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ABSTRACT

Linear endfunctionalized polystyrenes of different molecular weights bearing amingyreug (NPS) were synthesized by anionic
polymerization high vacuum techniques. The polynveese exposed to copper and iron salts (G2ELO and FeGl6H,0) to form
complexes with specific metal/amino molar ratios. The thermal stability of these complexes was studied by Thermogravatystsc A
(TGA) and Differential Thermogravimetry (DTG),hereas their solution behavior was studied by Low Angle Laser Light Scatterin
(LALLS), Dynamic Light Scattering (DLS) and dilute solution Viscometry. Extended aggregation phenomena of these compmexes
observed in organic solvents. The association \hehavas influenced by the molecular weight of the polymer chain, the metal/amin
group molar ratio, the chemical nature of the metal and the polarity of the solvent. A complex situation was revealeshioyvDS
the existence of equilibrium between aggpites and clusters. Under the influence of shear forces applied in the capillary tube of

viscometer the clusters are disrupted.

Keywords: endfunctionalized polymergolymermetal complexesassociation phenomena

1. INTRODUCTION

The ability to control the selfrganization process of so
materials is the key to design and develop neugramolecular
structures with interesting properties. This is the basis
understanding the correlation between structure and dynami
soft matter physics [2]. These studies include various fields
research, such as macrophase and microphaseatepaB-5],
gelation p-8], crystallization P,1(0 and association phenomer
[12-13]. The progress in this area is closely reldtethe advanceg
in the synthesis of wellefined macromolecular structures havi
the maximum control over the moleculenaracteristics and th
architecture 14-22].

Polymer Chemistry has witnessed tremendous growt
recent years allowing the synthesis of tailored m
macromolecules, which can interact through hydrophi
hydrophobic effects3-26], hydrogen bonding7-33], ionic [34-
39|, thermodynamic and van der Waals forces. Of partic
interest is the class of effidnctionalized polymers. Significan
progress has been achieved over the years in the synthesis o
materials including a remarkable variety oflegroups along with
complex architectures 4Q]. For this purpose several
polymerization techniques have been employed. Howe
classical living anionic polymerization remains the first choice
the preparation of macromolecules with controlled molec
characteristics, architecture and ardup incorporation 41,43.
Over the past several years special attention has been given
2. MATERIALS AND METHODS
2.1. Materials. The purification of the solvent (benzene), t
monomer (styrene) and the polar additive (tetramethylene ethy
diamine) was accomplished according to the standardsiohic

't synthesis of polymers bearing dimethylamino functional-end
groups and their transformation to zwitterion43][ Linear
bbmopolymers 44,49 and block copolymers4b-48] along with
cssiar polymers bearing different numbers of polar grod8s5§]
othave been previously prepared and their association behavior he
been studied both in ngpolar solvents and in bulk. The nature
aard the number of endroups, the nature and the molecular
weight of the macromolecular chain, along with the architecture
hagare the key factors influencing the behavior in solution and in
e bulk.
In the present study linear setelechelic polystyrenes
h liearing amino endroups have been prepared and employed as
hdigands for the complexation with &uand Fé&'. The solution
idoehavior of these macromolecular complexes has been studied &
Low Angle Laser Light Scattering (LALLS), DynamiLight
Il&cattering (DLS) and dilute solution Viscometry. Extended work
t has been reported in the past on the complexation of polymer
theaeng carboxylate5p], bipyridyl [56,57, terpyridine B8] etc.
groups with various metals. Of special interest is tiuelys by
Jerome et al. reporting the viscometric behavior in toluene of
véelechelic polyisoprenes having edoinethylamino groups and
faroordinated to various transition metal9][ The coordination
ulability of metal cations has been observed to be as follows:
Ni<Co<Fe<Cu.
in the

ngAldrich 99.9%) and tetrahydrofuran, THF, (Aldrich 99.9%) were
latistilled from sodium after 3 hours in reflux. Methanol (99.9%
Aldrich), CuCh.2H,0 and FeGl6H,O were used as received.

polymerization, as described in the literatu6®-3]. Toluene
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2.1. Synthesis of aminopolystyrenes. The synthesis of the where K is a combination of optical and physical constants,
aminopolystyrenes was accomplished by anionic polymerizdtiomcluding the refractive index incremerdn/dg and the excess

high vacuum techniques. The detailed synthetic route has pé&&ay | ei gh rati o of t he sRIStodki o
described elsewhere64,69. The polymerization reaction of solutions were prepared, followed by dilution with solvent to
styrene was itiated with the protected amine reagent of Schgnmbtain appropriate concentrations. All solutions and solvents were

1 at room temperature in the presence of tetramethylene ethylenpt i cal | y

diamine (TMEDA) that was used to accelerate the initia

reaction.
Si

N——CH,CH,CH,Li*

/\
Scheme 1. Functional anionidnitiator
Methanol was used as the terminating reagent of

polymerization, as well as for the deprotection of the-@mihe
group. The polymers were redissolved in toluene

reprecipitated in methanol several times. They were finally d
in a vacuunoven. The successful deprotection of the amine gr

was established with proton nuclear magnetic resonanée
NMR) before and after the addition of methanol.

2.2. Preparation of the polymer-metal complexes. 2gr of an
aminopolystyrene sample were dissd in 15mlIs of THF.
Solutions of copper chloride (CuH,O) or iron chloride

(FeCk.6H,0O) in methanol were also prepared. The appropr aYV
amount of the methanol solution of the metal, in order to achjev
specific amine/metal ratio every time, was added dropwise td tﬂe
polymer solution under continuous stirring and was left at rg
temperatue for 23 days. The desired amount of methanol v

added and the polymenetal complexes were left to full
precipitate for one day. The excess methanol was removed
with any excess of unreacted metal, the polymer complexes
filtered and dried ira vacuum oven overnight.

2.3. Characterization. Size Exclusion Chromatography (SEC h
experiments were carried out using a modular instrurmenti=[/7]+KH[/7]2(_:+___

consisting of a Waters model 510 pump, U6K sample injector,
di fferenti al
continuous porosity range from 500 to®1A. CHCl; was the

carrier solvent at a flow rate of 1 mL/min. The system

calibrated with nine PS standards with molecular weights in
range of 978600,000.
TGA experiments were conductedtiwia Q50 model
from TA instruments. The heating rate was adjusted 3E/0in.
Static light scattering measurements were performed

a Chromatix KMX6 low angle laser light scattering photometer

r e f r-8tgrdgedcolenine with &

clarified by fnyloner
iofiiters directly into the scattering cell.
Refractive index incrementsdn/dg at 25C were

measured with a Chromatix KMX6 refractometer operating at
633 nm and calibrated with agueous NaCl solutions.

Dynamic light scattering measurements weoaduicted
with a Series 4700 Malvern system composed of a PCS510:
goniometer with a PCS stepper motor controller, a Cyonics
variable power Atlaser, operating at 488 nm, a PCS8 temperature
control unit, a RR98 pumpffiltering unit and a 192 channel
correlabr for the accumulation of the data. The correlation
Uinctions were analyzed by the cumulant method and the
CONTIN software. Measurements were carried out 8t and
_nﬂ%5°. The angul ar depéndemeree off
“Pcﬂecay rate of the caglation function and q is the scattering vector,
PYhs not very important for most of the aggregating solutions. In
(fhese cases apparent translational diffusion coefficients at zer

A

concentration,Doy app Were measured using the equation (2):

Dapp = Do,app(l"' kDC) , 2

herekp is the coefficient of the concentration dependence of the
iffusion coefficient. Apparent hydrodynamic radii at infinite
llutions, R,, were calculated byhe aid of the Stokeg&instein
0(ran(;1uation 3):

laSRh = kT/Gp éDO, app’ (3)

whereki s t he Bol t z mthenabsolste temperaturea
Al @@ d; the viscosity of the solvent.

were Viscometric data were analyzed using the Huggins
equation (4):

\

4
401C€
angl the Kragraer eqyation @): |,
InA,
s~ =]+ K[ e+ ©)

Bhere d, ds, and M are the relative, specific and intrinsic
viscosities respectivelyKy and K the Huggins and Kraemer
constants, respectively. All the measurements were carried out
25°C. CannorUbbelohde dilution viscometers equipped with a
VilthottGerdte AVS 410 automatic flow timer were used.
aliscometric radiiR,, were calculated from the equation (6):

25°C equipped witha2 mW Hde | aser oGB&mmajti ng_ at A=
The equation (1) describing the concentration dependence qf t _a 3 0 v 3
= , 6
reduced intensity is: f]% (%QONA§ ([ ] W'app)]/ ©)
Ke _ 1 . . . .
ﬁ =—+2AcC+..., (1) | whereM w,app 1S the weight average molecular weight determined
7 by light scattering measurements.
3. RESULTS
3.1. Polymer synthesis. their molecular weight distribution by SEC, employing CH&d
The weight average molecular weights of g¢he eluent. The data are displayed in Table 1. M&fihed

aminopolystyrenes were calculated by LALLS in THF, wheregsolymers with low polydisperses were obtained. Furthermore,
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the weight average molecular weights were similar to [the c. Negligible residue was found after the thermal

stoichiometric values. These data confirm that the anip
polymerization of styrene was efficiently conducted using [t
functional initiator. This was further reveal by the examination
of the*H NMR spectra. It was possible to calculate,"HYNMR,
the M, of the lower molecular weight sample and it was found

nic decomposition of the NR& sample, whereas residue, up
he to 1% was found in the case of the complexes, due to the
remaining metal compounds after the thermal treatment.
These results confirm thdormation of the polymeric
toomplexes and indicate that the presence of the metal improve

be in very close agreement with the LALLS measurements. Theke thermal stability of the polymeric materials.

results indicate that all the PS chains anefunctionalized with
the desired protected amiugooup.

The deprotection reaction for the removal of the s
protective group was performed withe treatment of the polymef
with  methanol in successive dissolution in toluene

Table 2. TGA results 6 the polymer metal complexes
Sample Maximum Temperature Residue %

Temperature of Region of Thermal
Thermal Decomposition, °C
Decomposition, °C

L . NPS- 362.93462.27 .
precipitation in methaol steps. The success of the deprotecmﬁgz_g_h_o 75 127 83 36549483 78 ggg
reaction was confirmed b{H NMR spectroscopy. ThEH-NMR | NPS-8-Fe-0.50 427.03 361.67475.90 0.84
spectra before and after the deprotection of the amine group ¢f }fs-8-Fe-1.00 428.30 368.33477.16 0.89

. . - . NPS-8-Fe-1.25 428.45 368.33472.76 0.93
aminopolystyrenes are given in Figures Slla and Sl1b respectivgRit s-cu-0.25 227.09 369.44476.10 0.52
of the Supporting Indfrmation Section (Sl). The peaks in FigureNps-8-Cu-0.50 431.00 369.44474.99 0.92
Slla between 0 and 1 ppm, attributed to protons of the protejctis-8-Cu-1.00 433.03 370.55477.21 0.57

. N NﬁS-S-Cu-l.ZS 436.57 365.00-478.32 1.00
group, have disappeared in Figure Sllb after treatment wit

methanol, revealing quantitative deprotection.
The aminopolystyrenes were dissolved HF and mixed
with either CuCJ.2H,0 or FeCL.6H,O in MeOH. Both solvents

were selected due to their high polarity that would engure
complete dissolution of the polymers as well as the metal dalts.

Since methanol is not a good solvent for the aminopolysgs
the amount mixed with the polymer solution was very smal
avoid the polymer precipitation. Samples are symbolized as N

indicating the aminopolystyrene sample, followed by the 24

molecular weight of the chain, the metal complexed with [t

polymer anmno groups, either Cu or Fe and finally the metal/amline

molar ratio. For example NP&Cu-0.25 refers to a complex df

NPS-8-Cu-0.50

NPS-8-Cu-0.25
to
PS, ]

Weight
o
1

NPS-8-Cu-1.25

he

T T T 1
0 200 400 600 800

the aminopolystyrene with molecular weight 8100 complexed With Temperature, °C

Cu using a metal/amine molar ratio of 1/4.

Table 1. Molecularcharacteristics of the aminopolystyrenes
Sample M, x 10 Ay x 10°
mL'mol'g'2
NPS8 8.1 8.30 1.13
NPS28 | 28.3 | 3.04 | 1.06

2By low angle laser light scattering (LALLS) in THF at 25 °C.
P By size exclusion chromatography (SEC) in CHCI

3.2. Thermal stability of the complexes.

The thermal stability of the complexes was studied bg

Thermogravimetric ~ Analysis, TGA, and Differentia
Thermogravimetry, DTG. The homopolymer NBSvas initially
studied asreference and then the complexes NP and NPS

Figure 1. Thermal degradation curves from TGA for the NRSu
complexes

3.2. LALLS measurements.

The results from lovangle laser light scattering
(LALLS) in the non polar solvent toluene are given in Tables 3
and 4 for the complexes obtained from NPS8 and NPS28

respectively. Characterist€c/ DR, vs c plots are displayed in
Figure 2, whereas more plots are incorporated in the Sl. The
aggregation numbersN(), defined as the ratio of the weight

verage molecular weight of the polymer complexes in toluene
over that of the NPS samples in THF, are shawTables 3 and.4

Table 3. LALLS results for the NPS&u and NPS&e Complexes in

8-Cu as representative examples. The results are listed in Taple 2, Toluene at 25 °C

whereas characteristic decomposition patterns are providgdRiEeIELINT Sample M,,x107 Ax10° N,*
. -mol” mL-mol-g”
Figure 1. S3Fe025 | 28.4 TR
. . . 0.25 NPS8Fe-0. . .

Compared to the amu@mcnon_ahzed homopolymer NP% _ NPS8CU0.25 266 1.22 33
the complexes present similar simple one step decompogition g5 NPS8Fe0.5 15.3 4.80 189
profiles, however with the following differences: NPS8Cu-0.5 27.0 0.94, 333
a. The temperature, where the maximum rate of thermal 1.0 Npgggel-g ;g-g 17-% 202
" . . N NPS8Cu-1. . -4.1 247
decomposition was observed, was slightly increased-in 135 NPS8Fel 25 167 373 207
the complexes. NPS8-Cu-1.25 9.20 19.5 113

b. The temperature range for the thermal decomposition
the complexes was substantidtigreased.

diveight average degree of association.
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Table 4. LALLS results for the NPS28u and NPS2&e Complexes in
Toluene at 25 °C

Metal/Amine Ax10* N,
Ratio mL-mol- g'Z

0.25 NPS28Fe0.25 22.2 -8.95 8
NPS28Cu-0.25 2.56 3.43 1

0.5 NPS28Fe-0.5 22.9 0.30 8
NPS28Cu-0.5 21.0 7.10 7

1.0 NPS28Fe-1.0 83.1 1.70 29
NPS28Cu-1.0 3.88 18.3 1

1.25 NPS28Fe-1.25 28.2 -0.78 10
NPS28-Cu-1.25 — — —

& Weight average degree of association

It is evident that aggregates exist in toluene solution
the complexes of the aminopolymers with the metal saisa
result of the increased weight average molecular weights o
polymer complexes in toluene compared to the polymer precu
prior the complexation process. The polar metal centers of
complexes are not soluble in toluene resulting in agg@ug
phenomena in order to prevent the interactions of the metal g
with the non polar solvent. The complexes that were prepared
the exposure of NPS8 to metal salts have higher moleg
weights than those from NPS28. This is due to excluded vol
effects, which are more intense when higher molecular weg
polymer chains are employed. The lower molecular weight ch
can be accommodated easier around the metal center, d
weaker steric hindrance effects. When the precursor polyme
low molealar weight the chains are capable oftiget closer to
each other and creatifgger aggregates in size. On the contrg
when the precursor polymer has high molecular weight, dtleetq
excluded volume effect, the tendency to aggregate and prote
metal atoms is encumbered resulting in lower weight ave
degrees of association. Another reason is that higher mole
weight polymer chains are capable to dilute more effectively
metal centers so there is no need for high degrees of aggrega

0,00006 -
NPS8-Fe-1.0

0.00005 4
0.00004 -

o= 0:00003
4
<
X 0.00002

0.00001 4

0.00000 L L] - L L] -

T T T T T T T T
00002 00004 00006 00008 00010 00012 00014 00016

¢, g/ml

Figure 2. LALLS plot for sample NPSB-Fe-1.0 in toluene

In addition, A values of the NPS complexes in toluehe

are significantly lower than those of the

aminopolystyrenes in the same solvent and in some cases| ta

even present negative numbe Since A expresses thg
thermodynamic interactions between polymer chains and so

molecules a decrease of this factor is indicative of the presen €\

aggregates in the system. Aggregation results in incregsi
interactions between polymer chaindahereby decreasing the
value of the second virial

(@]

precursor

It is interesting to study the dependence of the
aggregation numbers with the metal/amine ratio. For the NfeS8
samples a maximum\value was observed for sample NFSS
0.25, whereas the NPSEe samples the maximum,Nalue was
observed for sample NPSE21.0. The polymeric metal
complexes with the other metal/amine ratios showed more or les
similar aggregation numbers. This igligect indication that in the
case of the low molecular weight sample four NPS chains interac
with the Fe center, whereas in the case of the higher molecula
weight sample only one chain interacts with the Fe center,
obviously due to the extended excludetdume effects. For the Cu
seriesthe maximum value of the degree of association is observec
af a metal/amine ratio equal to 0.5 for both aminopolystyrenes
showing that the complexing ability of the metal center greatly
thigects the association behavitiris obvious that slightly stronger
satgregation is observed in the presence of Fe than Cu. Th
thggregation behavior will be further explored by Dynamic Light
tiScattering and dilute solution viscometry experiments.
tO3 B Dynamic Light Scattering measurements.
after The static light scattering results were further confirmed
ubyr dynamic light scattering (DLS). Measurements were conductec
urime 45°, 90° and 135° angles where diffusion coefficiept K3
ighaictor, as well as the hydrodynamic radiyswRre calculated for
aiesch sample. Results in 90° angle concerning NPS8 and NPS2
LUeoidplexes are displayed in Table 5 and 6, respectively. The
lkkamicentration dependence of the apparent diffusion coefficien

was linear for almost all samples. Representative plots are given i
nrigure 3. More examples are included in the SI.
D
ct th&able 5. DLS results for the NPS8u and NPS8e Complexes in
age Toluene at 25 °C
o8 Metal/Amine Sample

D

—t

) NPS8 — — 1.87°
0.~ 9.25 NPS8Fe0.25 4.04 269.4 97.8
NPS8Cu0.25 5.73 -5.90 69.1

0.5 NPS8Fe-0.5 15.4 -292.0 | 257
NPS8Cu0.5 4.88 -28.0 81.0

1.0 NPS8&Fe-1.0 7.54 -38.1 53.1
NPS8Cu1.0 5.67 -10.9 69.8

1.25 NPS8Fe-1.25 4.49 34.4 88.0
NPS8-Cu-1.25 7.23 29.5 54.7

3 Calculated from the theoretical equation'®"5"*= 1.06 x 1¢
M%*"from literature.

It is obvious that there is a clear difference betwegn R
values of the complexes and those of the precursor
aminopolystyrenes. These results are in agreement with the resul
from LALLS, where the molecular weight adhe complexes
increased tremendously due to extended aggregation phenomer
Angular dependence of Rwas observed for all samples,
ndicating that the shape of the aggregates was not spherical. |
ition to increased Ralues of the complexes, most btk
va{ues are negative. From the equatigpdd,M-ks-u,, where the
?ac or 2AM is associated with thermodynamic interactions and k
hydrodynamic ones, assures thatik related to the second
wﬁal coefficient, A. A decrease in polymeolvent iieractions,
due to anrePanon Pher}omena relsqults in quwaﬁuef and thuss

O

negat ve k
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Generally, for NPS&e complexes (Table 5),
maximum R value is observed for metal/amine ratio equal
0.25, in which ratio the degree of association also receiveg
maximum value. With the exception of sample NF&8.25, R,
increases upon increasing the metal/amine ratio.
hydrodynamic radius of NPSBe-0.5 as well as of NPS28e-0.5
(Table 6) is much lower than those of the rest of the samplg
each series. Since the molecular weights do not differ that n
the above observation indicates that the formed aggregates
very compact structures. laddition, these samples have al
highly negative values of pk which reflects reduced
hydrodynamic interactions of the aggregates with the solvent
the contrary, the NPS8u complexes, displayed an oppos
behavior with the R values decreasing upoimcreasing the
metal/amine ratio, as was also observed for thevalues. The
maximum R and N, values were obtained for the san
metal/amine molar ratio, equal to 0.5 for this series of compleX

3.20E-007 4

NPS28-Fe-0.5

3.00E-007
2.80E-007
2.60E-007
2.40E-007 ]
2.20E-007

2.00E-007 4

D, cm’ls

1.80E-007 H
1.60E-007 -
1.40E-007 H

1.20E-007 —

1.00E-007

T T T T T T
0.002 0.003 0.004 0.005 0.006 0.007

¢, g/ml

Figure 3. DLS plot for sample NP88-Fe-0.5 in toluene

Table 6. DLS results for the NPS28u and NPS2&e Complexes in
Toluene at 25°C

Metal/Amine

Ratio

NPS28 — — 3,84°

0.25 NPS28Fe0.25 6.40 271.7 61.8
NPS28Cu-0.25 13.4 239.2 29.6

0.5 NPS28Fe0.5 39.3 -103.9 9.8
NPS28Cu-0.5 15.4 33.9 25.6

1.0 NPS28Fe-1.0 5.66 17.6 69.9
NPS28Cu-1.0 5.68 196.0 69.6

1.25 NPS28Fe1.25 4.40 79.8 89.8

NPS28-Cu-1.25 —

2 Calculated from the theoretical equation® Y= 1.06 x 1¢

M®5™from literature

CONTIN analysis for the NPS8 series confirmed
presence of two peaks, meaning that two different populaﬂ
exist in the solutions. In the case of the NH®8complexes,
taking into account the molelew weight of the precursor, the
populations are attribetl to aggregates and clusters, due to
very large hydrodynamic radii. The two populations are bg
resolved in more concentrated solutions, where the compositi
clusters becomes higher, up to 50% by intensity. The same tr¢g
observed as theefamine molar ratio increases, where no f
chains were traced. J % hevhpaley
decay rate of t he ,theosecons mantentd

brepncluded

o

a presence opolydisperse structures. For NRE8 complexes the
texistence of clusters is not as extensive. In low concentration:
tred/or low Cu/amine ratios one rather monodisperse peal
( 4 &0.2) is observed, while in higher concentrations and
Tlespecially for Cu/amineatios 1.0 and 1.25 there are two peaks in
50% composition each (at 50 nm and 180 nm, respectively). Alsc
simfthis case, the population with the smaller size is attributed tc
huedgregates, whereas the bigger one to clusters of aggregates. T
hacecase of carentration in all samples seems neither to change
sdhe composition of those populations nor their polydispersity, but

| increases their apparent radius.
On For NPS28~e complexes (Table 6), except NPS23
td.5, the formed structures are characterized dy high

hydrodynamic radius, even though degrees of association wer

low, as indicated from LALLS measurements. Furthermore, for

NeNPS28Cu complexes, R increases with increasing of

esnetal/amine ratio, a tendency which is opposite to that observe
for the low moleclar weight aminopolystyrene. CONTIN analysis
for NPS28Fe complexes showed two populations, according to
the molecular weights calculated, which are attributed to
aggregates with lower and higher degree of association and not t
clusters. Again, increasa the concentration of the solutions and
in Fe/amine ratio results in good segregation of the two
popul ati ons “moving” t he eql
molecular weight population. The samples NRE28showed one
uni mol ec ud &0,1)pneda% corpogition and ~15 nm
size, which is attributed to slightly aggregated aminopolystyrene
complexes anthe second peak in 10% composition and ~150 nm
size , having polydispersity higher than 0,2 which is attributed to
clusters. Again in this case we come tte tconclusion that
polymer chains with higher molecular weight dilute the polar
metal atoms more effectively than the low molecular weight ones
forming smaller aggregates in size.

As shown by the CONTIN analysis in all cases there was
no population withhydrodynamic radius of free chains, which
reinforces the view that there were no chains without amino
groups, which could not be complexed to the metal center. Tc
exclude the fact that the amino group has no role in complexation
DLS measurements were pamihed on standard polystyrenes (PS)
in the presence of iron salt. Molecular characteristics of PS anc
DLS data were given in Table 7.

Table 7. Molecular Characteristics and DLS results for standard
polystyrenes in Toluene at 25 °C in the presence ofsatin
M,,x103 D,x10°
cm?-s™!

PS14
PS30

14.0
30.0

he
jons

No angular or concentration dependence @f viRas
observed for the two samples. By CONTIN analysis only one

48.7 98.9 9.7

hdiponodisperse population was existed with very lowvRlues

ttepmpared to the NPS samples ones. From these results can |
that the amino group is responsible for the
naagplexation of pgimer chains, which occurs afttire treatment

e@f polymer solutions with metal ions.

di si pde thesgestes/of NPSRe cgnplexgs, DLS measurements

f verg qaniied toyt gnnTHR 19 $tudy the effect of polarity of the

the

the cumulant analysis, is always higher than 0.2, indicating

Page | 4768



Complexes of end-functionalized polystyrenes carrying amine end-group with transition metals:
association effects in organic solvents

solvent in aggregate formatioithe esultsare displagd in the
comparative Table 8.

Table 8. Dependence of aggregation on solvent polarity. DLS resultg
the NPS8Fe Complexes in Toluene and THF at 25 °C

[ COLUENE . TaE |
Sample Dx10° kp R, D,x10° kp R,
cm’s™! mL-g”’ nm cm’s™! mL-g” nm

NPS8-Fe- 4.04 269.4 97.8 121 42.3 39.2
0.25

NPS8-Fe- 15.4 -292.0 25.7 8.60 -74.3 55.19
0.5

NPS8-Fe- 7.54 -38.1 53.1 14.4 -72.1 32.94
1.0

NPS8-Fe- 4.49 344 88.0 11.0 4.3x10° 43.12
1.25

There is a clear difference between the results of NH
Fe samples in toluene and THF. The diffusion coefficient is
generally higher for the samples dissolved in THF and
importantly the R, values of the samples in THF are much low
than those in toluene. This is a reasonable outcome since TH
more polar solvent than toluene. Therefore it can better solul]
the metal ions leading to lower aggregation numbers. In the
of NPS8Fe0.5 sample the opposite trend is found
hydrodynamic radius is bigger in THF than in toluene. 1
aggregates may be swollen by THF, since it is a better solver
the formed complexes and can expand the corona of
aggregates.
3.4. Viscometry measurements.

Viscometry measurements were conducted in toluene

~

g

Table 9. Viscometry results for the NPSBu and NPS&e Complexes in
Toluene at 25 °C

Metal/Amine
RRETI)

Sample [l

dL-g!

S
NPS8 0.099 0.38 2.3
0.25 NPS8Fe-0.25 0.108 0.56 16.9
NPS8Cu-0.25 0.101 1.95 7.5
0.5 NPS8Fe0.5 0.106 0.72 13.7
NPS8Cu-0.5 0.102 3.12 16.3
1.0 NPS8Fe1.0 0.109 0.56 14.1
NPS8Cu-1.0 0.113 0.77 15.3
1.25 NPS8Fe-1.25 0.107 0.61 14.1
NPS8-Cu-1.25 0.114 0.53 11.8

Table 10. Viscometry results for the NPSZBu and NPS2&e

S8 Complexes in Toluene at 25 °C

Metal/Amine Sample ] ky R,
ore Ratio dL-g” nm
NPS28 0.156 0.36 | 4.1
€r 0.5 NPS28Fe-0.25 | 0.163 0.63 | 8.3
Fis a NPS28Cu-0.25 | 0.161 0.58 | 4.0
ilize 0.5 NPS28Fe0.5 | 0.154 0.67 | 8.2
case NPS28Cu0.5 | 0.165 0.51 | 8.2
q 10 NPS28Fe1.0 | 0.167 0.49 | 13.0
n NPS28Cu-1.0 | 0.163 0.53 | 4.6
he 125 NPS28Fe1.25 | 0.161 0.56 | 9.0
t for NPS28-Cu-1.25 | 0.161 055 | —
the

It is observed that the,Ralues are always lower than the
corresponding Rvalues, as calculated from DLS measurements.
fbhis behavior can be attributed to the higher sensitivity of

all Samp|es at 2)5: and confirmed the presence of aggrega[egynamic |Ight Scattering to the Iarger in size structures (D isaz

Results for NPS8 and NPS28 complexes, as well as for prec
aminopolystyrenes, are cited in Table 9 and Table
correspondingl. Viscometric radii,R,, were calculated from th¢
following equation:

o /3

R =8>8 (1M,
where M, .o,
by light scattering measurement®Representative plots ar
displayed in Figure More data are given in the Sl.
The existence of aggregates in the presence of metal
is confirmed from the increased Ralues in toluene, compared {
those obtained in the same solvent for the aminopolystyrenes
high values of the Huggins coefficits, due to increase
hydrodynamic interactions of the polymeric chains in

aggregates, lead to the same conclusion.

= NPS28
NPS28-Cu-0.25
NPS28-Cu-0.5
+ NPS28-Cu-1.0

« NPS28-Cu-1.25

A
0.185 4

0.190 4
0.185
0.180
= 0175+
0.170
0.165 4

0.160

0.155

T T
10 12

¢, g/dl

T
00 02 04 06 08

Figure 4. Huggins plots for samples NEZB-Cu in toluene

is the weight average molecular weight determir eﬁj

Lui@verage quantity) and/or the development of shear forces in th
10apillary viscomeer which may disrupt the aggregates. This
» behavior has been previously obtained in micellar and aggregatin
systemq66]. This may be also the reason why all the complexes
in the same series have approximately similar intrinsic viscosities
[d], regardlessof metal ion and metal/amine ratio. Viscometric
radii are much higher for NPS8 than NPS28 series, althougt
intrinsic viscosities values are lower in the former cal@s arises
om increased values ofveight average molecular weight
e determined by lighscattering measurements. In this case alg®, R
are independent of the type of metal ion and metal/amine ratios
idspecially, for NPS2&8u-0.25 and NPS2&u-1.0 samples R
oare the same with the precursor aminopolystyrene hulidplay
Tihereased values bagse of the tendency of polymer chains to
d aggregate.
he

Cl

>

Cl

H

/

N
/
H

Scheme 2. Proposed structures of the polymer complexes

Viscometry measurements made for the NHSS8
complexes in THF at 25 °C lead to the same conclusion.
According to the comparative results in Table 11, intrinsic
viscosities values of NPSBe complexesnto the more polar
solvent THF are equal to the precursor amimygigrene. On the
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contrary Huggins coefficients are much higher due the
hydrodynamic interactions of the polymeric chains. In THF,
secondary interactions, which are responsible for the formatig
aggregates, are wicker and shear forapgliedin the capillary
viscometer split the complexed chaieffectively leading to {]
values corresponding to tkiduted chains.

All the data given above indicate a very comp
association behavior of the polymer metal complexes in soluti
It is obvious that hierarchical organization is observed. Initial
the aminefunctionalized polymers form complexes with the me
atoms through t he f un edonorsto the]
coordination sphere of the metal. These metal complexes ass
in nonpolar solvents forming aggregates and finalthese
aggregates are further organized to clusters. The an
dependence in DLS, especially for the low molecular we
sample, NPSB, indicates the presence of rgpherical structures

The rather low vales of intrinsic viscosities indicate that mgst

probably the clusters and the aggregates, to a lesser extent, g
very stable under the application of the shear forces in

measurements anly the pure metal complexes are present. For
thelmost all cases the metal/amine ratio, where the higtiegalue
nwés obtained was equal to one. This leads us to the conclusion th
the most probable structure of the metal complexes is the on
given in Sheme 2. This result is in agreement with the
conclusions drawn by Jerome et al. who studiesl viscometric
evehavior in toluene of telechelic polyisoprenes having-end
omksmethylamino groups and coordinated to various transition metals

y[59].
tal
f Tablehl ke Viseometryreults fgrithe NPH8s corapgexesgn THF and
hciate toluene at 2%C
TOLUENE THF

yular Sample dI[j?l]g'l kg ;{nvl dI[jF]g_l kg
ght NPss8 0.099 | 038 | 23

NPS8-Fe- 0.108 0.56 16.9 0.099 0.77

s 0.25
o NPS8-Fe-0.5 0.106 072 | 137 0.099 | 0.66
"NPS8-Fe-1.0 0.109 056 | 14.1 0.101 | 0.56
the N ps8-Fe- 0.107 0.61 14.1 0.099 0.62

capillary tube. Therefore, under the dilute solution viscomg

4. CONCLUSIONS

Anionic polymerization high vacuum techniques we
employed for the synthesisof linear endfunctionalized
polystyrenes having amino emgdoup (NPS). These polymer
were further served as ligands for the synthesis of complexes
Cu and Fe. Thermogravimetric Analysis (TGA) and Differen
Thermogravimetry (DTG) revealed that thegomplexes ard
thermally more stable than the parent polymeric ligands.
solution behavior of these complexes was studied by Low A
Laser Light Scattering (LALLS), Dynamic Light Scattering (DL
and dilute solution Viscometry. It was found that extded

ptry  1.25

rébehavior was influenced by the molecular weight of the polymer

chain, the metal/amine group molar ratio, the chemical nature o
sthe metal and the polarity of the solvent. A complex sitnawas
witlhvealed by DLS showing the existence of equilibrium between
isggregates and clusters. Under the influence of shear force

applied in the capillary tube of the viscometer the clusters are
Tlésrupted. As a result of these findingshierarchical oranization
ngkeobvious starting from the complexes with the polymeric ligands,
Sthen to aggregates of these complexes inpaar solvents and

finally to clusters of these initial aggregates upon increasing the
ationcentration.

aggregation phenomena exist in organic solvents. The assoc
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Figure SI 1a: 'H NMR spectrum ofhe protectedaminopolystyrené&PS8
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Figure SI 1b: *H NMR spectrum ofhe derotected aminopolystyrei¢PS8
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