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Abstract

A detailed investigation into the role of initiator structure, the presence of an

initiator, and basicity of the non-nucleophilic base in the chain-growth con-

densation (CGC) synthesis of poly(N-octyl benzamide) was conducted. A series

of phenyl ester dimethyl amide initiators with different leaving groups were

synthesized and used in the CGC preparation of poly(N-octyl benzamide).

Additional polymerizations were conducted without the presence of an initia-

tor and with different non-nucleophilic bases. Kinetic studies, along with

nuclear magnetic resonance spectroscopy and gel-permeation chromatogra-

phy, were used to determine progress of the reaction, molecular weights, and

molecular weight distributions. The experimental and computational results

demonstrated that initiators containing electron-withdrawing substituent phe-

nyl esters, such as the p-nitrophenyl ester, and electron-withdrawing carbonyl

character on the parent benzoate produce polymers with controllable molecu-

lar weights and narrow molecular weight distributions. Whereas, initiating

species that contain electron-donating character on the benzoate backbone,

such as dimethylamino and methyl ester groups, produce polymers that resem-

ble the results from reactions involving no initiators at all, indicating poor

polymerization control.
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1 | INTRODUCTION

Chain-growth condensation (CGC) polymers are a rela-
tively new class of polymers that have allowed for the
preparation of traditional step-growth polymers with new
functionalities, while also providing control over molecu-
lar weight and end group chemistries and producing
polymers with narrow molecular weight distributions.[1]

These improvements provide the opportunity for the

preparation of materials that have historically, not been
possible using traditional step-growth methods. One such
example is aromatic polyamides. Using the CGC process,
aromatic polyamides with controlled molecular weight,
narrow molecular weight distributions, and complex
architecture, including block, hyperbranched, star, and
comb copolymers, have been synthesized.[2]

The theory behind the CGC process has been exten-
sively reviewed by Yokozawa and coworkers.[1–6] The
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main concept behind the CGC preparation of aromatic
polyamides involves nucleophilic acyl substitution at the
ester substituent end group of the growing chain. The lit-
erature proposes that control over the polymerization is
achieved when the reactivity of the ester substituent on
the monomer is much less than the reactivity of the ester
on an initiator or the growing chain, causing polymer
growth to occur only at the chain end, after initiation.[3]

It is argued that the decrease in reactivity of the mono-
mer's ester group is obtained when the deprotonated
amine donates negative charge into the ring, deactivating
the para ester substituent. This deactivation is explained
by a decrease in the electrophilicity of the carbonyl car-
bon from the shielding nature of the electron-rich ring.

It is well understood in more conventional controlled
polymerization techniques, such as living radical poly-
merizations, that control over molecular weight and nar-
row molecular weight distributions occur when initiation
is fast relative to propagation, in addition to reducing ter-
mination processes.[7] This also applies to CGC systems
when attempting to obtain optimum control over the
polymerization. As such, it is evident that an initiator
with an ester group that is more reactive than the propa-
gating polymer chain is required to produce well-defined
polymers via the CGC process. This concept was particu-
larly evident in the recent work from our group that
examined the effect of monomer structure on the kinetics
of CGC polymerization in the preparation of poly(N-octyl
benzamide)[8] This work demonstrated that the reactivity
of substituted phenyl 4-octylaminobenzoate monomers
dramatically increased, when the monomer contained an
electron-withdrawing phenyl ester group as the leaving
group in the nucleophilic acyl substitution reaction to
add monomer to the polymer chain end. However, when
polymerizing these reactive monomers, it was observed
that control over the polymerization was decreased when
using conventional initiators for CGC systems. This loss
of control was attributed to competition between the con-
ventionally accepted initiation mechanism for CGC and a
self-initiation process due to the enhanced reactivity of
the monomer.

As such, a thorough understanding of the initiation
process and factors influencing the self-initiation process
is critical. Despite this, the reactivity of deprotonated
monomer in solution with itself has received little atten-
tion, with only one study where self-initiation was inves-
tigated by employing a premade self-condensed dimer as
an initiator using the CsF activation method.[9] Results of
this study show that dimers do behave like initiators
(or growing polymer chains) due to the amide linkage
between the monomers not reducing the reactivity of the
ester group despite the presence of a deprotonated amine.
Therefore, this process could be a plausible mechanism

for describing the self-initiation observed when using
very reactive monomers.

This study investigates how monomers with more reac-
tive ester substituents do not follow the accepted theory for
monomer deactivation in the CGC process. To examine
this, three substituted phenyl 4-octylaminobenzoate mono-
mers, with different ester-leaving groups, were synthesized
and exposed to CGC polymerization conditions without
the addition of an initiator. In addition, a series of initiators
with different ester-leaving groups were also synthesized
to investigate the effect of the initiator activity on control
over the polymerization and the role of the basicity of the
non-nucleophilic base on the initiation process was also
studied.

2 | EXPERIMENTAL

2.1 | Materials

Lithium 1,1,1,3,3,3-hexamethyldisilazide (LiHMDS, 1.0 M)
in tetrahydrofuran (THF), lithium diisopropylamide
(LDA, 1.0 M, THF), dimethylamine solution (2 M, THF),
triethylamine (>99.5%), thionyl chloride (SOCl2, >99.5%),
anhydrous dichloromethane (DCM) (stabilized with
50–150 ppm amylene, >99.8%), octanal (99%), sodium
triacetoxyborohydride (97%), 4-(dimethylcarbamoyl)benzoic
acid (98%), 4-nitrophenol (99%), p-toluic acid (98%),
dimethylformamide (DMF, anhydrous, 99.8%) and MgSO4

were purchased from Sigma Aldrich. Acetic acid, sodium
bicarbonate, sodium hydroxide, and ethyl acetate were pur-
chased fromMacron. Ammonium chloride (99.9%) was pur-
chased from Baker Scientific and methyl 4-aminobenzoate
(98%) from Alfa Aesar. 4-N,N-dimethylaminopyridine
(DMAP, 99%), and dicyclohexylcarbodiimide (DCC, 99%)
were purchased from Acros Organics. 4-Methylphenol was
purchased from Fluka Analytical. Unless otherwise men-
tioned, all chemicals were used as received without further
purification. THF was purchased from Macron and was
purified and dispensed through a PURE SOLV MD-4 sol-
vent purification system (activated alumina, copper cata-
lysts, and molecular sieves).

2.2 | Instruments and characterization

1H, 13C, and 19F nuclear magnetic resonance (NMR)
spectra were obtained on a JEOL-500 S MHz spectrome-
ter. Infrared spectra were recorded on a Thermo Scien-
tific Nicolet iS50 Fourier transform infrared (FTIR)
spectrometer using a diamond attenuated total reflec-
tance (ATR) crystal. Number-average molecular weight
(Mn) and polydispersity index (Mw/Mn, PDI) were
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measured using a Viscotek GPCmax gel-permeation
chromatography (GPC) unit (eluent: stabilized tetrahy-
drofuran (OmniSolv) with a flow rate of 1.0 ml/min using
PLgel 5 μm MIXED-C and MIXED-D columns: molecular
weight range 200–2,000,000 and 200–400,000 g/mol
(polystyrene equivalent), respectively). A calculated dn/
dc value of 0.156 was determined and used during the
molecular weight analysis.

2.3 | Synthesis of N-octyl monomers

The procedure for N-alkylation of the various
4-aminobenzoate esters was adapted from the litera-
ture.[10] To reduce the length of the paper, the experimen-
tal details of the for synthesis of the 4-aminobenzoate
precursors is included in the supporting information.

2.3.1 | Methyl 4-(octylamino)benzoate
(M-OAB)

Methyl 4-aminobenzoate (6.0 g, 38.9 mmol), octanal (5 g,
38.9 mmol), acetic acid (2.9 ml, 51.3 mmol), and sodium
triacetoxy- borohydride (9.89 g, 46.7 mmol). Product: as
white crystals; mp 89–90�C, (8.3 g, yield 81%). 1H NMR
(500 MHz, CDCl3, δ): 7.85 (d, J = 8.9 Hz, 2H, ArH), 6.54
(d, J = 8.9 Hz, 2H, ArH), 4.13 (br, 1H), 3.83 (s, 3H), 3.14
(t, J = 7.4 Hz, 2H), 1.62 (q, J = 7.4 Hz, 2H), 1.42–1.22 (m,
10H), 0.88 (t, J = 7.4 Hz, 3H). 13C NMR (125 MHz,
CDCl3, δ): 167.3, 152.1, 131.4, 117.6, 111.1, 51.3, 43.2,
31.7, 29.2, 29.16, 29.1, 27.0, 22.5, 14.0.; FTIR (ATR):
ν = 3,376 (Ar NH R), 2,946, 2,920, 2,849 (C H), 1,678
(O C O), 1,596, 1,430, 1,190, 1,105, and 832 cm−1.

2.3.2 | Phenyl 4-(octylamino)benzoate
(P-OAB)

Phenyl 4-aminobenzoate (6.0 g, 28.3 mmol), octanal
(3.62 g, 28.3 mmol), acetic acid (2.4 ml, 42.4 mmol), and
sodium triacetoxy-borohydride (7.8 g, 36.8 mmol). Prod-
uct: as white crystals; mp 112–113�C, (7.3 g, yield 79%).
1H NMR (500 MHz, CDCl3, δ): 8.0 (d, J = 8.9 Hz, 2H,
ArH), 7.4 (t, J = 8.1 Hz, 2H, ArH), 7.25 (t, J = 8.1 Hz, 1H,
ArH), 7.18 (d, J = 8.1 Hz, 2H, ArH), 6.59 (d, J = 8.9 Hz,
2H, ArH), 4.2 (br, 1H), 3.2 (t, J = 7.4 Hz, 2H), 1.6 (q,
J = 7.4 Hz, 2H), 1.42–1.22 (m, 10H), 0.88 (t, J = 7.4 Hz,
3H). 13C NMR (125 MHz, CDCl3, δ): 167.3, 152.1, 131.4,
117.6, 111.1, 51.3, 43.2, 31.7, 29.2, 29.16, 29.1, 27.0, 22.5,
14.0.; FTIR (ATR): ν = 3,380 (Ar NH R), 2,921, 2,852
(C H), 1,691 (O C O), 1,594, 1,275, 1,163, 1,075,
742 cm−1.

2.3.3 | Trifluoromethylphenyl
4-(octylamino)benzoate (TFMP-OAB)

Trifluoromethylphenyl 4-aminobenzoate (5.0 g,
17.8 mmol), octanal (2.3 g, 17.8 mmol), acetic acid
(1.5 mL, 26.7 mmol), and sodium triacetoxyborohydride
(4.9 g, 23.1 mmol). Product: as white crystals; mp
129–130�C, (4.9 g, yield 70%). 1H NMR (500 MHz, CDCl3,
δ): 8.0 (d, J = 8.9 Hz, 2H, ArH), 7.7 (d, J = 8.9 Hz, 2H,
ArH), 7.3 (d, J = 8.9 Hz, 2H, ArH), 6.59 (d, J = 8.9 Hz,
2H, ArH), 4.25 (br, 1H), 3.2 (t, J = 7.4 Hz, 2H), 1.6 (q,
J = 7.4 Hz, 2H), 1.42–1.22 (m, 10H), 0.88 (t, J = 7.4 Hz,
3H). 13C NMR (125 MHz, CDCl3, δ): 164.9, 152.9, 132.5,
126.7 (q, J = 3.8 Hz) (C F), 122.5, 116.2, 111.5, 43.2, 31.7,
29.2, 29.16, 29.1, 27.0, 22.5, 14.0. 19F NMR 1 peak; FTIR
(ATR): ν = 3,376 (Ar-NH-R), 2,952, 2,924, 2,854 (C H),
1,698 (O C O), 1,598, 1,320, 1,272, 1,159, 1,120, 1,058,
833, and 761 cm−1.

2.4 | Synthesis of substituted initiators

2.4.1 | Methyl 4-(dimethylcarbamoyl)
benzoate (DMA-M)

A solution of dimethylamine (4 ml, 8 mmol),
triethylamine (0.87 ml, 6.3 mmol), and anhydrous DCM
(15 ml) was prepared and added to a solution of the acid
chloride (methyl 4- (chlorocarbonyl)benzoate) (1.13 g,
5.7 mmol) (prepared by refluxing 4-(methoxycarbonyl)
benzoic acid (1.03 g, 5.7 mmol) in SOCl2 for 2 hr, and
removing excess SOCl2) in anhydrous DCM (5 ml). The
solution was refluxed for 1 hr followed by concentration in
vacuo. The crude reaction mixture was purified by flash
column chromatography on silica gel (pentane/ethyl ace-
tate 1:1). Product: off yellow solid. mp 108–109�C, (1.1 g,
yield: 91%). 1H NMR (500 MHz, CDCl3, 25�C): δ = 8.06 (d,
J = 8.32 Hz, 2H), 7.47 (d, J = 8.32 Hz, 2H), 3.92 (s, 3H),
3.11 (br, 3H), 2.94 (br, 3H); 13C NMR (125 MHz, CDCl3)
170.5, 166.5, 140.7, 131.0, 129.7, 127.2, 52.4, 39.4,
35.3 ppm; FTIR (ATR): 2951, 2,853, 1721, 1,618, 1,277,
1,257, 1,109, 1,078, and 726 cm−1.

2.4.2 | Phenyl 4-(dimethylcarbamoyl)
benzoate (DMA-P)

DMA-P is synthesized using a previously reported proce-
dure with the following conditions[8]: 4-(phenoxycarbonyl)
benzoic acid (1.1 g, 4.5 mmol), SOCl2 (11 ml, 150 mmol),
dimethylamine (2.73 ml, 5.5 mmol), triethylamine (0.7 ml,
5.0 mmol), and DCM (20 ml). Product: as white crystals;
mp 111–112�C, (0.86 g, yield 70%).1H NMR (500 MHz,
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CDCl3, δ): 8.2 (d, J = 8.1 Hz, 2H, ArH), 7.54 (d, J = 8.2 Hz,
2H, ArH), 7.42 (t, J = 8.0 Hz, 2H, Ar H), 7.27 (t, J = 8.0 Hz,
1H, ArH), 7.21 (d, J = 8.0 Hz, 2H, ArH), 3.1, (s, 3H) 2.97
(s, 3H) (N CH3);

13C NMR (150 MHz, CDCl3, δ): 170.5,
164.6, 150.9, 141.4, 130.46, 130.40, 129.6, 127.3, 126.1,
121.7, 39.4, 35.4; FTIR (ATR): ν = 3,085, 2,920, 1,724
(O C O), 1,616 (N C O), 1,393, 1,265, 1,085,
876, 720 cm−1.

A different synthesis scheme was used for the synthe-
sis of the substituted phenyl ester dimethyl amide initia-
tors (Scheme 1). The synthesis scheme and detailed
procedures for the precursors can be found in the supple-
mentary information. The following is a representative
procedure for the coupling of the benzoic acid precursor
and substituted phenol.

2.4.3 | 4-Nitrophenyl
4-(dimethylcarbamoyl)benzoate (DMA-NP)

4-(Dimethylcarbamoyl) benzoic acid (1.63 g, 8.44 mmol)
was added to anhydrous DMF (40 ml) in a round-bottom
flask equipped with a stir bar. 4-Nitrophenol (1.17 g,
8.44 mmol) and DMAP (0.060 g, 0.5 mmol) were then
added and stirred to dissolve. DCC (1.74 g, 8.44 mmol)
was added slowly to the reaction mixture. The resulting
solution was allowed to stir overnight. The urea by-
product was removed using vacuum filtration and solvent
was then removed under vacuum. The resulting paste
was then dissolved in chloroform and passed through a
silica column. The solvent was removed, and the
resulting product was recrystallized from methanol. Prod-
uct: as white crystals; mp 166–167�C, (1.78 g, yield
67%).1H NMR (500 MHz, CDCl3, δ): 8.32 (d, J = 8.1 Hz,
2H, ArH), 8.23 (d, J = 8.1 Hz, 2H, ArH), 7.57 (d,
J = 8.0 Hz, 2H, ArH), 7.42 (d, J = 8.0 Hz, 2H, ArH), 3.1,
(s, 3H) 2.97 (s, 3H) (N CH3);

13C NMR (150 MHz,

CDCl3, δ): 170.2, 163.6, 155.5, 145.6, 142.1, 130.6, 129.4,
127.5, 125.4, 122.7, 39.48, 35.4; FTIR (ATR): ν = 3,064,
2,930, 1731 (O C O), 1,610 (N C O), 1,522, 1,397,
1,211, 1,085, 887, 737 cm−1.

2.4.4 | 4-Methoxyphenyl
4-(dimethylcarbamoyl)benzoate
(DMA-MP)

4-(Dimethylcarbamoyl) benzoic acid (2.03 g, 10.51 mmol),
DMF (50 ml), 4-methoxyphenol (1.31 g, 10.51 mmol),
DMAP (0.060 g, 0.5 mmol), and DCC (2.17 g, 10.51 mmol).
Product: as white crystals; mp 131–132�C, (2.43 g, yield
77%). 1H NMR (500 MHz, CDCl3, δ): 8.2 (d, J = 8.1 Hz,
2H, ArH), 7.54 (d, J = 8.2 Hz, 2H, ArH), 7.12 (d, J = 8.1 Hz,
2H, Ar H), 6.95 (d, J = 8.1 Hz, 2H, ArH), 3.65, (s, 3H) 3.16
(s, 3H), 2.95 (s, 3H, N CH3);

13C NMR (150 MHz, CDCl3,
δ): 170.5, 165.0, 150.9, 157.5, 144.3, 141.3, 130.6, 130.3,
127.2, 122.5, 114.6, 55.7, 35.4; FTIR (ATR): ν = 2,834,
1,728 (O C O), 1,620 (N C O), 1,620, 1,504, 1,392,
1,262, 1,201, 1,071, 1,034, 1,071, 737, 662, 528 cm−1.

2.4.5 | Phenyl 4-(dimethylamino)
benzoate (AB-P)

4-(Dimethylamino) benzoic acid (3.0 g, 18.16 mmol),
DMF (40 ml), phenol (1.71 g, 18.16 mmol), DMAP
(0.11 g, 0.91 mmol), and DCC (3.75 g, 18.16 mmol). Prod-
uct: as white crystals; mp 178–179�C, (2.88 g, yield
67%).1H NMR (500 MHz, CDCl3, δ): 8.06 (d, J = 8.1 Hz,
2H, ArH), 7.40 (t, J = 8.1 Hz, 2H, ArH), 7.23 (t, J = 8.0 Hz,
1H, ArH), 7.19 (d, J = 8.0 Hz, 2H, ArH), 3.08, (s, 6H); 13C
NMR (150 MHz, CDCl3, δ): 165.7, 153.7, 151.3, 132.1,
129.4, 125.5, 122.1, 116.1, 110.8, 40.2; FTIR (ATR):
ν = 2,930, 1,705 (O C O), 1,594, 1,368, 1,275, 1,066,
825, 760, 696, 486 cm−1.

2.4.6 | Phenyl 4-methylbenzoate (MB-P)

p-Toluic acid (1.36 g, 10.0 mmol), DMF (40 ml), phenol
(0.94 g, 10.0 mmol), DMAP (0.10 g, 0.94 mmol), and
DCC (2.06 g, 10 mmol). Product: as white crystals; mp
74–75�C, (1.67 g, yield 78%).1H NMR (500 MHz, CDCl3,
δ): 8.09 (d, J = 8.3 Hz, 2H, ArH), 7.42 (t, J = 8.2 Hz, 2H,
ArH), 7.31 (d, J = 8.2 Hz, 2H, ArH), 7.26 (t, J = 8.1 Hz,
1H, ArH), 7.2 (d, J = 8.2 Hz, 2H, ArH), 2.45 (s, 3H); 13C
NMR (150 MHz, CDCl3, δ): 165.3, 151.1, 144.4, 130.3,
129.5, 129.4, 126.9, 125.8, 121.9, 21.9; FTIR (ATR):
ν = 3,308, 2,924, 2,850, 1,720 (O C O), 1,268, 1,190,
1,079, 743, 686 cm−1.

SCHEME 1 Synthesis of functionalized phenyl ester dimethyl

amide initiator using DCC/DMAP
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2.5 | Polymerization methods

2.5.1 | Polymerization employing no
initiator and LiHMDS Base

A typical polymerization procedure where no initiator
was used is depicted in Scheme 2. The reaction was con-
ducted by placing 0.5 mmol of a given monomer
(0.13 g M-OAB, 0.162 g P-OAB, or 0.195 g TFMP-OAB)
in a 25 ml round-bottom flask with a stir bar. The flask
was then capped with a septum and purged with argon.
Anhydrous THF (10 ml for 1 equivalent of base experi-
ments or 5 ml for 10 equivalents of base) was then
injected into the flask containing the monomer, and the
solution was brought to the temperature of interest using
a cooling bath. LiHMDS (0.6 ml, 0.6 mmol for one equiv-
alent of base or 5 ml, 5 mmol for 10 equivalents of base)
was then injected to start the polymerization. Aliquots
were removed and quenched, by injecting into a satu-
rated ammonium chloride solution, during the course of
the polymerization. The resulting polymer was isolated
via extraction with DCM, washed with aqueous 1 M
NaOH, dried using magnesium sulfate, and isolated by
removing the solvent under vacuum, followed by further
drying in a vacuum oven at 60�C for 2 hr.

Due to the high reactivity of the trifluoromethylphenyl
monomer, the two temperatures of interest were −48�C
(achieved using dry ice and acetonitrile) and −20�C (brine
ice bath). The lower reactivity of the phenyl and methyl
moiety resulted in the experiments being conducted at
−20 and 0�C (conventional ice bath).

2.5.2 | Polymerizations employing
LDA base

A typical polymerization procedure using the MB-P initi-
ator, the monomer of interest, and LDA as the base is

depicted in Scheme S1. The reactions were conducted by
adding 0.5 mmol of a given monomer (0.13 g M-OAB,
0.162 g P-OAB, 0.195 g TFMP-OAB) and the initiator,
phenyl 4-methylbenzoate (MB-P) (0.0021 g, 0.01 mmol),
in a 25 ml round-bottom flask equipped with a stir bar.
The flask was capped with a septum and then purged
with argon. Anhydrous THF (10 ml) was injected into the
flask and the solution was brought to −20�C. LDA
(0.5 ml, 0.5 mmol), was then injected into the solution to
start the polymerization. The reaction containing the
methyl ester monomer (M-OAB) was warmed to room
temperature (20�C) after addition of the LDA, while for
the remaining monomers (P-OAB and TFMP-OAB) the
reaction was kept at −20�C. After 6 hr, the solution was
then poured into a saturated ammonium chloride solu-
tion. The resulting polymer was isolated via extraction
with DCM, washed with aqueous 1 M NaOH, dried using
magnesium sulfate, and isolated by removing the solvent
under vacuum, followed by further drying in a vacuum
oven at 60�C for 2 hr.

2.5.3 | Polymerization employing
various initiators

A typical polymerization procedure using the desired ini-
tiator and the monomer of interest is depicted in
Scheme 3. A volume of 0.5 mmol of a given monomer
(0.13 g M-OAB, 0.162 g P-OAB, 0.195 g TFMP-OAB) and
0.01 mmol of the desired initiator (2.4 mg AB-P,
2.1 mg MB-P, 3.1 mg DMA-NP, 3.0 mg DMA-MP,
10.4 mg DMA-M, 2.7 mg DMA-P) was added to a 25 ml

SCHEME 2 Self-initiation polymerization reaction, where the

monomer reacts without initiator to produce polymer

SCHEME 3 Polymerization scheme employing initiators with

varying reactivity
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round-bottom flask equipped with a stir bar. The flask
was capped with a septum and then purged with argon.
Anhydrous THF (10 ml) was injected into the flask and
the solution was brought the temperature of interest
using a cooling bath. LiHMDS (0.6 ml, 0.6 mmol) was
injected into the solution to start the polymerization.
After 2 hr, the solution was poured into a saturated
ammonium chloride solution. The resulting polymer was
isolated via extraction with dichloromethane, washed
with aqueous 1 M NaOH, dried using magnesium sulfate,
and isolated by removing the solvent under vacuum,
followed by further drying in a vacuum oven at 60�C
for 2 hr.

2.6 | Computation modeling parameters

All computations used the high-performance computing
facility accessible through the Colorado School of Mines.
The Gaussian 09 package was used for all calculations
performed during this study.[11] Geometry and transition
state optimizations were performed using the 2006 ver-
sion of the Global hybrid Minnesota functional
(M06-2X)[12] and the split valance polarized basis set
6-31G(d).[13,14] The transition states were confirmed with
frequency calculations, with the force constants com-
puted at the first point and with suppression of the Eigen
test. The charge of each atom was calculated using a nat-
ural bond orbital analysis.[15] Implicit solvation of THF
was incorporated into the calculations using the integral
equation formalism variant polarizable continuum
mode.[16] HOMO and LUMO plots were generated on the
basis of calculating the areas of electron density at the
highest occupied and lowest unoccupied molecular
orbitals. Activation energies and reaction rates for the
polymer growth mechanism were gained from
implementing the KisThelP package.[17]

3 | RESULTS AND DISCUSSION

The CGC process has allowed for the synthesis of poly-
mers, typically prepared using conventional step-growth
polymerization, with controlled molecular weights, nar-
row molecular weight distributions, improved functional-
ity, and more complex architectures.[2] Previous work has
demonstrated that well-defined aromatic polyamides can
be produced using the CGC method with various phenyl
4-octylaminobenzoate monomers, a strong non-
nucleophilic lithium amide base to prepare the amide
anion on the monomer, and an initiating species con-
taining an activated ester.[8,18,19] Within this work, there
has been a preference toward methyl ester-based

monomers for CGC, as these monomers yield low-boiling
point methanol as the by-product after the aqueous
workup, which is claimed to make the overall process
more convenient.[10] However, previous work by our
group using the methyl ester monomer M-OAB to pro-
duce polymer brushes from surface-immobilized initia-
tors, demonstrated that even though polymer brushes
could be formed, issues with by-product solubility and
slow kinetics restricted the thickness of the polymer
brushes.[20] In an effort to better understand the effect of
monomer structure on the kinetics of the CGC process
and on the polymers produced, we recently investigated
the polymerization of a variety of N-octyl benzamide-
based monomers with different ester substituents.[8] The
main conclusion from this work was that the structure of
the monomers ester-leaving group dictates the reactivity
of the monomer in CGC and the solubility of the poly-
merization by-products. One of the most interesting
observations from this previous study was that, while the
phenyl ester monomers demonstrated faster reactivity
and increased solubility of the lithium phenoxide by-
products, they were also more difficult to control during
polymerization, which resulted in broader molecular
weight distributions and multimodal GPC traces. This
loss of control was attributed to the competition between
the conventionally accepted initiation mechanism for
CGC and a self-initiation process due to the enhanced
reactivity of the monomer. Despite the dramatic effect
self-initiation can have on control of the CGC process, to
the best of our knowledge, there is only one previous
paper that considers self-initiation in detail.[9] However,
that paper only investigates dimer-based initiation in a
system with CsF activation, which is not commonly used.

3.1 | Effect of no initiator and different
molar equivalent of LiHMDS to monomer
on CGC

To better understand the self-initiation process in CGC,
three different N-octyl benzamide-based monomers, with
different ester substituents and of varying activity, were
synthesized and, subsequently, polymerized without the
presence of initiator and with different molar equivalents
of the base LiHMDS (Scheme 2). The methyl ester mono-
mer M-OAB was chosen as a control, since it has been
extensively used in previous studies.[8,18,20–24] The poly-
merization of M-OAB with no initiator and 1 M equiva-
lent of LiHMDS yielded no measurable polymer
formation over a 12 hr period at either 0 or −20�C, indi-
cating that, at these temperatures, self-initiation is not
present for the commonly used M-OAB monomer. How-
ever, our previous studies have demonstrated that the

2412 PREHN ET AL.



methyl ester monomer has low reactivity at these temper-
atures, even in the presence of initiator, due to the basic-
ity of the methoxide-leaving group.[8]

Next, the self-initiation properties of the two more
reactive monomers, P-OAB and TFMP-OAB, at 0 and
−20�C with no initiator added was investigated. Results
from these experiments show that in each case, polymer
forms when no initiator is employed. The molecular
weight evolution with time from a typical polymerization
for P-OAB with no initiator at 0�C and TFMP-OAB with
no initiator at −20�C is shown in Figure 1. From these
GPC traces, it is clear that the monomer signal, near a
retention volume of 18.5 ml, decreases with time, while
the polymer signal moves left, indicating an increasing
molecular weight. However, along with the increasing
molecular weight, there is also a broadening of the
molecular weight distribution. In addition, the GPC
traces for polymerization of the faster TFMP-OAB mono-
mer show a multimodal peak, which suggests that poly-
mer chains are being initiated at various stages during
the polymerization. These results demonstrate that self-
initiation not only takes place in the systems with the
more reactive P-OAB and TFMP-OAB monomers, but it
is also occurring over the course of the reaction, resulting
in increased PDIs. These observations were also con-
firmed in plots of molecular weight and PDI versus
monomer conversion (Figure 2). The NMR conversion
data was obtained using the ratio of the monomer dou-
blet signal to the broader polymer doublet signal of the
aryl protons adjacent to the substituted aniline group.
Figure 2 shows that in each case the molecular weight
increases with conversion. The PDI values were consis-
tently higher than the systems where initiator was used

and, in general, tended to increase with conversion for
the systems without initiator.

To further investigate self-initiation, the kinetics of the
polymerization of both P-OAB and TFMP-OAB were
followed by semilogarithmic plots of conversion versus
time at various temperatures, base concentrations, and
with and without added initiator (Figure 3). These plots
show that in most cases there is a linear relationship; how-
ever, the slope of the plots, at a given temperature for a
given monomer differs showing different rates of reaction.
As a constant concentration of monomer was used in each
case, the varying rates, at a particular temperature, are
due to different concentrations of active chains, which is
presumably as a result of different concentrations of initi-
ating species. In each case, the polymerizations generally
followed first-order kinetics, which is characteristic of a
CGC polymerization. If the polymerization followed a
step-growth mechanism, these plots would not be linear
due to different kinetic expressions resulting from the
step-growth process. It is evident that the use of an initia-
tor increases the rate and maintains control over the reac-
tion. It is also apparent that for the polymerizations
without addition of an initiator, polymer still forms, and
the polymerizations generally follows first-order kinetics.
These results further suggest that self-initiation occurs
when active monomers are used in CGC.

Based on the CGC mechanism proposed in the
literature,[1–5] 'deactivated' monomers, that is, monomers
where the amine has been deprotonated, are expected to
not react with each other. However, the above results
demonstrate that this is not true for all systems. A pro-
posed hypothesis for the existence of self-initiation with
the activated monomers is the presence of a measurable

FIGURE 1 Gel-permeation chromatography (GPC) traces displaying the progress of reactions employing no initiators using one

equivalent of LiHMDS base for the monomers P-OAB and TFMP-OAB at different temperatures [Color figure can be viewed at

wileyonlinelibrary.com]
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concentration of protonated monomer, when equimolar
amounts of base and monomer are used, making self-
initiation more probable. This process would be a result of
the higher reactivity of the protonated monomer toward
nucleophilic attack, due to the lack of the 'deactivating'
effect of the negative charge that the deprotonated amine
provides. This hypothesis suggests that if all monomer was
converted to the deactivated, deprotonated analogues, then
self-initiation would either stop or be diminished, due to
no protonated monomer in the system.

This was investigated by performing similar polymeri-
zations as previously for TFMP-OAB and P-OAB; how-
ever, in each case 10 equivalents of base to monomer was
used (Figure 3). The kinetic plots when using 10 equiva-
lents of base demonstrate that the excess base slows the
self-initiated polymerization kinetics by almost two
orders of magnitude, but it does not completely stop the
polymerization from occurring. Whereas, the use of
excess base has little effect on the systems where the initi-
ator is used, regardless of the monomer type or tempera-
ture. These results show that monomers with more
reactive ester groups, such as TFMP-OAB and P-OAB,
remain reactive enough toward nucleophilic attack with-
out the presence of initiator and a large excess of base.
These observations are important to the field, as in poly-
merizations to produce high molecular weight polymers,
a low concentration of initiator is required. However, as
the concentration of initiator with respect to monomer is
decreased, the probability of self-initiation influencing
the polymerization will increase, resulting in polymers
with broader molecular weight distributions and, in the
cases of the self-initiated chains, different end groups.
Therefore, in order to maintain control over the

polymerization it is important to ensure that chain initia-
tion from the externally added initiator dominates over
self-initiation.

3.2 | Employing a stronger LDA base

The notion that there may be protonated monomer avail-
able for reaction suggests that the LiHMDS base
employed for the reactions may not be strong enough to
fully deprotonate the monomer, even when the base is in
excess.

To examine the effect of base strength on the CGC pro-
cess, polymerizations of the previous monomers were con-
ducted with LDA as the base. As with LiHMDS, LDA is
considered to be a non-nucleophilic base, with the pKa of
the conjugate acid, diisopropylamine, being 36.[25] This is
6 orders of magnitude less acidic than the conjugate acid
of LiHMDS, (pKa = 30), demonstrating that LDA is a
much stronger base.[26] When examining CGC aromatic
polyamide literature for the use of LDA as the base, there
are only two previous examples and the results from these
papers contradict each other.[10,27] The first paper exam-
ines the CGC of M-OAB using LDA as the base, in the
presence of an initiator, and reports that LDA is not capa-
ble of polymerizing the monomer. The lack of polymeriza-
tion was attributed to the higher nucleophilicity of LDA,
compared to the previously successful LiHMDS, resulting
in reaction with the ester end group and terminating the
reaction.[10] However, the second paper reported that LDA
was successful in the CGC of the meta variation of the
methyl ester monomer, methyl 3-(octylamino) benzoate,
but without complete conversion.[27] The lower conversion

FIGURE 2 Average molecular weight (Mn) and polydispersity index (PDI) evolution with conversion for polymerizations employing no

initiator and DMA-P initiators for phenyl and trifluoromethyl (TFMP) monomers at different temperatures [Color figure can be viewed at

wileyonlinelibrary.com]
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was attributed to the replacement of the end group with
the more nucleophilic LDA base during the course of the
polymerization, via a mechanism similar to that reported
by Yokozawa in the first paper.[10]

Despite these conflicting results regarding the use of
LDA for CGC, polymerizations were conducted using
the monomers M-OAB, P-OAB, and TFMP-OAB, and
the initiator MP-B with LDA as the base (Scheme S1).

To ensure the purity of the LDA it was titrated using
diphenyl acetic acid to establish an accurate concentra-
tion. A polymerization time of 6 hr was employed for all
monomers. The reaction with TFMB-OAB was con-
ducted at −78�C, P-OAB at −20�C, and M-OAB at 20�C,
and in each case, polymer was formed. The molecular
weight, PDI, and conversions data for the polymeriza-
tions is listed in Table 1. The NMR spectra for the
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and

and

and

and

and

and

and

and

and

FIGURE 3 Kinetic data relating the use of [I]0 = 0.001 M DMA-P initiator or no initiator with one equivalent and 10 equivalents of

base for the polymerization of P-OAB and TFMP-OAB. Propagation rate constants (kp) are for system with DMA-P initiator and one

equivalent of base and calculated by dividing the slope by the initial initiator concentration [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Polymerization results when LDA was employed as the base. Conversion and number average molecular weights (Mn) were

calculated using NMR, and the polydispersity indexes (PDIs) was obtained from GPC

Monomer Conversion (%) Theoretical Mn (g/mol) Mn (NMR) (g/mol) Mn (GPC) (g/mol) PDI

M-OAB 80 9,200 9,240 5,260 1.08

P-OAB 93 10,700 10,740 10,360 1.11

TFMP-OAB 97 11,150 11,210 13,380 1.16
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produced polymer in each case resembled that for the
polymer made using the LiHMDS base, with no obvious
difference in end groups. However, in each case the
polymerizations with LDA did not reach 100% conver-
sion, as is usually observed when LiHMDS is used as the
base. The lower conversion is also evident from the GPC
traces, with a monomer peak appearing at the typical
18.5 ml retention time (see Supporting Information). As
can be seen in Table 1, experimental molecular weights
very close to theoretical and low PDIs were obtained for
each of the polymers suggest that the polymerizations
follow the CGC mechanism These results differ from
the previous literature examining the CGC of M-OAB
with LDA, but tend to agree with results presented in
the paper examining the meta monomer.[27] As the
NMR spectra of the resulting polymers show the
expected methyl ester signal from propagating end of
the polymer chain, it appears that LDA does not react
with the chain end, as suggested previously.[27] It is
unclear what other side reactions LDA may be partici-
pating in, especially as the NMR of the polymers mimics
those obtained when LiHMDS is used. However, it has
been previously shown that LDA can undergo side reac-
tions with small molecule aromatic substrates. For
example, reports have shown that an aromatic ring con-
taining an electron-withdrawing carbonyl compound or
halogenated substituent can participate in lithiation of
the rings in the presence of LDA.[28–33] As each of the
monomers used in this study has an ester attached to
the aromatic ring, it is possible that side reactions, such
as lithiation, is making some of the monomer unreactive
to polymerization. As such, even though polymer can be
produced with LDA as the base, the presence of side
reactions makes it not ideal as the base for CGC poly-
merizations to produce aromatic polyamides.

3.3 | Effect of initiator structure on
polymerization control

As mentioned previously, it is important for any con-
trolled polymerization technique to have quick initiation
relative to propagation for the preparation of well-defined
polymers with narrow molecular weight distributions.
Based on the previous results, it is evident that CGC poly-
merizations can occur without initiators for more reactive
monomers and, while this reaction appears to happen
relatively quickly, it can still result in broader molecular
weight distributions. As such, an approach to improve
the control over the CGC of these monomers would be to
design initiators that have improved reactivity. To exam-
ine this hypothesis, a series of different initiators were
synthesized with varying substituents in the para posi-
tions and used to polymerize the more reactive mono-
mers P-OAB and TFMP-OAB (Scheme 3). The initiator
structure was varied with substituents of either electron-
withdrawing or donating character and the effect of
structure on polymerization control was observed by
monitoring the molecular weight properties of the poly-
mers produced (Figure 4 and Table 2).

Figure 4 provides GPC traces from the polymerization
of both the P-OAB and TFMP-OAB monomers at −20�C,
with different initiators and using LiHMDS as the base.
In each case, the polymerizations were taken to 100%
conversion and the theoretical molecular weight was cal-
culated to be 11,500 g/mol. These results show that the
majority of the initiators used provide polymers with rel-
atively low molecular weight distributions when com-
pared to the self-initiated reactions (Figure 4). For each
monomer, initiators based on the original DMA-P struc-
ture but with electron donating or withdrawing substitu-
ents in the para position of the phenoxide-leaving group,

FIGURE 4 Gel-permeation chromatography (GPC) traces resulting from polymers formed using candidate initiators using either P-

OAB or TFMP-OAB monomers at −20�C [Color figure can be viewed at wileyonlinelibrary.com]
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had GPC traces with lower molecular weights and
narrower molecular weight distributions when compared
to self-initiated systems or systems with deactivated initi-
ators, that is initiators with electron donating groups para
to the ester. This is also quantitatively confirmed from
PDI and Mn values for these systems (Table 2).

Despite the improved molecular weight control and
narrower distributions, the more reactive initiators still
produce distributions with small high molecular weight
shoulders on the GPC traces (Figure 4). It is proposed
that the higher molecular weight shoulders are due to
the self-initiation process. When monomers self-initiate,
one chain end will have an amine, either in the proton-
ated or deprotonated state. This amine can add to propa-
gating chains via the usual CGC process. Depending on
the size of the self-initiated chain, addition of this to
another propagating chain will result in multiple mono-
mers added at once, rather than the standard one mono-
mer at a time, resulting in higher molecular weights and
broader molecular weight distributions.

The addition of electron-donating groups to the initia-
tors tended to produce higher molecular weight polymers
with broader distributions, where self-initiation tended to
dominate, as a result of the weakly active initiator. It
seems that the inductive effect on the parent benzoate
plays a larger role in initiation efficiency than the reactiv-
ity of the substituted phenyl ester, due to the broad molec-
ular weight distribution achieved when using AB-P,
despite it having the relatively reactive phenyl ester group.
The initiator with the methyl ester group, DMA-M, also
produced polymer with higher molecular weights and
broader molecular weight distributions. This is due to the
previously reported poor reactivity of methyl esters toward
the CGC process.[8] Both initiators produced polymers that
resemble those produced using no initiators for the TFMP
monomer suggesting that they are ineffective at starting
the polymerization before self-initiation can occur.

No polymer was produced for the P-OAB monomer at
−50�C with the DMA-NP initiator, at −20�C with the
DMA-M initiator, or at −20�C with no initiator and
one equivalent of base. It has been previously shown that
the P-OAB monomer does not react at −50�C.[8] In addi-
tion, results above show very little self-initiation for the
P-OAB monomer at −20�C (Figure 3). As such, all of
these results were expected.

3.4 | Computation

In order to help understand the results of these experi-
ments, DFT calculations were carried out on the initia-
tion mechanisms previously discussed. The initiation
reaction studied computationally is shown in Scheme 4.
In addition, the reaction for self-initiation was also inves-
tigated. In both cases, the octyl group on the monomers
was replaced with an ethyl chain for simplicity and to
limit the computational cost. Calculations were also per-
formed to determine the thermodynamic barriers and the
electrophilic nature of the reactive carbonyl group to
understand what factors govern the initiation process in
both the initiator and self-initiator cases.

3.4.1 | Energetics of varying initiator in
CGC mechanism containing initiator

The thermodynamics and kinetics for the reaction of
monomer with different initiators was calculated to
observe the effect of modifying the initiator structure. In
accord with the experimental discussion, the initiator
was changed in two ways to determine the effect of modi-
fying the functional groups on the initiator. The initiator
was altered at the R-position while keeping R' as a phenyl
group (Scheme 4) to determine the inductive effect of the

TABLE 2 Summary of number

average molecular weights (Mn) and

polydispersity index (PDI) for P-OAB

and TFMP-OAB monomers with

different initiators at −20�C and 100%

conversion

Initiator molecule

PDI Mn (GPC) (g/Mol)

P-OAB TFMP P-OAB TFMP

DMA-NP
(−50�C)

— 1.08 — 7,390

DMA-NP 1.17 1.20 7,360 9,640

DMA-P 1.16 1.19 6,950 8,700

DMA-MP 1.17 1.27 7,180 8,790

MB-P 1.20 1.27 5,920 9,140

AB-P 1.42 1.67 7,690 19,440

DMA-M — 1.63 — 30,800

No initiator and one eq. base — 1.75 — 21,660

Abbreviation: PDI, polydispersity index.
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substituent at the para position of the aromatic initiator
on the activation energy and electrophilicity of the car-
bonyl group. Second, the leaving group (R') was changed
while keeping the R-group as DMP to understand the
leaving group effects on the activation energy and elec-
trophilicity of the initiation reaction.

The initiators DMA-P, MB-P, and AB-P were exam-
ined experimentally to determine if the rate of initiation
increases control over the polymerization and reduces
the amount of self-initiation during the polymerization.
Computational studies of these initiators show the calcu-
lated reaction energetics follow the same trend observed
experimentally for the reactivity of the initiators. The
most reactive initiator was calculated to be DMA-P
followed by MB-P and the least reactive initiator was
shown to be AB-P (Figure 5). The addition of monomer
in the CGC polymerization mechanism goes through two
steps: (a) attack of the nucleophile on the ester carbonyl
carbon to form the tetrahedral intermediate, and
(b) elimination from the tetrahedral intermediate to pro-
duce the polymer product with one additional monomer
unit and the phenoxide leaving group. The transition
states (TS) for both of these steps were calculated.
DMA-P was observed to have the lowest TS#1 energy
barrier for nucleophilic attack of the carbonyl ester group
at 6.3 kcal/mol followed by MB-P (8.3 kcal/mol) and
AB-P (10.6 kcal/mol). The energy barrier for nucleophilic
attack is primarily dependant on the electrophilicity of
the carbonyl group. The electron-withdrawing nature of
the dimethyl amide increases the electrophilic nature
of the carbonyl, whereas the electron donating dimethyl
amine lowers the electrophilicity resulting in a higher
energy barrier for nucleophilic attack.

Upon nucleophilic attack, the initiator and reactive
monomer form the tetrahedral intermediate. As with
nucleophilic attack, the stabilization of the intermediate
is also dependent on the nature of the functional group.

The intermediate formed for DMA-P is much more stabi-
lized, at −3.7 kcal/mol, than MB-P and AB-P (2.1 and
5.3 kcal/mol, respectively) and is the only exothermic
reaction when forming the tetrahedral intermediate. This
is due to the electron-withdrawing nature of the dimethyl
amide group. The slowest reacting initiator was AB-P,
which contains the donating group dimethyl amine. After
the formation of the tetrahedral intermediate, the energy
barriers for the decomposition to form the propagating
chain and phenoxide leaving group for all three initiators
are approximately the same. This is expected as the para
substituent would only affect the formation of the tetra-
hedral intermediate not the decomposition.

The various initiator leaving groups under investiga-
tion are shown in Scheme 1 and were studied with the
DMA initiator. Figure 6 shows the initiation energetics
for the five leaving groups studied. As previously
demonstrated,[8] phenoxide leaving groups have a lower
activation barrier than alkoxide leaving groups due to the
increased electrophilicity of the carbonyl group and delo-
calization of the charge stabilizing both the tetrahedral
intermediate and the leaving group.

This was also observed for the initiators in this study
as the methoxy leaving group has a large activation bar-
rier, 8.4 kcal/mol, for nucleophilic attack and an even
larger activation barrier, 19.6 kcal/mol, for the decompo-
sition of the intermediate and formation of the
methoxide-leaving group. For the phenyl-based initiators,
the leaving groups with electron-withdrawing groups on
the aromatic ring have the lowest energy barriers
(4.5 kcal/mol for both Ph-CF3 and Ph-NO2) for nucleo-
philic attack and are the most exothermic when forming
the tetrahedral intermediate. Electron-donating groups
have the highest activation barriers (9.1 kcal/mol for Ph-

SCHEME 4 Initiation reaction studied computationally to

examine the effect of varying initiator structure

FIGURE 5 Energetics for the initiation mechanism varying

the para substituent of the aromatic initiator of a chain-growth

condensation (CGC) polymerization calculated using M062X/6–31
+ G(d) level of theory. RC, TS#1, Td Int. TS#2, and PC correspond

to the reactant complex, the first transition state, the tetrahedral

intermediate, the second transition state, and the product complex,

respectively. All numbers shown are in kcal/mol [Color figure can

be viewed at wileyonlinelibrary.com]
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OMe) for TS#1 and form the least stable tetrahedral
intermediate. This trend is due to the ability of the
electron-withdrawing group to pull more charge away
from the carbonyl carbon and into the ring, stabilizing
the formation of the tetrahedral intermediate and elimi-
nation to produce the phenoxide-leaving group. Whereas,
electron-donating groups stabilize the carbon on the car-
bonyl group more than alkyl-leaving groups but not as
efficiently as electron-withdrawing groups. The energet-
ics for Ph-OMe leaving group do not follow the trend dis-
cussed for TS#1 because no diffuse function was used in
the computational method. This results in the energies to
be overestimated for Ph-OMe for the initiation
mechanism.

3.4.2 | Charges reflecting electrophilicity
of the initiator carbonyl

In an attempt to further understand the behavior
observed in the experimental results above, partial atomic
charges were calculated to examine the electrophilic
nature of the initiators carbonyl group participating in
the CGC reaction. When examining the electrophilicity
of the initiators, the trend observed was that the most
reactive initiator has the most electrophilic ester carbonyl
group as shown in Table 3. The more electron-
withdrawing dimethyl amide group in DMA-P has the
most positive charge on the carbon and least negative
charge on the neighboring oxygens of the carbonyl group,
while the dimethylamino group (AB-P) has the lowest
positive charge on the carbon and highest negative
charge on the two oxygen, with the neutral methyl group

in the middle. These results show that the nature of the
functional group on the initiator can increase or decrease
the electrophilicity of the ester carbonyl group resulting
in the observed trends in reaction energetics previously
discussed.

When examining the substituent effect of the ester-
leaving group of the initiators, there is a similar trend
observed. In the case of the DMA-based initiators, the
substituent on the ester affects the electrophilicity of the
reactive carbonyl carbon (Table 4). The methoxy-leaving
group (DMA-M) was found to have the lowest positive
charge on the carbon and highest negative charge on the
oxygen atoms making this carbonyl unit the least overall
electrophilic. All the phenyl-based leaving groups contain
a lower amount of overall charge on the carbonyl group
due to charge delocalization into the ring. The most elec-
trophilic carbonyl group contains the phenyl-leaving
group with a strong withdrawing group para to the ester
(DMA-NP). These results are in accord with the previ-
ously discussed reaction energetics where DMA-NP had
the lowest energy barriers and DMA-M had the highest
energy barriers for nucleophilic attack on the initiator.

3.4.3 | Charges and energetics reflecting
electrophilicity of protonated and
deprotonated monomer and dimer

Calculations were also performed on the self-initiation
mechanism to help understand the reactivity of the vari-
ous species present when forming the active initiator
through the self-condensation mechanism. To do this,
the energetics to form dimers and the partial atomic char-
ges of the carbonyl group of the dimers were calculated
for four different species that may exist throughout the

FIGURE 6 Energetics for varying the ester-leaving group of

the DMA initiator for the initiation mechanism of a chain-growth

condensation (CGC) polymerization calculated using M062X/6–31
+ G(d) level of theory. RC, TS#1, Td Int. TS#2, and PC correspond

to the reactant complex, the first transition state, the tetrahedral

intermediate, the second transition state, and the product complex,

respectively. All numbers shown are in kcal/mol [Color figure can

be viewed at wileyonlinelibrary.com]

TABLE 3 Partial atomic charges of reactive carbonyl atoms of

three initiators with phenyl ester and varying functional group

Atom (in bold) DMA-P MB-P AB-P

O C OR −0.563 −0.566 −0.572

O C OR 0.850 0.848 0.844

O C OR −0.616 −0.624 −0.641

TABLE 4 Charge of reactive carbonyl atoms for initiators with

various ester-leaving groups and the dimethyl amide substituent

Atom
(in bold) DMA-M DMA-P DMA-MP DMA-NP

O C OR −0.569 −0.563 −0.562 −0.560

O C OR 0.845 0.848 0.849 0.850

O C OR −0.640 −0.616 −0.615 −0.605
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polymerization that would lead to polymer growth
(Figure 7). The energetics of the deprotonated monomer
attacking another deprotonated monomer and the ener-
getics of the deprotonated monomer attacking a proton-
ated monomer were both calculated to observe if,
thermodynamically, the formation of dimers is feasible
during the initiation process. The calculations show that
the activation barrier for forming either dimer is larger
than the initiation process when initiator is present
(Table 5). However, the formation of dimer with a pro-
tonated monomer is low enough (46.8 kJ/mol, Table 5)
that it could potentially occur during the reaction. This is
in agreement with experimental observations, as it was
shown that with the addition of an initiator the rate of
polymerization is faster than without initiator. The dimer
produced with deprotonated monomer was calculated to
have a very large energy barrier (75.8 kJ/mol, Table 5)
leading to the conclusion that the mechanism was
unlikely to occur.

The calculated Ea values also help explain the experi-
mental results observed in Figure 4. Experimentally for
polymerization of the TFMP-OAB monomer at −20�C,
significantly higher molecular weights and broader
molecular weight distributions were observed for the
AB-P and DMA-M initiators and when no initiator was
used. The GPC traces for polymer produced with the
DMA-M initiator and with no initiator for this system

were almost identical, while the trace for the AB-P initia-
tor was shifted to slightly lower molecular weight
(Figure 4). Table 5 indicates the Ea value for the DMA-M
initiator is over 20 kJ/mol higher than for the protonated
dimer. This suggests that self-initiation should dominate
in this system, which is confirmed by the similar GPC
trace to the case with no initiator. Whereas, the Ea for the
AB-P initiator is of a similar magnitude to the protonated
dimer, indicating a balance between conventional and
self-initiation should occur and results in a GPC trace
with a molecular weight closer to theoretical but still
with a broad molecular weight distribution. All of the
other initiators used have Ea values at least 12 kJ/mol
lower than the protonated monomer and their molecular
weight values are very close to theoretical and all have
PDI values less than 1.3, indicating a well-controlled
CGC process.

As discussed previously, the deprotonated and pro-
tonated versions of the monomer were hypothesized to
exist in the solution and lead to self-initiation mecha-
nism. To understand the electrophilicity of the four spe-
cies discussed, the partial atomic charges of the ester
carbonyl group were calculated (see Table S1). These
results suggest that there is a difference between the
charge on the carbonyl for protonated and deprotonated
monomer, with a more positive charge on the carbonyl
carbon for the protonated monomer. For the
deprotonated monomers, some of the charge for the
nucleophilic nitrogen delocalizes through the ring and
onto the carbonyl group, which lowers the electrophilic-
ity of the carbonyl carbon. This process is typically dis-
cussed in literature as the deactivation process for the
carbonyl on the reactive monomer.[1–5] A more electro-
philic carbonyl carbon, by conventional CGC theory,
such as that for the protonated monomer, means that it
is more reactive and is a possible source for dimer

FIGURE 7 Structures used to calculate partial atomic charges

on the atoms included in the ester carbonyl group for the three

monomers investigated

TABLE 5 Computational activation energies for the various

initiators investigated in this study

Initiator Computational Ea (kJ/Mol)

Deprotonated dimer 75.8

DMA-M 68.8

Protonated dimer 46.8

AB-P 44.4

MB-P 34.6

DMA-MP 33.2

DMA-P 26.5

DMA-NP 18.8

DMA-TFMP 18.7

Note: Ea values were calculated for rate limiting step.
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formation. These results confirm our previous hypothesis
that dimer formation between deprotonated monomer
and protonated monomer may be responsible for self-
initiation.

Next, the partial atomic charges were calculated for
atoms of the carbonyl for the two potential versions, pro-
tonated and deprotonated, of the dimer formed by the
coupling of two monomers (see Table S2). The results
show that there is very little difference in charge on the
carbon of the carbonyl group. The charge on the carbon
atom of the carbonyl group for both of the dimer struc-
tures is more positive than both versions of the monomer
structures and is similar to the charges of the carbonyl
unit of the DMP initiators. This suggests that if a dimer is
formed in solution, it could take over the role as an initia-
tor. It is believed that once the dimer forms, due to the
electrophilicity of the carbonyl on the ester-leaving
group, the polymerization can be effectively initiated.

4 | CONCLUSIONS

Recent studies have demonstrated that reactivity of
aminobenzoate monomers depends on the nature of the
ester substituent greatly when employed in a CGC poly-
merization. More reactive monomers contain electron-
withdrawing substituents on the esters that result in
more stable leaving groups. The increased reactivity of
these esters posed interesting challenges, due to the possi-
bility of the monomers to undergo self-initiation and
polymerize with no initiator present. The challenge
addressed here was to understand the self-initiation
behavior and find initiators that allow for control to be
achieved. Results demonstrate that the relative amount
of LiHMDS base can be used to slow, but not stop, the
self-initiation reaction for monomers that experience this
reaction. LDA, being a stronger base works for the poly-
merization, producing polymers with narrow distribu-
tions, but is not a good choice, due to the high strength of
the base resulting in incomplete conversion of monomer.
Enhanced control over the polymerization was achieved
by using the most reactive initiators, which have
electron-withdrawing substituents both on the benzoate
backbone and the leaving group of the ester.

Computational results reinforce the conclusions
derived from the experimental investigation. The calculated
reaction energetics match experimental findings, where the
initiators based on DMA were the most reactive. The initia-
tors containing electron-withdrawing phenoxide leaving
groups have the lowest activation barrier. The more reac-
tive initiators help in the reduction of self-initiation and
provide more control over the polymerization. The compu-
tational findings for the self-initiation mechanism show

that a reaction between protonated and deprotonated
monomer is a potential source of the experimentally
observed self-initiation.

From these studies, it has been demonstrated that
balancing the relative rates of initiation, propagation, and
self-initiation is key when attempting to use more reac-
tive esters to produce well-defined aromatic polyamides
via the CGC process.
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