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ABSTRACT

Using gravitational mass spectroscopy (GM S) thelong-range order (LRO)
in organotin monomersand polymers (OTP) inthe solid (film) and solved
(highly dissolved in p-xylene) state was investigated. The GM S spectra
of OTP, maleic anhydride (MA) — styrene (St) copolymer, etherified with
bi s(tri-n-butyltin)oxide, in solution (with subtracting the solvent signals)
and in film were given further, those of the copolymers St-bis(tri-n-
butyltinymaleinate and St-bis(tri-n-butyltin)fumarate and of the mono-
mers bis(tri-n-butyltinymaleinate and bi s(tri-n-butyltin)fumarate. The clus-
ter of (*SnBu,), and its associates was modeled. OTP were concluded to
be thermodynamically unstable solid nanoemulsions of thefirst order of
(*SnBu,), clustersin the polymer matrix. The mechanism of the hydrolytic
cleavage of OTP was discussed. It was analyzed how temperature influ-
ences LRO in the phenol formaldehyde OTP and how the thermal cross
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linking proceeds.

INTRODUCTION

Organotin polymersare used asprotective antifoul -
ing™. However, the structure of solid OTPfilmsat the
level of LROisnot clear. Itisbelieved that the solid
OTPfilmsfor example, based onthemaleic anhydride
(MA) copolymer/terpolymersisahomogeneous sys-
tem(*2, But thisis questioned by anumber of experi-
mentsd, first of al itisapermanent coating smell pre-
venting the use of polymerswith ahightin contentin
closed spaces. Further, highinternal stressesform po-
rousstructuresdecreasing rapidly theantifouling effect.
Studying with € ectron microscopy structural eements
of heterogeneity resulting in phase separation and for-
mation of porousmaterials, arereliably identified.
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2007 iseven published an article on the use of organ
silicon polymers based on St-MA to obtain ahighly
porous materia.

Ontheother side, thehigh differenceinthemeting
temperatures of thelow-molecular isomeric bi(tri-n-
butyltin) maleate and big(tri-n-butyltin) fumarate (A 80
K) isnot explained yet. Since OTP, containing -SnBu,
group, is the most frequently used polymer, these
“strange” properties arising at polymer film formation
could be caused by astrong cohesive- cooperativein-
teraction of these groupswith each other, leading to
heterogeneitiesin solid polymers. A smplecdculaion
showsthat thecohesiveenergy for only one SnBu, group
is more than 47 kJ/mol!® (one-CH_-group = 2.8 kJ/
mol, one CH, group="7.1kJmol) then thetotal cohe-
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siveenergy will exceed even that of apeptide group
(37 kJImal). Therefore, with high probability heteroge-
netiesin OTPand even splittinginto two phasescan be
expected; understanding the reasons of these effects
would bean upgrading of OTP.

It isinteresting to get an idea on the energy of
low-frequency movementsin OTPmacromoleculesiso-
lated from solvent influence. Thiscould berealized
using GMS, for example, by subtracting the solvent
signalsfrom those of the highly diluted polymer solu-
tion.

Theaim of the present study isto investigatethe
cluster formation in organotin polymersby gravitationd
Mass Spectroscopy.

MATERIALAND METHODS
OTPand monomers(Figure 1) aresynthesized ac-
cording to the methods described inl™9, where p-xy-

lene (n,* = 1.4959) serves as solvent. The procedure
for measuring thegravitationd noisesinfilmsand solu-

tionsisgivenintheworkg',
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Figurel: Sructural formulasof theinvestigated polymers.
PF —phenol formaldehyde polymer (resole) etherified with
bis(tri-n-butyl) tinoxide
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RESULTSAND DISCUSSION

Figure 1 showsthestructuresof OTPanadyzedin
the present work they arebasically different. Itisrea
sonableto believethat the processof LRO formation
insolid OTPfor example, infilmsisstrongly influenced
by the configuration of organotin groups(OG) inOTP
chainsaswell astheir interactionwith thesurroundings.
Continuoudy inthesolid polymer run processesto mini-
mizethe potentia energy of chains. Thisleadsto ther-
modynamically favorable conformationsof coilsandto
astablecail interaction with the surroundings. There-
construction processes are primary caused by the co-
hesive-adhes veinteraction of chain fragmentsand func-
tiona groupsin OTP. Accordingtotheoldrulein chem-
istry - amilar tosmilar- OG should gpproach each other
and agglomerateto clustershowever, theclustering can
beforcibly accel erated both dowed under white gravi-
tationa noisg”.

Figure 2 shows the energy GMS spectra of an
aternating St-maleinate copolymer in diluted solution
without solvent sgnas.
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Figure 2 : Subtraction GM S spectra of clustersin S-
maleinatecopolymer in diluted solution without solvent sig-
nalsat different temperatures. Srong shock wave, p>1N/m?2
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The spectraare obtained by subtractingthesignals
of the solvent clusters (p-xylene) fromthose of theclus-
tersinpolymer solution (1.48: 10 mal/l, relativetotin).
The solution is prepared applying one and the same
solvent charge, before measuring both solvent and so-
lution arekept at 295K for 12 h, at the other tempera-
tures- for 1 h. Thewall effect!*? asasystematic error
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isignored. Thecluster formation energiesarevery smdl
indicating astrong cluster interaction with their neigh-
borsand hence reduced clusters. Nevertheless, at the
lower temperature of 295 K, the energy increases by
an order of magnitude.

Theweak signd of thesmadll cluster referredinthe
Figure 2 with number 12 and being a so present inthe
solid sample (Figure4) shdl bediscussedindetall, its
mass satisfactory agreeswith that one of the hypotheti-
cal cluster consisting of 12 OG or 6 male nhate units.
Thesignal of thecluster with number 1isassigned to
thehypothetica (*SnBu,), cluster (Figure3).
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A. Rod model of (SnBus), 2.2 kHz

B. Rod model of (SnBus)s. 7.4 kHz and its oscillator model (ball)

Figure 3 : Rod cluster models. A — (SnBu,), B - (SnBu,),.
Small red balls— front tin cations. Calculated diameter of
(SnBu,), cluster isaround 1.1+ 0.1nm

Therod modée of the organotin cluster isbased on
the cohesive-cooperativeinteraction of the butyl radi-
casintheheterogeneouscoil polymer structure. Since
theapolar styrene unitsand polar maleic acid anions
arevery different in naturethe cohesiveinteraction be-
tween them should be strongly weakened. Thetotal
cohesion energy for (SnBu,), isaround 282 kJ/mol
comparableto the energy required to break covalent
bonds hencethethermodynamic stability of the cluster
isred.

AsseeninFigure4, therearetwo types of oscillat-
ing clusters (expanded and collapsed) absorbing en-

Physical CHEMISTRY o

ergy and releasingit at interaction withthe shock wave
spectrometer. Themost intensive signalsinthese spec-
traare marked with the number 6 they belong to the
cluster, whichismodeledin Figure 3. Thisexpanded
cluster ismore pronounced in the solid St-maleinate
thaninthediluted copolymer solutionexplainedwithits
larger concentration aswell asitshigher individudity
(weskened forceswith surroundings®®) inthe polymer.
Whenthepolymer meltiscooled thesigna disappears,
and there appears a new weak onefor the collapsed
cluster. Thisreflectsashift of theba ance between the
expanded and collgpsed cluster formsto the collgpsed
one. Itismost likely to believethat thisisoneand the
samecluster, but in different formsand with different
neighbors. Insolution, the cluster ispartially destroyed
by the solvent however, inthe solid polymer, itisdevel -
oping and individualizing because of cohesiveforcesof
theakyl groupsand their cooperativeinteraction. Fur-
ther, at cooling thiscluster becomesdenser. Smilar pro-
cessestake place with the participation of other clus-
ters (12, 18 and 26) athough inwhich expanded struc-
turesdominate, probably somelarger clustersdisinte-
grateinto cluster-6.

All these processes cause strong internal stresses
inthe polymer film with theformation of afoam like
porousstructure. Theoscillating signasof *SnBu, clus-
tersappear at logm=2.46.

When however, the melt of the bis (tri-n-
butyltin)mal este monomer iscooled thenthe (*SnBu,),
cluster will appear inthefumaratestructure. Thus, the
ma e naemonomer isisomerized andinthesmadl clus-
ter rangeits GM S-spectrum agreeswith that oneof bis
(tri-n-butyltin)fumarate (Figures5 and 6). Thestrong
signal of (SnBu,), and the practical disappearance of
SnBu, a log m=2.46 also pointsto acluster agglom-
erationinthe solid nanoemulsion a cooling (Figure5).

Abnormaly highinterna stressesin OTPfilmswere
earlier observed for maleic anhydride co- and terpoly-
mersbeing morethan twiceashigh asin OTPwithout
MA unitg?.

At heating OTPon MA base, inthelR spectrathe
carbonyl vibration bandin the COO anionat 1550 cmr
! disappearsinstead of a new band appears at 1640
cm* (carbonyl group inthe ester -COOSNBU,) [2, p.
211]. After coolingthefilm the IR spectrum agreeswith
that before the polymer was heated. These facts di-

A udéan Journal



PCAIJ, 8(5) 2013

Viktor Anatolievich Zubow et al.

201

rectly evidencethestructural heterogeneitiesin OTP
filmson the base of MA co- and terpolymers. Modd -
ing the heterogeneity in such polymers reveals two
phases: the polymer matrix inform of apolyanionand
the(*SnBu,) clusters(Figure 7). Thedissociation con-
stantsfor thefirst and second carboxyl groupsin ma-
leicacidare 2.2-10° and 2.3-10*, accordingly [2, p.
331]). Asshownin Figure 7 the pol yanions surround
thecluster polycations. Theformation processof asolid
nanoemulsion (1) and itspartial destruction at heat-
ing (2) isgiveninthismodd (for 6 polymer units). The
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Figure4: GM Sspectraof solid S-maleate (289K, soft press-

ing). Melt at 473K and after natural coolingto 289 K. The

numbers above the signals amounts to n in the cluster

(SnBu,),. Strong shock waves (p > 1IN/m?)
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existence of atwo-phase equilibriumwas confirmed by
Yin® using X-ray, further, he discovered two types of
tin. Thus, part of OG isconcentrated in clusterswithn
> 6, theremaining part islinked to the polymer chain
by an ester bond (n =1).
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Figure5: GM Sspectra of bis(tri-n-butyltin)maleate. The
initial softly pressed sample (289 K) ismelted at 473K and
then naturally cooled up to 289 K. Srong shock waves, p>
IN/m?

OTPfilmsareknown to exhibit piezoel ectric prop-
ertied®d indicating that the polymers are characterized
by awell organized nanostructure that under mechani-
ca deformationsgenerateselectrical sgnas. Although,
with rising temperaturethese propertiesweaken. A hy-
pothetical deformation of thestructure 1 (Figures7, 15
and 16) should shift chargesandinduce an electrical
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flowi.e. piezodectricity. Thus, the piezod ectric prop-
erties of the OTP satisfactorily confirm the schemein
Figure 7 and themodel for OG in Figures 15 and 16.
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Figure6: GM Sspectraof bis(tri-n-butyltin)fumarate. The
initial softly pressed sample (289 K) at heating and after
naturally coolingup to 289K . Srong shock waves, p> 1N/m?

Strong tensionsariseespecidly inthin OTPfilms
based on St-MA copolymers, it leads to holesin the
polymer resembling a“‘swiss cheese” (photo in Figure
4). Theseholesaretypicaly, when stronginterna ten-
sionsemergein atwo-phase, poorly miscibleand un-
gtablesystem. The separation of moleculegroupsin OTP
accordingtothecohesveprinciplesof preferentid inter-
actionshouldincreasetheinternd tensoninthefilm. This
concdlusionisevidenced by EM picturesof -maeinae
[2 p. 234] further, it proofsthat the solid OTPactsasa
nanoemulsion of OG dugersinthepolymer matrix (Fig-

ures 3, 14 and 15). The GM S spectra(Figures2 and 4)
indicateon (*SnBu,)  clustersin OTP, wherenamounts
to 6, 12, 18 and 26. A permanent smell of organotin
compoundsover al OTPfilmsand coatings however,
confirmsthat low-molecular tin substances arerel eased.
Hencethefast “wear and tear” of OTP antifouling coat-
ingsonthebaseof MA isnat explained by therelease of
the (*SnBu,) cation[2, p. 327], but rather by (*SnBu,),
clusters. Itishard to believethat thispolycation isde-
stroyed to monomer cations by water owingto strong
cohesiveinteractionsinside of the organotin clusters.
Consequently, OTP offer large capacitiesto improve
sugtainablether protection properties. Onthecother hand,
al attemptsto detect these clustersin water with help of
GMSaredtill unsuccessful, apparently because of the
very low concentration (5... 7)-107" mol/l, [2, p. 367])
andinsufficient devicesenstivity.

polyanion

COO SnBu3

heating

COO SnBug

OG cluster %
(€] 2)

cluster (SnBus)g

Figure7: Schemeof asolid nanoemulsionin MA based OTP
(1) and itstransformation to an one-phase state(2) at heat-
ing. The (SnBu,), cluster formation ismodeled below
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Figure8: Relativeintensitiesof cluster signalsin S-bis(tri-
n-butyltin)fumar atever susheatingtemperature (seeFigure
11). 1 - cluster (SnBu,),, 2 - cluster (SnBu,),,, 3 - cluster
(SnBu,),.. Slightly pressured (5 mg)

Physical CHEMISTRY oo
A udéan Journal



PCAIJ, 8(5) 2013

Viktor Anatolievich Zubow et al.

203

Asshown in Figure 8 the copolymer St-bis(tri-n-
butyltin)fumarate behaveslikeablock copolymer. The
two blocks of the polystyrene and poly(bis (tri-n-
butyltinffumerate) chainsdiffer sgnificantly inthar struc-
ture. Above 393 K the super structure of the
polyfumarate block isdestroyed, and the cluster oscil-
lation becomesfreer ([f| > 0). Strong differencesin the
copolymerization constantsof themonomersareafur-
ther evidencefor theformation of ablock copolymer.
In contrary to St-fumaratethedternating St-maeinate
copolymer doesnot show theseregul arities (Figure9);
the oscillation signals of clusterswith the samemass
(Figure8) arecongtant over thewholetemperaturerange
(Figure9).
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Figure9: Relativeintensitiesof cluster signalsin S-big(tri-
n-butyltin)maleinatever susheating temperature. 1- cluster
(SnBu,),, 2- cluster (SnBu,),,, 3- cluster (SnBu.,),,. Slightly
pressured (4 mg)
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Figure10: Integral distribution of cluster massfractionsin
copolymer safter coolingfrom 473K t0289K. 1- - bis(tri-
n-butyltin) maleinate, 2 - - big(tri-n-butyltin)fumarate

Asvisblefrom Figure 10, after cooling, the poly-
mersarecharacterized by adifferent distribution of dus-
ter massfractions, especialy inthemiddlerange of mo-
lecular masses.

Comparison of skeletal clusters (signal reproduc-
ibility morethan 95 %) regardsadiametrically oppo-
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sitecharacter in the cluster stability of polymers. For
example, in St-maleinate copolymer, at heating strong
changestakeplacein LRO thepart of skeletal clusters
isonly 27 %, whilethat onefor the copolymer St-fu-
marate amountsto 74 %. In St-mal el nate, the content
of collapsed clusters (2|-f|/Z|f]) is found to be lower
thanin St-fumarateby 7 %. Thenumber of cluster kinds
remains about the same in both copolymers, in St-
maleinate, it is48-49 andin St-fumarate, it variesbe-
tween 48 and 52. The proximity of both polymer GMS
spectraat 473K isremarkably, it however, regardsto
the cluster formation in the copolymersin the molten
state, only.

OTP of the phenol formaldehydetype (PF) differ
from the above discussed in the nature of the polymer
chansandinthelinking betweentinand polymer matrix;
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Figure1l: GM Sspectra of solid S-fumar ate at different
temperatures, p > 1N/m?
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theoscillation of OG clustersisespecialy pronounced
(Figure 12). Hesating the polymer to 473 K leads to
crossHinkingand after coolingitsGM Sspectrum changed
little, only. Further, thepart of collgpsed clustersin PPis
characterized by adistinctiveminimum at 393 K, the
average mass of clusters (M, = Z([f|:m)) isstrongly
decreased a thistemperatureand at coolingfrom 473K
t0 289K thepart of skeletd clustersbecomeslower too
(Fgure13). Theformation of agpatia network prevents
largedugters. Thesubsequent molecular massriseof the
clustersat T>397 K isdueto LRO destruction, forma-
tion of across-linked structure and beginning depoly-
merization. Thesignal intensity of the SnBu, clusters
monotonically decressesat heatingwhilethat of (SnBuy),,
clustersremainvisibleunchanged. Thesigna intengities
of the(SnBu,), clusters, however, first reducestrongly a
heating to 323K then remain amost unchanged upto
473 K. Thus, theformation of cross-linked structuresin
PF doesnot influencethe cluster formation.
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Figure 12 : GM S spectra of PF (viscous liquid, 5 mg) at
different temperatures, p>1N/m?
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Figure13: Changeof averagecluster massin PF at heating

TABLE 1 showsthemassof smal clusersfoundin
themonomersandthe OTP.

TABLE 1: Somecluster massesfound with GM Sin OTPand
monomer s, themassesarerelated toone (SnBu,), group. *
Datafor OTP aretaken for adilutep-xylenesolution. ws-a
weak signal. 289K

Organotin cluster, (SnBus),

Substances n, n, n, n, n,
(7.3kH2z) (5.5kHz) (4.4kH2z) (3.7kH2) (3.2 kH2)

Maleinate 6 12 ws 26 36
Fumarate 6 12 18 26 36
St-maleinate 6 12 18 26 ws
St-maleinate * 6 12 18 26 36
St-fumarate 6 12 18 26 36
PF 6 12 18 26 36

TheTABLE 1 providesthedatato get anideaon
thecluster structure of theinvestigated substances ad-
ditionally, to proposeamode whichisbasedonaclus-
ter of one OG (Figures 14 and 15).

Thegtructureof organotin clustersdependsontem-
perature and can be represented in the collapsed and
expanded form. The balance between collapsed and
expanded structuresisin both polymersand monomers
characterized by something constancy with the partici-
pation of the collapsed (SnBu,),, (SnBu,) ., (SnBu,)
(SnBu,),, (SnBu,), and (SnBu,), intheexpanded form.
A changed dengity of dugtersand theduster signd inten-
Sty provideinformation onthe natureof their surround-
ingsaswell asontheir interactionwithit. Especidly for
OTR , it enablesto understand theinternd film structure
at thelevel of macromoleculearrangement (fringed-mi-
cdlleor associative) and their conformations.

-‘).3
f\

Figure 14 : Modeled cluster structure for a bis(tri-n-

butyltin)maleinatefragment. Carboxyl groups(-COO-) are
not shown
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Figure 15 : Modeled cluster structure for a bis(tri-n-
butyltin)fumar atefragment. Carboxyl groups(-COO-) are
not shown

Thestructures presented in Figures 14 and 15 dif-
fer externdly, onthecluster level they are however the
same and for both the OG clustersare the elements of
theensemble. Phasein which theclustersare depends
onthecluster szeand theexperimenta conditions (tem-
perature, pressure). Thelarger the cluster and the higher
thetemperaturethemoreit resemblestheliquidandin
contrary, thesmaller the cluster and thelower thetem-
peraturethecloser it isto the solid phase. The struc-
tures also satisfactorily explain the differenceinthe
melting temperaturesof fumarate and ma eate. XRD!
for organothin substances based on succinicacid (a=
2.0nm,b=1.7nmand c=2.1nm) givesasoagood
agreement with the periodic structures of theaveraged
modelsin Figures 14 and 15.

Molecule clustersareknown to beformedin sta-
tionary shock waves (energy cluster, EC) inphysica
vacuum*9, EC supply the molecule clusterswith en-
ergy and “permit” for their existence. For organothin
monomersand polymers, thisprocessisenhanced by
cohesiveinteraction of akyl radicals. EC and various
moleculeclustersuseextraterrestria intelligenceinthe
universetocommunicateinrea timewith each othert*8l
OTPclustersareaninteresting perspective, probably.

CONCLUSIONS

Thelong-rangeorder in OTP based ontri-n-butyltin

= Pyl Paper

derivativesisrepresented asathermodynamically un-

stable solid nanoemulsion, whichisadirect emulsion of

organotin clustersinthesolid polymer matrix.
Clugtersinfluencestructureand propertiesof OTP.
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