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ABSTRACT: BN 2-vinylnaphthalene (BN2VN) is a novel precursor to vinyl
alcohol copolymers via sodium hydroperoxide oxidation. We show that the
unusual aromaticity of the BN heterocycle leads to styrene-like reactivity.
Computational data including structural parameters and nucleus independent
chemical shift (NICS) values support the aromaticity of the BN naphthalene
side chain of BN2VN. Styrene (St) and BN2VN reactivity ratios (r1(BN2VN)
= 0.423; r2(St) = 2.30; r1r2 = 0.97) were determined by nonlinear least-
squares (NLLS) statistical methods. We demonstrate control of copolymer
physical properties, including glass transition temperature. This work outlines design principles for the synthesis of tailored
polymeric styrene−vinyl alcohol architectures.

■ INTRODUCTION

Poly(vinyl alcohol) (PVA) is a widely used water-soluble
coating and adhesive via cross-linking with boric acid.1 It is
commercially synthesized by free radical polymerization of
vinyl acetate (VAc), followed by hydrolysis. While PVA’s
physical properties such as solvent resistance, crystallinity, and
toughness are in principle modulated by incorporation of
nonpolar groups, the reactivity mismatch between VAc and
conjugated monomers complicates the synthesis of hydroxy-
functionalized polymers by direct radical copolymerization.2−4

The copolymerization behavior of two monomers M1 and
M2 is described by their reactivity ratios r1 and r2, which
indicate the propagation preference of each monomer (Scheme
1a).5 The reactivity ratio r1 is the ratio of the rate constants
(k11/k12) for addition of M1 or M2 to an M1-terminated
polymer. Likewise, the reactivity ratio r2 is the ratio of the rate
constants (k22/k21) for addition of M2 or M1 to an M2-
terminated polymer. A large reactivity ratio r1 indicates a
strong preference for homopolymerization, while a reactivity
ratio r1 significantly less than 1 indicates a strong preference for
cross-polymerization. Ideal copolymerization is observed when
the product of the reactivity ratios is 1.6

VAc and St are examples of an extremely mismatched
comonomer pair in which the rate of cross-polymerization is
essentially zero (Scheme 1b). The reactivity ratios r1(VAc) =
0.01 and r2(St) = 55 indicate that both St- and VAc-terminated
polymers strongly prefer to add St.2 Instead of copolymeriza-
tion, consecutive homopolymerization is observed: St polymer-
izes first, and when consumed VAc homopolymerization is
initiated. Indeed, minute St quantities on the order of the
initiator concentration inhibit VAc polymerization by consum-
ing all initiator.3 The structural dissimilarity of St and VAc
contributes to the reactivity mismatch: while the St-terminated
polymeric radical is significantly resonance stabilized, the VAc-
terminated polymer is not.

We recently reported a solution to the challenging St−VAc
radical copolymerization. The free radical copolymerization of
St and BN 2-vinylnaphthalene (BN2VN), followed by sodium
hydroperoxide (NaOOH) oxidation, provided statistical
styrene−vinyl alcohol copolymers (Scheme 1c).7,8 Evidence
for a statistical copolymer includes the observation of a single
glass transition temperature (Tg) intermediate between
PBN2VN and polystyrene (PS) as well as a single Tg
intermediate between PVA and PS in oxidized samples.
BN2VN is a unique vinylborane due to the aromaticity of

the 10 π-electron BN naphthalene ring system (Scheme 1c).
The Hückel aromaticity of cyclic conjugated BN materials9,10

is well-established on the basis of resonance stabilization
energy,11 electronic structure,12 and magnetic properties.12−15

Building on Sneddon’s early work on vinylborazine (VB)
polymerization,16−18 several groups have recently explored BN
for CC bond substitution in polymer backbones,19−24

conjugated polymers,25−27 or aromatic side chains.7,8,28,29

While in principle any organoborane is a precursor to PVA
via oxidation, BN2VN is attractive in several respects. BN2VN
is stable to benchtop handling, whereas many organoboranes
are air- and water-sensitive and prone to cross-linking.30,31 We
attribute BN2VN’s increased stability to the aromatic cage
surrounding the central boron atom. A high-throughput two-
step synthesis of BN2VN makes multigram scale polymer-
ization possible.7 Monocyclic BN aromatic heterocycles
currently require multistep syntheses,9,32−35 which limits
polymerizations to the milligram scale.28,29 VB polymerization
is hampered by polymer cross-linking arising from thermal
dehydrogenative coupling of the inorganic side chain and
hydrolytic instability.16,17,36
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BN2VN’s aromaticity enables compatible reactivity with St
and high copolymer hydroxy content. For example, while
vinylsilanes are typically more bench stable than vinyl-
boronates, these lack aromatic character. Inoue et al. reported
an alkoxyvinylsilane monomer (VSi) for styrene copolymeriza-
tion that yields vinyl alcohol derivatives after Tamao−Fleming
oxidation.37 VSi incorporation is limited by mismatched
reactivity ratios [r1(VSi) = 0.11, r2(St) = 20] (Scheme 1b).38

Herein we characterize BN2VN’s aromaticity and measure
well-matched St and BN2VN reactivity ratios by traditional
linearization methods and modern nonlinear least-squares
methods (NLLS: r1(BN2VN) = 0.423, r2(St) = 2.30; r1r2 =
0.97). Quantitative assessment of BN2VN and St reactivities
enables fine control of copolymerization and the design of
tailored styrene−vinyl alcohol copolymers.

■ EXPERIMENTAL SECTION
Computational Methods. Density functional theory (DFT)

calculations were performed using the Gaussian 09 program package.
Geometries were optimized using the restricted or unrestricted CAM-
B3LYP39 hybrid exchange-correlation functional with the 6-311G-
(d,p) basis set. CAM-B3LYP is known to reliably describe radicals and
extended conjugated systems.40,41 Frequency calculations performed
at the same level of theory on fully optimized geometries showed no
imaginary frequencies, confirming optimized geometries as local
minima on their potential surfaces. Energies reported are the sum of
electronic and thermal enthalpies at 298.15 K and are converted to
kcal mol−1 from hartrees (1 Eh = 627.509608 kcal mol−1).
Visualization of optimized geometries and electrostatic potential
(ESP) maps were performed using GaussView 5.0.9.

Nucleus-independent chemical shifts (NICS) were calculated as
the negative value of the nuclear magnetic shielding computed at the
geometric center of the rings (NICS(0)) and 1.0 Å above the
geometric center of the rings (NICS(1)) by the gauge-independent
atomic orbital (GIAO) method.54−58

Homolytic bond dissociation energies (BDEs) are calculated as
follows: BDE = (Ers + EHa) − Ecs, where Ers is the enthalpy corrected
energy of the radical species, EHa is the energy of a hydrogen atom,
and Ecs is the enthalpy corrected energy of the closed shell species.

General Procedure for Copolymer Synthesis. Stock solutions
of St and BN2VN (3.00 M in toluene) and AIBN (31.2 mg/mL in
toluene) were prepared. In a nitrogen atmosphere glovebox,
monomers (10.00 mmol total) and AIBN (0.095 mmol) were
added to microwave reaction vials, and the vials were sealed. The
sealed vials were heated in a preheated pie plate at 70 °C for 45 min
with vigorous stirring. Upon opening to air, solutions were
immediately transferred to a beaker of methanol (80 mL). The
microwave vial was rinsed with dichloromethane (2 × 1 mL) and
rinsates added to the methanol. Precipitated polymer was isolated by
filtration through a thin pad of Celite (∼3−5 mm), washed with
methanol (10 mL), and then eluted with dichloromethane (2 × 5
mL). Methanol precipitation was repeated a second time. The purified
polymer was dried in a vacuum oven for about 18 h at 85 °C.

P(BN2VN4-co-S103). Synthesized according to the general procedure
using BN2VN (0.33 mL, 1.00 mmol) and St (3.00 mL, 9.00 mmol) to
yield a white powder (yield 67.3 mg, 6.2%). 1H NMR (400 MHz,
CD2Cl2, δ): 8.01−6.18 (br, 4.83 H), 2.77−0.44 (br, 3.00 H). FTIR
(KBr, thin film) νmax: 3060 (m), 3026 (m), 2924 (m), 2850 (w), 1601
(w), 1560 (w), 1493 (m), 1452 (m), 1028 (w), 759 (m), 698 (s), 541
(w) cm−1.

P(BN2VN10-co-S86). Synthesized according to the general procedure
using BN2VN (0.667 mL, 2.00 mmol) and St (2.67 mL, 8.00 mmol)

Scheme 1. (a) Reactivity Ratios for a Comonomer Pair M1 and M2; (b) Prior Work on the Synthesis of Styrene−Vinyl Alcohol
Copolymers: Extreme Reactivity Mismatch between St and VAc or St and Vinylsilanes (VSi) Results in Zero or Low Hydroxy
Content, While BN2VN Leads to High Hydroxy Content; (c) This Work: Hückel Aromaticity of BN Naphthalene and
Determination of the Reactivity Ratios of St and BN2VN
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to yield a white powder (yield 74.6 mg, 6.5%). 1H NMR (400 MHz,
CD2Cl2, δ): 8.02−6.15 (br, 4.87 H), 2.80−0.34 (br, 3.00 H). FTIR
(KBr, thin film) νmax: 3059 (w), 3025 (m), 2923 (m), 2849 (w), 1615
(m), 1562 (m), 1493 (m), 1452 (m), 806 (w), 760 (m), 689 (s), 541
(w) cm−1.
P(BN2VN15-co-S81). Synthesized according to the general procedure

using BN2VN (1.00 mL, 3.00 mmol) and St (2.33 mL, 7.00 mmol) to
yield a white powder (yield 62.2 mg, 5.2%). 1H NMR (400 MHz,
CD2Cl2, δ): 8.01−6.06 (br, 4.99 H), 2.75−0.45 (br, 3.00 H). FTIR
(KBr, thin film) νmax: 3059 (w), 3025 (m), 2923 (br), 2848 (w), 1615
(m), 1598 (m), 1563 (m), 1493 (m), 1452 (m), 761 (m), 698 (s)
cm−1.
P(BN2VN20-co-S70). Synthesized according to the general procedure

using BN2VN (1.33 mL, 4.00 mmol) and St (2.00 mL, 6.00 mmol) to
yield a white powder (yield 66.5 mg, 5.3%). 1H NMR (400 MHz,
CD2Cl2, δ): 8.01−6.05 (br, 5.03 H), 2.79−0.39 (br, 3.00 H). FTIR
(KBr, thin film) νmax: 3059 (w), 3025 (m), 2920 (br), 2847 (w), 1614
(m), 1597 (w), 1563 (m), 1493 (m), 1452 (m), 1439 (m), 806 (w),
761 (m), 698 (s) cm−1.
P(BN2VN25-co-S61). Synthesized according to the general procedure

using BN2VN (1.67 mL, 5.00 mmol) and St (1.67 mL, 5.00 mmol) to
yield a white powder (yield 63.8 mg, 4.9%). 1H NMR (400 MHz,
CD2Cl2, δ):8.04−6.08 (br, 5.13 H), 2.84−0.39 (br, 3.00 H). FTIR
(KBr, thin film) νmax: 3372 (br), 3059 (w), 3025 (m), 2918 (br),
2847 (w), 1614 (m), 1596 (w), 1562 (m), 1540 (w), 1493 (m), 1452
(m), 1438 (m), 1387 (w), 1345 (w), 1137 (m), 806 (m), 761 (s), 699
(s), 458 (m) cm−1.
P(BN2VN32-co-S46). Synthesized according to the general procedure

using BN2VN (2.00 mL, 6.00 mmol) and St (1.33 mL, 4.00 mmol) to
yield a white powder (yield 63.7 mg, 4.7%). 1H NMR (400 MHz,
CD2Cl2, δ): 8.11−5.90 (br, 5.28 H), 2.79−0.36 (br, 3.00 H). FTIR
(KBr, thin film) νmax: 3373 (br), 3058 (w), 3025 (m), 2915 (br),
2845 (w), 1614 (m), 1596 (m), 1562 (s), 1493 (m), 1451 (m), 1439
(m), 806 (m), 760 (s), 699 (s), 458 (m) cm−1.
P(BN2VN38-co-S35). Synthesized according to the general procedure

using BN2VN (2.33 mL, 7.00 mmol) and St (1.00 mL, 3.00 mmol) to
yield a white powder (yield 47.6 mg, 3.4%). 1H NMR (400 MHz,
CD2Cl2, δ): 8.03−6.10 (br, 5.40 H), 2.60−0.38 (br, 3.00 H). FTIR
(KBr, thin film) νmax: 3373 (br), 3025 (m), 2911 (br), 2844 (w),
1614 (s), 1596 (m), 1562 (s), 1493 (m), 1438 (s), 1137 (w), 806
(m), 760 (s), 700 (s), 458 (m) cm−1.
P(BN2VN41-co-S20). Synthesized according to the general procedure

using BN2VN (2.67 mL, 8.00 mmol) and St (0.667 mL, 2.00 mmol)
to yield a white powder (yield 55.7 mg, 3.8%). 1H NMR (400 MHz,
CD2Cl2, δ): 8.10−5.95 (br, 5.55 H), 2.66−0.33 (br, 3.00 H). FTIR
(KBr, thin film) νmax: 3375 (br), 3024 (m), 2903 (br), 2842 (m),
1614 (s), 1597 (m), 1562 (s), 1492 (m), 1472 (m), 1439 (s), 1136
(m), 806 (m), 761 (s), 700 (m), 459 (m) cm−1.
P(BN2VN39-co-S11). Synthesized according to the general procedure

using BN2VN (3.00 mL, 9.00 mmol) and St (0.333 mL, 1.00 mmol)
to yield a white powder (yield 57.9 mg, 3.9%). 1H NMR (400 MHz,
CD2Cl2, δ): 8.07−5.87 (br, 6.58 H), 2.50−0.30 (br, 3.00 H). FTIR
(KBr, thin film) νmax: 3375 (br), 3024 (w), 2897 (br), 2841 (m),
1614 (s), 1596 (m), 1562 (s), 1474 (m), 1438 (s), 1136 (m), 806
(m), 760 (s), 700 (m), 458 (m) cm−1.
Statistical Methods. Experimental data derived from UV−vis

spectroscopy and elemental analysis were fit using the NLLS method
with Contour version 1.8 with 3% and 1% relative estimated error,
respectively. Point estimates of the reactivity ratios and a 95% joint
confidence interval were calculated.

■ RESULTS AND DISCUSSION
Molecular Geometries. Calculations on BN2VN reveal

structural signatures of aromaticity including ring planarity and
bond lengths intermediate between single and double bonds.
Geometries were optimized using the restricted or unrestricted
CAM-B3LYP39 hybrid exchange-correlation functional with
the 6-311G(d,p) basis set. CAM-B3LYP is known to reliably
describe radicals and extended conjugated systems.40,41

Geometry optimization of St and BN styrene (BNSt) as
control structures was performed at the same level of theory.
All three geometry-optimized structures are planar, as seen

in top-down and side-on views (Figure 1). In BN2VN, the sum

of the bond angles within both the A and B rings of BN2VN is
720° and the average bond angle is 120° (Table 1). The same

is observed in St and BNSt. The BN rings have a wider range
of bond angles than the all carbon systems, reflecting the lower
aromaticity of BN benzene (1,2-azaborine) analogues.
Optimized bond lengths are shown in Table 2. The BN

bond in BN2VN is 1.422 Å. This value is consistent with the
calculated BN bond length in BNSt (1.434 Å), 1,2-azaborine
(1.438 Å),14 and other previous theoretical work.44,45 The
calculated BN bond length in BN2VN and BNSt is
intermediate between BN single (1.582 Å)46 and double
bonds (1.396 Å).47−49 The CC bonds are also intermediate
between single and double bonds in length. A wider range of
bond lengths is observed in BN aromatic rings than in all
carbon rings.
The C(α)−C(β) bond lengths in BNSt and BN2VN are

both predicted to be 1.331 Å long, on par with a typical C−C
double bond (1.34 Å). Vinyl bond lengths between 1.317 and
1.326 Å are reported in crystal structures of related neutral B-
vinyl compounds, supporting the validity of the predicted bond
lengths.50,51

Crystal structures of the vinyl monomers are not available to
confirm the predicted bond lengths. BNSt is a volatile liquid.
While we successfully grew large colorless plate-like crystals of
BN2VN, diffraction was surprisingly poor as crystals barely
diffracted beyond 1 Å (using both Mo and Cu Kα radiation).

Figure 1. (a) Chemical structures of St, BNSt, and BN2VN with atom
and ring numbering indicated. BN naphthalene numbering adapted
from Dewar and Liu.42,43 (b) Geometry-optimized structures (CAM-
B3LYP/6-311G(d,p)). Top-down and side-on views highlight
planarity.

Table 1. Range of Endocyclic Bond Angles (deg) in St,
BNSt, and BN2VN (from Geometry-Optimized Structures)

St BNSt BN2VN

minimum 118.1 114.0 114.7 (A ring) 118.6 (B ring)
maximum 121.2 123.9 125.0 (A ring) 121.4 (B ring)
average 120.0 120.0 120.0 (A ring) 120.0 (B ring)
sum 720.0 720.0 720.0 (A ring) 720.0 (B ring)
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Several attempts to collect data at different temperatures (110,
200, and 293 K) were carried out, but all lead to poor quality
diffraction patterns. Strong decay of intensities at higher
resolution may be explained by poor long-range order in the
crystal.
NICS Calculations. Nucleus-independent chemical shift

(NICS) calculations52,53 are routinely used as a magnetic index
of local aromaticity. NICS values give a quantitative correlation
of aromaticity by computing magnetic shielding or deshielding
of a ghost atom (Bq) at ring centers or any location of interest.
The location of Bq influences the magnitude of the shielding or
deshielding effect arising from ring current. Significantly
negative NICS values denote aromaticity and diatropic ring
currents, while significantly positive NICS values denote
antiaromaticity and paratropic ring currents. NICS values
close to 0 indicate a nonaromatic structure.
NICS values for BN2VN and several control structures were

calculated as the negative value of the nuclear magnetic
shielding computed at the geometric center of a ring
(NICS(0)) and 1.0 Å above the geometric center of a ring
(NICS(1)) by the gauge-independent atomic orbital (GIAO)
method (Table 3).54−58 St exhibits the largest negative NICS
values, while vinylborazine (VB) has the least negative NICS
values. BNSt and BN2VN, in which only one CC bond is
substituted with a BN bond, are intermediate between these
structures. The A-ring of BN2VN is less aromatic than the B-

ring but comparable to BNSt. Our results are consistent with
prior computational work showing decreasing aromaticity with
increasing BN substitution.13,14,45,59−61 The weak aromaticity
of borazine (B3N3H6) is attributed to the greater polarity of the
BN bond compared to the CC bond, which localizes electron
density on the more electronegative N atom.62,63

Electrostatic potential (ESP) maps support our conclusions
about relative aromaticity. The poor delocalization of electrons
in VB is readily apparent from its ESP map: electron density is
highly localized to the electronegative nitrogen atoms. BN2VN
exhibits the characteristic polarization of aromatic compounds,
with an electron-deficient C−H edge and electron-rich surface
above the plane of the ring. Electron density is less uniformly
distributed above the π face in BNSt and BN2VN than in St.

Bond Dissociation Energies. Relative trends in hydro-
carbon C−H bond dissociation energies correlate with radical
stability.64 The weakest C−H bond in toluene accurately
predicts that the most stable radical is formed at the benzylic
position (Figure 2a).65 We investigated if BN aromatic rings
exert a similar influence on bond dissociation energies as
phenyl rings.

We selected BN 2-ethylnaphthalene (BN2EtN) as a model
system. Ethylbenzene (EtB) and BN 2-ethylbenzene (BNEtB)
are included for comparison. Vibrational frequencies of fully
geometry-optimized closed shell and radical structures were
computed using the CAM-B3LYP functional with the 6-
311G(d,p) basis set. From these data, theoretical gas phase
bond dissociation enthalpies (BDEs, ΔrxnH298) were calculated

Table 2. Selected Bond Lengths (Å) in St, BNSt, and BN2VN (from Geometry-Optimized Structures; See Figure 1 for Atom
Numbering)

St BNSt BN2VN

C(1)−C(2) 1.395 B−N 1.434 B−N 1.422
C(2)−C(3) 1.397 B−C(3) 1.516 B−C(3) 1.530
C(3)−C(4) 1.384 C(3)−C(4) 1.363 C(3)−C(4) 1.350
C(4)−C(5) 1.390 C(4)−C(5) 1.424 C(4)−C(10) 1.442
C(5)−C(6) 1.386 C(5)−C(6) 1.356 C(10)−C(9) 1.408
C(6)−C(1) 1.387 C(6)−N 1.363 C(9)−N 1.380
C(α)−C(β) 1.328 C(α)−C(β) 1.331 C(α)−C(β) 1.331

Table 3. Electrostatic Potential (ESP) Maps and NICS
Comparisons (ppm) of Vinyl Monomers [10 kcal mol−1

(Red) to 70 kcal mol−1 (Blue)]

Figure 2. (a) BDE calculation, shown for the homolytic abstraction of
a benzylic hydrogen atom from toluene. Energies used are the “sum of
electronic and thermal enthalpies” terms from vibrational frequency
job outputs. (b) Calculated BDEs for each indicated C−H or N−H
bond for ethylbenzene (EtB), BN ethylbenzene (BNEtB), and BN 2-
ethylnaphthalene (BN2EtN) (CAM-B3LYP/6-311G(d,p)).
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at 298.15 K from homolytic cleavage of various C−H and N−
H bonds from enthalpy corrected energies (Figure 2a).66,67

The calculated C−H BDEs of BN2EtN follow the trends
consistent with our intuitive understanding of radical
stabilization effects in hydrocarbons (Figure 2b). The C(α)−
H bond has the lowest BDE (87.3 kcal mol−1), followed by the
C(β)−H bond (96.6 kcal mol−1). The aryl C−H bonds are
significantly stronger (106−111 kcal mol−1) than alkyl C−H
bonds, as is the N−H bond (109 kcal mol−1). Qualitatively
similar trends are observed with EtB and BNEtB where the
BDE decreases in the order α < β < aryl (Figure 2b).
Carbon-centered alkyl radicals such as the α-cyanoisopropyl

radical derived from AIBN or benzylic radicals arising from
toluene (PhCH2

•) exclusively add to the tail position of
styrene.68 The calculated BDE’s suggest that there is no
energetic reason to expect an increase in head addition or
aromatic substitution with BN2VN.
Reactivity Ratios: Linearization. Reactivity ratios for

radical copolymerizations following the terminal model are
traditionally calculated by linearization of the copolymer
equation (eq 1) where f1 is the mole fraction of M1 in the
feed, f 2 = 1 − f1, F1 is the mole fraction of M1 in the
copolymer, and F2 is the mole fraction of M2 in the copolymer.

=
+

+ +
F

r f f f

r f f f r f21
1 1

2
1 2

1 1
2

1 2 2 2
2

(1)

However, several assumptions underlying the linearization
methods introduce significant systemic error, resulting in
highly variable estimates of copolymerization reactivity
ratios.69,70 Nonlinear least-squares (NLLS) fitting is the most
statistically accurate method for estimating reactivity ratios.71

We describe initial estimation of St and BN2VN reactivity
ratios based on the Fineman−Ross and Kelen−Tüdös
linearization methods and then a NLLS analysis of the
copolymerization data. Good agreement is observed between
the three methods.
In the Fineman−Ross72 method (eq 2) for linearization of

the copolymer equation, several copolymerizations with
different ratios of the two monomers are carried out to low
conversion, and the composition of the copolymers is
determined.

−
−

=
−

−
−

f F

f F

f F

f F
r r

(2 1)

(1 )

(1 )
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1 1

1 1

1
2

1

1
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1
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A plot of G versus H yields a straight line with slope r1 and y-
intercept −r2, where G and H are

=
−

−
G

f F

F f

(2 1)

(1 )
1 1

1 1

=
−

−
H

f F

f F
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(1 )
1
2

1

1
2

1

A disadvantage of the Fineman−Ross method is that low or
high values of f1 disproportionately influence the analysis. The
Kelen−Tüdös method addresses this limitation by adding an
arbitrary correction factor α that uniformly distributes data
points.73 The reactivity ratios r1 and r2 are determined by a fit
of the experimental data to eq 3

η α ξ α= [ + ] −r r r( / ) ( / )1 2 2 (3)

where η, ξ, and α are

η
α

=
+
G
H

ξ
α

=
+
H
H

α = H Hmin max

The plot of η versus ξ gives a straight line with intercepts −r2/
α and r1 when ξ = 0 and ξ = 1, respectively.
Copolymerization of BN2VN and St ( f1/f 2 = 0.111−9.00)

was performed with 2,2′-azobis(2-methylpropionitrile)
(AIBN) as the radical initiator at 70 °C in toluene for 45
min. Polymerizations were quenched at low conversion (3−
7%) by precipitation into methanol. Copolymer composition
was analyzed by two independent techniques: absorbance
spectroscopy and elemental analysis.
As previously reported, the unique absorbance at 320 nm of

the BN naphthalene chromophore enables a UV−vis assay for
quantitative determination of BN2VN content in a copoly-
mer.7,8 The absorption at 320 nm is measured for a series of
different blends of PS and PBN2VN. A plot of the extinction
coefficient at 320 nm (ε320) versus the weight fraction of
PBN2VN in the blend (XBN2VN) is a straight line and linear
regression provides eq 4 (Figure S1).

χ
ε

=
− 0.208
28.2BN2VN

320
(4)

Table 4. Copolymer Properties

entry sample namea yield (%) Mn
b (kDa) Mw/Mn

b f BN2VN ε320
c FBN2VN

d (UV−vis) FBN2VN
e (EA)

1 P(BN2VN4-co-S103) 6.2 11.4 1.48 0.100 1.90 0.0411 0.0568
2 P(BN2VN10-co-S86) 6.5 10.4 1.50 0.200 4.26 0.101 0.0965
3 P(BN2VN15-co-S81) 5.2 10.8 1.53 0.300 6.44 0.160 0.148
4 P(BN2VN20-co-S70) 5.3 10.4 1.48 0.400 8.59 0.221 0.213
5 P(BN2VN25-co-S61) 4.9 10.3 1.48 0.500 10.9 0.292 0.309
6 P(BN2VN32-co-S46) 4.7 9.63 1.46 0.600 14.5 0.409 0.395
7 P(BN2VN38-co-S35) 3.4 9.53 1.44 0.700 17.5 0.516 0.521
8 P(BN2VN41-co-S20) 3.8 8.39 1.38 0.800 21.5 0.675 0.643
9 P(BN2VN39-co-S11) 3.9 7.22 1.34 0.900 23.9 0.779 0.819

aSamples are named according to average degree of polymerization (DP) of each monomer. See the Supporting Information for details.
bDetermined by GPC analysis at 254 nm relative to a polystyrene standard. cIn L g−1 cm−1. dDetermined by UV−vis from ε320 according to eq 4.
eDetermined by elemental analysis (EA) from wt % C according to eq 5.
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The fractional composition of BN2VN in a copolymer is
calculated using eq 4 from the copolymer’s extinction
coefficient at 320 nm (ε320). UV−vis spectra of copolymer
solutions were recorded in THF at room temperature (Figure
S2).
BN2VN composition can also be determined by elemental

analysis (Figure S3). Equation 5 describes the relationship
between weight percent of carbon (wt % C) in a copolymer
and the weight fraction BN2VN.

χ = − −wt % C 92.3
14.8BN2VN (5)

Table 4 summarizes copolymer characteristics. Good
agreement is observed between both analytical methods with
respect to determination of FBN2VN, the fractional composition
of BN2VN in the copolymer.
Reactivity ratios determined using the Fineman−Ross

method (Figure 3a) and the Kelen−Tüdös method (Figure

3b) support an ideal radical copolymerization (r1r2 = 1) in
which St is somewhat more reactive than BN2VN. Four
separate estimates of the reactivity ratios are obtained by
analysis of each set of experimental data by both linearization
methods (Table 5). In all cases, r1(BN2VN) is close to 0.5
(0.390−0.531), r2(St) is close to 2 (2.09−2.50), and the

product of the reactivity ratios (r1r2) is close to 1.0 (0.815−
1.33).

Reactivity Ratios: NLLS Analysis. The Mayo−Lewis
plots of the fractional composition of BN2VN in the
copolymer (FBN2VN) versus the fractional composition of
BN2VN in the monomer feed ( f BN2VN) for both analytical
methods are shown in Figures 4a,b. The dashed line indicates
the linear behavior expected from a random (Bernoullian)
copolymerization in which both monomers are equally reactive
(r1 = r2 = 1). Data analysis by van Herk’s NLLS method71

yielded estimates of the reactivity ratios r1(BN2VN) and r2(St)
and a 95% joint confidence interval (JCI, Figure 4c,d). Point
estimates of the reactivity ratios derived from linearization
methods are included and fall within the confidence interval,
with the exception of Fineman−Ross reactivity ratios derived
from UV−vis spectroscopy.
On the basis of the NLLS data analysis, we report

r1(BN2VN) = 0.517 and r2(St) = 2.46 (UV−vis) and
r1(BN2VN) = 0.423 and r2(St) = 2.30 (EA). This is a
dramatic narrowing of the difference in reactivity between
styrene and a vinyl alcohol precursor compared to prior state
of the art (Table 5).

Polymer Microstructure. The BN2VN and St reactivity
ratios (r1 < 1 < r2; r1r2 = 1) belong to the special case of an
ideal copolymerization in which the monomers do not have
equal reactivities. An ideal copolymerization occurs when the
propagating species has no preference for one monomer over
another and implies that the product of the reactivity ratios r1r2
must be 1 (k11 = k21 and k22 = k12).

= =r r
k
k

k
k

11 2
11

12

22

21

A subset of ideal copolymerizations occurs when r1 = r2 = 1
(both monomers are equally reactive) and a random
copolymer with an equal distribution of monomers results.
An ideal copolymerization is still possible with monomers with
unequal reactivities (r1 < 1 < r2). In this case, at low
conversion, a statistical copolymer is expected that is enriched
in the more reactive monomer (e.g., St).
The glass transition temperature (Tg) is a probe of

copolymer microstructure. A diblock copolymer has two Tg’s
corresponding to the homopolymer Tg, while a statistical
copolymer has a single Tg intermediate between the
homopolymers. A gradient copolymer has a single Tg, typically
wider than the homopolymers. While 13C NMR spectroscopy
is typically used for copolymer sequence analysis, the relaxation
rate of the quadrupolar boron-11 nucleus (I = 3/2) negatively
influences the 13C NMR signals of boron-adjacent carbon
atoms, resulting in a drastic reduction in signal height.74

Tg’s of the St-BN2VN copolymers were determined by
differential scanning calorimetry (DSC) under nitrogen
(Figure 5a). All copolymers show a single narrow Tg
intermediate between PS159 (Tg = 96 °C, Mn = 16.5 kDa)75

and PBN2VN132 (Tg = 135.2 °C, Mn = 20.4 kDa),8 which
increases with increasing BN2VN content (Figure 5a). Good
agreement is observed between experimental Tg’s (triangles)
and predicted Tg (dashed line, Figure 5b and Table 7).76

Minor deviations from prediction (±7 °C) may reflect the
lower molecular weights of the samples in this study (Mn =
7.22−11.4 kDa) compared to the PBN2VN reference and
instrumental error (3−10 °C at a heating rate of 10 °C
min−1).77

Figure 3. Determination of reactivity ratios for the copolymerization
of BN2VN and St by the (a) Fineman−Ross (FR) method and (b)
Kelen−Tüdös (KT) method.
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Characterization is consistent with the predicted St-enriched
statistical copolymer. Bulk composition data show St enrich-
ment compared to the feed ratio in all samples (see Table 4),
while the observation of a narrow glass transition intermediate
between PS and PBN2VN is consistent with a statistical
sequence distribution.

■ CONCLUSIONS
The data presented in this paper show that aromaticity results
in well-matched reactivity ratios between styrene and a vinyl

alcohol precursor. We report computational characterization of
BN2VN aromaticity, including both structural parameters and
NICS values. The BN naphthalene side chain influences radical
stabilities in a manner similar to the phenyl side chain in
styrene. The reactivity ratios r1(BN2VN) and r2(St) were
determined by traditional linearization and modern NLLS
statistical methods using two independent analytical techni-
ques, elemental analysis, and UV−vis spectroscopy. Compared
to other comonomer pairs (e.g., St−VAc or St−VSi), St and

Table 5. Reactivity Ratios from Linearization Methods

Fineman−Ross Kelen−Tüdös

elemental analysis UV−vis elemental analysis UV−vis average

r1(BN2VN) 0.531 0.390 0.445 0.477 0.461 ± 0.06
r2(St) 2.50 2.09 2.25 2.39 2.31 ± 0.18
r1r2 1.33 0.815 1.00 1.14 1.07 ± 0.22

Figure 4. Mayo−Lewis plots of the fractional composition of BN2VN in the copolymer (FBN2VN) versus the fractional composition of BN2VN in
the monomer feed ( f BN2VN) determined by (a) UV−vis spectroscopy and (b) elemental analysis. The dashed line indicates the linear behavior
expected from a random copolymerization (r1 = r2 = 1); the solid line indicates behavior for the respectively labeled reactivity ratios. NLLS
determined 95% joint confidence intervals (JCI’s) and point estimates of the reactivity ratios derived by NLLS and linearization methods from (c)
UV−vis and (d) elemental analysis data.

Table 6. Comparison of Reactivity Ratios in the Copolymerization of St and a Vinyl Alcohol Precursor

entry vinyl alcohol precursor r1(precursor) r2(St) reference

1 VAc 0.01 55 2
2 VSi 0.11 20 38
3 BN2VN 0.42 (EA) 0.52 (UV−vis) 2.3 (EA) 2.5 (UV−vis) this work
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BN2VN have the reactivity ratios closest to a random
copolymerization.
Our results support the development of tailored styrene−

vinyl alcohol copolymer architectures, while minimizing the
use of excess monomer. The relationship between organo-
borane structure and reactivity suggests design principles for
well-matched reactivity between hybrid and organic vinyl
monomers.
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