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ABSTRACT

A semi-empirical computational approach was used to study the reaction of
some polyphenolic compounds with formaldehyde in an aqueous alkaline
system. Mulliken charges were calculated for the reactive sites on the aro-
matic rings of the polyphenolic compoundsto predict their reaction pathways
with formal dehyde. Semi-empirical calculationsat RHF/PM 3 model were per-
formed on a series of polyphenolic compounds with different chain lengths
using HyperChem and GAM ESS softwares. The results were compared with
the experimental Fourier Transform InfraRed (FT-IR) data. The resultsindi-
cate that the initial gallic acid formaldehyde resin forms predominantly via
CH,OCH_links. It wasfound that C3-C6 link isformed between the B-ring of
thetwo flavanoid unitsand the link formed isa CH,OCH, typelink. Based on
analysis study the negative charges at reactive sites C3' and C6' of catecholic
B-ring complexed with Zn?* ions have increased, affinity of the reactive sites
towards formaldehyde. © 2012 Trade ScienceInc. - INDIA
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Tanninsarecomplex phenolicmoleculesof highmo-
lecular weights, ranging from 500 to 20,000. They can
bedividedintotwo mgor groups: (a) condensed tannins
(proanthocyanidins) and (b) hydrolysabletannins(poly-
estersbased on gallic and/or éllagic acid and their de-
rivatives). Generdly, tanninsare solubleinwater, with
exception of somevery high molecular weight com-
pounds. Gallic acid (Figure 1) has been suggested as
aprecursor of hydrolysabletanning?.

Gallic acid consists of an aromaticring bearing a
carboxyl group (position 1) and three adjacent hydroxyl

Figurel: Sructureof gallicacid

groups(positions 3, 4, and 5), leaving twofreesiteson
thering. Reactivity considerations show that the hy-
droxyl groupsin 3 and 5 activate the free positions,
whiletheremaining groups deectivate themt®.
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On the other hand, the condensed type of tannin
containsapolymeric structure containing 4-8 flavanoid
units(Figure 2). They arenatura compoundswiththe
structure based on flavan-3-ol units. Previousstudies
have stated that the A-rings of thetannin serveasvery
reactive nucleophiles and B-rings provide antioxidant
properties and excellent sitesfor complexation with
metal sand biopolymers dueto the presence of ortho-
hydroxyl groups* 9.

1]

CH, lkfae.

Figure2: Sructureof flavanoid unit of pinetypetannin

Tanninsof plant originshave been extensvely stud-
ied aspotential replacementsfor phenol inthe manu-
facture of formal dehyde based resins. However, some
of the studies conducted haverevealed that the tannin-
formal dehyde moleculeformed doesnot forminto a
large molecular structure asonewould expect. There-
placement of phenol with acomplex moleculelikea
tannin mol eculemakesthe understanding of themecha-
nism of thereaction difficult addressing the problemsof
the above naturedifficult. Inaddition, thismakesthe
control of the polymerization reaction difficult and
thereby the control of the properties of the end prod-
ucts manufactured®.

According tol® 19 there are two possible conden-
sation reaction pathsfor thereaction of galicacidand
formal dehyde, leadingto theformation of amethylene
bridge (Figure 3). Thefirst step of two mechanisms,
methylolation, isan electrophilic aromatic substitution
reaction [Figure 3(a)]. The second stepisacondensa
tion reaction. Thetwo mechanismsinvolvereaction of
ahydroxymethyl group either with aproton of thearo-
matic ring (ortho position) releasing awater molecule
[Figure 3(b)], or with another hydroxymethyl group
releasing awater molecule[Figure 3(c)] and aformal-
dehyde molecul e, subsequently [Figure 3(d)]. In both
cases, amethylenebridgeiscreated. Thus, theformal-

dehydereaction at the ortho position of asufficiently
large number of galloylated ringsof gallic acid, would
initiatetheformation of athreedimens ond cross-linked
structure depending on reaction conditions. Similarly,
formal dehyde mol ecul esreact with condensed tannins
to produce polymersthrough methylenelinkagesat re-
activepostionsontheflavanoid molecules, mainly via
theA-rings® 7.

0 0
= ECOH ,I; CH:OH
| = O
% T,

i)

(i}
Figure 3: Reaction of galloyl group with for maldehyde. (a)
M ethylolation reaction of galloyl unit; (b—d) condensation
reaction path of galloyl unit in gallicacid®

Pizzi and coworkers® % havereported that while
catecholic or pyrogalloic B-ringsof theflavanoid unit
do not react with formaldehyde at pH lower than 10,
theaddition of bivaent metallicionssuchasZincions
to thereaction mixtureinduced the B-ringsto react with
formaldehydeat lower pHs, theoptimum beinginthe
pH 4.5-5.5 range.

Inorder to utilizetannin based resinseffectively in
various applicationsand to develop new resins, it is
important to understand the reactions of tannin mol-
eculeswith formaldehyde. However, to date, most of

Research & Ru}u)lm: Dp o

olymer



RRPL, 3(1) 2012

S.Arasaretnam and L.Karunanayake 11

the studies on polyphenolic resins have concentrated
mainly onkinetic studies™ %1, Thesestudiesinvolved
not only the cal culation of reaction rates but al so com-
plex and cumbersome processesfor isolation and iden-
tification of thereaction products. However, computa-
tiona chemistry gpproacheshaveintroduced novel tech-
niques, which allow analysisof reaction mechanisms
and prediction of thereactivity of reactants. Therefore,
computationa chemistry could be used to predict the
reactivity of tannin moleculeswith formal dehydeand
thereby to provide new insight into thereaction mecha-
nisms. Such information may be useful in developing
strategiesto formulate polyphenolic resinsfor applica
tionssuch asadhesivesand ion-exchangeresins. This
insight would a so serveto decrease thetimeneeded to
optimize properties of new resins, experimentallyi*-15,

Themain objective of thisstudy isto investigate
someimportant aspects of thereaction mechanismsof
hydrolysableand condensed tanninswith forma dehyde
using thesami-empirical computationd approach. While
thegdlicacid (Ga) was used to represent hydrolysable
tannin, pinetypetannin (Pt) moleculewas chosento
represent condensed tannins. The possiblereaction Sites
of catecholic B-ringsof the pinetypetanninfor there-
actionwith formal dehydewereinvestigated. Further,
theinfluenceof incorporation of bivaent cationsto pine
typetanninonthereectivity of catecholic B-ringsof the
tannin mol ecul e was al so studied using the computa-
tional gpproach. Theexperimenta FT-IR spectroscopic
evidenceswere used to confirm resultsobtained from
thetheoretical computational approach.

EXPERIMENTAL

Preparation of gallicacid formaldehyderesin

A 25gsampleof gdlicacid dissolvedin 50 mL of
distilled water was heated in a500 mL three-necked
boiling flask to 60 °C. A 40 mL volume of formalin
solution (38 % w/w) was added to the reaction mix-
ture. The pH of the mixturewas adjusted to 10 using
NaOH solution (33 % w/v). Thereactants mixturewas
reacted at 60 °C for an hour. Thereafter, the reaction
mixturewascooled and freeze-dried. A sample(15mL)
wasremoved from thereaction mixtureand wasfreeze-
dried in order to be used for the FT-IR analysis. The
resin prepared was cured inanair-circulating oven at
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100°C for an hour to obtain the completely cross linked
resin and FT-IR spectrum of theresin wasrecorded.

Preparation of tannin for maldehyderesin

A sample of pinetype tannin powder (12.50 g)
was dissolvedin 50 mL of distilled water. Methanol
(10 mL) and 1.0 g of pumice stonewere added to the
tannin solution. ThepH of themixturewaskept a 10
using asolution of NaOH (33 % w/v). To thismix-
ture, a65 mL volume of formal dehyde sol utions (38
% w/w) was added drop-wise while maintaining the
temperature at 40 °C. The temperature of the mixture
wasincreased to 80 °C. The mixture was kept at 80
°C for an hour. Then, the mixture was neutralized us-
ing asolution of dilute HCI (0.01 mol/dmq). There-
sultant masswas cooled and allowed to harden. The
lump of material obtained was mechanically broken
into pieces. Theresin particles obtained were thor-
oughly washed with ditilled water toremove unreacted
substances and cured inan oven at 100 °C to impart
further crosslinking for an hour. Finally, theresnwas
stored for FT-IR analysis.

Prepar ation of metal adsorbed resin

A mixture of 10 g of pinetypetannin, 25 mL of
formal dehyde solution (38 % w/w) and 25 mL of Zinc
acetate solution (0.01 mol/dm3) weremixed in are-
agent bottle. The pH value of thereaction mixturewas
adjusted to4.7 usngasolution of dilute HCI (0.01 mal/
dm?). The mixturewasthenimmersedinaboilingwa
ter bath whilegently stirringwith aglassrod until gela-
tion occurred. The product obtained was cooled and
allowed to harden. Finally, FT-IR spectrum was re-
corded.

FT-IR Spectroscopy

FT-IR spectraof theresins prepared were recorded
using aFT-IR instrument (Thermo Nicolet, USA). Po-
tassium bromidediskswere prepared mixing 1 mg of
dried and ground samplesof res nswith 200 mg of KBr
(spectrometry grade) at 10,000 kg cm? pressure. The
spectrawererecorded by carrying out 100 scans at 4
cmt resolution.

COMPUTATIONAL CALCULATION

Two seriesof polymer structureswere constructed
ey, Research & Reotews On

Polymer
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to depict the structures of polymersformed by gallic
acid and forma dehyde using the software HyperChem
version 61, First, apolymer chainlinked withaCH,
link through C2 and C6 positions of two adjacent gal-
lic acid moleculeswas constructed asshown in Figure
4. Then, thechain length of the resulting polymer was
increased one by oneto incorporateupto eight gallic
acid moleculeslinking them through C2 and C6 posi-
tionsof two adjacent gdllic acid molecules. Secondly,
another seriesof structureswere constructed replac-
ing the CH, link withaCH,OCH, link between C2
and C6 positionsof two adjacent gallic acid molecules
(Figure5).

Figure4: Gallicacid formaldehyde moleculewith sngleCH,
link

COOH
5J“ﬂ
PN
Ho” %" “oH
L

COOH
#LHH _—CHOCH;—__

OH

Figure5: Gallic acid formaldehyde molecule with single
CH,OCH, link

Inthecaseof tannin, apolymer chainlinkedwitha
CH,OCH, link in Head to Tail configuration through
C6’ and C3’ positions of B-rings of two adjacent
flavanoid units was constructed using the software
HyperChem version 6 (Figure 6)*¢. Then, thechain
length of the resulting polymer wasincreased one by
oneto incorporateup to five tannin unitslinking them
through C6’ and C3’ of B-rings of two adjacent
flavanoid units. Similarly, astructurewhereaZincion
complexed with two hydroxyl groups attached to the
B-ring of theflavanoid unit of pinetypetanninwasdravn
to study thereactivity of tannin moleculeinfluenced by
bivalent cationstowardsformaldehyde (Figure 7).

Figure6: Tannin for maldenydemoleculewith sngleCH,OCH,
link

o4

i
HO ‘a f RJ‘H
L,

Figure7: AZincion complexed W|th aflavanoid unit

!

Semi-empirica optimization wasperformed ontwo
seriesof structuresusing version 6 of HyperChem soft-
ware. The conjugate gradient method wasused inthe
semi-empirica optimization. Theoptimization cacula-
tion was performed with aRoot-Mean-Square (RMYS)
gradient of 0.1 kcal/ (A mol). The full geometry optimi-
zationswerecarried out by minimization of themolecu-
lar energies.

The optimized structureswith C1 symmetry ob-
tained from HyperChem were used asthe sarting struc-
turesfor calculations at the Restricted Hartree Fock/
Parameterized Model number 3 (RHF/PM 3) leve of
theory using GAMESS softward'”, Thedatafilesthat
contain PM 3 basis set and Huckel electronic states
obtai ned were used to cal culate Mulliken chargesin
atomic unit (au) using GAMESS software.

Cadculationsof theMulliken chargesat reactive
carbon centersof catecholic B-ringsof the pinetype
tannininthetail of the phenolic compoundswere car-
ried out for the reaction of pinetype tannin molecules
with formadehyde. Similarly, Mulliken chargeswere
caculated for two gallic acid based series. In addition,
theMulliken chargesfor reectivesitesof flavanoid mol-
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eculewhich hasacatecholic B-ring complexed witha
Zincionwereca culated.

RESULTSAND DISCUSSION

Initial semi-empirical caculation conducted onthe
gdlicacidat RHF/PM3level of thetheory provided
the Mulliken charges for each atomic nucleus. The
Mulliken charges obtained for carbon atoms attached
tothearomaticring of thegdlicacid moleculearegiven
inthe TABLE 1. Accordingtotheresults, thehighest (-
0.1130) and the second highest negative charges (-
0.1019) are located at C2 and C6 positions of aro-
matic ring of gallic acid, respectively. Hence, thereac-
tion of gallic acid with forma dehyde occursviaC2 and
C6 positions.

TABLE 1: Mulliken chargesdistribution obtained by PM 3
method in gallicacid

Atom Mulliken charges (au)
C1 -0.0736
c2 -0.1019
C3 0.0262
Cc4 -0.0560
C5 0.0900
C6 -0.1130

TheMulliken charges obtained from the semi-em-
pirical RHF/PM 3 calculation at the reactive carbon
center of thetall of gallic acid formaldehyde molecules
linked with CH,OCH, andCH, linkages plotted against
thenumber of crosslinksaredepicted inthe Figure 8.
The Mulliken charges of the reactive center of
CH,OCH_ linked molecules are much more negative
compared to charges of those linked with CH... Fur-
ther, it can be observed that asteady increase of charges
withtheincrease of the number of CH,-linkages. Fur-
ther, the curvethat depict Mulliken chargesof thereac-
tivecenter of CH,OCH, linked moleculesgoesthrough
amaximum betweentwo tothree CH, crosslinks. This
could bedueto thefact that the approaching forma de-
hyde molecul e faces highest steric hindrancein this
range. Although, one could also observevery littlein-
crease in Muliken charges for polymer containing
CH,OCH, crosslinksinthisrange, before decreasing
to very low vauestowardsthe end, theval uesrecorded
arevery low compared to those of CH, crosslinks.

—= Fyl| Paper
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Figure8: Variation of Mulliken chargesof thereactivecar-
bon at thetail of thegallic acid moleculeslinked with CH,, and
CH_OCH,inthegallicacid for maldehyde polymer

Hence, theformation of CH,OCH, linkagesfavors
totheformation of CH, linkagesinthereactionof gdlic
acid withformaldehyde. Thisindicatesthat thecross
linking reactioniinitialy proceeds through CH,OCH,
linkageto formthegallic acid formadehyderesin. Fur-
ther, the presence of peak around 1200-1210 cm! that
can be attributed to C-O stretching of CH,OCH,
group™*® inthe FT-IR spectrum of gallicacid forma de-
hyderesin produced initialy, which disappeared com-
pletely in the spectrum obtained after curing at 100 °C,
confirmstheformation of CH,OCH, linksat low tem-

_HCHO potymer

Wasnumbers cme1)
Figure9: FT-IR spectraof gallicacid polymer beforecuring
(Ga_HCHO_prepolymer) and gallicacid polymer after cur-
ingat 100°C (Ga_HCHO polymer)
e, Research & Reolews On
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peratures (Figure9). These evidence support the sec-
ond mechanism out of two mechanismsproposed by
9 for theformation of gallicacid formadehyderesin.
TheFT-IR spectraobtained for the pinetypetan-
nin and thetannin forma dehyderesin produced arede-
picted inthe Figure 10. The characteristic peak present
intherange of 1085-1150 cm*whi ch can be attributed
to CH,OCH, links could be seeninthespectrum of the
tanninformaldehyderesin. Thisconfirmstheformation
of CH,OCH, linksto join two pinetype tannin mol-
ecules, initidly. Hence, it isreasonableto assumethat
thetannin formal dehydereaction occursviatheforma-
tionof CH,OCH, linksasinthecaseof gdlicacidform-
adehyderesin, initidly (i.e. inthe pre-polymer).
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Figurel0: FT-IR spectra of pinetypetannin (PT) and pine
typetannin formaldehyderesn (PTR)

TABLE 2: Calculated M ulliken chargesat RHF/PM 3 level
for thepinetypetannin for maldehydemoleculeswith varying
number of CH,OCH, crosslinks

Chargesat each reactive
Number of CH,OCH, 9

crosslinks center/au
c2 Cc3® ce
0 (monomer) -0.0752 -0.1559 -0.0926
1 -0.0964 -0.1934
2 -0.0977 -0.1983
3 -0.0987 -0.1801
4 -0.1014 -0.1465

Hence, the semi-empirical calculationswere per-
formed on the structuresdrawn to delineate the poly-
mer that contains tannin type molecules joined by
CH,OCH, links. Theresultsof thesemi-empirical cal-

culationscarried out &t RHF/PM 3leve ontheflavanoid
unit of pinetype tannin compounds are givenin the
TABLE2.

Accordingtothechargesgiveninthe TABLE 2,
initialy, large negative chargesarelocated at the C6 (-
0.0926), C2 (-0.0752), and C3' (-0.1559) positions
of aromaticring of thepinetypetannin (Figure2). Con-
sequently, one could expect that the positively charged
carbon of formal dehyde may react at thesethreesites.
However, thesite C2 ismore sterically hindered than
stesC6 and C3 for formal dehydemoleculeduetothe
heterocyclic group and the OH groups attached to het-
erocyclicring. Thisisreflected by therelatively less
negative chargeat C2. Hence, theformal dehydemol-
ecule could react with the B-ring of the pinetypetannin
compound only at C6 and C3'. HavingaCH,OCH,,
link between C6 and C3' of two tannin molecules, in
themoleculeswith morethan one CH,OCH, link, only
siteswhich will befreeto react with aformal dehyde
moleculeareC2 and C3'. Hence, chargeswerecacu-
lated for C2" and C3 (see TABLE 2). It can be ob-
served that C3 remainsasthefavorable sitethrough-
out thereaction compared to C2'. Thisshowsthat the
formation of tannin -formal dehyde-tannin linkage oc-
cursbetween C6 and C3' active centersof the B-ring
of the pinetypetannin molecule.

Asthefind part of thisstudy, theeffect of incorpo-
ration of Zn?* ionsto tannin moleculewasstudied using
thesemi-empirical method. TheZn?* ionwasused asa
model compound as many other meta ionshave been
reported to act as accel eratorsfor thereaction of phe-
nolic compoundswith formal dehydd. It was assumed
that Zn?* ion makes a coordination complex viatwo
hydroxyl groups attached to the B-ring of the pinetype
tannin. Asinthe case of earlier calculation, Mulliken
chargeswerecalculated at C6’, C2’ and C3’ positions
of the pinetypetannin molecule.

Theresultsobtained from the semi-empirica study
giveninthe TABLE 3 show that the cal cul ated atomic

TABLE 3: Distribution of chargesin apinetypeflavanoid
unit with Zn#*ion asaligand

Reactive center Mulliken charges (au)

c2 0.0789
Cc3 -0.1627
ce’ -0.1508
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chargesat reactivesitesof aromatic B-ring coordinated
with Zn?* ionshave changed. Whilethe negetivity of the
chargeat C2’ has decreased from -0.0752 to 0.0789,
negativity of chargesat C3’ and C6” have increased to
-0.1627 and -0.1508, respectively. Hence, reactive
sitesC3’ and C6’ have become more favorable sites
for the reaction with formaldehyde molecule. Many
heavy metd cataystsare known to depend on theabil-
ity of themetd ionto exist inmorethan oneoxidation
state. In such casesthe metal may act as an electron
carrier and may act catalytically inamanner whichis
fundamentdly different from the catalytic activity of hy-
drogenions. Theaction of theZn? ionasan electron
carrier might haveincreased the negativity of SitesC3’
and C6’of the tannin molecule™,

The peak that representsmethylol group (C-O) at
theregion of 1150-1012 cm™ in the spectrum of pine
type tannin formaldehyde resin (PTR) found to be
broadened by the adsorption of Zn?* iontotheresin
(Figure 11)1%8,

EBE

54

W T rerimane &

1300 1250 1200 1150 1100 1050 1000 950
Wawnumbers (omH)

Figurel1l: FT-IR spectraof pinetypetannin for maldehyde
resn (PTR) and Zincadsor bed pinetypetannin formaldehyde
resin (PTR_Zn)

These changessupport findings of the semi-empiri-
cal calculation, whichindicatetheincrease of charges
at reactivecenters(see TABLE 3) wheretheformation
of methylol groupswould occur. Thesefindings con-
firmthat theincrease of activity of activesitesof B-ring
of theflavanoid unit in thereactionwith formal dehyde
wheninduced by bivalent metal iong? 2,

—= Fyl| Paper
CONCLUSIONS

The semi-empirica calculation and FT-IR results
show that theformation of gdlicforma dehyde polymer
proceedsthrough CH,OCH, linkagesat low tempera-
tures. Further, it wasfound that the C3-C6 link isformed
between the B-ring of thetwo flavanoid unitsand the
link formed is a CH,OCH, type link. The negative
chargesat reactivesitesC3’ and C6’ of catecholic B-
ring complexed with Zn?* ionshaveincreased, showing
anincreased affinity of thereactive stestowardsform-
adehydetypemolecules. Theresultsof thisstudy indi-
cate that semi-empirical calculations can be used to
explain the reaction mechanism between the polyphe-
nolic compoundsand formal dehyde.
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