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Sodium benzanilide (Na"BA") initiators have opened a new route to a living anionic polymerization of n-

hexylisocyanate (HIC) with 100% yield and controlled molecular weight. The NaBA initiators do not

only provide initiation points for polymerization by attacking HIC monomers but also successfully

prevent back-biting side reactions without any help from additives. Our hypothesis on this dual function

of the NaBA initiators is that they self-assemble to form protection shields around the chain ends. Indeed,

our density functional theory calculations in the experimental conditions on the free energy of formation

of (NaBA), clusters of various sizes and conformations searched by Monte Carlo simulations show that

the BA™ moiety forms a stable complex with Na” in a fan-like circular-sector shape owing to its double
binding sites (N"—C=0 <> N=C-0O") and that the tightly-bound NaBA units spontaneously self-assemble
to form small (NaBA), clusters (n = 2 and 4). The growing end of the polymer chain [(BA)(HIC), ],
which resembles BA™, would also assemble with n—1 NaBA units to form an n-mer cluster. We expect

that the chain end in this cluster would be more available to attack small HIC monomers coming into the

cluster (leading to chain growth) rather than folding back to attack the middle of the chain (leading to

cyclotrimerization to isocyanurates and depolymerization).

1 Introduction

Polyisocyanate (1; Scheme 1), with its helical structure,' has been
employed in many applications such as optical switches, photonic
crystals and chiral recognition.”® It is desirable to have a good
control over the molecular weight (MW) and the MW distribution
(MWD) of the polymer for these applications. However, initiators
commonly used for anionic polymerization of isocyanates, such
as metal cyanide,7 amide,®’ alkoxide'®!! and naphthalenide,lz‘16
have not been able to prevent back-biting side reactions, in which
growing chain ends fold back, attack antepenultimate carbonyl
carbons, form cyclic trimers (isocyanurates), and leave from the
polymer chains (Scheme 1 of Ref. '7).” Additives such as crown
ether and sodium tetraphenylborate'>'¢ increase control over MW
and MWD by supressing the back biting.

Sodium benzanilide (Na'BA") initiators (Scheme 1), on the
other hand, enables living anionic polymerization of n-hexyl
isocyanate (HIC; C4H3;N=C=0) with 97-100% yield, controlled
MW, narrow MWD (1.08-1.16 of polydispersity index) without
any help from additives.'®*° This initiator does not only provide
initiation points for polymerization by attacking HIC monomers
but also successfully prevents the back biting. The origin of the

dual function served by the NaBA initiator is not fully understood.

On the basis of the low initiation efficiency (20£1%) and the long
reaction time (60—70 min) observed for its HIC polymerization,'®
we formulate a hypothesis that the Na* and BA™ units aggregate

around the chain ends to form a protection shield against the back
biting. Initiators such as lithium amide and alkoxide aggregate as
well,>** but what is particular with NaBA is that BA™ has a
so double-nucleophile amidate end (N"-C=0 <> N=C-O") which
resembles the growing end of the poly-HIC chain (BA-HIC;
Scheme 1). Spontaneous formation of (NaBA), clusters would
lead to spontaneous formation of (NaBA—-HIC)(NaBA),; clusters
(Scheme 2 for an example of n = 4). The BA-HIC™ chain end
ss surrounded by n—1 NaBA units in the bulky n-mer cluster would
have difficulty in attacking the antepenultimate carbonyl sites.
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Physical Chemistry Chemical Physics

Proving the presence of (NaBA), clusters would be the first
step to confirming our hypothesis. Since it is difficult to detect
them from experiments, we instead use density functional theory
(DFT) to estimate the relative stabilities of (NaBA), clusters of
various sizes (n) in the polymerization conditions, that is, the
tetrahydrofuran (THF) solution at —98°C (175 K).

2 Calculation Details

The stability of each (NaBA), cluster in THF at 175 K is given
by the free energy of self-assembly ( AAG;, ), which is defined as
the change in the standard Gibbs free energy during the self-
assembly of n units of NaBA (Table S1):

AAGg, = AG}, [(NaBA), 1-nx AGy,. (NaBA). (1)
The standard Gibbs free energy of each species in THF at 175 K (
AG),.) is the sum of the gas-phase standard free energy at 175 K
(AG)) and the standard free energy of solvation in THF (AGy,,).
The gas-phase standard free energy at 175 K (AG, ) is the sum of
the gas-phase energy at 0 K (AE,), the zero-point energy (ZPE)
and the Gibbs free energy change from 0 to 175 K (AAGy_,175x):
+AG!

solv *

+AG®

solv

AGLy = AG,) =AE, + (ZPE) + AAG, , ,5¢ 2)

We obtain AE,, (Table S1) from a full geometry optimization of
each species at the B3LYP/6-311G(d,p) level of DFT**?® with the
Jaguar v6.5 software.®*° A variety of initial structures of free
BA", free NaBA complex, and (NaBA), clusters are prepared for
the geometry optimization. Initial structures for clusters with high
symmetries (linear Na configuration for n = 2; triangular for n = 3;
square and tetrahedral for n = 4; pentagonal for n = 5; hexagonal
and octahedral for n 6) are constructed on the basis of
crystallographic®'** and computational®****%3* studies on similar
aggregates. A Metropolis MC conformation search®® with the
OPLS-AA force field*”*® implemented in the MacroModel v9.1
software®® generates other initial structures for each cluster size
by varying the dihedral angles in BA™ as well as the relative
positions and orientations between Na" and BA™ units. The five
most stable distinctive structures of each MC search are
submitted to the DFT geometry optimization.

The ZPE and AAG_,;75sx values should be estimated from the
translational, rotational, and vibrational energy levels of each
species. However, for a cluster held with soft non-covalent bonds,
a normal mode analysis of the vibrational energy levels within a
harmonic approximation is difficult and most likely unreliable.??

Since the major change in molecular motions during aggregation
23,32,40-42

is in translations and rotations rather than in vibrations,
we skip the time-consuming normal mode analysis and the
evaluation of the supposedly negligible! ZPE and vibrational
contribution to AAGy_,75x. Only the translational and rotational
contributions to AAG_, 75 are estimated from the equipartition
theorem and the ideal gas approximation (Table S1).** The
validity of this approach is confirmed for the small species, BA™
and (NaBA), (n = 1-2). [The relative AG},, values shown in Fig.
1 and the AAG, values shown in Fig. 2 are within ~1 kcal/mol
from those including the ZPE and the full vibration contributions
evaluated from the normal mode analyses: 0a (6.9), 1b (2.3), 1c
(2.7), 1d (7.3); 2a (-2.7), 2b (2.3), 2¢ (8.5), and 2d (8.7).]

We calculate AGY . (Table S1) with a continuum-solvation
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model by solving a Poisson-Boltzmann equation combined with
DFT,** which has been successfully used** as an alternative
to explicit-solvent models. A solute molecule is described as a
low-dielectric cavity (&opuie = D*** immersed in a high-dielectric
continuum (gryp = 7.52)°° representing the THF solvent. The
solute—solvent boundary is described by the surface of the closest
approach as a sphere of radius 2.53 A (the probe radius® of THF
estimated from its density 0.8833 g/cm’® and MW 72.106)* is
rolled over the van der Waals envelope of the solute.*** The
atomic radii used to build the solute envelope are (in A): 1.15
(H), 1.9 (C), 1.6 (N and O) and 1.491 (Na).” The solution-phase
calculations are carried out at the B3LYP/6-311G(d,p) level of
DFT as in the gas-phase calculation. The solute geometry is re-
optimized in solution. The Cartesian coordinates of the optimized
geometries are listed in Table S2. Due to a decrease in the
solute—solvent contact area, aggregation of » NaBA units into an
(NaBA), cluster would experience a significant amount of
desolvation penalty, that is, a significant increase in the free
energy of solvation due to aggregation, AAGy,, = AG;)OlV
[(NaBA),] — n x AGSOOlV (NaBA). This penalty, which is evaluated
as 35.0, 67.8, 99.7, 114.4 and 165.7 kcal/mol for 2a—6a (n = 2—6
in Figs. 2—6 below), results in a lower degree of aggregation n in
the THF solution than in the gas phase.

For a seamless combination with AGg to give AGy,,; in Eq. 2,
AG.,, should represent the free energy change for the standard
solvation process corresponding to a transfer of a solute from the
gas-phase standard state (ideal gas at 1 atm) into the solution-
phase standard state (1 M ideal solution). However, most
solvation free energy calculations including ours have been
developed on the basis of experimental solvation free energies
corresponding to a transfer of a solute from 1 M gas phase into 1
M solution phase. Hence we need to add a free energy correction
which represent the work to bring 1 mol of gas from 1 atm (22.47
L/mol) to 1 M (1 mol/L), that is, the free energy of compression
from 22.47 L to 1 L [AG1amsim = AGa a7 51 = RT In (22.47/1)
= 1.08 kcal/mol]. This essentially corresponds to a correction for
the reduction of molecular free volume during a transfer from gas
to solution,” and adds a constant correction (1.08 kcal/mol) to
AG.,, for all species (Table S1). This leads to a decrease in the
desolvation penalty by 1.08 x (n — 1) kcal/mol, making the
formation of large (NaBA), clusters more favourable.

Similarly, the Sackur-Tetrode (ST) equation® used to estimate
the translational entropy as a part of AAG,_,;75x in Eq. 2 would be
inappropriate to estimate the translational entropy of a solute in 1
M solution (with a tendency of overestimation).*’ The assumption
that solutes have no volume is reasonable in the gas phase, since
the volume occupied by the solutes is much smaller than the total
volume so that the solutes can move around freely in it. On the
other hand, most of the total volume in condensed phases is
occupied by the solvent, so that a greatly reduced amount of free
volume would remain for the solutes.***! We thus evaluate the
translational entropy (Table S1) of the solute in the remaining
free volume (in cal mol™ K™) using the following equations,*’

Seolie —2.65+2.99InT +2.99In M + [ASjj,““de_:;p - ASjj‘:tlfg‘T] , 3
where
AS;%‘;'T = SITSI';F —S;:TF =1.99(In[THF], — ln[THF]g) =-11.16. (4)

solvent

condexp

The experimental entropy of condensation of THF (AS
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Sl — S = 48.83 — 72.58 = —23.45 cal mol”' K™'),” the mass
M of (NaBA), cluster (n x 219.219 g/mol) and the temperature 7
(175 K) are plugged into Eq. 3. The concentrations of THF in the
standard-state gas phase (0.0446 M for 1 mol per 22.4 L) and
liquid phase (12.25 M for a density of 0.8833 g/cm® and an MW

of 72.106 g/mol)* are plugged into Eq. 4.

[

3 Results and Discussion

Fig. 1 shows the geometry-optimized major conformers of free
BA™ and NaBA. For free BA™ 0, the cis conformer 0a is less
stable than the trans conformer Ob by 7.4 kcal/mol. The steric
hindrance between two phenyl rings of 0a significantly twists the
dihedral angles ZCNC(=0)C, ZCCNC(=0) and ZNC(=0)CC by
~30°, while Ob is completely planar. On the other hand, in the
case of the NaBA unit complex 1, the cis conformer 1a is more
1s stable than the trams conformers 1b-1d by 2.8-7.3 kcal/mol
despite the twist. This should be because BA™ in 1a makes a
bidentate bonding to Na* through both 0% and N>~ (N -=C=0 «»
N=C-0") [r(Na--0) = 2.34 A; r(Na-~N) = 2.46 A], while only
one of them (0> or N¥) is used to bind Na* in 1b—1d [r(Na---O)
=222 A (1b), 2.20 A (1¢); r(Na---N) = 2.38 A (1d)]. The binding
free energy of 1a, which is defined as

S

2

S

AAGying =

is —15.3 kcal/mol. Such negative value indicates that the NaBA
unit complex, 1a in particular, can form spontaneously and stay
strongly bound in THF at 175 K. With its fan-like circular-sector
shape, the 1a unit is expected to self-assemble further.
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Fig. 1 Major conformers of free BA™ (0a—0b) and unit complex NaBA
(1a-1d). Relative free energies (kcal/mol) between species of the same
size are shown in parentheses. The most stable species is marked with
underline. [Color code: Na (green), O (red), N (blue), C (grey), H (black)]
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Fig. 2 shows the optimized geometries of major conformers of
(NaBA), cluster 2. The pseudo-two-dimensional (nearly planar)
cis conformer with C; symmetry (2a) is the most stable among

3s them. It is 11 kcal/mol more stable than the frans conformers
2¢-2d. In this cis conformer 2a (and similarly in 2b) each Na" is
triply coordinated (to 0% and N*~ from one BA™ at 2.25 and 2.46
A and to O% from the other BA™ at 2.43 A), while each Na" in the
minor #rans conformers 2¢—2d is only doubly coordinated (to O°
w0 from one BA™ at 2.23 A and to N* from the other BA™ at 2.42
A). The Na™---Na" distance is shorter in 2a—2b (3.27 and 3.11 A)
than in 2¢—2d (4.96 and 4.73 A). The predominant conformer 2a
exhibits a slightly negative free energy of self-assembly (—1.7
kcal/mol) with respect to a separate pair of the predominant 1a
4s units. This 2a cluster would form spontaneously but would stay
loosely bound. The N®~ site binds less strongly to Na" than the

O site in 2a and especially in slightly less stable 2b. This site
would still be able to attack HIC monomers for the chain growth.

i

O/N

o %o

CNa NaO ®Na Na®

)
5;'3"* ff'}? 3 f
o ’f. 0 .%:;;é(:
He o 5
At S~
2a(-17) 2b (2.6) 2¢(9.7) 24 (9.7)

so Fig. 2 Major conformers of (NaBA), complexes 2a—2d. Two side views
are shown for 2¢—2d. In parentheses are shown the free energies of self-
assembly (kcal/mol) relative to a separate pair of the most stable NaBA
units (1a). The most stable species is marked with an underline.

Fig. 3 shows the optimized geometries of major conformers of
ss (NaBA); cluster 3. The situation is similar to the (NaBA), cluster.
A pseudo-two-dimensional cis conformer 3a with a necklace-like
shape is the most stable. Each Na™ in 3a is triply coordinated to
0% and N* at 2.3-2.5 A and the Na"---Na" distance is ~4.0 A,
while each Na” in the less stable frans conformer 3¢ is only
60 doubly coordinated to 0> and N° at 2.2-2.4 A and the Na*---Na"
distance is ~5.6 A. However, the positive value of the free energy
of self-assembly indicates that the NaBA units are unlikely to
self-assemble to this size of clusters. The trend exhibited by the
clusters 1-3 that the cis conformers are preferred to the trans
65 conformers is expected to continue for larger (NaBA), clusters.
Hence only the cis conformers are considered for (NaBA),
clusters with n > 4.
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3b(11.9)

iRt
3a(3.7)

Fig. 3 Top and side views on the major conformers of (NaBA); cluster

70 (3a—3c¢) and their free energies of self-assembly (kcal/mol) relative to a
separate triplet of the most stable NaBA units 1a. The most stable species
(pseudo-two-dimensional cis conformer 3a with a necklace-like shape) is
marked with an underline.

3¢ (13.0)
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Fig. 4 shows the optimized geometries of major cis conformers
of (NaBA), clusters. A three-dimensional cube-type prismane
conformer 4a, which is made of two 2a units put together, is the
most stable form of (NaBA),. Each Na' in the 4a conformer is
coordinated to four binding sites (one N®~ and three O° sites). It

o

is 8 kcal/mol more stable than the pseudo-two-dimensional
necklace-type conformer 4c, in which each Na' is coordinated to
three binding sites only (one N° and two O sites). The free
energy of self-assembly to 4a is slightly negative (—1.5 kcal/mol)

10 with respect to a well-separated quartet of the most stable NaBA
units (1a). This indicates that NaBA units would spontaneously
self-assemble to form loosely-bound 4a clusters.

4a(-1.5)

Fig. 4 Major cis conformers 4a—4c of (NaBA), and their free energies of
self-assembly (kcal/mol) relative to four well-separated 1a units. The
most stable species (three-dimensional cube-type 4a rather than pseudo-
two-dimensional necklace-type 4¢) is marked with an underline.

4b (6.6) 4¢ (9.7)

o

Fig. 5 shows the optimized geometries of major cis conformers

of (NaBA)s; and (NaBA)g clusters 5—-6. Among (NaBA);s clusters,

20 the pseudo-two-dimensional necklace-type conformer 5a is the

most stable. On the other hand, among (NaBA); clusters, a three-

dimensional hexaprismane conformer 6a, which is made of three

2a units put together, is the most stable (18 kcal/mol more stable

than the peudo-two-dimensional necklace-type conformer 6b).

25 The positive values of the free energy of self-assembly (15.8 and

3.0 kcal/mol for Sa—6a) indicate that the NaBA units are unlikely
to self-assemble to these sizes of clusters (and to larger clusters).

5b(21.2)

6b (21.4)

Fig. 5 Major cis conformers Sa—Sb of (NaBA)s and 6a—6b of (NaBA)s

30 and their free energies of self-assembly (kcal/mol) relative to the same
number of separate la units. The most stable species (pseudo-two-
dimensional necklace-type Sa and three-dimensional hexaprismane 6a)
are marked with an underline.

Now that the most stable conformers among the considered
35 ones are identified for the (NaBA), clusters (1a—6a for n = 1-6),
their free energies of self-assembly with respect to n separate 1a
units (AAGs,) are plotted together in Fig. 6: —1.7 (2a), 3.7 (3a),
—-1.5 (4a), 15.8 (5a) and 3.0 (6a) kcal/mol. The most favorable
NaBA species in THF at 175 K (positioned in the green area of
40 Fig. 6) are the smallest pseudo-two-dimensional cluster 2a made
of two 1a units put together (AAGs = —1.66 kcal/mol) as well as
the smallest three-dimensional cluster 4a made of two 2a units
put together (AAGs, = —1.54 kcal/mol). With a very small energy
difference of 0.12 kcal/mol, the 2a and 4a clusters would be in
45 dynamic equilibrium with each other, and they would be in
equilibrium with a small portion of the tightly-bound NaBA unit
1a (AAGying = —15.3 kecal/mol). A presence of (NaBA), clusters (»
=2 and 4) in equilibrium with a contact-ion NaBA unit is hence
shown to be plausible, supporting our hypothesis on the dual
so function of the NaBA initiators. The aggregation degree of 2 to 4
has also been well known for lithium-based initiators in THF.?***
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Fig. 6 Free energy of self-assembly to the most stable conformation of

each size of (NaBA), clusters (2a—6a) with respective to n well-separated
ss 1a NaBA units. Clusters with lower AAGsa values are more favorable and

those with negative AAGsy (in the green area) would form spontaneously.

The growing end of the polymer chain (BA-HIC") also makes
a strong bond with Na™ (AAGying = —19.4 kcal/mol) to form the
same type of complex (not shown here) as the fan-shape NaBA
unit l1a. Therefore, if the formation of (NaBA), and (NaBA),
clusters is spontaneous formation, the integration of the growing
chain end in (NaBA-HIC)(NaBA) and (NaBA—HIC)(NaBA);
clusters would also be spontaneous (see Scheme 2 for the latter
case of n = 4). The growing chain ends hidden in these clusters
would not be available for the back-biting attacks to the
antepenultimate sites of the polymer chains which are stiff (due to
the amide backbone) and hairy (due to the n-hexyl side chains).
Hence the depolymerisation through the formation of cyclic
trimers would be avoided, as shown in Scheme 1 of Ref. 7. On
the other hand, an HIC monomer with its slender linear shape
would still come into these clusters due to the electrostatic
attraction between Na®™ and O¥>=C%=NC4H,;, as shown in
Scheme 2. The HIC monomer would prefer being near the
growing chain end due to the van der Waals interaction between
the n-hexyl side chains. The carbonyl (O®=C®") bond of the
incoming HIC would be even more polarized by its interaction
with Na', being more ready for a nucleophilic attack either by the
grown chain end BA-HIC™ or by the initiator BA™. We expect
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that the HIC would be preferentially attacked by the growing
chain end rather than by the initiator because the aliphatic N~ of
BA-HIC has a higher basicity (and in turn a higher nucleophilic
reactivity towards the electrophilic carbonyl carbon of HIC) than
the aromatic N~ of BA™. Therefore, the predominant process
occurring in these clusters would be a continuous growth of the
existing BA-HIC™ chain rather than a back-biting attack to the
antepenultimate carbonyl group by the BA-HIC™ chain end or an
initiation of a new chain by a BA™ initiator. This process would
successfully lead to a living anionic polymerization of HIC with
no need of additives. This is similar to the bifunctional activation
mechanism (insertion, polarization and addition) proposed for the
living coordination polymerization of HIC>' and the fixation of
isoelectronic carbon dioxide® by organotitanium(VI) catalysts. A
considerably lower reactivity of aggregated initiators than non-
aggregated contact ion pairs explains the low initiation efficiency
(20+1%) and the long reaction time (60—70 min) observed for the
HIC polymerization by the NaBA initiator.'® One concern is that,
if the two different sizes of active species, (NaBA), and (NaBA),,
have different reactivities towards HIC (which can be checked
with DFT calculations), their presence in equilibrium would lead
to a poor control of MWD and this is not consistent with the
observed MWD of 1.08-1.16."

It is also possible that the true active species in the initiation
could be the non-associated NaBA unit, which would be present
in a low concentration in equilibrium with more stable (NaBA),
and (NaBA), aggregates which would play a role of dormant
species protecting the activated chain end from the back-biting.*
This mechanism is consistent not only with the experimentally-
observed low initiation efficiency and long reaction time but also
with the good control of MWD (1.08—1.16) by NaBA.'®

Such issue, that is, the size n of (NaBA), clusters participating
in the initiation, can be estimated from a relationship (log k™ =
constant + 1/n log [NaBA])**** between the concentration of
NaBA ([NaBA]) and the apparent reaction constant (k™)
estimated from absorbance measurements.>>* However, the
overlap between the absorption spectra of NaBA and PHIC as
well as the low reaction temperature (175 K) may hamper such
measurements. In this case, DFT calculations will be carried out
on the detailed reaction mechanism of the HIC polymerization by
NaBA as the last resort as well as on the possibility of using this
process for carbon dioxide capture and conversion will be
reported separately. This information would be further combined
with a continuum (or off-lattice) kinetic MC method to simulate
the self-assembly of NaBA, the initiation of HIC (or carbon
dioxide) by NaBA and the growth into poly-HIC (or
polycarbonate), as recently done for an investigation of the initial
stage of polymerization of silicates from water solution.’>*®

4 Conclusions

Our DFT calculations on NaBA initiators combined with MC
conformation search, Poisson-Boltzmann continuum-solvation
approach, Gibbs free energy correction at 175 K and free volume
correction for THF confirms that tightly-bound contact-ion NaBA
units (1a) would spontaneously self-assemble into loosely-bound
(NaBA), and (NaBA), aggregates (2a and 4a). It constitutes the
first step to support our hypothesis on the origin of the successful
living anionic polymerization of HIC by NaBA without any help
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from additives. Our hypothesis on the reaction mechanism of the
HIC polymerization controlled by the NaBA clusters will be
confirmed in a separate report.
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The origin of the living nature in the isocyanate polymerization by sodium benzanilide (Na BA™)

initiators is understood from the relative stabilities of the (NaBA), clusters in the polymerization
condition (THF solution at 175 K).
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