polymer

www.elsevier.nl/locate/polymer

EL EVIE Polymer 41 (2000) 8175-8182

Synthesis oft,w-macrozwitterionic polymers. End group analysis by SEC

A. Bozanko, W.D. Carswell, L.R. Hutchin§sR.W. Richards

Interdisciplinary Research Centre in Polymer Science and Technology, University of Durham, Durham DH1 3LE, UK

Received 5 March 2000; received in revised form 24 March 2000; accepted 25 March 2000

Abstract

A series of macrozwitterionic polymers have been prepared by anionic polymerisation using 2-[(dimethylamino)methyl]phenyl-lithium
(DMPLI) as the initiator and 1,3-propanesultone as the terminating agent. Some observations are made on the problems associated with the
synthesis of these materials, especially concerning the use of ethereal solvents and the implications these solvents have for the efficiency of
the end-functionalisation reaction. Furthermore, we demonstrate that size exclusion chromatography of the sultone-terminated polymer not
only allows molecular weight determination but also allows analysis of the yield of the end group functionalisation reaction at molecular
weights up to 50,000 g mot. At molecular weights of this magnitude, end group analysis by traditional methods such as NMR, IR,
elemental analysis and even MALDI-MS would be of limited ue€000 Elsevier Science Ltd. All rights reserved.
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1. Introduction functionalisation with 1,3-propanesultone is not always
guantitative. When polystyrene—polyisoprene macrozwit-
The synthesis of macrozwitterionic polymers has terions were prepared, the termination reaction between
attracted much attention in recent years. Antonietti et al. polyisoprenyllithium and 1,3-propanesultone resulted in
[1] first described the synthesis of polystyrene macrozwit- only ca 70% end group functionalisation.
terions by means of anionic polymerisation using 2- End group analysis is of paramount importance in the
[(dimethylamino)methyl]phenyl-lithium (DMPLIi) as the characterisation of telechelic polymers and it is essential
initiator and 1,3-propanesultone as the terminating agent,that the materials used for subsequent experimental work
the amine functionality on the initiator residue being subse- are quantitatively functionalised. As the molecular weight
quently quaternised. The initiator was synthesised in situ by of the polymer chain increases the relative amount of end
reacting secBuLi with N,N-dimethylbenzylamine using group decreases. Traditional techniques such as NMR, IR
toluene/diethyl ether (70/30) as the solvent. Later studiesand elemental analysis that rely on detection of the end
by Schaller and co-workers [2] on the same system demon- group itself, diminish in accuracy and are really only of
strated the benefits of using MALDI-TOF-MS for end group use on polymers with molecular weights of up to a few
analysis. They found that using toluene as part of the solventthousand g mol*. MALDI-TOF-MS is also limited to
mixture for the in situ synthesis of the initiator resulted in a molecular weights of 10,000 g mdl [2]. Although
mixture of initiators, the desirel,N-dimethylbenzylamino- progress is being made in this field, MALDI-TOF-MS is
lithium and benzyllithium formed by the deprotonation of not yet available to all laboratories.
toluene by secBulLi. This problem was overcome by We have discovered that a mixture of sultone-functiona-
preparing the initiator in advance in cyclohexane/diethyl lised and non-functionalised polystyrene elute through size
ether and storing the initiator in tetrahydropyran in a freezer. exclusion chromatography (SEC) columns sufficiently far
The same analytical technique was used to confirm the apart to resolve into separate peaks. Not only does this
presence of the sulphonic acid end group introduced by allow us to estimate the yield of the termination reaction
the termination reaction between the living polymer and but also to show with extreme clarity that any unfunctiona-
1,3-propanesultone. However, both papers reported thatlised polymer is completely removed following separation
of the mixture by dry column flash chromatography. Whilst
* Corresponding author. Tel.: 44-191-374-3155; fax+ 44-191-374- SEC does not determine the chemical strpcture of t,he end
4651, group, and for many end groups the elution behaviour of
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it does permit us to analyse the efficiency of the functiona-
lisation reaction for the polymers of interest here to much
higher molecular weights than other techniques allow.

2. Experimental section

2.1. Reagents

Benzene (HPLC grade, Aldrich) was washed with

concentrated sulphuric acid and then distilled water before

drying with calcium hydride (Aldrich). Finally the solvent

was degassed by a number of freeze—thaw cycles and store

under vacuum over living polystyryllithium. Cyclohexane
(HPLC grade, Aldrich) was dried over calcium hydride.
Tetrahydropyran (THP) and diethyl ether (both anhydrous,
Aldrich) were dried over sodium wire. Diphenylethylene
(DPE) (97%, Aldrich) was distilled under vacuum after stir-
ring with secBuli. N,N-dimethylbenzylamine (DMB)
(99 + %, Aldrich) and 1,3-propanesultone (98%, Aldrich)
were both dried over molecular sieves (% Atirred with
calcium hydride and distilled under vacuum before use.
Styrene (99+ %, Aldrich) was washed with dilute sodium
hydroxide solution and then distilled water (to remove inhi-
bitor), dried over calcium chloride, and then further dried
and degassed over calcium hydrid&ecbutyllithium
(1.3 M in cyclohexane, Aldrich) was used as purchased.

2.2. Initiator synthesis

The initiator was prepared by reacting freshly distilled
DMB, dissolved in a mixture of cyclohexane and diethy-
lether (80% cyclohexane by volume), with a stoichiometri-
cally equivalent amount obecBuLi. The mixture was
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although this capping reaction appears complete in a very
short time, as indicated by the colour change from orange to
deep red, to ensure complete capping the living polymer was
stirred with the DPE for 30 min. A small sample of the
polymer was then removed from the reaction vessel and
terminated with N-sparged methanol for molecular weight
analysis. The remaining living polymer was functionalised
by the addition of 1,3-propanesultone. The polymer was
then precipitated in methanol and dried in vacuo.

Thin layer chromatography (TLC) and SEC analysis of
the polymer indicated a mixture of two products, the sultone

ifjunctionalised polymer and a small amount of unfunctiona-
|

sed polymer. The sultone functionalised polystyrene was
separated from any unfunctionalised polymer by dry
column flash chromatography (DCFC) [3]. The amino
group on the sultone capped polymer was subsequently
quaternised by reaction with a large excess of methyl
bromide in 75/25 (v/v) THF/nitromethane solution, the
mixture was stirred at room temperature for five days. A
successful gquaternisation process was first proven using
polystyrene (less than 5000 gmd initiated with
DMPLi but not functionalised with the sultone.

2.4. Dry column flash chromatography/thin layer
chromatography

The sultone functionalised polystyrene was separated
from any unfunctionalised polymer by dry column flash
chromatography (DCFC) [3]. Silica gel 60, 0.040—
0.063 mm (Merck) was used as the column packing with a
mixture of hexane/THF (60/40 (v/v)) as the eluent. This
separates all the unfunctionalised material which is carried
through the column with the eluent, from the functionalised
polymer which is held back by the polar silica gel. The

stirred at room temperature overnight. The resulting preci- fynctionalised polymer was then recovered from the column
pitate was filtered, washed with cyclohexane, dissolved in by changing the eluent to THF/methanol (approx. 50/50
THP and stored in a freezer. The entire reaction including (VIV)).

washings and filtrations was carried out under dry nitrogen. The DCFC separation process was monitored by thin
layer chromatography using silica gel plates and a mixture
of hexane/THF 60/40 as the eluent. Under these conditions
the functionalised polymer has &avalue of 0.0 whilst the
unfunctionalised polymer elutes with &y value of about
0.6. TLC analysis (using hexane/THF 60/40 as eluent) was
also used to show that the trial quaternisation was success-
ful. Polystyrene initiated with DMPLi and terminated with
methanol, eluted with aR; value of 0.6. Following quater-
nisation with methyl bromide TLC indicated a single spot
with Rf value of 0.0.

2.3. Polymerisation

The polymerisations were carried out in a mixed solvent
of benzene/diethyl ether (80/20 (v/v)) at room temperature.
In a typical reaction, approximately 100 ml of the mixed
solvent and 15 g of styrene monomer were distilled into a
clean dry glass vessel by vacuum transfer. After the addition
of solvent and monomer the reaction vessel was brought up
to atmospheric pressure with dry nitrogen. The calculated
amount of initiator was injected from a gas-tight syringe
through a septum. The time allowed for propagation 2 5 End group analysis
depended upon molecular weights but was kept to an abso-
lute minimum, for molecular weights of 5-10,000 g mby! Analysis of the efficiency of the end-group functionalisa-
10-15 min was generally sufficient. For higher molecular tion reaction was carried out by size exclusion chromato-
weights, 20,000 and 50,000 g md] 30-40 min was graphy using a Viscotek 200 apparatus with refractive
allowed for complete propagation. The basicity of the living index, viscosity and light scattering detectors. THF was
polystyryllithium chain ends was then reduced by capping used as the eluent at a flow rate of 1 ml/min and Plgel
with DPE. A ten fold molar excess of DPE was added and 10 pum mixed-B columng7.5x 300 mn) were used. The
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Fig. 1. Reaction scheme for the synthesis of polystyrene macrozwitterions.

sultone functionalised and unfunctionalised polystyrene DMPLi as the initiator and 1,3-propanesultone as the termi-
eluted sufficiently far apart to be resolved into separate nating agent (see Fig. 1). When using this initiator it is
peaks. Whilst this effect was not noticeable using the necessary to use a mixed solvent of benzene and ether. In
usual set of three columns, the resolution was much betterthe absence of ether, the rate of initiation is slow with
when two extra columns were added. Molecular weights respect to the rate of propagation and consequently the
were obtained using the same SEC system under normalmolecular weight distribution broadens. In our experience
running conditions (three columns) with narrow polystyrene the polydispersity can be as high as 1.5 in such cases.

standards used as calibrants.

3. Results and discussion
3.1. Synthesis

We essentially follow the synthetic route of Sdler et
al. [2] to prepare polystyrene macrozwitterions, using

Table 1
Molecular weights of DMPLi initiated Polystyrene (unfunctionalised)

Sample My M, Pd

PS1 6500 6200 1.06
PS2 10,200 9900 1.03
PS3 21,000 21,500 1.02
PS4 54,300 51,100 1.06

A range of molecular weights from 5000—50,000 g ol
was prepared with reaction times of 15—-40 min depending
upon the molecular weight. Samples of the polymer were
removed for molecular weight analysis before reacting the
remainder with a ten-fold excess of DPE for 30—40 min.
The polymer was then functionalised by dropwise addition
of a THF solution of 1,3-propanesultone. Addition of the
sultone was continued until the deep red colour of DPELI
had completely disappeared to leave a very pale yellow
coloured solution. However, care should be taken not to
add an excess of the 1,3-propanesultone since any excess
can result in the formation of zwitterions by quaternisation
of the amino group on the initiator residue by the sultone
[2]. The living polymer was then finally terminated by the
addition of nitrogen sparged methanol. Molecular weights
by SEC of the polystyrenes prepared in this work are given
in Table 1.
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The principal challenge in the synthesis of end-functio-  Another probable cause of incomplete functionalisation is
nalised polymers is to ensure that functionalisation is quan- the reaction of the propagating species with ethereal
titative. Where quantitative functionalisation is not possible solvents, in this case diethyl ether and THP. Organolithium
it is essential to be able to detect the degree of functional- compounds react with ethers [6,7] terminating the living
isation, to be able to separate functionalised from unfunc- chains in anionic polymerisation. Whilst it is not easy to
tionalised material and to be able to show that any quantify accurately the extent of this reaction with the
separation has been successful. solvent, we do know that the order of reactivity of ethers

SEC analysis supported by TLC indicated the presence oftowards alkyllithium compounds is TH& THP > diethyl
more than one species, i.e. functionalised and unfunctiona-ether> diisopropyl ether and that the order of reactivity of
lised polystyrene. The desired sultone functionalised poly- organolithium compounds towards ethers is tertiary RLIi
mer was separated from the unfunctionalised material by secondary RLE primary RLi> phenylLi> methylLi>
dry column flash chromatography. Whilst this method is benzylLi. The range of reactivities is illustrated by the
time consuming, the materials are completely separatedfollowing examples: (a) the half life ofi-butyllithium in

with very little loss of polymer. diethylether at room temperature is six days [7];rutyl-
The sultone functionalised polymer was then quaternised lithium is completely decomposed in THF at room tempera-
with methyl bromide. ture within 2 h [6]; (c) a 0.14 M solution dfbutyllithium in

Successful quaternisation was indicated by TLC analysis diethyl ether is completely decomposed after 30 min at
of samples of quaternised low molecular weight polystyrene room temperature [7]. ScHeer et al. [2] found that the
(less than 5000 g mot) initiated with DMPLi but not func- functionalisation of DPE capped polystyrene by 1,3-propa-

tionalised with 1,3-propanesultone. nesultone was close to quantitative but the degree of func-
tionalisation of DPE capped polystyrene—polyisoprene
3.2. End functionalisation reaction block copolymer was 70%. The propagating species poly-

styryllithium, is essentially a benzyllithium moiety whereas

The termination reaction using 1,3-propanesultone hasin the presence of ethers, polyisoprenyllithium is a mixture
received much attention. The reaction proceeds by ring of species and consists mainly of secondary and tertiary
opening nucleophilic attack on the sultone by the living alkyllithium moieties with about 30% primary alkyllithium
anionic end-group, however, several workers [1,2,4,5] end groups. All three of these species are more reactive
have observed that this reaction is sensitive to temperaturetowards ethers than the benzyllithium type end group of
solvent and chain end structure and therefore does notpolystyrene. Any tertiary alkyllithium groups are particu-
always produce quantitative functionalisation. Functionali- larly likely to react with either diethyl ether or THP. During
sation of polystyrene in THF at78°C yielded only 70% the 2 h the polyisoprene was given to propagate, it is prob-
sulphonated polymer. The poor yield was attributed to able that a significant amount of living polymer was termi-
competing proton abstraction and termination of the poly- nated by reaction with the solvent leading to incomplete
mer by metalation of the 1,3-propanesultone. Yields were functionalisation.
improved to greater than 95% by modifying the nucleophi-  Since ethereal solvents are essential to ensure rapid initia-
licity of the anionic polystyryllithium end group by reaction tion and narrow molecular weight distributions, the time the
with DPE. Scfidler et al. [2] reported that attempts to termi- living polymer is exposed to the ether should be minimised
nate polystyrene—polyisoprene block copolymers with 1,3- to limit its effect. We found that for low molecular weight
propanesultone yielded only 70% of the functionalised polystyrene (up to 10,000 g md}) 10-15 min was suffi-
polymer even when the polyisoprenyllithium chain end cient time for complete propagation and for higher molecu-
had been capped with DPE. They attributed this to incom- lar weights (up to 50,000 g mof) 30—40 min was long
plete reaction between polyisoprene and DPE. Though thisenough. In the work of Sclater et al. [2] up to 2 h was
is possible, it could be avoided by using a greater excess ofallowed for the propagation of polyisoprene blocks with
DPE and allowing sufficient time for the DPE to react. molecular weights of 5000—25,000 g mal The larger
However, other factors probably contribute to the less blocks may require this amount of time but this seems
than quantitative functionalisation. excessive for the polyisoprene block of 5000 g nfoMini-

One factor that will definitely lead to reduced yields of mising the time for propagation may improve the degree of
the sulphonated polymer is the introduction of impurities. functionalisation.
Whilst rigorous purification of materials reduces the level of
impurities to very small amounts, it is practically impossible 3 3 ggc analysis of end functionalisation reaction
to avoid the introduction of some impurities when adding,
for example, a second batch of monomer, DPE or the 1,3- As mentioned previously, where quantitative functionali-
propanesultone itself. Even if the materials are completely sation is not possible (as in this case) it is essential to be able
dry the introduction of a small quantity of air can lead to to detect the degree of functionalisation, to be able to sepa-
termination via reaction of the living polymer with oxygen rate functionalised from unfunctionalised material and to be
or carbon dioxide. able to show that any separation has been successful. SEC
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has allowed us to analyse the reaction products of the endmain peak and is almost certainly the result of living
functionalisation reaction and to monitor the separation polystyrene coupling together and terminating due to
process. reaction with either carbon dioxide or oxygen. There
Size exclusion chromatography separates moleculesare also small peaks due to the presence of very low
according to their size in solution [8,9]. The columns are molecular weight impurities, analysis indicates that
packed with porous materials, in this case with beads of these have molecular weights in the low hundreds and
divinylbenzene crosslinked polystyrene, containing a distri- may be some excess DPE or some residual solvent.
bution of pore sizes. As a sample passes through the columrwhilst the effect of the sulphonic acid end group was
it may penetrate some of the pores, thus spending a fractionunnoticeable when using our normal set up of three
of their time within the pores. The small molecules may pass columns (Fig. 2b) the presence of two peaks becomes
into a wide range of pores whilst larger molecules are able to obvious when two extra columns were added, see Fig.
penetrate far fewer pores, spending less time in the column.2c.
Hence larger molecules elute first followed by smaller mole-  Fig. 2c is a chromatogram of the same sample as Fig. 2b
cules. In true SEC there is no interaction between the solutebut using five columns. The resolution is further improved
and the column packing. However, a mixture of sultone- by reducing the concentration of the polymer solutions (note
functionalised and unfunctionalised polystyrene eluted the difference in the levels of baseline noise between Fig. 2b
sufficiently differently as to be resolved into separate and the remaining chromatograms, the concentration in 2b
peaks, presumably due to a weak interaction between thebeing about 4.9 mg/ml whilst the remaining samples were
sulphonic acid end group and the column packing. In effect, all run at concentrations of less than 1 mg/ml). In Fig. 2c we
the SEC columns are separating not only by molecular size can see three main peaks. The peak at the lowest retention
but also by chemical composition, rather like HPLC. Inter- volume corresponds to theXQ0, terminated, unfunctiona-
action of this type between polymers and column packing is lised polystyrene and the middle peak corresponds to
not without precedence. Polar solutes such as polyvinylpyr- unfunctionalised polystyrene which has not reacted with
idine polymers for example, also show some adsorption the 1,3-propanesultone, this middle peak has the exact
onto the column packing resulting in longer than expected same elution volume as the methanol terminated polystyr-
elution times [10]. This phenomenon allows us to resolve ene in Fig. 2a. The main peak is the desired functionalised
the end-functionalised polymer from unfunctionalised poly- polymer, the sulphonic acid end group appears to cause a
mer by simply changing the number of columns, without the weak interaction with the column packing leading to later
need to alter the mobile phase, use a mixed solvent or aelution times. Fig. 2d, is the final product after the unfunc-
solvent gradient, thus removing such problems as reequili- tionalised material has been separated from the functiona-
brating columns by long term washing and baseline instabil- lised material by DCFC. All traces of the two peaks at lower
ity. This method not only allows us to estimate the efficiency retention volumes in Fig. 2c have gone, leaving only the
of the functionalisation reaction but more importantly to sultone functionalised polymer. From the areas under the
show that following the separation by DCFC the functiona- chromatogram in Fig. 2c we estimate that the degree of
lised polymer is not contaminated by any of the unfunctio- functionalisation is about 80%. After separation Fig. 2d
nalised polymer. shows that the remaining material is quantitatively functio-
Typical analysis of two samples, PS2 and PS4, is nalised.
included. The phenomenon of peak resolution by SEC The above analysis was carried out on polymer with a
columns of a mixture of sultone functionalised and unfunc- molecular weight of circa 10,000 g mdi At this molecular
tionalised is demonstrated by Fig. 2a—d which shows PS2 atweight, end group analysis is extremely inaccurate using
various stages of the synthetic procedure, before and aftertraditional techniques such as NMR and elemental analysis.
separation by DCFC. Even MALDI-MS is approaching the limits at which it may
Fig. 2a shows the chromatogram of the polystyrene be used. However SEC can be used to analyse polymers of
initiated with DMPLi terminated with methanol this type with molecular weights of up to 50,000 g mbl
(unfunctionalised) when eluted through five columns. and maybe higher (50,000 g mdlwas the highest molecu-
As expected there is a single peak. Fig. 2b shows the lar weight polymer made). Fig. 3 superimposes SEC chro-
chromatogram of the final product before the separation matograms of PS4 before and after the separation
procedure i.e. polystyrene, capped first with DPE, then procedure.
1,3-propanesultone. This has been eluted through only As with PS2 when the polymer is passed through five
three columns. There appears to be one main peak elutcolumns the crude material resolves into three peaks and
ing at about 24.5 ml with a second smaller peak eluting it is shown that the separation process has resulted in quan-
just before the main peak. The main peak gives no titatively functionalised material.
indication that there may be a further peak “underneath” At molecular weights as high as 50,000 g moINMR
when only three columns are used. The smaller peak onand elemental analysis are inapplicable and, at present this
the high molecular weight side (lower elution volume) molecular weightis above the range at which MALDI-MS is
is approximately double the molecular weight of the commonly used.
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Fig. 2. (a) SEC chromatogram of the methanol terminated polystyrene (PS2) eluted through five columns. (b) SEC chromatogram of PS2 after téhmination w
1,3-propanesultone but before separation by DCFC, eluted through three columns. (c) As Fig. 1b but eluted through five columns. (d) SEC chrédmatogram o
PS2 after termination with 1,3-propanesultone and separation by DCFC, eluted through five columns.
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Fig. 2. continued

4. Conclusions et al. The principal challenge in the synthesis of end func-
tionalised polymers is to ensure that functionalisation is

We have synthesised a series of macrozwitterionic poly- quantitative. Where this is not possible it is essential to be
styrene polymers essentially following the route of Silba able to analyse the degree of functionalisation, to be able to
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Fig. 3. SEC chromatograms of PS4 before and after separation of functionalised and unfunctionalised polymer by DCFC.

separate functionalised from unfunctionalised material and [2] Schaller V, Spickermann J, Rier HJ, Wiesner U. Macromolecules
to be able to show that any separation has been successful. 5 é?ﬁ%vzg‘:(%s- . Mitta A 3 Orc Chem 1676-43:2623
The problems associated with the synthetic route have [ Stll WC. Kahn M, Mitra A. J Org Chem 1978,43:2923.

. . . [4] Mdller M, Miihleisen E, Omeis J. In: Burchard W, Ross-Murphy SB,
t?ee” _dlsc_:ussed, e_spt_amally the reasons f(_)r '”_Comp_'Ete func- editors. Physical networks, polymers and gels, London: Elsevier,
tionalisation of anionic polymers by termination with 1,3- 1990.
propanesultone. We have shown that, for this particular end [5] Eisenbach CD, Schnecko H, Kern W. Makromol Chem
group, the use of size exclusion chromatography allows us _ 1975/176:1587. o o o .
to analyse not only the degree of functionalisation but also [6] Hsieh HL, Quirk RP. Anionic polymerization. Principles and practical

. . applications. New York: Marcel Dekker, 1996.
to show that fOllOWIhg separation by DCFC, the recovered [7] Wakefield BJ. The chemistry of organolithium compounds. Oxford:

polymer is quantitatively functionalised. This analysis is Pergamon Press, 1974.
possible on polymers with molecular weights as high as [8] Hunt BJ, Holding SR, editors. Size exclusion chromatography
50,000 g mol*. Traditional techniques such as NMR, IR, London: Blackie, 1989.

elemental analysis and even MALDI-MS would be of little [9] Booth C, Price C, editors. Polymer characterization Comprehensive

. - . Polymer Science, vol. 1. Oxford: Pergamon Press, 1989.
use in end group analysis of polymers of this molecular |, icishita Y, Nakao v, Saguchi R, Choshi H, Nagasawa M. Polym J

weight. 1985;18:493.

References

[1] Antonietti M, Heyne J, Sillescu H. Makromol Chem 1991;192:3021.



