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ABSTRACT: It is a broad consensus that the first step in the Gilch synthesis ofpgaihgnylene vinylenes)

(PPVs) is 1,6-dehydrohalogenation of the 1,4-bis(halomethylene)benzene starting materials. The mechanism of
the subsequent chain growth of the resultindpalop-quinodimethane monomers, however, is still a matter of
discussion. We re-evaluated the arguments presented for anionic chain propagation and set them against the
evidence obtained for a radical mechanism. We conclude that (i) the initial dehydrohalogenation of the starting
material represents arp B/pe 1,6-elimination without anionic intermediates, (ii) anionic chain propagation does
not play a role in standard Gilch syntheses, but instead, (iii) the PPVs grow predominantly via radical chain
polymerization. However, since the growing species @re-macro-diradicals, recombination does not cause
chain termination as in conventional radical polymerizations. This is one reason for the formation of very high-
molecular weight PPVs. The monofunctional benzylhalogenides, sometimes assumed to act as initiators of anionic
chain growth and to suppress gelation of the reaction mixtures by lowering the PPVs’ molar masses, clearly do
not play this role: while we could verify that these additives lower the risk of gelation, they are neither incorporated
as end groups into the PPVs nor do they lower the molar masses. Instead, gelation is most probably due to
physical crosslinking, induced by the very high entanglement density of the PPV chains immediately after their
formation. Additives such as monofunctional benzylhalogenides seem to accelerate de-entanglement, possibly
either by retarding the conversion of the still quite flexible ppixglylene) (PPX) precursors into the semirigid

PPVs, thereby giving the chains a better chance to de-entangle, or by preferential solvation and successful
competition with segmentsegment interactions. In agreement with the proposed mechanism is the reproducible
observation that additives which antagonize gelation efficiently, simultaneously increase the magnitude of the
only relevant side reaction of Gilch reactions, i.e., formation of [2.2]paracyclophanes.

1. Introduction Scheme 1. Key Steps of the PPV Synthesis via the Gilch
Reaction (X = a, ClI; b, Br)?
Poly(p-phenylene vinylenes) (PPVs) are promising functional H H H H 2
i ided ; o | | KOBu | | {

polymers for organic electronids? and the Gilch synthesis is H_COC_H By C:<:>:c - >
classed among the most powerful routes for their preparztidn. X X H X ;‘f(')ﬁéi’;‘i’lﬁ’
Consequently, literature is abounding in papers describing 1 2 propagation
tailored Gilch-PPVs together with their properties when applied

in devices such as light-emitting diodes (LEDs). These studies, H X7 kotsu H
however, also make evident that ultimate device performance T C=¢
requires polymers which are not only perfect in design but also 3H Hlp, 4 H

free of constitutional defects and impuritis19 In order to

produce such materials, profound knowledge is needed abOUtsubstituents such as flexible side chains, bulky groups, and electron-

all details of the polymer formation processes. Mechanistic gonating or electron-withdrawing functionalities, which are usually
knowledge is moreover the key to tailored chain lengths, narrow attached to the PPVs for tailoring their properties, are omitted for clarity

polydispersities, inert chain end groups, and strategies makingreasons.

accessible PPV-based (block) copolymers. Unfortunately, this

comprehensive knowledge is not available so far for the Gilch ~ This unsatisfying situation is due to the fact that Gilch
reaction: while it is generally accepted thathalo-p-quin- polymerizations comprise a sequence of fast partial steps, and
odimethane2 represents the real monomer, formed via single SOPhisticated techniques are required to reliably identify relevant
1,6-dehydrohalogenation of starting materdaland that the intermediates. This is also the reason why knowledge developed

halogenated polpéxylylene) (PPX) intermediatd is converted for related PPV syntheses, such as the Wessling, sulfonyl and
into PPV 4 via a second dehydrohalogenation event, there is sulfinyl routes, is adduced as support of the mechanistic concepts

still controversial discussion about the mechanism of the chain prc:pt?se_d f”or th? G{Eh reacglon_. t(_:learly,l th'g ?rqcedutrﬁ W'".
propagation reaction itself (Scheme 1). not basically solve the mechanistic puzzle, but since there is

indeed some mechanistic affinity between the various PPV
syntheses, one might gain some urgently required insight by
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aIn this scheme, as well as in most of the subsequent schemes, lateral
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Scheme 2. The Key Steps of the Wessling Synthesis of PPV Scheme 4. The Key Steps in the Sulfinyl and Sulfonyl Routes
] Leading to PPV
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Scheme 3. Assumed Spontaneous Diradical Formation Process

in the Wessling Route, Which Is the Initiation Event for the P (,polarizable group*) = SO-Bu or SO,-Bu
Subsequent Radical Chain Propagation
i i has favored radical chain growth since ti{&r#8 To summarize,
2 ?:QZ? ce 'COC C@ the majority of available information supports 1,6-type radical
H " C’S\CH ’ c® cH H c® cH polymerization ofp-quinodimethane’ for the Wessling syn-
7 " s 3C|9 8 30|9 s thesis.

2.2. The Sulfinyl and Sulfonyl Routes.In contrast to the
of this groundwork, and guided by implications derived Wessling route, uncharged starting materidlsre used in the
therefrom, an appropriate standard Gilch procedure was definedsulfinyl and sulfonyl routes. Moreover, these starting materials
and the products obtained under these conditions were carefullyl0 are asymmetrically substituted in theiranda' positions:
analyzed. Subsequently, the effect of various reagents andthe halogen substituent X acts as leaving group while the sulfinyl
additives was addressed. Moreover, simulation studies wereor sulfonyl group P is introduced to polarize the benzylielC
carried out. On the basis of the collected information, the current bond (Scheme 4).
mechanistic understanding of the chain propagation has been Initially, Vanderzande et al. assumed that monomer activation
critically re-evaluated and consolidated explanations have beenproceeds analogously to what is known for the Wessling route,
derived for effects observed in the presence of additives. In i.e., via deprotonation of starting materigd first, followed by
particular, we address the question why there is such aelimination of leaving group X as a discrete second step. Also,
mysterious reversible gelation during that reaction under the he could provide experimental evidence of radical chain
usually applied reaction conditions. propagation of theg-quinodimethane intermediat2.3%40 As
the initiating event, dimerization of a small number of species
2. Gilch and Gilch-Related PPV Syntheses, Milestones of  12was anticipated, leading to dimeric diradica This overall
Mechanistic Perception picture of the mechanism is still valid today. The only minor
2.1. The Wessling Routeln this type of PPV synthesis, bis- ~ correction that was indicated concerned monomer activation:
cationic starting material§ are treated with sodium hydrox- ~ deprotonation of starting materid0 and elimination of the
ide 2425 Horhold could show that activation o proceeds  halogen leaving group X seem to proceed simultaneously here,
stepwise via deprotonation leading to ylide followed by maybe due to the absence of cationic sulfur which stabilizes
elimination of dimethyl sulfide in a second step (Scheme 2). the anion in the Wessling route. Nevertheless, in 1999, Vander-
The formedp-quinodimethane intermediaté represents the ~ zande came up with a surpri$the showed that high-molecular
active monomer and is polymerized in the subsequent chainweight polymers are formed in the polar, protic solvent
growth procesd® It was also Hohold who provided good  N-methylformamide whereas a bimodal molar mass distribution

arguments for 1,6-type chain polymerization @f but no is obtained in the polar, aprotic solveNtmethylpyrrolidone

decision was possible whether this process proceeds via radical§NMP). This observation led to the assumption that anionic and

or anions. radical chain growth occur in parallel in NMP. This interpreta-
Horhold's results were confirmed by Haftand Lahtt8 who tion was supported by further experiments where either water

verified stepwise monomer activation via hydrogelguterium or TEMPO was added to the entries in NMP: in the case of
exchange using CIDD/NaOCL3. Moreover, they could directly ~ water, the low-molecular weight part of the bimodal distribution
observe the-quinodimethand using low-temperature in situ ~ curve was missing while it was the high-molecular weight part
UV—vis and NMR spectroscopies. Later on, Wessling postulated with TEMPO. To conclude, the sulfonyl and sulfinyl routes

radical polymerization of7, initiated by dimeric diradical® proceed as radical chain growth processes under most synthetic
(Scheme 3%° conditions, but specific media seem to exist where radical and
In contrast to this, Lahti et a8 Garay and Len2? and anionic chain growth proceed simultaneously.

Hsiel?! reported results pointing toward anionic chain propaga-  2.3. The Gilch Route.In the Gilch synthesis of PPV, 1,4-
tion, while Hall et al*2 and, later, Lahti et a¥3-34realized that bis-(halomethylene)benzenésare used as starting materials.
polymerization also proceeds in acidic media but is suppressedDespite its early discoveyglucidation of the polymerization
when 2,2,6,6-tetramethylpiperidind¢-oxyl (TEMPO) is added mechanism was not a matter of publications for quite a long
as a scavenger. Also Cho et al., who first favored anionic chain time. Today, it is beyond question thptquinodimethaneg
growth3® revised his earlier interpretation of kinetic studies and represent the active monomers in the Gilch proé@3dyut the
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Scheme 5. Possible Reaction Pathways for Monomer Activation Scheme 7. Assumed Initiation of Anionically Growing Chains in

during the Gilch Synthesis of PPVs the Presence of Monofunctional Benzylhalogenide Additives 15
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Scheme 6. Assumed Initiation Events in the Case of Anionic
Chain Propagation during Gilch Syntheses experiments that anionic and radical chain propagation occur
H H o K® H o k® parallel or complementary: he verified that increasing quantities
('3:®:('3 fBu—0~ tBu_o_(';AQ,é,e of monofunctional benzyl compounds result in a systematic
i X i X decrease in yields and molar masses of the PPVs, but they
2 observed similar effects when scavengers such as 2gi-
butyl-4-methylphenol were presef#t?® Finally, there is also
@ strong experimental evidence of an exclusively radical chain
X H ° H H growth: Vanderzande et al. published convincing studies which
H=G ¢l + ?:<:>:? > can only be understood based on radical chain gré%vémd
H X H X their results are in excellent agreement with what we reported
14 2 o recently (Scheme 89722 This is that some of the-quin-
X HoH i K odimethane monomer8 dimerize spontaneously, leading to
H—?@?—?Oﬁ)le diradicals 18. These diradicals represent the initiators of
H X H X subsequent bilateral radical chain growth of tihe-macro-

diradicals 3* via 1,6-type addition of further monomei
guestion whether initial dehydrohalogenation of starting material Additionally, we have good reasons to assume that a significant
1 proceeds stepwise via aniodd, or synchronous via 1,6- number of recombination events are involved in the chain
elimination of HX, is still unsolved (Scheme 5). growth process: because,w-macro-diradicals3* are the

An essentially more controversial discussion is still ongoing 9growing species, radical recombination does not terminate chain
on the subsequent chain propagation process: some author§rowth, in contrast to conventional radical polymerizations, but
favor anionic polymer growth, others a radical mechanism. In leads back to another,»-macro-diradicaB*, which continues
the case of a hypothetical anionic polymerization, it is assumed Propagation further. Since there is also no way of chain
that initiation proceeds via attack of a nucleophile such as termination via disproportionation, in fact, the chain growth

KO'Bu or anion 14 to the p-quinodimethane monome2 should be essentially nonterminating in the absence of side
(Scheme 6). reactions and impurities. This mechanistic picture could be

corroborated by, for example, the tremendously high molar

The strongest argument supporting anionic chain propagation -
g g bp g propag masses found for these PPVs, far beyond one million, and by

was born from a general problem of Gilch syntheses: this is dvi itatively the eff ¢ X
the rapid (often reversible) gelation of the reaction mixture, studying quantitatively the effect of persistent 2,2,6,6-tetram-

correlated with partial insolubility of the formed polyméfs. ethylpiperidineN-oxyl radicals?* Moreover, [2.2]paracyclo-
Hsieh and co-workers observed that when monofunctional Phane-type cy(_:hc d'”?ers such &9 and20 were |dent|f|eql as
benzyl halogenide45 such as 4ert-butylbenzylchloride are the mqst promlnenF side product§ (Scheméoam conclgsmn,
added, gelation is retarded or even completely prevented andthere is strong evidence of radical chain propagation under

the degrees of polymerization of the formed PPVs are lowered Standard Gilch conditions, but there are also some serious
systematically}3%5 These findings were interpreted as an arguments around that might possibly support anionic chain

indication of anionic chain growth: it was assumed thais propagation. Nevertheless, the arguments for anionic chain
deprotonated, leading to carbanids, analogously to what growth are not particularly compelling and represent rather

might be the first step in monomer activatidh¢ 14, Scheme indirect proof while, on the other hand, even careful validation
5). However, sincel6 cannot undergo elimination of a halo-  ©Of current knowledge does not provide any suggestions of

genide from its 6-position (as is the case with see Scheme und_eniable_ conflicts with radical chain growth. Therefore_,
5), deprotonation 015 should result in an increased carbanion radical c_haln growth seems n_"nore_prob_able, but further studies
concentration. If so, larger numbers of growing anionic chains &€ required to really ascertain this point.

17 are the consequence, and these chains must have necessaril
lower average molar masses compared to those formed withou
additives. EXaCtIy this was assumed to be the reason for the 3.1. The Standard Gilch Procedure.For profound inves-

reduced, or even completely prevented, formation of gel in the tigation of both the mechanistic pathway of the Gilch polym-

. Results and Discussion

presence of species such ¥s erization process and the effect of additives, it is essential to
Other research groups supported the mechanistic pictureselect an appropriate standard procedure for the planned studies.
presented in Scheme 7: Ferraris et al. and Yin 4. Moreover, constitution, molar mass, and molar-mass distribution

interpreted decreasing PPV molar masses and multimodal molarhave to be analyzed precisely for the reference polymers formed
mass distributions in the presence of 4-ethoxyphenol and under these standard conditions. On the basis of what was known
polyethylene glycol, respectively, as indication of anionic chain from the literature as well as from our preceding studfe3
growth. Huang et al., on the other hand, concluded from their 5-methoxy-2-6-ethylhexyloxy)-1,4-bis(chloromethylene)ben-
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Figure 1. *H NMR spectrum, and (inserts) enlarged sections thereof, of a referencd®btained under standard conditions (measurement in
CDCl; at room temperature). The small absorptions point toward characteristic defect structures. For details, see text.

Scheme 8. Current Understanding of the Partial Steps in the Alternative Radical Gilch Polymerization, Proceeding via Growing
o,o-Macro-Diradical 3* Created by Dimerization of 2 Leading to Diradicals 18
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KO'Bu was used as the base, and dry THF was the solvent.
Standard monomer concentration was 10 mmot, land the
number of moles of used in an entry was defined as “1 equiv”.
With respect to that, 4 equiv of KBu were applied throughout
to ensure quantitative dehydrohalogenation of the starting
material and precursor polymer. Standard polymerization tem-
perature was 0C, and all reaction mixtures were stirred for 24
h. If an entry was gel-like after that time, stirring was continued
at room temperature for 1 more day. After that, the reaction

mixtures were poured into a large excess of methanol. The
precipitated polymer as well as all the material that remained
in solution were isolated for further characterization. Figure 1
shows a representativel NMR spectrum of a PPMb obtained
under these standard conditions. The observed broad and
unstructured absorptions are characteristic of the repeating units
of high-molecular weight PPV4 being predominantly in the
trans configuration: ab ~ 7.1 and 7.5 ppm, one observes the
phenylene and vinylene protons, &t 3.9 ppm those of the
O—CH, protons of the side chains, and abave= 2.0 ppm
there appears all other protons of the 2-ethylhexyloxy substit-
uents. Moreover, there are further absorptions of minor intensity
detectable at, for examplé,~ 2.8, 6.6, 6.76.8, and 6.9 ppm.
They underlie the existence of some defects within the chains
such as the well-known ethylene and ethinylene bridges or cis-
configurated vinylene¥*"1° The molecular weight of these
reference PPV¢ was determined using SEC. The values of
M, were typically of the order of (5x 10°)—(2 x 1(P) Da;
polydispersities were around 2:3.0.

The above standard conditions were used predominantly in
the following studies focused on the effect of additives on the
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Gilch reaction. However, to highlight specific details, or to added at various rates, in different quantities, and at different
valuate the robustness of an experimental setup, further PPVstemperatures to progressing Gilch reactions. Evaluation of these
4 were also prepared under slightly modified conditions: for studies led to the conclusion that all tested carbanions were
example, the concentration of starting matetialas decreased  deactivated immediately and quantitatively by #®eOH if there

(down to 5 mmol 1) or increased (up to 30 mmolt) or was a sufficient quantity of protic species available at the
conversions were carried out at room temperature GiIGASs respective time. NMR analysis of the PPV obtained under these

a general trend, it was found that the results obtained underconditions showed that the organolithium compounds did not
modified conditions were very similar to those found for the affect the Gilch polymerization in any respect. However, if the
standard procedure. The only really significant parameter was organolithium compounds were in excess with respect to the
concentration of starting materizd when this was increased, already formedBuOH at any time during the conversion, the
there was a clearly increasing trend toward gel formation, and reaction mixtures changed their color immediately from yel-
it took much longer to redissolve a gel fraction. On the other lowish-orange to deeply reddish-brown and ill-defined products
hand, when the concentration bfvas decreased, the yield of were obtained from the entry. These studies showed that all
polymer decreased. tested carbanions are much too reactive to induce regular chain
3.2. The Effect of Extra Protons or Carbanions.A central propagation, and it is reasonable to assume that the same applies
aspect which has to be taken into account right from the to th(_e hypothetlcgl carbanions residing at_the chaln_termlm of
beginning in any discussion concerning carbanionic chain 9°WINY PP\/ chams: Hence, already these Iflltlal studies allqwed
growth is that significant amounts of protic species are formed the conclusion that it is really hard to imagine that carbanions
intrinsically during every Gilch polymerization, even if the &€ _the decisive species in the Gilch process. Ne_vertheless, we
reaction is started under strictly aprotic conditions. This is d€cided to also analyze the effect of monofunctional benzyl-
because monomer activatidn— 2 as well as conversion of  halogenides, which is taken as the main support of anionic chain

precursor PP)3 into PPV4 proceed via dehydrohalogenation, growth by some authors.

converting successively the KB into'BuOH and KCI. Finally, i 33 Tlhi EﬁECt of Monofudncrt]ional Ber;zylhalogtlarl;ide AI?] |
2 mol of protic'BUOH are present per mole of starting material. 9!tVes. It has been reported that monofunctional benzylhalo-

Thus, the progress of the Gilch reaction is associated with agenideslS suppress gel formatiqn during the Gilch synthesis
tremendous increase in proton activity. Anionic chain propaga- of PPV, prevent appearance of insoluble polymer fractions and
tion, therefore, is only possible if the involved carbanions are syster_n?tlcaII¥ Lower th_e dPP¥ N m?lar_ m?lssff: Th%igm%ffects
highly inert toward protic species. A huge excess of protons is vAveret '? 3rplr)e € 33 atr:tln '_Cat lon o ar_non;tr:]_c amlgréq_m'l
already available after activation of only a small fraction of S stated above, dou “sex[s. co?cernln.g IS explanatiom
starting materiall, which is orders of magnitude larger than the other hand, if these “additives” really interfere with the Gilch
the hypothetical overall number of growing carbanionic chains; process as_cht_amlpally active species, t_he way they contrlb_ute
this can be verified easily by taking into account the average IS certam]y indicative of the understa_ndlng of ‘h‘? whole chain
molar masses of the formed PP¥sNevertheless, in order to propagation. It was therefore the next issue to verify the reported

make really sure experimentally that the polymerization mech- iegfngz t;‘;.sr?;'g\éis lfr?;ir g;? d:go(\:/gmstgndard é;or;?glons.
anism and the products formed right at the beginning of a Gilch unct zy geniaes, pou w

reaction do not differ from those at later stages of the conversion, ?I_ilgcﬁgr'g g(rj?jirdt?ncol\]/:rr] tiiggogdneri;ar}?grﬁfoag?g'xeeri?\f%m )
up fo 2 equiv of BUOH were added right at the beginning, res ):act tdl. Such ui?e large uangtiegs wereé lied t?) ensure
corresponding to the full amount dBuOH present after P ’ q ge q pp

complete conversion. As expected, almost no difference Wasperceptlble changes in process and/or products even if the effects

found in all these polymerizations with respect to the reference possibly induced by compounds are only weak.
syntheses carried out in the absence of extra alcohol: the

L . CHs H CHs H
polymerizations seemed to be slightly retarded, but once started, HC— Oé_H Hio—0 @»éﬂ_‘
the characteristic color of the PPV appeared very fast. Moreover, &, & S, B
gelation of the entries as well as redissolution of the formed 15a 15b
gels was observed, and the PPVs were obtained in the usual y H
yields of around 80%. Also, the NMR spectra did not indicate Hac—OOé—H Hsc—OOé—H
any difference compared to those of the reference PPVs. Only & Br
in SEC, minor variations were found: while the overall shape 15¢ 15d
of the distribution curves was unchanged, the average molar HsC—O
mass of the PPV samples produced in the presence of extra H
alcohol was slightly below what was found for the reference ¢H
PPVs. In combination with the slightly retarded start of the 15¢ Br
process, this might be interpreted as the consequence of a lower
rate of initial monomer activatiod — 2 caused by the extra In fact, the first experimental observations were in full

‘BUOH, but no evidence is found which supports a change of 5greement with the literature: significant reduction or even
the propagation mechanism. To conclude, this first set of ;omplete suppression of gel formation was found in polymer-
experiments did not provide any evidence of anionic chain j;aiion experiments when carried out in the presence of one of
propagation. these above additives. If some gel appeared, moreover, it clearly
Nevertheless, one might argue that the involved carbanionsredissolved faster and more completely. It also became evident
are sufficiently inert towar@BuOH. Therefore, in a second set that the efficiency of gel suppression depends not only on
of trial experiments, we studied the consequences of extraadditive concentration but more significantly on its substitution
carbanions of different reactivity when added very slowly to pattern: 4tert-butylbenzylchloridel5a was the less efficient
ongoing Gilch reactions: highly diluted solutions o, sec, additive within the tested series, high concentrations were
andtert-butyllithium as well as triphenylmethyl lithium were  required to achieve reliable gel preventiorntedt-Butylbenzyl-



Macromolecules, Vol. 40, No. 25, 2007 Gilch Synthesis of PPV: Anionic vs Radical Chai847

111 :

| ..1ng

{

), ) Jll * _‘_M“L-—A_J} | 'J.-': \H_

TR T T ' : : UL : . '
64 63 62 6.1 60 59 58 57
8 [ppm]

d [ppm
Figure 2. RepresentativeH NMR spectra of the reaction mixtures of . . el -
a series of Gilch reactions usirid as the starting material, carried ~ Figure 3. Sections of theH NMR spectra shown in Figure 2 of a
out in the presence of (A) 0.5, (B) 1.0, (C) 2.0, and (D) 4.0 equiv of Series of Gilch reactions usiri as the starting material, carried out

mrmethoxybenzylbromidé5e THF-ds, room temperature. An enlarge- N the presence of (A) 0.5, (B) 1.0, (C) 2.0 and (D) 4.0 equiv of
ment of the underlayed area is shown in Figure 3. m-methoxybenzylbromidel5e¢ measurement in THEs at room

temperature. The signal assignment is as follows:[2.2]paracyclo-
bromide 15b proved to be slightly more efficient, however, at phanel9b; @, [2.2]paracyclophane-eriz0b; M, [2.2]paracyclophane

the expense of decreasing polymer yield: only-30% of the ether22

theoretically expected PP¥ was formed while it was 70 . ) ) _ ) _ )

90% for entries without an additive. Much higher efficiency réaction mixtures did not contain any oligomeric PPV fractions
was found for methoxy-substituted benzylhalogenitigs—e: that bear the expected end groups.

even when added in small quantities, the reaction mixtures A further characteristic feature, often reported in the context
remained homogeneous solutions over the whole time of of anionic chain growth, is the systematic reduction of the PPV’s
conversion (for standard concentrationlyfor intermediately ~ molar masses with increasing amounts of monofunctional
formed gels redissolved soon upon further stirring (for a benzylhalogenidesl5. Therefore, all produced PPVs were
monomer concentration of 30 mmolt). On the other hand,  analyzed using SEC. Very surprisingly, and in clear contrast to
application of these additives was accompanied by an evenwhat has been published, there was no change at all observable
stronger decrease of polymer yield: PPVs were typically in the SEC elugrams depending on constitution or quantity of
obtained in less than 40% yield wher? equiv of a methoxy- 15 present during polymer synthesis, except some few entries
substituted additive were present. To conclude, monofunctional containing very large amounts dbc—e where the apparent
benzylhalogenide$5 are appropriate for tackling the problem molar masses were even higher. In all other cases, neither the
of gel formation during Gilch syntheses, and methoxy substit- maxima of the distribution curves shifted nor was their shape

uents clearly increase their efficiency. However, high efficiency modified in any respect. Instead, proper monomodal products
in gel prevention was directly correlated with decreasing were obtained. This result was not restricted to conversions at

polymer yields. 0 °C but could be reproduced for polymerizations at room
The next task was to analyze whether the PPVs formed in temperature and 6@ as well. This is in unbridgeable conflict
the presence of additives differ in any respect from PPVs  Wwith the concept of anionic chain propagation induced by
obtained without additives. The polymer end groups were of deprotonated5.
particular interest here: if deprotonat&8 acts as an initiator Since verification of these conclusions might have consider-
for anionic chain propagation, it must appear as a chain terminusable consequences, it was our duty to be absolutely sure of the
in the final polymer. However, the NMR spectra of PPVs latter point. Therefore, we improved the performance of our
produced in the presence &b were identical to the NMR experimental setup further: a series of polymerization experi-
spectra of the reference materials: there was absolutely noments was carried out in a glovebox usually reserved for block
absorption detectable that might correspontetébutylphenyl copolymer synthesis via living anionic polymerization, and very
or methoxyphenyl chain termini, even if the spectra were dry and degassed THézwas applied as the solvent to enable
enlarged considerably. One might argue that lack of those NMR characterization of the reaction mixtures without inter-
absorptions is due to very high chain lengths and vanishing mediate workup or contact with ambient conditions. Concen-
intensity of end group signals. Therefore, some PPVs were trated solutions (30 mmol )6 of starting materiallb were
fractionated by careful precipitation, and the low-molecular prepared, and 0.5, 1.0, 2.0, or 4.0 equiv of eith&d or 15e
weight fractions were analyzed once again using NMR. Even were added: these two additives were selected since they had
then, no indication was found of the expected additive-based shown the strongest effects in all previous experiments. Finally,
chain termini. Also, the methanol-soluble fractions obtained 4.0 equiv of KOBu were added to the vigorously stirred
when the formed PPVs were precipitated from the original solutions at room temperature. After that, it took less than 1

(@]
e
r
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Scheme 9. Ether Formation Is One of the Identified Side Scheme 10. Side Products Observed for Gilch Polymerizations
Reactions during Gilch Syntheses in the Presence of When Performed in the Presence of Additives 15 and an Excess
Monofunctional Benzylhalogenide Additives and Excess of of KO'Bu, Together with the Assumed Ways of Their Formation
KO'Bu R

- KBr

K
KB ' H,C CHX
CH
15¢ 21 H,C™ 2

&
min until the reaction mixtures had reached their final reddish- R 19
orange color, indicating very rapid polymerization which is
R -HX KOfBul- KX
R

CH CH X
[ (e «C—H
R ° o Q R Intramolecular  H,C CHX
+ Bu—0 K Recombination R
CH,-Br ——— > CHZ—O—tBu —_—
R

apparently finished within a few minutes. And also in full CHs
agreement with the preceding reactions carried out at high *¢—H R /é—CHa
monomer concentrations, all entries became gel-like within X C|) (|3H3
approximately 5 min: first those with lower quantities of 18 e CH H,GC CH
additive but slightly later also all others. Therefore, stirring at R R K R

room temperature was continued for 24 h. Within this period, e ox i Shx
one entry after the other changed back into a homogeneous 2 z

solution, strictly following the order given by the quantity of K K

additive present. Finally, the reaction mixtures were transferred 20 22

into tightly closing NMR tubes equipped with screw caps, and
full sets of NMR spectra were recorded. As a representative
example, the proton NMR spectra recorded for a series Itis obviously formed via substitution of one bromine substituent
containing 0.5, 1.0, 2.0, and 4.0 equiv wfmethoxybenzyl- of [2.2]paracyclophan&9b by a'BuO~ moiety.
bromidel5eare shown in Figure 2. In all spectra, one can easily = How can we interpret the changing composition of the various
identify the broad and unstructured absorptions of PRV  product mixtures as a function of the added quantity of additive
Moreover, the intense and well-resolved absorptions of un- 15? Here, it is worthwhile analyzing the relative rates of the
changedl5eare also visible as well as those of one additional involved processes: there are two classes of reactions when
derivative thereof. Comprehensive NMR analysis led to the Gilch reactions are performed in the presence of addithés
conclusion that this second additive-based species is the ethesome reactions are very fast, others significantly slower. One
21, which is formed via conversion df5ewith excess K@Bu, of the fastest conversions is dehydrohalogenation of starting
as shown in Scheme 9. materiall. This is evident, for example, because no indication
The relative amounts df5eand its ether derivative1 change could be found of remaining starting materiain any of the
systematically with increasing amounts of additive present in NMR spectra recorded in the course of these studies. Moreover,
the respective reaction mixture: when only 0.5 equivl6& chain propagation o2 leading to precursor PPX as well as
was added, it is almost quantitatively converted into the ether cyclodimerization of2 leading to paracyclophanes suchl®s
21, while with increasing quantities af5e more and more are also very fast processes, certainly finished within the first
benzylbromide remains unchanged. Obviously, there is insuf- few minutes under the applied conditions. Last but not least,
ficient KO'Bu present in the latter cases to achieve complete dehydrohalogenation of the intermediate precursor PRX
etherification ofl5e leading to the final PPV4, must be assumed to be of a
For the next step, let us ignore the absorptions discussedcomparably high rate. This is because in all NMR spectra,
above. If so, further series of well-resolved signals remain in whenever recorded in the course of a Gilch reaction carried out
the spectra, especially in the rangedof= 5.6-6.5 ppm. For in the presence of sufficient quantities of KD, we could never
more convenient visualization, Figure 3 shows an enlargementfind absorptions indicating remainingCHX—CH,— bridging
of the most relevant sections of thd NMR spectra shown in units within the formed polymers.
Figure 2. In addition to the four fast reactions, there are at least three
Some of these absorptions seemed well-known from previous slow processes. The first (and presumably fastest in this series)
studies?®23 others were obviously new, resulting from still is etherification ofl5 by excess K@u, which is left over from
unidentified species. Moreover, it was also evident that the dehydrohalogenation df and 3.52 The second is dehydroha-
intensities of all these latter signals change systematically with logenation of [2.2]paracyclophan&9. This reaction seems
changing amounts of additive. Therefore, a careful analysis washampered compared to dehydrohalogenatioh anhd3 due to

a: X=Cl, R=0CgHq7, R =0CH3, b) X=Br,R=R"=0CgHy;

carried out in order to safely assign all these absorptions. considerable ring strain already existingli® which is further
Comprehensive analysis of the, 13C, and 2D NMR spectra  increased by this elimination event leading20 due to the
led to the conclusion that for 4.0 equiv d%e [2.2]paracyclo- shorter G=C double bond. The third slow reaction is etherifi-

phanel9b is the dominant side product (absorptions assigned cation of 19. This reaction might compete with dehydrohalo-
by O in Figure 3). Moreover, there is a minor fraction of [2.2]- genationl9— 20, or it might be the indicated reaction pathway
paracyclophane-en20b (®) formed under these conditions, for isomers of19 which have an inappropriate configuration
presumably via dehydrobromination of that fraction X8b (1,24rans-dihalogenide) for dehydrohalogenati®iiTherefore,
which has the required configuration at its CHBEHBr bridge. the latter two reactions of the paracyclophanes can take place
With decreasing amounts @be the intensity of the signals of  to a significant extent only if K@Bu is left over after Gilch
[2.2]paracyclophan&9b decreases, while that of [2.2]paracy- synthesis and conversion b5 into its ether. Moreover, further
clophane-en20bincreases. Moreover, a third set of absorptions small absorptions in the spectra also seem to correspond to
appearsM). The compound causing these new absorptions was paracyclophanes, presumably additional isomers. However, a
identified to be the [2.2]paracyclophane etB2b (Scheme 10). precise constitutional analysis was not possible in those cases
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1,07 significant side-reaction of the-quinodimethane monomegs

0,9 is cyclodimerization leading to [2.2]paracyclophariesand
g 0,81 derivatives thereof. Fourth, it is also evident now that additives
S 074 15influence neither directly nor indirectly the chain propagation
é 061 event: average chain length, polydispersity, and in particular
5 051 the molar mass distribution are very sensitive toward any change
E 0.4 in chain-growth conditions, but the additives clearly change
8 43l neither the initiation event nor the concentration of active
3 0’2_ monomers2 in the relevant phase of the Gilch reaction. Also,

0‘1_ concentration of growing chains, propagation mechanism, and

' e termination process remain unaffected. Fifth, the only identified
00 1000 10000 100000 1000000 AET chemical reaction of additiveis is etherification via conversion
with excess K@Bu. However, this process is much slower than
Molar Mass all other reactions found during the Gilch reaction, i.e.,

Figure 4. Molar mass distribution curves measured for Gilch PPVs dehydrohalogenation processés— 2 and 3 — 4, chain

e e hon o o sty malops,  Propagation2 - 3, and cyclodimerizaior? — 19 These
reactions are finished long before etherificationléffollows.
These findings ultimately disprove the role of monofunctional
benzylhalogenide additives as initiators of carbanionic polym-
erization of 2. Decrease of the PPV’'s chain length with
increasing quantities of additivd®, as was reported by other

In addition to the composition of the product mixtures, further groups, has to be traced back instead to impurities present in

relevant information can be derived from the NMR spectra, such these monofunctional benzylhalogenidés.
as the yield of polymer formed in the respective entry. With ~ 3.4. The Gelation Mystery.Everything would be fine now
knowledge of the constitution of all major side products, if there were not these two mysterious, but experimentally
comparison of signal intensities allows estimation that the yield clearly verified, modifications in the presence of increasing
of PPV drops down from roughly 70% for 0.5 equiv tieto amounts of additive45, i.e., suppression of gel formation (or
40% for 4.0 equiv ofl15e Vice versa, the quantities of its accelerated redissolution) and higher amounts of [2.2]-
paracyclophanes increase with increasing amounts of additiveparacyclophane byproducts. First of all, we should emphasize
from 30% to approximately 60%. This finding is in full  that there is clear evidence that gelation is not due to chemical
agreement with our initial studies where a very similar decrease crosslinking but must rather be a purely physical phenomenon.
in polymer yield was observed with increasing quantities of The most remarkable support of this statement is provided by
methoxy-substituted additivekb. the fact that the gel, once formed in the reaction mixture,
Finally, it was of interest whether there is any change of molar redissolves even at low temperatures®(® and in the dark
masses and/or molar mass distributions of the PPVs formed inupon prolonged stirring. Under these conditions, it is hard to
the deuterated solvents and caused by the addifiasnder imagine a chemical reaction that might be able to lead back
the highly inert glovebox conditions. Therefore, representative from a chemically crosslinked state to a homogeneous solution.
parts of the obtained reaction mixtures were added to a largeMoreover, as we could show, the gel suppression effect provided
excess of methanol, and the precipitated PPVs were analyzeddy additivesl5is not due to lowering the molar masses of the
using SEC. Figure 4 shows the SEC plots for the series whereresulting PPVs. Also, simple dilution is certainly not an
them-methoxybenzylbromidé5ewas used as the additive; the —appropriate explanation: if so, the efficiency of an additive in
corresponding SEC traces obtained in the case of addifide suppressing gel formation, and also the extent of cyclodimer-
were almost identical. As it became evident from these ization leading to [2.2]paracyclophanes, must not depend on
measures, it is a nicely consistent result that for both additives, the constitution of the respective additivé8y (15ab) vs
15dand15e almost all SEC elugrams coincide exactly, as was methoxy (5¢—e€) in this study]. The only reasonable explanation
also the case before in the conventional lab experiments: thereof both effects which we can provide so far points toward (i)
is neither a decrease in average molar mass nor any relevanstrong attractivest—s, donor-acceptor or dipolar) interactions
change in the molar mass distribution curves caused by thebetween additive molecules and chain segments, leading to
additives. On the contrary, for the highest added quantities of preferential solvation of the polymer chains by the additive
additives (4.0 equiv), the SEC curves are slightly shifted to even molecules, and/or (ii) retardation of the macromolecular dehy-
higher molar masses, in contrast to what was expected basedlrohalogenation reactioB — 4. Why should these effects be
on the current understanding of the effect of these additives. in operation here? This is because, in contrast to conventional
All together, therefore, these glovebox studies fully supported polymerization reactions, the PPV chains are formed in very
what we had established before in the other Gilch experimentshigh molar masses and additionally have coil dimensions and
under “conventional” conditions. entanglement densities far away from the equilibrium state
To conclude, there is now a nicely consistent picture available immediately after their formation. This is presumably effected
of what the consequences are of the presence of additives by the extremely rapid chain propagation, which includes regular
during the Gilch process: first, there is certainly no direct 1,6-type radical monomer addition steps as well as polyrecom-
incorporation of additive fragments into the PPV chains. Second, bination events of the growing,w-macro-diradicals. Moreover,
there is no other chemical modification observable for the immediately after this very rapid chain growth, which especially
formed PPVs: constitution, configuration, and all detectable does not consider preferred coil dimensions and entanglement
defects in the formed PPV chains remain unchanged with respectdensities in later states, the PPX intermedi@asmdergo the
to the reference PPVs. Third, the same applies to the byprod-final dehydrohalogenation step. This macromolecular elimination
ucts: irrespective of the presence of additiiEs the only reaction is very rapid as well, according to preliminary studies

because of their small quantities, which would require chro-

matographic enrichment. As this effort seemed unnecessary for
the purpose of this work, this time-consuming procedure was
not carried out.
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it is not much slower than the chain growth itself, and converts Scheme 11. General Reaction Scheme for the Anionic Mode of

the rather flexible PPX3 into an only semiflexible and rather Polymerization Leading to PPVs
rodlike PPV specied. It is immediately evident that the chain X H ax-d

. . . . _ : X=Br
and segment motions of these very high-molecular weight H ?O? H ¢ X= S (CHy)
polymers cannot follow these tremendously rapid changes by H 1 X d X=2 (CHz)i
adapting the overall shape instantaneously, and a much too high e: X = SO,CHs
entanglement density survives the polymer formation, in +KOBu| @ f:X=SOCH;
particular when the polymerization was carried out at high "Buo“l
concentration and without stirring (introduction of momentum). X H ° H H
_l\/Iacros_cop|caIIy, this temporarily physically crosslinked system H_éOé,e A c|:<:>:c':
is manifested by the appearance of a gel state. Subsequently, H X H X
de-entanglement processes proceed up to an extent which is in 14 2
accordance with thermodynamics, and the homogeneous solution
is formed again. Without extra support (heating, stirring,
additives), this needs a considerable amount of time in the highly
viscous systems and this is why prolonged stirring and
(sometimes) heating is required to achieve a polymer solution X oo H
again. On the other hand, the rate of de-entanglement is certainly H—?O?—(ﬁ CI® —=» PPV
a function of chain dynamics and segmeségment interaction H X C X 4
at the molecular level, and these two parameters might be head-to-tail

addressed by additives such &8 They might weaken the ) o
otherwise strong segmensegment interactions in the high- 1~ 2is an Be,two-step process, composed of initial individual
molecular weight chains, replace them at least partially by deprot.onatlon anq subsequent dehalogenatlpn events. Eor the
segmentsolvent contacts, and moreover they might retard, at Wessling route, it could _be sh_own that t_hls option exists.
least to a certain extent, the conversion of the flexible PPX However, the corresponding anion has neither been reported
precursor3 into the only semiflexible and thus much less for the Gilch reactior_l itself, nor for othe_rGiIch-reIateo! processes.
dynamic PP\4. This explanation is supported by the reproduc- Therefore, it was of interest whether S|muIaF|on studle§ also lead
ible observation that gel formation can be prevented efficiently t0 the conclusion that dehydrohalogenation lofeading to
without additives when the reaction mixtures are vigorously P-duinodimethan@ is a concerted Eprocess. In a first attempt
stirred, using mechanical stirrers instead of magnetic bars, whilet0 model the anionic mode of polymerization (Scheme 11),
in the opposite case, when the reaction mixtures are not stirredwe focused on the features of the anionic intermediste

at all, as in the case of conversions in NMR tubes, the formed However, all attempts to fully optimize its molecular geometry
gel is very hard to redissolve. Moreover, the additives might PY @b initio (HF/6-311G(d)) or DFT methods (B3LYP/6-311G-
support closer chain conformations, which additionally support (d)) resulted in spontaneous loss of the corresponding halide
de-entanglement processes. The same effect might also be th@nions and formation of the neutral-substituted p-quin-
reason for the clearly increasing amounts of cyclodimerized °dimethane2 only, without any apparent transition barrier at
products with increasing quantities of additives: they might all. This behavior proved to t_)e mdependgnt of various initial
increase the probability of assuming the (otherwise energetically Structures as well as the quality of the basis sets (6-311G(d) vs
unfavorable) stacked conformation 18, which is required for  6-31¥+G(d,p) and aug-cc-pVTZ) used. Even the latter very
ring closure. Clearly, these explanations are still rather specula-arge basis set calculations uniformly resulted in barrier-free
tive and will require further verification, but to the best of our dissociation.

knowledge they represent the only consistent rationalization of _ AS Solvent effects may be considered crucial to the stabiliza-
the full set of experimental information obtained in this as well tion of the highly polar anionic intermediates, we have included

as in many previous studies. Therefore, we believe it is Solvents of different polarity (toluene, THF, GEN, and
worthwhile mentioning these considerations and conclusions PMSO) by polarizable continuum models in the electronic
even if they were not the main focus of the present study. structure calculations. Despite these refinements, no optimized
imulati di he ab i | | and stable geometry df4ab could be obtained in any case.
3.5. Simulation Studies.The above experimental results | qi04q all models resulted in an essentially unchanged process
clearly disprove any anionic chain propagation in the Gilch

of spontaneous dissociation. Additionally, all attempts to
synthesis. What precisely is the reason for that, and why do P y b

! ' > , characterize stable intermediates emerging from the direct
not we f|'nd. syde products pomtlng t.oward fat Ieas'g aminor extent 4nionic coupling ofl4ab and2ab (Scheme 11) with different
of anionic initiation steps in the oligomeric fractions? In order

! T StErs h modes of regioselectivity (head-to-tail and head-to-head) or
to gain a deeper insight into these questions, the relevant stepgpatial arrangements (gauche and trans orientation of the phenyl
of initiation were additionally analyzed by means of computa- yings with respect to the central carberarbon bond formed)
tional simulation studies. failed. Invariably, all configurations displayed the pronounced
In the absence of monofunctional benzylhalogenide additives tendency toward loss of one halide anion at varying positions
15, there are two possible ways of creating initiating carbanionic depending on the mode of coupling. In any case, we were not
species. These are in addition to B0 as a nucleophile to the  able to identify a single stable anionic intermediate, nor any
active monomeR and deprotonation of starting materia{see corresponding transition state for the anionic mode of the Gilch
Scheme 6). In the presence of additives e moreover, there  polymerization. In this context, we looked specifically at the
might be additionally deprotonated specl€ésvhich act as extra  initial mode of deprotonation dfa by KOBu. In Figure 5, the
anionic initiators (Scheme 7). The apparently simplest way of configurations of the starting materials and the products, along
forming carbanions is deprotonation of starting matefial  with the transition statda* connecting both configurations
without simultaneous elimination of the halogenide leaving la — 2a are depicted. Although the chlorine atom is still
group. This process, however, requires that monomer activationbonded to the carbon atom in the transition state with an only
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AH = +17.4 AH° =-19.8

AG =+200 AG® =-27.0

Figure 5. Reaction coordinate modeling of the deprotonation of 1,4-bis(chloromethyl)bebadyeert-butanolate (left, starting materials; center,
transition state; right, products). The tpe mechanism results in the simultaneous formatiéBu®H, the chloride anion, and tipequinodimethane

2a (all structures B3LYP/6-311G(d); energies in kJ mialelative to the starting materials); similar results were obtained with larger basis sets
(B3LYP/6-31H-+G(d,p) and B3LYP/aug-cc-pVTZ), though the exact zero-point energy (ZPE) corrected energies were not determined in these
cases.

slightly increased bond length of 1.918 A as compared to 1.841  Although the primary addition oftert-butanolate top-
A in the initial geometry, it is continuously removed im- quinodimethan&a is exothermic, this bimolecular process is
mediately after surmounting the energy barrier, until finally the calculated to be slightly endergonic at room temperattN(@-§icq

chloride aniontert-butanol, and the-quinodimethanea are ~ +8 kJ mol?l, despite the aromatization of thesystem,
formed. Figure 6) with an activation barrier of abotiG* ~ +80 kJ
Summarizing, it must be concluded that the initial formation MOl in THF (solvent used in the computational model).
of p-quinodimethane from the starting materialsby reaction ~ However, on the basis of the computational results, the process
with KO'Bu does not represent a stepwisaeE(or Ey) is surmised to be followed by a rapid protonation step of the

elimination but must follow a concertec, Bype mechanism. re§ulting anion. byB_uOH, which is al§o present ir) the reaction
Obviously, any putative anionic species proved unstable under Mixture, resulting in an energy gain of approximately 40 kJ
the conditions considered here, and only inert solvents of high MOl The same result was already anticipated on the basis of
polarity — solvent molecules may even have to be included the_ relat_lve |Ka_values (see discussion above) of the benzyl
explicitly rather than by continuum models in the structure halides in relation tdBuOH, and the overall process would
calculations, which, in turn, become prohibitively expensive ~ correspond to a 1,6-addition dért-butanol to thep-quin-
may contribute to the stabilization of anionic intermediates. °dimethane. In summary, this protonation step would lead to
Obviously, the formation of the halide ions represents a major Very rapid deactivation of the corresponding anions, thus

driving force for the process of generating thequin- effectively preventing the anionic mode of polymerization in
odimethanes. the presence of excess protic species, which is clearly not the

- case for the Gilch process.

It should be noted that we have seen a s_lmllar tendency |, the presence of monofunctional benzylhalogenit&sa
towa:jd spogtfaneoui fragljrtr)l_enta'flfon_for altTmat'VeSfEV PreCUr special option of anionic chain initiation is carbanion formation
iors de”\éi Cﬁm Fidenﬂ IS-su or;]lum salts X —S( ';;3)f2 by deprotonation of the additive leading 16. In the light of
b'c an If_ I( _2)4 ). owever,bt_ e al?_lorlls gEnerate 'OM  the above results, the corresponding anions are certainly not

is-sulfonyl (X= —SQ,CHs, 1¢) or bis-sulfinyl (X = —SOCH, stable in the presence of alcohols but would undergo rapid
17) SUbS““!teF’ benzene derlvatlyes.proved to t?e more stable, o cfivation by excegsert-butanol. In total, the computational
and an anionic type of polymerization mechanism cannot be

luded f h i 4 PPV results must be interpreted such that no supporting evidence
excluded from the corresponding precursors routes towar Stould be obtained for stable anionic species as active polym-

An alternative way for carbanion formation is direct attack erization reagents in the mechanism of the Gilch process. To
of KO'Bu to thep-quinodimethane monomér Of course, this conclude, the simulation studies as well are in clear conflict
process is highly improbable from the energetic point of view, with any relevance of anionic chain growth, not only for the
and no evidence of its occurrence has been found so far.standard Gilch process but also for those carried out in the
However, one might argue that the associated aromatization ofpresence of additives or in usual solvents.
the p-quinodimethane motif bridges the gap in energy and that ]
there might still be a finite probability of addition of KBu to 4. Conclusions
the p-quinodimethane2. This process was therefore also From the studies reported in this paper, the key conclusions
simulated, and the associated energies were calculated. are the following: (i) addition of extr8BuOH to the reaction
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Figure 6. EnergiesAH andAG (298 K) for the reaction op-quinodimethan®a with tert-butanolate; all B3LYP/6-311&+(p,d) ZPE corrected
energies in kJ mot (solvent: THF represented using the polarizable continuum model).

mixture of a Gilch synthesis right at the beginning changes driven by conventional 1,6-type monomer addition to the radical
neither the process nor the obtained products; (ii) extra carban-chain termini. It is superimposed to a certain, not yet quantified,
ions, when added in the course of a Gilch reaction, are either extent by polyrecombination events of thg»-macro-diradicals
destroyed immediately by the protBuOH already existing or, 3* which do not terminate individual chain growth due to their

if added in excess with respect to available protic species, diradical character, in contrast to conventional radical polymer-
destroy starting materials, intermediates, and products involvedizations. One consequence is the very high molar mass that can
in the regular Gilch synthesis; moreover, (iii) the reported be achieved by the Gilch synthesis; another consequence is
suppression of gel formation during Gilch syntheses in the obviously that the chains are very highly entangled immediately
presence of monofunctional benzylhalogenide addithfesould after their formation. This presumably gives rise to the frequently
be verified, but (iv) increasing amounts &b correlate with observed gelation of the reaction mixtures during the Gilch
clearly lower vyields of PPV. A corresponding increase of reactions which is obviously purely physical crosslinking due
cyclodimerization was observed (up to 60% overall yield!), tothe numerous entanglements and additionally due to the final
leading to [2.2]paracyclophanes. (v) NMR spectra of products additional stiffening of the very long chains via the macromo-
and byproducts are nearly identical for polymerizations with lecular elimination process PPX — PPV 4. Therefore, de-
and without additivedl5, and, very remarkably, (vi) there is  entangling needs much more time than usual, and this gelation
(almost) no dependency of the molar masses and polydispersitiess thus found to be maintained over longer periods of time. In
of the PPVs on the quantity and efficiency of the monofunctional this respect, the effect of the benzylhalogenide addithes
benzylhalogenide additivels. (vii) According to the theoretical obviously that of a preferred solvent, which weakens the
analysis, and in full agreement with our experiments, it is segmentsegment interactions of the polymers and thus supports
reasonable to assume that the process of activation of startingde-entangling. Moreover, they might additionally slow down
material,1 — 2, is an k type elimination. Thus, no indication  the final conversion3 — 4 to a certain extent, thereby
was found toward the existence of any stable anion in the additionally supporting increased chain mobility. In agreement
theoretical analysis either. The driving force for the appearance with these explanations, increasing quantities of [2.2]paracy-
of such a carbanion might be the formation of KCl and KBr, clophane side products were found for increasing quantities,
but the acidity of théBuOH is clearly higher than that of the  and increasing gel-prevention efficiencies, of the additi/gs
benzylhalogenides. (viii) Fully in line with that, the addition of ~Clearly, these interpretations require further verification. Nev-
BuO™ to thep-quinodimethane also has an insufficient driving ertheless, to the best of our knowledge, the picture presented
force according to the theoretical calculations, despite the here is the only one available so far which does justice to all
associated aromatization of thequinodimethane moiety. The  experimental findings known so far.

reaction’s driving force was sufficient only when protonation
of the hypothetical carbanion was additionally included in the

calculations. However, the corresponding products were neverAcros, Aldrich, and Strem and used without further purification.

observed in practice. _ _ . General procedures were as described recéhtly. THF-ds was

To conclude, it is not possible to formulate a convincing pyrchased from Deutero GmbH, Kastellaun, Germany, and used
process leading to carbanions in the Gilch synthesis of PPV. g5 received.
Hence, anionic chain growth certainly does not play a role here. 5.2, Methods.NMR spectra were recorded using a Bruker ARX
Instead, the process is a radical chain polymerization, mainly 300 NMR spectrometer working at 300 MH¥#H NMR) and 75

5. Experimental Section
5.1. Materials. All chemicals and solvents were purchased from
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MHz (3*C NMR) and on a Bruker DRX 500 NMR spectrometer
working at 500 MHz H NMR) and 125 MHz {3C NMR). ¢ values
are given relative to tetramethylsilane as the internal standard.
5.3. General Procedure for Gilch Reactions.Under an
atmosphere of nitrogen, starting matefigP00 mg, 10 mmol %)
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(17) Roex, H.; Adriaensens, P.; Vanderzande, D.; Gelaiadromolecules

2003 36, 5613.

(18) Johansson, D. M.; Theander, M.; Srdanov, G.; Yu, G.; liga@sa

Andersson, M. RMacromolecule001, 34, 3716.

(19) Johansson, D. M.; Wang, X.; Johansson, T.; Ifiga@; Yu, G.;

Srdanov, G.; Andersson, M. Rlacromolecule2002 35, 4997.

is dissolved in dry and degassed THF (sometimes fully deuterated (20) Wiesecke, J.; Rehahn, Mingew. Chem., Int. EQ003 42, 567.

THF was used, see text). AtC, 4 equiv of KOBuU, dissolved in
dry THF (3.3 mol %), is added at once. Stirring at T is
continued for another 4 h. Subsequently,
allowed to warm up to room temperature and to stir for another 2
h. The obtained solution is poured into methanol. The formed solid
is collected and dried in vacuum. The methanol solution is also

(21) Wiesecke, J.; Rehahn, Mlacromol. Rapid Commur2007, 28, 78.
(22) Wiesecke, J.; Rehahn, Mlacromol. Rapid Commur2007, 28, 188.

he r ion mixture is (23) Schwalm, T.; Rehahn, Macromolecule007, 40, 3921.

the reactio ture j (24) (a) Wessling, R. A.; Zimmerman, R.G. Polyelectrolytes from Bissul-

fonium Salts. U.S. Patent 3,401,152, September 10, 1968. (b) Wessling,
R. A.; Zimmerman, R.G. Polyxylyidene Articles. U.S. Patent 3,706,-
677, December 19, 1972.

carefully rotoevaporated and then dried. Without additives, the yield (25) Kanbe, M.; Okawara, Ml. Polym. Sci., Part A: Polym. Chert968

of PPV is around 70%4@) and 80% 4b). In the presence of

6, 1058.

additives, it may drop down to less than 40%, depending on the (26) Harhold, H.-H.; Palme, H.-J.; Bergmann, Raserforsch. Textiltech.

constitution and the quantity of the additives. Spectroscopic data
of the obtained polymers and oligomeric fractions are as described

in the text and a recent publicatié®r.23
5.4. Calculation Methods.Ab initio and DFT (B3LYPy154
computations were carried out using the Gaussiat 83ite of

1978 29, 299.

(27) Hatch, M. JJ. Org. Chem1969 34, 2133.

(28) Lahti, P. M.; Modarelli, D. A.; Denton, F. R.; Lenz, R. W.; Karasz,
F. E.J. Am. Chem. S0d.988 110, 7258.

(29) Wessling, R. AJ. Polym. Sci., Polym. Symp985 72, 55.

(30) Garay, R.; Lenz, R. WMakromol. Chem. Suppl989 15, 1.

programs. All structure setups, analysis protocols, and molecular (31) Hsieh, B. R.Polym. Prepr. (Am. Chem. Soc.,:DiPolym. Chem.)

graphics were prepared using the MolArdltility. 56 All electronic
structure calculations employed the 6-311G(d) bask Zainless

1991, 32 (3), 169.
(32) Brandt, M. W.; Mulvaney, J. E.; Hall, H. KMacromolecules 988
21, 1553.

stated otherwise in the text. Solvation effects were included by the (33) Denton, F. R.; Sarker, A.; Lahti, P. M.; Garay, R. O.; Karasz, B.E.

polarizable continuum model (PCM) for solvents of different
polarity: toluene € = 2.4), THF ¢ = 7.6), CHCN (¢ = 36.6),
and DMSO € = 46.7)3° All stationary points identified (energy

minima vs transition states as first-order saddle points) were verified (35)

by thermal frequency analysis. All calculations were performed on
AMD Opteron 846 based 64-bit Linux computer systems of the
Frankfurt Center for Scientific Computing.
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