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ABSTRACT: The structure of polybenzoxazines (and their properties) is mainly defined by the existence of intra- and intermolecular
hydrogen bonds. The effect of different substituents present in the phenolic ring of polybenzoxazines can modulate these intermolecu-
lar forces and the interaction with other materials, such as metals. To extend this knowledge, a series of structure-controlled polyben-
zoxazines and polybenzoxazine model compounds have been synthesized. The interactions with different metal ions have been
investigated using UV—vis and NMR analysis. Association constants have been estimated by UV—vis titration method and the effect of
the presence of different substituents in the aromatic ring has been established. Water contact angles have also been measured. The
different techniques give us information about the inner hydrogen bonding structure. Cyano group, present as substituent in polyben-
zoxazine compounds, acts as an additional coordination point towards metal ions and water. Our findings should allow modulating
the adhesion and other surface properties of the benzoxazine-derived polymers by playing with the properties of the substituents and

their structure (phenoxy/phenolic). © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44099.
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INTRODUCTION

Polybenzoxazines are a young class of phenolic resins obtained
by the ring-opening polymerization of benzoxazine mono-
mers."” They have been found to exhibit excellent mechanical
properties,™ near-zero shrinkage or volumetric expansion upon
polymerization,” high char yield," low water absorption,” and
good dielectric properties,’ which make them potential candi-
dates for high performance applications. However, one of the
main shortcomings of polybenzoxazines is their brittleness and
low process ability. Their combination with other polymeric
and inorganic materials is considered to be a good and effective
solution."” The properties of these multicomponent materials
are to a great extent dependent on the interfacial interaction of
the phases across the interphase. The unusual properties of pol-
ybenzoxazines described earlier have been attributed to their
complex hydrogen bond pattern. Almost all known forms of
hydrogen bonds, both inter- and intramolecular are possible in
polybenzoxazines. Of particular interest are the very stable six-
membered intramolecular hydrogen bonds formed between the
phenolic hydrogens and the amine nitrogens. These intramolec-
ular hydrogen bonds have been proposed as responsible of the

hydrophobicity, low dielectric constant, high char yield, and
high modulus of polybenzoxazines." However, as a drawback,
these very strong intramolecular hydrogen bonds reduce their
surface energy, making in many cases their interaction with oth-
er materials weak. So a good understanding of the surface prop-
erties of standard polybenzoxazines and polybenzoxazines
modified by introducing different polar substituents in the phe-
nolic ring, and their interaction with other materials, such as
metals or water is very important. To this end, although a few
reports have appeared on the interaction of benzoxazines or

179 and even in one

polybenzoxazines with various metal ions,
case, these materials have been proposed for the removal of
metal salts from water,'” there is still a need for further investi-
gation, especially with the aim of improving the interaction of
polybenzoxazines with other materials without altering the inner
hydrogen bond structure that provides their excellent mechani-
cal properties. Considering the difficulties of analyzing the
structure of polybenzoxazine, we focus on studying the interac-
tion of model compounds benzoxazine “dimers,” “trimers,” and
a “tetramer” (Scheme 1) with various metal ions and water. In
this work, attempts on estimating the association constants for
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Scheme 1. Prepared model molecules and polymers derived from benzoxazines.

various model compounds—metal ion complexes were carried out
and values are described for the case of zinc cation. The interaction
of various polybenzoxazines and model compounds with water
was also investigated by comparing the water sessile drop contact
angles of glass surfaces covered by them. Our aim here would be to
understand how to reduce the hydrophobicity of polybenzoxazines
keeping the rest of their excellent properties, hydrophobicity being
a measure for intermolecular hydrogen bonds and other intermo-
lecular polar interactions. Data from these studies on polybenzoxa-
zines and polybenzoxazine model compounds can significantly
contribute to the understanding of adhesion and other surface
properties of polybenzoxazines. Indeed, the differences between
“phenoxy” and “phenolic” structures in polymers,' and the effect
of additional polar functional groups on the interacting ability of
polymers and model compounds are discussed.

EXPERIMENTAL

Materials and Measurements

All chemicals were purchased from Aldrich Chemical Co. and
used without further purification. Column chromatographies
have been performed in silica gel purchased from Scharlau (Sili-
ca Gel 60, 230-440 mesh). The formaldehyde was 37 wt % in
water, and the methylamine was 40 wt % in water. NMR spectra
were taken on a Brucker AM-360 (360 MHz). Chemical shift
were reported in parts per million relative to TMS as an inter-
nal standard (81ys=0) for NMR spectra (digital resolution
0.26 Hz/point for 'H-NMR and 1.32 Hz/point for 13C-NMR).
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The solvents for NMR measurement were deuterated DMSO,
deuterated methanol, or deuterated chloroform. UV-vis absor-
bance data were obtained on Hewlett-Packard 8453 (resolution
1 nm). Infrared spectra were recorded on Bruker Tensor 27
instrument equipped with an ATR Golden Gate cell and a dia-
mond window (digital resolution 4 cm™ ') and Nicolet FT-IR
510 ZDX (KBr). Elemental analysis or high resolution mass
spectrometry (HR-ESI-MS, Bruker MicroTOF-Q) have been
used to confirm the structures of new synthesized compounds.

Synthesis of Benzoxazine Monomers and Polybenzoxazines

As shown in Scheme 1, benzoxazine monomers 1 were prepared
by using phenol, formaldehyde, and amine in the ratio of 1:2:1.
The procedure was described by Ishida'' or Ronda et al.'* Puri-
fication was finished by column chromatography. Benzoxazine
monomers 1a,"* 1f,'* and 1g"* were prepared according to the
literature. The polymers, 2, with different structures were
obtained by controlling the curing temperature and time
according to our previously reported studies.'” Benzoxazine
monomer used for preparing polymers 2d and 2f, was synthe-
sized following the literature.'®

Experimental conditions and spectroscopic data of new, and
previously not fully described benzoxazine monomers, 3-methyl-
6-cyano-3,4-dihydro-2H-1,3-benzoxazine (1b), 3-methyl-6-nitro-
3,4-dihydro-2H-1,3-benzoxazine (Ic), 3-methyl-6-methoxyl-3,4-
dihydro-2H-1,3-benzoxazine (1d)," and 3-allyl-6-methyl-3,4-
dihydro-2H-1,3-benzoxazine ( 1e),'® are gathered in the SI.
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Scheme 2. Synthesis of symmetric “dimers.”

Synthesis of Symmetric Benzoxazine “Dimers”

Various “dimers” were prepared following three general synthet-
ic methods depicted in Scheme 2. Compounds 3a’ and 7b'°
have been described in previous papers and obtained in similar
yields.

Method A*°. Dimers were prepared from ring-opening reactions
of the corresponding benzoxazine monomers with phenols. The
stoichiometric mixture of benzoxazine monomer and the corre-
sponding phenol was heated in bulk at 100 °C for 1 h. The
resulting mixture was directly recrystallized from Et,O to give
the desired product.

Experimental conditions and spectroscopic data of new benzox-
azine “dimers”, N,N-bis(5-methoxy-2-hydroxybenzyl)methylamine
(3e),”' and N,N-bis(5-methyl-2-hydroxybenzyl)allylamine (3f),
synthesized by this method are gathered in the SI.

Method B". Dimers were synthesized from Mannich reaction.
The modified procedure was described as following: a solution
of formalin (37% in H,O, 0.3 mL, 4 mmol), phenol (4 mmol),
and 5 mol % NaOH was stirred in ethyl acetate (5 mL). After
stirring for 10 min at room temperature, methyl amine (40% in
H,O, 0.17 mL, 2 mmol) was added. Then the mixture was
stirred at 80 °C for 3 h. After cooling to room temperature, eth-
yl acetate in the mixture was carefully removed by rotary evapo-
rator and the residue was filtered. The filter cake was collected,
washed with Et,O three times and dried under vacuum.

Spectroscopic data of new, and previously not fully described ben-
zoxazine “dimers, N,N-bis(5-cyano-2-hydroxybenzyl)methylamine
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(3b), and N,N-bis(5-nitro-2-hydroxybenzyl)methylamine (3c) syn-
thesized by this method, are gathered in the SL

Method C*>. The typical procedures are as following: (1) 2-
hydroxy-5-methyl-benzaldehyde (2.72 g, 20 mmol) was added
slowly to a solution of aniline (1.86 g, 20 mmol) in EtOH
(20 mL). The mixture was stirred at 60 °C and the reaction was
monitored by TLC. After completion and cooling to room tem-
perature, NaBH, (380 mg, 10 mmol) was added in small portions.
When the reduction was complete, the reaction mixture was
extracted with dichloromethane, washed with water three times,
dried over anhydrous Na,SO, and concentrated to dryness to give
a white solid 7b (4.09 g, 96%). It was directly used in the next step
without further purification. (2) N-(2-hydroxybenzyl-5-methyl)a-
niline (7b) (2.13 g, 10 mol) was added into a solution of salicyl
alcohol (1.38 g, 10 mol) in 50 mL EtOH. The mixture was
refluxed for 12 h. After cooling to room temperature, the reaction
mixture was extracted with dichloromethane, washed with water
three times, dried over anhydrous Na,SO, and concentrated to
dryness. The residue was purified by column chromatography on
silica gel using hexane/ethyl acetate (5:1) as the eluent. An analyti-
cal sample of 3g was recrystallized from Et,O.

Spectroscopic data of new, and previously not fully described
benzoxazine “dimers,” N,N-bis(5-methyl-2-hydroxybenzyl)aniline
(3g),” N-(2-hydroxybenzyl-5-trifluoromethyl)aniline (7a), N,N-
bis(5-trifluoromethyl-2-hydroxybenzyl)methylamine (3d), synthe-
sized by this method, are gathered in the SI.

Synthesis of Asymmetric Benzoxazine “Dimers”
The asymmetric model “dimers” (4a, 4b, and 4c) were synthe-
sized according to the literature.*>*> Phenol, paraformaldehyde,
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Scheme 3. Synthesis of “trimmers.”

and N-methylbenzylamine in the ratio of 1:1:1 were reacted in
bulk at 100 °C for 1 h. The mixture was then dissolved in chlo-
roform, washed several times with distilled water, and dried
over anhydrous sodium sulfate. After removing the solvent, the
resulting residue was purified by column chromatography (Hex-
ane/EtOAc 10/1, 6/1, and 3/1, respectively).

Synthesis of Benzoxazine “Trimers” and “Tetramer”

The preparation of model “trimers” is shown in Scheme 3.
Dibromide 8% (294 mg, 1 mmol) was added to a stirred solu-
tion of amine 7 (2 mmol) and K,CO; (552 mg, 4 mmol) in
10 mL DMF. The mixture was reacted at room temperature for
12 h. And then the reaction mixture was extracted with
dichloromethane, washed with water, dried over anhydrous
Na,SO,. The residual products were purified by column chro-
matography on silica gel using hexane/ethyl acetate (3:1) as the
eluent. The model “tetramer” 6 was synthesized by method A as
above (Scheme 2), but using monomer 1g and dimer 3a
refluxed in chloroform for 24 h; product was purified by col-
umn chromatography using hexane/ethyl acetate (4:1) as the
eluent.””*® Purification details and spectroscopic data of new
benzoxazine “trimers,” 2,6-bis[N-(5-methyl-2-hydroxybenzyl)-N-
methyl-amino-methyl]-p-cresol (5a), and 2,6-bis[N-(5-methyl-2-
hydroxybenzyl)-N-phenyl-amino-methyl]-p-cresol ~ (5b), synthe-
sized by this method, are gathered in the SI.

Synthesis of “Methylated Dimers”

To a stirred solution of dimer 3b (294 mg, 1 mmol) dissolved
in DMF (10 mL) was added K,COj; (414 mg, 3 mmol) at room
temperature for 10 min. Methyl iodide (355 mg, 2.5 mmol) was
added dropwise, and then the mixture was stirred for 1 h. The
reaction mixture was extracted with dichloromethane, washed
with 10% NaOH and brine, and then dried over anhydrous
Na,SO,. The residual products were subjected to column chro-
matography on silica gel using hexane/ethyl acetate (2:1) as the
eluent to give methylated dimer 3h and 3i.

Spectroscopic data of new benzoxazine “methylated dimers,” N-
(5-cyano-2-methoxybenzyl)-N-(5-cyano-2-methoxybenzyl)methyl-
amine (3h), N,N-bis(5-cyano-2-methoxybenzyl)methylamine (3i),
synthesized by this method, are gathered in the SI.

Typical Procedures for the Evaluation of Association
Constants K, by UV—Vis Titration.”

Typical procedures consist of several steps: The concentration of
each model compound solution in methanol was adjusted to
obtain ~1 UV absorbance unit at the wavelength of about
280 nm as observed by UV spectroscopy: 1.65 X 10~ * M (3a,
3d, 3e, 3f, 4c, 5a), 8.25 X 107> M (3¢, 4b, 5b), 5.50 X 10> M
(3b, 3g, 6), 3.30 X 10°* M (4a), 2.75 X 10> M (3h), and 2.06
X 107° M (3i). The solution of model compound and ZnCl,
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was prepared with various molar ratios of ZnCl, to the model
compound (from 0 to 300), meanwhile the concentration of the
model compound was kept always constant. The UV—-vis experi-
ments of all samples were made at 25 °C. The difference in
absorbance (AA) of the model compound in the presence of
Zn** jon and absorbance of Zn’" ion at about 280 nm was
recorded and the data were plotted against the concentration of
ZnCl,. The association constant K, was obtained by using the
linear curve fitting based on the Benesi—-Hildebrand equation:
1 1 1 1

A—A, (co—co)[N]y | (ec—e0)[N],Ks [ZHCL]"

where A is the absorbance of mixture, A, is the absorbance of
pure model compound, €. is the molar absorption coefficients
of complex, €, is the molar absorption coefficients of model
compound, [Np] is the initial concentration of model com-
pound, K, is the association constant, [ZnCl,] is the concentra-
tion of ZnCl,, and n is the stoichiometric ratio (ZnCl,: model
compound).

A plot of (A—Ao) ! versus [ZnCl,]" should produce a straight
line for the correct stoichiometry (n). The association constant
was estimated from the slope and intercept of the BH plot. So
this titration experiment can provide us both association con-
stant and stoichiometry.

Measurement of Water Sessile Drop Contact Angle

Eighty microliter of solution (3 mg/mL of model compounds in
THF) was spin-coated onto a glass slide at 6000 rpm for 2 min
(SPINNER SMA AC 6000 from SMA Suministro de Materiales
y Asistencia). The water contact angles of samples were mea-
sured at 25 °C by injecting a 10 pL liquid drop (Measuring Sys-
tem DSA 100 from KRUSS Company). The values are the result
of five different measurements discarding the two extreme val-
ues and averaging the rest (deviation *3°).

RESULTS AND DISCUSSION

Synthesis of Various Model Compounds

Various benzoxazine monomers were conveniently prepared
according to the well-established conventional methods: solvent-
less method® and solution method'*"*? (1, Scheme 1). Fol-
lowing our previously reported experimental conditions, six
polybenzoxazines have been prepared (2, Scheme 1).!° As for
the synthesis of symmetric benzoxazine “dimers” (3 and 4,
Scheme 1), depending on different substituents three methods*
were adapted: benzoxazine condensation,”” Mannich reaction
method,'* and multistep condensation method?* (Scheme 2). It
should be mentioned that although the synthesis of N-phenyl
“dimer” 3g was described in a previous report by using method
A, the purification was quite difficult.** Using method B, the
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Figure 1. UV-vis spectra of 3a with different metal ions in methanol at various volumetric ratios (3a: metal chloride); (a) 0: 12, (b) 2: 10, (¢) 3: 9, (d)

4: 8, (e) 6: 6, (f) 8: 4, (g) 9: 3, (h) 10: 2, and (i) 12: 0.

reaction only provided the corresponding benzoxazine mono-
mer 1f. Finally, “dimer” 3g was obtained in good yield by
method C. The benzoxazine “dimers” and
“tetramer” were synthesized by following the reports of Ishida
group (4 and 6, respectively, Scheme 1).>*?>*”?% In the case of
“trimers” (5, Scheme 1), Ishida and coworkers reported the syn-
thesis of some similar “trimers” with the ortho-positions of the
phenolic rings blocked.?”*®** However, in our case, having the
ortho-position free, we then adapted an improved multistep
condensation method to prepare them. By using dibromide 8
instead of the corresponding diol, the “trimers” were obtained
in good yields (Scheme 3).

asymmetric

UV-Vis and NMR Studies on the Interaction of a Model
Compound with Various Metal Ions

With these model compounds in hand, we firstly investigated
the coordination phenomena of symmetric “dimer” 3a with var-
ious metal ions such as Zn**, Cu®*, A’*, and Fe’" by UV-vis
and "H-NMR analysis. Figure 1 shows the UV-vis spectra of
the methanol solution of 3a with CuCl,, ZnCl,, AICl;, and
FeCl; for various substrate:metal ratios (from 0:12 to 12:0).
Compound 3a shows a maximum peak at 284 nm. When ZnCl,
was added, the absorbance of the maximum peak shifts to the
red by 5 nm. A new peak at 413 nm appeared when 3a was
mixed with CuCl,. These phenomena are in agreement with
what is reported in the literature.” In the case of AlCls, similar
peak shift was observed (from 284 to 287 nm). A new peak
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appeared at 560 nm when FeCl; was added. The new peaks at
413 in the case of CuCl,, and at 560 in the case of FeCl; are
not present in the spectra of pure CuCl, and pure FeCl;. All
these results suggest that coordination compounds were formed
between the benzoxazine dimer and metal ions.

The interactions of two other dimers, 3¢ and 3e, containing an
electron-withdrawing and electron—donor group respectively,
with metals were also studied by UV-vis spectroscopy. In all
cases clear changes in the absorption bands were also observed
(see Supporting Information).

"H-NMR analysis was then used to study the coordination com-
plexes and the effect of different metal ions. As shown in Figure
2, when metal ions were added into the CH;OH-d, solution of
symmetric “dimer” 3a, the peak due to the CH, group signifi-
cantly shifted downfield and splitted, implying the formation of
new “dimer”—metal complexes. This behavior was probably due
to the reduction of the electron density of the methylene group
as a result of the coordination of metal ions with the “dimer”
through the aza and methylene group. When Cu®** was added,
the peak changed into two broad peaks. For AI’", the peak
splitted clearly into a group of AB systems, and in the case of
Zn**, only one broad peak was observed. All these outcomes
reveal that the rigidity of the resulting complexes should be in
the order of AP’">Cu®" >Zn’". It was also found that the
other benzoxazine “dimers” gave similar results. Similar studies
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Figure 2. '"H-NMR spectra of 3a, 3a-CuCl,, 3a-AlCl;, and 3a-ZnCl, in
CH;OH-d; with a I:1 ratio. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

were also performed with some “dimers,” 3a, 3b, 3¢, 3e, and
3g, being observed also that CH, groups significantly shifted
downfield, indicating the formation of complexes (see Support-
ing Information).

Association Constant Estimation of Model Compound-ZnCl,
Complexes

To more accurately estimate the efficiency of the metal ion
interaction with the model compounds, Zn was selected for a
quantitative study. The association constants (K,) and the stoi-
chiometric ratios for benzoxazine model compound-ZnCl,
complexes were calculated from Benesi—Hildebrand plots using
the UV-vis titration method,™ and the results are listed in
Table 1. To explain the experimental facts, we will discuss in the
following paragraphs, we have proposed some possible struc-
tures of various model molecule-ZnCl, complexes outlined in
Figure 3.

As described in Table I, the stoichiometric ratio of symmetric
“dimers” to ZnCl, is typically 1:2. The association constant of
symmetric “dimer” 3a with ZnCl, is 5.77 X 10> M2 (Table I,
entry 1). Symmetric N-allyl “dimer” 3f gives similar value
(Table I, entry 6). As for the symmetric “dimers” with electron-
withdrawing groups, such as CN or NO,, the corresponding
association constant increases significantly (Table I, entries 2
and 3), whereas that of symmetric “dimer” 3e with electron-
donating methoxyl group was unavailable probably due to the
too weak interaction with ZnCl, (Table I, entry 5). The major
interaction of a symmetric “dimer” with ZnCl, probably derives
from quelate [Figure 3(A)]. An
withdrawing group in the aromatic ring increases the acidity of
phenol and would greatly stabilize “dimer”-ZnCl, intermolecu-
lar bonding, therefore the corresponding association constant
should be higher, as observed (Table I, entries 2 and 3). On the
contrary, a lower association constant would be expected for

interaction electron-

symmetric “dimer” with electron-donating groups, as obtained
(Table I, entries 1 and 5). A special case was the symmetric
“dimer” 3d with CF; group that shows a 1:1 stoichiometry ratio
(suggesting the bonding of the Zn** ion with a single molecule
of 3d)*° and provides a similar association constant value as
that of 3a (Table I, entries 4 vs 1). The reasons why in this case
the stoichiometry is different from the other symmetric dimers
would merit a further investigation.
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In N-phenyl “dimer” 3g-ZnCl, complex, a O-ZnCl " 'w interac-
tion with phenyl group could exist [Figure 3(B)] and as a result,
its association constant should be higher than that of N-methyl
“dimer” 3a-ZnCl, complex, as observed (Table I, compare
entries 7 and 1, respectively).

Interestingly, for mono-methylated “dimer” 3h the association
constant decreases to 4.22 X 10° M~ " with a 1:1 stoichiometry
probably due to the coordination site loss (Table I, entry 8 com-
pared to entry 2), whereas dimethylated “dimer” 3i shows very
weak interaction with ZnCl, and no association constant was
measurable (Table I, entry 9). As expected, the stoichiometric
ratio of asymmetric “dimers” (4a, 4b, and 4c) to ZnCl, is 1:1
and the association constant is significantly lower than that of
the corresponding symmetric “dimers” (3a, 3b, and 3c). Also
here, an increase of the association constant was observed when
the substrate was substituted by electron-withdrawing groups
(4b and 4c vs. 4a)(Table I, compare entries 11 and 12 with 10).
The structure of asymmetric complexes seems to be similar to
that of symmetric “dimer”-ZnCl, complexes [Figure 3(C)]. Due
to the lack of a phenolic hydroxyl group, the association con-
stants are lower.

In the case of “trimers” (5a and 5b) and the “tetramer” (6),
according to the reports of Ishida group,””?* they possess a
quite stable close-ring geometry due to the strong intramolecu-
lar hydrogen bonding [Figure 3(D,E)]. Hence, Zn*" ions cannot
easily reach the coordination centers, neither break the internal
hydrogen bonds, giving rise to neglectable association constants
(Table I, entries 13, 14, and 15, respectively). The same was
observed qualitatively for polymer 2a. These results confirm the

Table I. Summary of the Association Constants (K,) of Model Com-
pound-ZnCl, Complexes Determined by UV-vis Titration Method

Stoichiometric

Model ratio (model Association
Entries compound molecule: ZnCl,) constant (K,)?
1 3a 1:2 57 x 108 M2
2 3b 1.2 1.0 x 108 M2
3 3c 1:2 23 x10* M2
4 3d 1:1 2.0x 103 M1
5 3e —b —b
6 3f 1:2 25x 108 M1
7 3g 1:2 45 x10* M2
8 3h 1:1 42 %108 M1
9 3i —b —b
10 4a 1:1 478 M1t
11 4b Aledl 3.9 x 102 M1
12 4c 1:1 3.6 x 102 M1
13 5a —b —b
14 5b —b —b
15 6 —b —b

®The association constants are typically averages of two experiments at
25 °C.

®The constant is too small and beyond the limit of UV-vis titration
method.
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Figure 3. Possible structures of various model molecule-ZnCl, complexes (A,B,C,;F) and the reported formation of hydrogen bonds in benzoxazine
“trimer” and “tetramer” structures (D,E). S = neutral molecules, such as water, methanol or another model molecule.

fact that benzoxazine derived polymers have a strong inner
structure formed by
bonds 1,24,27

mainly intramolecular  hydrogen

It is remarkable that “dimer” 3b shows the highest association
constant although the electron-withdrawing ability of cyano
group is lower than that of the nitro group. We propose that
the cyano group should provide additional interaction with
ZnCl, as indicated in Figure 3(F), which obviously would help
to improve the association constant. Moreover, we surmise that
this additional interaction mainly derives from the intramolecu-
lar coordination since in the case of di-methylated “dimer” 3i,
the two phenolic groups are blocked and it seems that no
strong quelate interaction with the metal through the cyano
groups is observed; as a result, the association constant is too
small to be measured by the UV-vis titration method (Table I,
entry 9). These results show that cyano group can provide addi-
tional intramolecular coordination for the quelate interaction
and greatly improve association constant, but the cyano group
itself doesn’t interact significantly with Zn>" ion.

This interpretation is further supported by the following *C-
NMR study. As shown in Table II, when ZnCl, was added into
4-cyanophenol solution, the peak at 161.66 ppm due to cyano
group in the phenolic ring shifted downfield by 0.05 ppm, simi-
larly, as for di-methylated dimer 3i (Table II, entries 1 and 2).
However, in the case of dimer 3b, the effect was double and the
peak shifted by 0.11 ppm (Table II, entry 4). The case of mono
methylated “dimer” 3h is especially interesting. In this case, the
cyano group in the phenolic ring exhibited 13C chemical shift
difference of 0.03 ppm before and after adding ZnCl,, whereas
the cyano group in the anisole ring shifted 0.10 ppm (Table II,
entry 3). These outcomes suggest that only one cyano group
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coordinates with ZnCl, probably as depicted in Figure 3(F), and
only the cyano group in the anisole ring of 3h can coordinate
as proposed. A similar behavior was observed for phenoxy poly-
mer 2d and phenolic polymer 2f (Table II, entries 5 and 6,
respectively). The 13C chemical shift difference of cyano group
in 2d before and after adding ZnCl, was 0.04 ppm, while in 2f
it was 0.16 ppm. This result is in agreement with what has been
discussed if we take into account that in the phenoxy polymer
2d there are less free phenolic OH groups to form quelate inter-
actions, and on the contrary, in the phenolic polymer 2f many
more free phenolic OH groups must exist. The chemical shifts
differences described in Table II, being modest, are consistently
higher than the 13C-NMR digital resolution (0.015 ppm/point),
indicating that a correlation exist between the 13C-NMR differ-
ences (Table II) and the measured association constants (Table
I), thus supporting the proposed interpretation (structure F in
Figure 3). Moreover, this study indicates that the effects of the
cyano substituent in the “dimer” and in the “polymers” are cor-
related. Therefore, this supports the selection of the “dimer” as
model for the “polymers” in the quantitative study, and the fact
that the conclusions obtained in the dimer study can be trans-
posed to the polymer.

Water Sessile Drop Contact Angle Study on Various Model
Compound Films

To get information about surface energies, and the ability of
our model compounds to interact with the surroundings (data
of interest when translated to the uses of polybenzoxazines as
adhesives, composite matrixes, etc.), we further investigated the
interaction of some model compounds with water. Using spin-
coating technique, thin films of different model compounds
were produced on glass surfaces and the observed water sessile

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44099
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Table II. ?C-NMR Chemical Shift Values of Cyano Groups in Various Model Compounds in Deuterated DMSO®
A (CN) (ppm)

Entry Model compound Before adding ZnCl> After adding ZnCl> A3(CN) (ppm)
1 OH 161.66 161.71 0.05
2 OMe OMe 160.78 160.84 0.06

N

Me

3i
3 OMe OH 161.24, 161.34, 0.107,

N 161.13 161.16 0.03

Me

N*  3h
4 161.06 161.17 0.11
5° 159.49 159.53 0.04
phennxy strudure

6° 159.39 159.55 0.16

N
Ph
n

phenolic structure
2f

#Model compound: ZnCl> =1:1 molar, 20 mg of the model compound was used.

® A broad signal was observed for cyano groups.

drop contact angles are listed in Table III. Generally, contact
angle data are used to estimate the components of surface and
interfacial tension.”®>® Hydrophobicity of some polybenzoxazine
derivatives has been measured using this technique.?”
case, we could foresee that the more the intramolecular bond-
ing, the bigger the water contact angles. As expected, the water
contact angle increased in the case of dimers with electron-
withdrawing groups (Table III, entries 3, 4 vs 1; 8 vs 6) since
the stronger intramolecular hydrogen bonds should confer more
rigidity to the structure, making the coordination centers less
available for the external water molecules, thus increasing the
interfacial tension.

In our

Compared with symmetric N-methyl “dimer” 3a, the water con-
tact angle of symmetric N-phenyl “dimer” 3g increases signifi-
cantly (Table III, entries 1 vs 5). This phenomenon could be
rationalized by considering the fact that more intramolecular
bonding exists in symmetric N-phenyl dimer 3g because the
free hydroxyl group could also form the —OH' ' intramolecu-
lar hydrogen bonding interactions with the N-phenyl ring.”> In
the case of “trimers,” “tetramer,” and polymers, the water con-
tact angles were expectedly higher due to their strong

M WWW MATERIALSVIEWS.COM
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intramolecular hydrogen bonding (Table III, entries 9-16). It
should be pointed out that polymers mainly with phenoxy
structure or phenolic structure were prepared by controlling the
curing temperature and reaction time.'> It is remarkable that

Table III. Water Contact Angle Values on Different Model Molecular
Films

Water Water
Model contact Model contact
Entries molecule angle () Entries molecular angle (%)
1 3a Sill 9 5a 81
2 3b 46 10 6 70
3 3c 77 11 2a 76
4 3d 72 12 2b 62
5 3g 71 13 2c 95
6 4a 46 14 2d 90
7 4b 46 15 2e 107
8 4c 52 16 2f 96
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phenoxy polymers 2c¢ and 2d afforded lower water contact
angles than their corresponding phenolic polymers 2e and 2f,
respectively, which indicates that phenoxy structure has more
available hydrogen bonding sites for water interaction, being the
phenolic structure forming more intramolecular hydrogen
bonds (Table III, entries 13—16).

Interestingly enough, in several very relevant cases, the “dimer”
(3b, Table III, entry 2) and the polymers (2b, 2d, and 2f; Table
111, entries 12, 14, and 16, respectively) with cyano groups as
substituents, significantly lower values for the water contact
angles were observed. This behavior is probably due to the
additional intermolecular hydrogen bonding between the cyano
group and water. It is worth to notice that the cyano substituted
dimer 3b was the model molecule that showed a higher associa-
tion constant with ZnCl,, and in both cases (water and zinc cat-
ions) the effects of the cyano substituent seem to be
significantly different from the ones observed with other
electron-withdrawing substituents. It seems that the cyano
group offers extra coordination centers and this is translated
into higher association constants and lower contact angles. With
these results we can also conclude that both methodologies, the
estimation of association constants of model molecules with
metals and the simple study of water sessile drop contact angle
measurements on films of model molecules, give consistent
information about inner structure of polybenzoxazines and their
capacity to interact with the surroundings.

CONCLUSIONS

In summary, the interaction of various polybenzoxazines and poly-
benzoxazine model compounds with metal ions and water was
investigated using UV—vis, "H-NMR and 13C-NMR analysis, and
contact angle measurements. We succeed in calculating the associa-
tion constants (K,) for model molecule-ZnCl, complexes by UV—
vis titration method. In the common case (complexes with 1:2 stoi-
chiometry), it was found that an electron-withdrawing group can
stabilize the complex, resulting in a higher association constant.
This result suggests a new approach to improve polybenzoxazines
metal adhesion. The highest association constant was observed for
the 3b—ZnCl, complex probably due to the fact the cyano group
provided an additional intramolecular interaction with Zn** ion.
This interpretation was supported by a 13C-NMR study that also
confirmed that “dimers” could be used as models of the
“polymers” for quantitative studies about the effect of substituents
on the interaction with metal ions. The cyano group also provided
additional interactions with water as shown by the results from
contact angle measurements.

In general, the results reported in this article are related with the
rigidity and the low surface energy of the polymers derived from
benzoxazines, due, as previously reported, to a strong intramolecu-
lar hydrogen bond net. So, in general, unfunctionalized polyben-
zoxazines show very weak adhesion with metal surfaces. By
introducing appropriate substituents (i.e., cyano group), additional
coordination centers are created; the model molecules showing a
much higher tendency to positively interact with the surroundings
(metal ions or water), this effect is also observed in the correspond-
ing cyano functionalized polymers.
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Against simple intuition, contact angle measurements show that
polymers with major “phenoxy” structure show a higher surface
energy than polymers with major “phenolic” structure. This
result strongly support the proposed intramolecular hydrogen
bond net in the “phenolic” structures.

Our findings should allow modulating the adhesion and other
surface properties of the benzoxazine derived polymers by play-
ing with the properties of the substituents and the structure of
the polymer.
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