogenation.
‘N ‘\‘3 ALJ Model TBTSP-I was similarly prepared by hydrogenation
‘w* y of p-isopropy! tributyltin cinnamate, prepared by known

t " methods (see Section 2).
/eﬁ % V\A The polymerization ofTBTSP was carried out in the
' ’ presence of a significant amount (2%) of radical thermal
initiator (AIBN) and adopting a long polymerization time
- in order to favour the conversion of the organotin monomer.

4000 2000 1000 600 It is in fact established that vinyl monomers bearing the tin
atom directly linked to the reactive moiety exhibit an inhi-
Fig. 2. FT-IR spectra of (ajopol/2Q (b) copol/4Q (c) copol/6Q (d) copol/ biting effect by the metal towards the growing radical chain,

80; and (e) polyTBTSP). Arrows indicate the absorption bands at 1650 and  [27] although the presence of phenyl or carboxy groups
1560 cmi ™. interposed between tin and the polymerizing center renders
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COCH;, [ HO—CH—CH; |
—_— —_— —_— —

C CH,
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|oon éoi:c ki ik
c Hs COOCH; COOCH,
1 2 3 4

CH=CH, CH=CH, CH=CH,

- —_—

C|3Hz CH, Hy

CI.‘.HZ (L'Hz é"Hz

COOCH, oo éOOSn(C4H9)3

5 6 TBTSP

Scheme 1.

the above effect much less relevant [28,29]. For instance, 3-is reasonable to hypothesize a substantially similar reactiv-
tributyltin styrene [30] and tributyltin methacrylate [31] can ity of the comonomers.
be readily homo- and copolymerized with styrene in accep- The 'H-NMR analysis is in agreement with the proposed
table yields under radical conditions. Tributyltin cinnamates structures, the resonances of vinyl protons at 5.70 and
do not homopolymerize, but give copolymers with styrene 5.20 ppm being absent in the spectra of the polymers (Fig.
[32]. Under the adopted conditions, the radical homopoly- 1) and new signals related to the saturated methylene and
merization of TBTSP (Table 1) indeed affords in appreci- methine protons located in the main chain appearing in the
ably good yield the corresponding polymeric derivative 1-2 ppm region.
having rather low average molecular weight, as expected
on the basis of steric hindrance of the bulky tributyltin 3 5 ET.|R characterization
group. The possibility of degradative chain transfer by the
organotin moiety could also be taken into considerationasa The FT-IR spectra, in addition to confirming the
factor favouring low values of molecular weight. Accord- disappearance of the vinyl group in the polymers, exhibit
ingly, a trend in average molecular weight increase with (Fig. 2) the expected patterns related to the different compo-
increasing content of styrene co-units is observed in the sitions. In particular, the absorptions above 3000tm
copolymers. A reduction of conversion is found upon connected to the aromatic CH stretchings, as well as the
increasing the amount of styrene comonomer in the feed, bands at 760 and 700 crh related to the monosubstituted
which can be attributed to increased solubility and reduced aromatic ring of the styrene co-units, appear progressively
aggregation capability of the macromolecules in the preci- decreasing in intensity as the content of triorganotin carbox-
pitating solvent when the organotin containing co-units are ylate co-units increases. Moreover, one can observe, in the
dispersed between progressively longer chain sectionsspectral region related to the triorganotin carboxylate carbo-
constituted by styrene sequences. The polydispersity indexnyl stretching frequency, a progressive increase of the band
values, particularly observed at higher contents of styreneclose to 1560 cm® with a concomitant decrease of the
co-monomer, appear quite low for a radical polymerization absorption located around 1650 chupon increasing the
(Table 1). This could be likewise attributed to the progres- content of the triorganotin carboxylate co-units. It is well
sive fractionation of the material occurring upon repeated established [33] that trialkyltin carboxylates can exhibit in
dissolution and reprecipitation of the macromolecules. the solid state a symmetrical structure with trigonal bipyr-
As a result of the long reaction time adopted and the high amidal geometry where the trialkyltin group assumes a
monomer conversions, the compositions of copolymers planar configuration, thus generating polymeric structures
strictly resemble the feed compositions, thus preventing of the type depicted in Chart 2, involving penta-coordinated
any evaluation of monomers reactivity ratios, however it tin atoms.
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Table 2
IR carbonyl stretching frequencies of model and polymers (in the solid state
(KBr disc))

Sample CO stretch. frequency Avges(cm™)
Vas Vs Vas Vs
TBTSP-MI 1556 1406 - — 150
Poly(TBTSP) 1562 1418 1651 1317 144, 334
copol/80 1567 1417 1651 1317 150, 334
copol/60 1567 1417 1646 1317 150, 329
copol/40 1562 1418 1646 1317 144, 329
copol/20 - — 1651 1315 336
)
\ | AN\
—Sn---0,  0—Sn---0” O0—Sn---0, o—
| X [ A g
Chart 2.

In this situation, as observed for instance in tributyltin
acetate, two absorptions at 1572 and 1410 %mmespec-
tively, related to asymmetrical and symmetrical carbonyl
stretching frequencies with Av value of 162 cm?, close
to the value (153 cmt') for the corresponding sodium salt
[34], are present in the solid state IR spectrum. Similarly,
tributyltin phenylacetate exhibits bands at 1565 and
1400 cm* (Av =165 cm?) [35]. In solution of a non-
coordinating solvent, or in the liquid (molten) state, the
above depicted symmetrical structure is broken, the tin

%T \ \\

1200

Fig. 3. FT-IR spectrum offBTSP-l in the 1200-1700 cfit spectral
region.
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atom assumes a tetra-coordinated structure resembling the
one of normal organic esters, and the IR spectra display
carbonyl stretching frequencies located at 1650 and
1300 cmi * with Av values around 350 ci, corresponding

to free, monodentate carboxylic groups [3A}] values of
about 170 and 330 cnl in the solid state and in solution,
respectively, have also been observed for a series of tribu-
tyltin phenoxyacetates [36].

As shown in Table 2, all polymeric products, with the
exception ofcopol/2Q evidence the presence in the solid
state of both penta- and tetra-coordinated tin atoms in ratios
gradually decreasing upon decrease of the content in orga-
notin co-units. This is clearly the consequence of a
decreased ability of trialkyltin carboxylates to be involved
in inter- and/or intrachain interactions. In these products,
therefore, the macromolecules are characterized, to a more
or lesser extent, by the presence of both inter- and intramo-
lecular bridges generating penta-coordinated tin, and tetra-
coordinated (isolated) trialkyltin carboxylates. In the case of
copol/2Q only the absorptions related to tetra-coordinated
tin are actually present, due to the increased dilution of the
trialkyltin carboxylate moieties in the macromolecular coils,
which prevents the possibility of mutual interactions, in a
manner similar to the liquid state. On the contrary, the lack
of structural restraints arising from the macromolecular coil,
allows the low molecular weight model compoufBTSP-
| to assume a structure involving exclusively penta-coordi-
nated tin moieties, as indicated by the absence of significant
absorption signals at 1650 ¢h(Fig. 3).

3.3.%C- and*’Sn-NMR characterization

The solution staté*C-NMR data of the monomer and
model compounds display (see Section" R}*C—''5n)
coupling constants unambiguously characteristic for tetra-
coordinated tin atoms [37—39]. TH&C spectra of the poly-
mers look very similar, displaying rather broad resonances
for the backbone carbons and narrower resonances for the
butyl carbon atoms, the latter varying in intensity according
to the TBTSP content. The 2J(**C-"''%Sn) coupling
constants are exactly the same (358/342 Hz) as in the mono-
mer or model compounds, indicating the tin atoms are tetra-
coordinated in all the CDGldissolved (co)polymers.

All CP-MAS *C spectra of the solid polymers display
resonances with comparable chemical shifts, again reflect-
ing, by the varying intensities of the butyl resonances rela-
tive to the aromatic carbons, the varying content BT SP.
Attempts to determine the compositions of the copolymers
by integration of the aromatic and aliphatic carbons were
unsuccessful due to the different cross polarization beha-
viour of these carbon atoms. Also, the overlap and the inten-
sity of the aliphatic resonances mask th#!'’Sn satellites,
thus preventing measurement of the(**C-11911%Gn)
coupling constants in the solid state. Table 3 provides an
overview of the solution and solid stat&Sn-NMR data.

The chemical shift data of the solution state are
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Table 3
'Sn-NMR data for model compounds and polymers (see Section 2 for
definitions)

Sample 8s0® Siso” £° % on® 0 o’

TBTSP-E 106 —53 —-259 0.05 190 177 —206

TBTSP-| 106 —47 -275 0.01 177 175 -210

TBTSP 107 -51 —-258 0.10 193 167 —207
—-61 —-275 0.00 199 198 —214

poly(TBTSP) 103 93,—45 (65)

copol/80 104 92,—45 (59)

copol/60 105 92,—45 (57)

copol/40 105 92,—45 (53)

copol/20 106 95

2 Solution *’Sn chemical shift in ppm at 30R in CDCl, (ca 100 mg/

0.5 mL); no concentration dependency was detected upon tenfold dilution.

P |sotropic solid-staté*’Sn chemical shift.

¢ The anisotropy parameter.

4The asymmetry parameter.

€ 011, 22 andosz represent the three components of the shielding tensor.
" The *"Sn resonances of the polymers are very broad, typically 20—
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Fig. 5. TGA curves of: (a] BTSP-E; (b) copol/2Q (c) copol/4Q (d) copol/
60; (e) copol/8Q and (f) poly(TBTSP).

characteristic for tetra-coordinated tin atoms in tributyltin-
carboxylates [40—-42].

The isotropic **’Sn chemical shifts of the monomer
TBTSP and the model compoundsSIBTSP-E and

30 ppm; values between brackets indicate the percentage of penta-coordi-TBTSP-| in the solid state, shifted by some 150 ppm to

nated tin atoms.

%
a)
W
%
%
<)
ppm 200 100 0 -100 -200 =300

Fig. 4.'Sn CP-MAS NMR spectrum of: (@/BTSP-I; (b) **'Sn-NMR
spectrum ofcopol/60in CDCl; solution; and (c) in the solid state. Reso-

lower frequency, when compared to the solution state,
reflect penta-coordination (Fig. 4a), which is strongly indi-
cative of a polymeric structure lost in solution towards a
tetrahedral configuration. It is also indeed well established,
by Sn-NMR studies, that polymeric or oligomeric organotin
structures, present in the solid state and/or in concentrated
solutions, can decompose into their monomers upon dilution
[43,44]. These penta-coordinated tin compounds display
(nearly) axially symmetric shielding tensors and a shielding
anisotropy of the order of 260 ppm. This is in good agree-
ment with literature data on a variety of polymeric tin
compounds, including carboxylates, displaying the poly-
meric zig-zag chains with tin in a trigonal-bipyramidal
trans-R;SnO, geometry [45,46]. Accordingly, this structure

is proposed likewise for the monomer and model
compounds of the present work. Note tAiBTSP (Table

3) displays two slightly different molecular environments in
the solid state, in comparable amounts, as assessed by the
observation of two different sets of chemical shift aniso-
tropy parameters.

The solid state"’Sn spectra of the polymers show very
broad resonances (20—30 ppm) with few spinning side
bands. The spectrum obpol/20displays only one isotropic
shift at 95 ppm, evidencing only tetra-coordinated tin atoms
are present in this copolymer. This finding confirms the
conclusions from the IR data discussed above.

The other copolymers and the homopolymer exhibit two
isotropic resonances (Fig. 4c), the first one-at5 ppm,
with an anisotropy pattern very similar to the penta-coordi-
nated model compound (Fig. 4a), which likewise displays
spinning side bands of very low intensity at the high
frequency side of the isotropic resonance, indicative of
penta-coordinated tin atom. By contrast, a singl8n reso-
nance is present in the CDCéolution (Fig. 4b) with a

nances marked with asterisk in spectra (a) and (c) correspond to isotropicChemical shift value of 105 ppm, in the tetra-coordination

chemical shifts, all other signals representing spinning side bands.

range, as also established by t¢*C—'*15n) coupling
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Table 4
TGA data for model and polymers (performed in the air &iCZthin heating rate)
Sample Ty (°C)? First step of weight loss (%) Inorganic residue (%)
Found ca Found Calc. Found/calc. (%)
TBTSP-E 185 n.d. 37 6.9 32.2 21.4
Poly(TBTS) 216 40 37 26.1 32.4 80.5
copol/80 215 40 35 24.7 31.0 79.7
copol/60 215 35 32 23.9 28.2 84.7
copol/40 230 30 28 19.7 24.4 80.1
copol/20 252 20 19 141 16.9 83.4

2 Initial decomposition temperature measured after 1% weight loss.
P Calculated weight loss due to butyl groups release, based on structural formula or copolymer composition as detefiinedry
¢ Calculated values of SnQesidue, based on structural formula or copolymer composition as determiretNyIR.

constants (see Section 2), thus revealing release of pentamentioned between brackets in Table 3, is slightly
coordination at tin in solution. The second resonance is decreasing from 65% in polyBTSP) to 53% in
located at 93 ppm, very close to the chemical shift value copol/4Q
in solution (Fig. 4b) and attributed to tetrahedral tin. The  These data also are in complete agreement with the FT-IR
relative amounts of these tetra- and penta-coordinated sitesanalysis, both in solution and in the solid state and are
can be estimated by the integration of corresponding reso-discussed further in the context of thermal analysis
nances. It was demonstrated before that quantitative dataresults.
obtained from**’Sn CP-MAS NMR analysis is reliable to
within +10%, provided relaxation and cross polarization 3 4 Thermal characterization
properties are comparable for the different tin sites within
the molecule [47]. The amount of penta-coordinated tin, The thermogravimetric analysis of the polymers shows,
as expected, improved thermal stability with respect to the
low molecular weight model (Fig. 5 and Table 4), with
initial decomposition temperature values in the air above
200°C. The stability appears significantly higher for the
copolymers containing lower amounts of triorganotin
moieties; hence it is related to the lowered presence of the
| tributyltin carboxylate groups, which appear to initiate the
a) polymer decomposition, the extent of resulting weight loss
A I —— being very close to the content in tributyltin groups of each
/\ material sample.
The inorganic residue left after heating at 800n the air,
b) J L constituted by Sng has a remarkably lower mass than
o calculated for the model compound, which is clearly
attributable to sample volatility. However, the non-volatile
polymeric samples also afford a residual amount of
© // - inorganic material in all cases lower by 15-20% than the

Heat Flow

expected values, as calculated on the basis of copolymer
composition determined b{H-NMR (Table 4). This find-

N // L ing, which appears to be originated by incomplete tin oxida-

. tion taking place under the conditions adopted, regardless

[ the amount of organotin present in the sample, makes there-
: ﬁ\ fore the TGA method rather inaccurate for assessing the

0 J/ L metal content in this type of products. This can be due to

_ the formation of volatile, low molecular weight, organotin
[ compounds, a proposal which looks reasonable since ther-
molysis occurs in the contact of air, and, e.g. tributyltin
hydroxide can be easily formed.

DSC determinations have been performed on the as-

Fig. 6. DSC curves of: (a) polfBTSP); (b) copol/8Q (c) copol/6Q (d) prepared products, without any preliminary thermal condi-
copol/4Q and (e)copol/2Q tioning, in order to avoid alterations of the materials and to

<« €X0

0 50 100 150 200
T(°C)
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Table 5

DSC data from the first heating/cooling cycle of model and polymers (performed under nitrogéahibOheating/cooling rate)

Sample T (°C)? AH, (I/9) T, (°C)° 5-coord. Sn (wt%) 5-coord./4-coord. Sh 5-coord./4-coord. Sh

TBTSP-E 61.4 65.8 42.1 (47.7) 100 100/0 100/0

Poly(TBTSP) 51.1 111 55.0 (29.0) 64 64/36 65/35
58.9 30.9

copol/80 51.1 115 51.5 (24.2) 59 61/39 59/41
58.6 27.3

copol/60 50.1 13.0 47.9 (20.6) 51 58/42 57143
56.6 20.4

copol/40 50.3 28.7 42.2 (10.4) 44 58/42 53/47

copol/20 59.6 13.7 - n.d. n.d. 0/100

#Melting temperature at maximum endothermic peak height.

P Crystallization temperature at maximum exothermic peak height. Values in parenthesis refer to the amount of heat (J/g) exchanged in the transition.
¢ Calculated asH,/65.8)x 100.

4 Calculated on the basis of polymers composition values as determintd-RR and expressed as wt% (Table 1).

¢ Determined by solid stat8’Sn-NMR (Table 3).

obtain results directly comparable to the data afforded by the the sample partially melts, then recrystallizes and melts a
other solid state measurements. All polymeric samples havesecond time [49,50]. In the case of paABTSP) and the
been submitted to heating under inert atmosphere from 0 tocopolymer series, that have been obtained by radical poly-
20C°C at a 10C/min rate, then cooled at the same rate and merization, the microstructure of the main chain is atactic
submitted to a second heating/cooling cycle. As far as the and the presence of crystallinity in the material has to be
first heating is concerned, all samples exhibit (Fig. 6) ascribed to the tributyltin carboxylate moieties giving rise to
endothermic melting peaks in the 50=60interval, close inter- and intrachain interactions due to additional coordina-
to the melting temperature dBTSP-E, attributable to the  tion from carboxylate groups to tin atoms, as indicated by IR
presence of crystalline domains in the material (Table 5). and **’Sn-NMR spectra. Consequently, the broad peaks at
Upon cooling, the samples recrystallize, displaying an higher temperature, which are more evident in the samples
exothermic peak at temperatures (42%55 close to having higher amounts of triorganotin carboxylate moieties,
[poly(TBTSP) and copol/8Q or lower than ¢opol/60and can be attributed to oligomeric or polymeric tin moiety
copol/4Q the melting values, with enthalpy values lower aggregation of variable extent, generating penta-
than those observed in the heating, thus confirming the coordinated tin atoms of the type depicted in Chart 2,
occurrence of a reversible transition with partial recrystalli- connecting pendant triorganotin carboxylates bound to the
zation of the material. The only exception to this behaviour polystyrene side-chains with one another. The narrow peaks
is given bycopol/2Q which does not produce any exother- at lower temperature, contributing to a lesser extent to the
mic signal upon cooling. Two overlapping thermal transi- amount of heat absorbed by the sample (Table 5), could be
tions are observed for polyBTSP) and the copolymers  consequently attributed to very short sequences of penta-
having higher tin content, the broad signal at higher coordinated tin moieties or, tentatively, to the presence of
temperature progressively disappearing as the amount ofcyclic dimers of the type depicted in Chart 3, which may be
organotin co-units in the copolymers is lowered. Similarly, more present when the tin containing co-units become more
the amount of heat involved in the transition decreases diluted in the polymeric chain.

upon lowering the tin content, thus clearly suggesting a R
correlation between exchanged heat and content of tri- L
alkyltin moieties. No transitions around 1) the glass AN
transition temperature of atactic polystyrene, are observed o~ o

in the copolymers, which is indicative of the absence, to any b
~'Sn— /-§n——

significant extent, of polystyrene homopolymer contamin-

ating the samples. 0 ,('5
Multiple melting endotherms are frequently observed in N#
the DSC curves of semicrystalline polymers. In the case of |
isotactic polystyrene, the presence of two or more groups of R
crystals with different morphologies, namely chain-folded Chart 3

crystals and extended-chain crystals, was earlier proposed

[48]. Later studies, however, taking into account the effect  The above view, which attributes the occurrence of ther-
of heating rate, suggested that multiple peaks are due to amal transitions only to the melting of penta-coordinated tin
recrystallization process occurring during the scan, wherein moieties, with no thermal contribution from tetra-coordinated
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tin groups or from main chain motions, is supported by the 4. Conclusions
following considerations. If it is considered that the
enthalpy change involved in the melting ®BTSP-E is The homo and copolymerization with styrene of mono-
due to the melting of completely penta-coordinated tin, as mer TBTSP under radical conditions affords in good yields
indicated by solid state IR and Sn-NMR spectra, the weight the corresponding polymers having the tributyltin carboxy-
amount of this species can be calculated for all the poly- late moiety covalently linked to the side chain of a poly-
mers, except focopol/20(see below), by making use of the  styrenic backbone. The independent techniques applied to
total heat exchanged in the melting transitions of the the characterization of the synthesized polymeric products
samples (Table 5). Thus, on the basis of the known weight univocally indicate that when these derivatives are in the
content of tin moieties (Table 1), the percent ratio between solid state the tin atoms are both penta- and tetra-coordi-
penta- and tetra-coordinated tin in each sample can be easilynated, with the content of penta-coordinated form gradually
determined. Indeed, the values calculated according to thisdecreasing upon decreasing the content of triorganotin
procedure appear in very nice agreement with those inde-moieties. When the triorganotin carboxylate groups are
pendently obtained by solid statéSn-NMR (Table 3), thus  sufficiently diluted in the polymeric matrix, such as in the
confirming the above made hypothesis. copolymer constituted of about 20 mol% ofFBTSP

A particular comment has to be dedicated to the DSC monomer, only the tetra-coordinated form of tin is present
behaviour ofcopol/2Q This compound, differently from  in the material. By contrast, all products display in CRCI
all the other products synthesized, possesses only tetrasolution only the tetra-coordinated form of tin, due to the
coordinated tin atoms, hence no inter or intramolecular rupture operated by the solvent of any inter- and/or intra-
interactions giving rise to crystallinity are present. molecular interaction generating the penta-coordinated
However, it exhibits a melting peak with a maximum at form.
59.6°C, very close to the value found faiBTSP-E, having These findings appear to be of substantial interest to the
completely penta-coordinated tin atoms. This transition research currently in progress aimed at evaluating the prop-
cannot be attributed to the melting of tetra-coordinated tin erties of these polymeric organotin derivatives as selective
moieties, as it should have also been present in the otheranion sensors incorporated into plasticized PVC
polymeric samples to a decreasing extent upon increasingmembranes.
the content of organometal co-units. It could be proposed
that the observed melting is due to crystalline regions
constituted by sequences of styrene co-units, as observedicknowledgements
[32] for the copolymer poly(tributyltin cinnamates-
styrene) of similar composition (17.3 mol% of organotin ~ The financial support by the University of Bologna
co-units), for which a sequence length of at least three sty- (Progetti Pluriennali di Ricerca 1997) to L.A., D.C. and
rene co-units for crystallization to occur was calculated. E.S. is gratefully acknowledged. M.B. and R.W. are
Taking into account that icopol/20the mean styrene co- indebted to the Fund for Scientific Research Flanders
units sequence should be around four, the above hypothesig¢Belgium) for financial support of this research (FWO
appears reasonable. As mentioned above, cooling of thisG.0192.98 and Nationale Loterij 9.0192.98). F. Mercier
sample does not produce any exothermic peak, as expectedVUB) is acknowledged for help in recording CP-MAS
for molten atactic polystyrene co-units submitted to insuffi- NMR spectra.
ciently slow cooling for allowing the crystallization to
occur. Indeed, wheoopol/20is submitted to a second heat-
ing cycle, only a glass transition around 39°@0is
displayed, and no melting peak. This confirms that the ther-
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