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End Group Functionality of 95-99%: Epoxide
Functionalization of Polystyryl-Lithium Evaluated via Solvent

Gradient Interaction Chromatography

Philip Dreier, Junyoung Ahn, Taihyun Chang, and Holger Frey*

End group functionality is a key parameter of functional polymer chains. The
end-capping efficiency of living polystyryl lithium with various epoxides,
namely ethylene oxide (EO), ethoxy ethyl glycidyl ether (EEGE) and
isopropylidene glyceryl glycidyl ether (IGG), is investigated with solvent
gradient interaction chromatography (SGIC). Generally, end-capping
efficiencies >95% are observed. Hydroxy functional polystyrene (PS-OH,
PS-EEGE-OH, and PS-IGG-OH) with molar masses ranging from 13.8 to
15.0 kg mol~" are obtained, with dispersities of 1.05-1.06. Deprotection of the
acetal (PS-EEGE-OH) and ketal protective group (PS-IGG-OH) is

homo- and co-polymers as well as a vast
variety of complex polymer architectures.!]
It is a characteristic feature of this method
that transfer and termination reactions are
absent, resulting in a Poisson distribution
of the molar masses. In LAP, the a-
functionality is commonly varied by the im-
plementation of organolithium-based ini-
tiators bearing protected functionalities.[?]
For the w-terminus, functionalization is
achieved by the end-capping reaction of

investigated. Nearly quantitative deprotection (>99%) resulting in the
corresponding multihydroxy functional PS (PS—(OH), and PS—(OH);) are
observed via SGIC. Esterification of PS—OH with succinic anhydride shows a
conversion of 98% to the corresponding ester. A detailed picture of side
reactions during the carbanionic polymer synthesis subsequent epoxide
termination is obtained, demonstrating 95-99% terminal functionality.
Depending on the polarity of the end group, an elution order of

PS-OH < PS—(OH), < PS—(OH); < PS—-COOH is obtained in SGIC. The
study demonstrates both the analytical power of SGIC and the exceptionally
high terminal functionalization efficiency of anionic polymerization methods.

1. Introduction

Living carbanionic polymerization (LAP) is the crucial poly-
merization technique for the precise synthesis of well-defined
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the living chain end with a large variety
of electrophiles, that is, epoxides,>#!
thiiranes,”!  carbon  dioxide,""!  alkyl
halides,!'!l aldehydes,['?] and sultones.**]
Especially w-hydroxy-functionalized poly-
mers are increasingly relevant, as they
can be subsequently utilized as macroini-
tiators for the ring-opening polymeriza-
tions of epoxides,'™ cyclic esters (i.e.,
lactones),['>1%) or cyclic carbonates to gen-
erate block copolymers.['”] These materials
are employed for different applications!'®!
ranging from polymer electrolytes!®! to
nanoporous membranes.'®!  w-Hydroxy-
functionalized polystyrene (PS-OH) is
obtained via LAP of styrene and end-capping with ethylene ox-
ide (EO),>* as first described by Michael Szwarc.?%] For the end-
capping step, high reactivity of the electrophile and the absence
of side reactions are crucial to achieve high end group function-
ality and to reduce traces of non-initiating homopolymer. Con-
sequently, the structure of the electrophile used for termination
is of crucial importance. Quirk et al. investigated the addition
of propylene oxide (PO)P! and butylene oxide (BO)!®! to the liv-
ing chain end of polystyryl lithium (PS-Li) in a detailed manner.
They concluded that the end-capping efficiency drops from EO
to BO and PO, which is explained by the proton abstraction at
the methyl or methylene group in a-position to the oxirane ring
of PO and BO, respectively.[?!] The portfolio of epoxide reagents
for the end-functionalization of PS-Li was further expanded to
different glycidyl ethers.[”] Glycidyl ethers can be utilized for the
introduction of a variety of additional (protected) functionalities
to the chain end, resulting in multifunctional materials.??!

How can one reliably determine end group functionality of
polymer chains? The end-capping efficiency cannot be deter-
mined by the widely established size exclusion chromatography
(SEC), as the method is commonly incapable of differentiating
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Scheme 1. Synthesis of PS—(OH), (x = 1-3) and PS-COOH.

between chains with the same hydrodynamic radius but differ-
ent chain end functionalities.®] Hence, 'H nuclear magnetic
resonance (NMR) spectroscopy and matrix-assisted light desorp-
tion/ionization time of flight mass spectrometry (MALDI-ToF
MS)?* have been applied to this end. However, their sensitiv-
ity and resolution capacity for end groups are dependent on the
molar mass and molecular structure of the investigated polymer.
Additionally, in MALDI-ToF MS, the ionization efficiency often
differs between unfunctionalized and end-functionalized chains.
The mass discrimination effect and fragmentation!®! during ion-
ization of the samples can represent additional disadvantages
of the MALDI-ToF MS technique, rendering precise quantifica-
tion of end group functionality for some polymer classes chal-
lenging. In contrast, high-performance liquid chromatography
(HPLC) has been established as a suitable method for the quan-
titative determination of end groups.[?#2%’] For example, Frey’s
group successfully quantified the products of the tosylation of
poly(ethylene oxide).”®! On the other hand, Chang et al. sep-
arated and determined living and dead chains of polystyrene
synthesized via reversible addition-fragmentation chain-transfer
(RAFT)!?] and atom transfer radical polymerization (ATRP)[]
by the utilization of solvent gradient interaction chromatography
(SGIC) and specially designed polar agents, demonstrating lim-
ited terminal functionalization by these highly popular synthesis
methods in the range of 84-91% unless special reaction condi-
tions are utilized.l*)

Although the latter method shows reliable results, to the best
of our knowledge, the end-capping reaction of PS-Li with mono-
substituted epoxides, especially glycidyl ethers, has not been eval-
uated by SGIC until today. We prepared different PS—(OH),
(x = 1-3) samples of molar mass exceeding 10 kg mol~! via end-
capping of PS-Li with EO and two hydroxyl-protected glycidyl
ethers, namely, ethoxy ethyl glycidyl ether (EEGE) and isopropy-
lidene glyceryl glycidyl ether (IGG). End-capping efficiency, de-
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IGG

protection to multi hydroxyl-functional PS and functionalization
of the hydroxyl group were investigated via HPLC.

2. Results and Discussion

Monohydroxy functional polystyrenes PS—-OH, PS-EEGE-OH,
and PS-IGG-OH were synthesized via carbanionic polymeriza-
tion of styrene in cyclohexane and subsequent addition of a slight
excess of EO, EEGE or IGGP? to living polystyryl lithium (PS-Li)
(Scheme 1).3471 A theoretical molar mass of 15.0 kg mol~! was
targeted for all polymers to assure characterization via NMR, that
is, precise integration of end group signals in "H NMR spectra.
Prior to the addition to the living chain end, all epoxides were
dried carefully with aliquots of sec-butyllithium to remove traces
of protic impurities and water. We emphasize that this is an es-
sential step to prevent undesired termination reactions.

PS-EEGE-OH and PS-IGG-OH were further deprotected un-
der acidic conditions in THF to yield dihydroxy-functional (PS—
(OH),) and trishydroxy-functional polystyrene (PS—(OH),), re
spectively. Molar masses (M,)) of PS—(OH), were determined via
'H NMR spectroscopy end group analysis. Comparison of the in-
tegrals of the sec-butyl initiator group (0.70 ppm) and the signals
of the aromatic region (7.36-6.28 ppm) show values of M, in the
range of 13.7-15.0 kg mol~! (Table 1 and Figures S1-S5, Support-
ing Information). The SEC traces of all hydroxyl-functionalized
PS show narrow monomodal molar mass distributions with low
dispersity ranging from 1.05 to 1.06 (Table 1 and Figure 1).

For protected (PS-EEGE-OH and PS-IGG-OH) and de-
protected samples (PS—(OH), and PS—(OH),), hardly distin-
guishable SEC traces are obtained, due to the weak influence
of the end group on the hydrodynamic radii of the corre-
sponding polymers.[?)] Consequently, determination of the end-
capping and subsequent deprotection efficiency is not possible
by SEC measurements. On the other hand, 'H NMR spectra of
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Figure 1. SEC traces (THF, PS calibration, RI detector) of the synthesized polymers; dispersities 1.05-1.06.

Table 1. Overview of the synthesized samples and their end group func-
tionalities..

Sample M, [kg mol~'] M, [kg mol~'] H?  End group functionality®
PS—-OH 15.0 15.0 1.05 0.99
PS—-EEGE-OH 13.8 14.8 1.06 0.96
PS—(OH), 13.7 15.0 1.06 0.96
PS-1IGG-OH 14.9 14.6 1.06 0.96
PS—(OH), 14.8 147 1.06 0.95
PS-COOH 15.0 15.0 1.05 0.98

b)

% Determined by 'H NMR spectroscopy (CDCl; or CD,Cl,, 400 MHz). ~’ Determined

by THF-SEC (PS calibration, Rl detector). 9 Determined by SGIC.

PS-EEGE-OH (Figure S2, Supporting Information) and PS—
IGG-OH (Figure S4, Supporting Information) and their depro-
tected analogs support the quantitative deprotection by the com-
plete disappearance of the methine proton of the acetal group at
4.56 ppm (PS—(OH),) and the methyl protons of the ketal group
at 1.44 ppm (PS—(OH),) (Figures S3 and S5, Supporting Infor-
mation). The further functionalization of PS—OH to its carboxylic
acid analog (PS-COOH) was adapted from Ferruti et al.**] The
esterification reaction was carried out with succinic anhydride in
dry CHCI, in the presence of pyridine. New resonances are ob-
served between 4.00-3.60 and 2.60-2.40 ppm in the 'H NMR
spectrum of PS—-COOH (Figure 2), which are assigned to the
methylene groups adjacent to the ester oxygen (a) and carbonyl
groups of the succinic half-ester (b—c), respectively.

Additionally, the signal of the methylene group next to the hy-
droxyl group (a') at 3.30 ppm of the PS—-OH precursor is absent in
the spectrum, which indicates quantitative esterification. Based
on the results obtained via '"H-NMR spectroscopy, end-capping,
deprotection, and derivatization reactions of the end groups ap-
peared to be quantitative processes (Figure 2 and Figures S2-S6,
Supporting Information). However, as shown in the ensuing sec-
tion, these common methods cannot detect low amounts of non-
functionalized polymer chains.

To further quantify end-capping as well as deprotection effi-
ciency and to separate potential different polymeric entities of
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the abovementioned synthesis, SGIC with a bare silica station-
ary phase and a THF/n-hexane mobile phase was employed. In
contrast to SEC, in interaction chromatography, the separation
of chains with different end-functionalization, despite the same
molar masses and therefore hydrodynamic radii depends on the
polarity of the polymers’ functional end group.?* Therefore, as-
prepared samples were investigated with respect to their interac-
tion behavior under SGIC conditions (Figure 3).

At the beginning of the measurement the solvent mixture was
held constant at 25 %,,; THF and 75 %, n-hexane for 20 min.
Subsequently, the THF content was increased to 75 %, over
a 30 min time frame. A qualitative trend is obtained: With in-
creasing polarity of the PS end group an increase in the elu-
tion time (t;) of the samples is observed. Consequently, the pri-
mary hydroxyl group of PS—-OH shows stronger interaction and
a higher t; of the sample compared to the secondary hydroxyl
groups of PS-EEGE-OH and PS-IGG-OH. Furthermore, the ad-
ditional ether oxygen of PS-IGG-OH appears to result in more
pronounced adsorption compared to PS-EEGE-OH.

After removal of the acetal protecting groups for PS—(OH),
and PS—(OH);, t; strongly increases compared to their protected
analogs due to the stronger interaction of the multiple hydroxyl
groups per chain-end with the stationary phase.l?”-?’l On the other
hand, PS-COOH exhibits the highest elution time of all sam-
ples, which is explained by the high polarity of the carboxylic
acid group in comparison to multiple hydroxyl groups. There-
fore, the elution order of the different functional polymers is PS—
OH < PS—(OH), < PS—(OH), < PS—-COOH. In all samples, traces
of non-functionalized (proton-terminated) PS are observed (Fig-
ure 4), which exhibit ¢, comparable to the PS standard.

The undesired termination reactions might be explained by
various reactions. On the one hand, traces of protic impurities
or water could be present during the end-capping step and re-
act with the living chain-end. On the other hand, the glycidyl
ethers EEGE and IGG exhibit weakly acidic protons at the methy-
lene group at the oxirane ring.[** Consequently, the highly basic
PS-Li may abstract a proton, resulting in an unfunctionalized
chain. The latter reaction was observed by Quirk et al. for the end-
capping of PS-Li with propylene oxidel’! and butylene oxide.®!
This pathway likely accounts for the considerable increase of
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Figure 2. Section of "H NMR spectra (CDCl;, 400 MHz) of PS-OH (bottom) and PS—-COOH (top).

80
PS std.
14K
A
L
Z
PS-OH e 170
PS-COOH .7
)%
- R4 -
3 - T
s 7 hd
2 | PS-EEGE-OH " - 60 =
< |PS-(OH), e s
.
L
N z
PS-IGG-OH I 150
PS-(OH); e
____________________ s 7
, i : : T : T T T . 40
0 20 30 40 50
Solvent peak tz (min)

Figure 3. HPLC chromatograms of PS standard (top), PS-OH and PS—
COOH (overlay, top middle), PS~-EEGE-OH and PS—(OH), (overlay, bot-
tom middle), and PS-IGG-OH and PS—(OH); (overlay, bottom).

Table 2. Overview and quantification of the different fractions in the HPLC
chromatogram of PS—(OH)s,.

Fraction Amount [%]
F1 (PS, dead chain) 2.5
F2 (PS-EEGE-OH) 0.7
F3 (PS—(OH),) 95.5
F4 1.3

proton-terminated, “dead” PS chains from 0.7% to 2.5% and
4.0% (Figure 4 and Tables 2 and 3), when comparing PS-EEGE-
OH and PS-IGG-OH with PS—-OH, since EO-termination can-
not lead to this kind of proton abstraction.

Macromol. Rapid Commun. 2022, 43, 2200560 2200560 (4 of 6)

Table 3. Overview and quantification of the different fractions in the HPLC
chromatogram of PS—(OH)j;.

Fraction Amount [%]
F1 (PS, dead chain) 4.0
F2 (PS—IGG-OH) 0.7
F3 (PS—(OH);) 95.3

The high end-capping efficiency (>99%) for PS-OH (Fig-
ure S7, Supporting Information) is in accordance with MALDI-
ToF MS results reported by Quirk et al. for the end-capping ef-
ficiency of low molar mass PS-Li with EO.3* The SGIC-based
observations demonstrate the higher end group fidelity of car-
banionic polymerization over controlled radical polymerization
(CRP) techniques. In the latter case, terminal functionalities of
merely 84%3% and 91%!%! were observed for ATRP and RAFT
polymerization via SGIC, respectively. These kinetic limitations
can be suppressed to some extent with the utilization of special-
ized reaction conditions.!]

A more detailed examination of the HPLC chromatograms of
PS—(OH); (Figure 4) also allows for quantification of the depro-
tection efficiency. Besides fraction 3 (F3) (PS—(OH);) (95.3%) and
fraction 1 (F1) (4.0%) (dead PS), fraction 2 (F2) (0.7%) is assigned
to PS-IGG-OH by the overlay of the HPLC chromatograms of
PS—(OH); (Table 3). This is a crucial observation, for instance re-
garding the subsequent synthesis of AB, star block copolymers.
Insufficient deprotection will lead to the formation of ~1% im-
purities in form of linear block copolymers, which are formed
along with the targeted star block copolymers. The unprotected
species (0.7%) was equally observed in the case of PS—(OH), (Fig-
ure 4 and Table 2). However, in both cases a high deprotection

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. Overlay of HPLC chromatograms of a) PS-IGG—OH and PS—(OH); and b) PS~-EEGE-OH and PS—(OH)s,.

efficiency of >99% was obtained. Additionally, a sharp peak at
t; = 12 min was observed in the chromatograms of both PS—
(OH), and PS—(OH),, whose insignificant light scattering inten-
sity points to a non-polymeric impurity (Figure S8, Supporting
Information).

In case of the esterification reaction of PS-OH with succinic
anhydride, small traces of non-functionalized chains (<0.2%)
and PS—OH precursor (2.1%) are observed in the chromatogram
of PS-COOH (Figure S7, Supporting Information). However,
nearly all (97.7%) hydroxyl groups undergo the targeted esteri-
fication reaction, which is remarkable for a post-polymerization
reaction and proves excellent addressability of the hydroxyl func-
tionality.

3. Conclusion

The results of this study reveal the pitfalls of commonly used
techniques (SEC and 'H NMR) to assess the quality of a terminal
functionalization method for polymers. From the results, it is ob-
vious that these methods can only provide a first estimate of the
actual functionalization. To the best of our knowledge, the SGIC-
method has not been employed to date for the detailed evalua-
tion of the end-capping efficiency of the well-known epoxide ter-
mination strategy for carbanionic polymerization. We employed
PS-Li with molar masses of 13.8-15.0 kg mol~! in combination
with EO, as well as two typical glycidyl ethers, EEGE and IGG.
The end-capping efficiency has been quantified with unprece-
dented precision via SGIC. Chain-end functionalization efficien-
cies of >99% with EO and >95% with EEGE and IGG were ob-
served, and all occurring side-reactions could be quantified. The
ensuing deprotection efficiencies of the acetal and ketal groups
were determined to be >99% by HPLC. Traces of unfunctional-
ized PS chains were observed for all samples by SGIC. Further
functionalization of PS-OH with succinic anhydride showed a
conversion of 98% of the hydroxyl groups to the carboxylic acid
moiety. The detailed results obtained via SGIC demonstrate that
'H NMR measurements are insufficient to precisely assess the
fraction of functionalized chains, since NMR indicated quanti-
tative end-capping, deprotection, and derivatization reactions of
the end groups.

Macromol. Rapid Commun. 2022, 43,2200560 2200560 (5 of 6)

In summary, this study clearly demonstrates the power of
SGIC to determine end-capping and deprotection efficiency of
polymer chains. Our observations further highlight the advan-
tage of carbanionic polymerization over the widely used CRP
techniques with 84-91% end group functionality according to
previous studies. Functional groups at the chain end®! are of
crucial importance for the synthesis of pure block copolymers or
complex polymer architectures in general.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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