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ABSTRACT
Title of Thesis: Preparation and Properties of Novel Dental
Adhesives Based Upon Pentaerythritol

Yuan-Yuan Su,Master of Science in Chemical Engineering, 1985
Thesis directed by: Professor David S. Kristol

Urethane methacrylates were synthesized from pentaery-
thritol, TDI, HEMA and four phenolic blocking agents or from
hydroxypropyl methacrylate,  TDI and two phenolic blocking
agents. All the products were characterized by melting point,
infrared spectroscopy, NMR spectra, and elemental analysis.
The bonding of these materials to dentin slices was also
investigated. Such materials are supposed to not only react
with the organic constituent of dentin but also polymerized
with restorative resin. It was found that bond strength
was enhanced by the use of the urethane methacrylates,

resulting in best mean bonding strengths of 2400 psi.
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Introduction

I. Introduction : For more than a quarter of century, many
investigatorgﬁshave sought to obtain the bonding of
Eestorative resin to dentin by means of an intermediary
monomer. Although the acid-etch technique was introduced for
the bonding of resins to enamel for the prevention of pit
and fissure carie§:7'this technique does not give adequate
bond strengths to the dentin surface. Further, the use of
hypertonic solutions of phosphoric or citric acid on vital
dentin is usually contraindicated because they can bhave
harmful effects on the dental pulé%%géttemps to bond through
a micromechanical mechanism by an enzymatic pretreatment
have also  been madégkwibr example, it was thought that
limited treatment of the dentin with collagenase will cause
pitting and result in greater surface contact with adhesive
agents. However, these attempts were unsuccessful.

One approacxswhich had limited success was the use of
bifunctional monomers, in which one part of the monomer
molecule was designed to have a potential capability to
react with either the inorganic or the organic constituent
of the dentin, while another part of the molecule containing
a polymerizable double bond caused a polymerization reaction
with restorative resins. These monomers were 2;4-tolylene
diisocyanate reacted with 2-hydroxyethyl methacrylate at
one isocyanate, However, such monomers which might possibly

react with the -0OH or —NH2 side chains of the dentin protein

were found to give relatively low bonding strength. It was



suggested that this result might be associated with the
presence of water, which probably reacts with the free iso-
cyanate in the bifunctional monomer, more readily than does
with collagen. In order to avoid the reaction between iso-
cyanate groups and water from occuring, our laboratory
conceived the idea of the blocked isocyanates which were
prepared by subsequent treatment of the second isocyanate
group with phencls. Thus, the object of this research is to
prepare, characterize and test bifunctional monomers
containing blocked isocyanate groups for their ability to
form chemical bonds to human dentin.
I1. Principle
A. The Development of Adhesive Material I The human tooth
basically consists of the crown and root. The crown is
covered by a thin coating of enamel, while the root contains
a coating called cementum. Beneath the enamel, which is
the hardest substance in the human body and has no
blood supply, 1is the composite dentin containing 6&0%
hbydroxyapatite, 204 organic matter and 20% water by weight.
Organic matter called collagegzdés a triply stranded protein
molecule which contains a large number of polar groups with
active hydrogen such as —NH%,—DH, —CO0OH. 1In addition, the
primary amide groups (—NH—&—) present in the backbone of
collagen have much less active hydrogens.

The well—-known reactions of organic isocyanates with
active hydrogen cumpoundgaﬁagd the potential availability of

a large number of such active hydrogen sites in collagen



suggested the synthesis of monomers with isocyanate groups
as potential adhesion-promoting agents for collagencus sub-
strates. The chemcial mechanism for promoting adhesion to

dentin via the isocyanate group is as follows:

O
———NH o r—NH-C~-NH-R
0
Dentin ——0H + R~-NCO ~————% Dentin F—0-C-NH-R ——-m
10
———C00H e ~0—~C~NH~-R

~~~NH~C—NH-R
0

DentinF——0-C~NH-R

—~—~C-NH-R + C02

In én oral environment, however, the competitive reaction of
water present on the dentin surface with isocynate can be
significant.

R~NCOD + HZD —~"R~NH2 + C02

The amine group formed after the release of carbon dioxide

can react with another isocyancte to form urea linkage,
R-NCO + R—NH2 ——#= R—NH-CO-NH-R

That means one water molecules can consume two isocyanate
groups that are available for bonding to the dentin surface.
Furthermore, carbon dioxide produced in the water—isocyanate

reaction tends to form gas bubbles which will foam the



adhesive material and restorative material, possibly also
resulting in the reduction of bonding strength. Fortunately,
Wicg described that one of the distinct advantages of
blocked isocyanates is that they do not react with water at
neutral PH at ambient temperature. In this way, it makes
possible to develop a covalent bonding of the polymeric
adhesive to dentin by reacting the blocked isocyanate
functions to the hydroxyl or amino groups of collagen. The
mechanism of the reaction along with the release of the
blocking agent, R?-0H

R-NH-COO-R*> + H?N————Dentin —=—g= R—-NH-CO-NH———-Dentin + R’-0H
B. Beneral Chemistry of Blocked Isocyanate I A blocked
isncyanatg3is an isocvanate which has been reacted with a
material which will prevent its reaction at room temperature,
with compounds that conventionally react with isocyanates
but will permit that reaction to occur at higher temperature

The formation mechanism of a blocked isocyanate is
8]

R-NCO + BH=—= R-NH-C-B
Where BH is a hydrogen donor molecule such as alcohol,
phenol or amine.

The overall reaction with active hydrogen compounds is

4] 4]
R-NH—Q—B + HYZ——=R-NH-C-Y + HB

24-25

Williams has studied the alcoholysis of phenyl N-phenyl
urethanes and concluded that the mechanism of the deblocking
reaction is an EilcB type involving two intermediates @

) _fast vl slow _
Ar~NH-C~B + OH z==== Ar-—-NCOB + HQD ===== Ar—-NCO + BH + 0OH



BH: Blocking Agents
Thus, the initial step is proton removal in a rapid equili-
brium reaction followed by the slower expulsion of the
phenolate or alkoxide ion.

Rang6has found that the course of the transesterifi-
cation reactions is a rapid deblocking reaction to phenol
{BH) and free isocyanate followed by a slower, rate-control-
ling reaction of the isocyanate with the alcohol (ROH).

fast
Ar—-NH-COB Z===> Ar—NC0O + BH

0

slow Il
Ar—-NCO + ROH z==== Ar-NH-C-0R
In constrast to the situation with alcohol, the reaction
between a blocked isocyanate and primary or secondary amines
is relatively rapid and not readily reversible. The rate~
controlling step was the deblocking of the urethane to
isocyanate, +followed by the rapid reaction with the amine.
It can be concluded that the free isocyanate site will
largely react with NH2 groups on the surface of dentin
instead of OH groups.
C. Dissociation of blocked isocyanate : It can be assumed
that the bonding strength of the adhesive material to dentin
is mainly dependent on the number of free isocyanate sites
which are available to react with amine groups in dentin.
Thus, the rate and extent of the deblocking reaction are
significant and , therefore, described in this section.

Due to its importance in industrial applications,

several investigators have studied the deblocking reaction



for many years. Nick%2 has summarized that the rate and
extent of the deblocking reaction are affected by structure
of blocking agents, catalyst, and solvent. Among the above
three factors the choice of a compound ta be used as a
blocking agent is particularly crucial to the successful use
of a blocked isocyanate. Frisch’526study showed that the
thermal deblocking reaction of urethane in very general

terms proceeds in the following order:

Al kyl-NHCOD-AL kyl 250°C
Aryl~-NHCOO-Al kyl 200°C
Al kyl -NHCOO-Aryl 180°C
Aryl-NHCOO-Aryl 120°C

It was recognized that urethane derived from alkyl groups
were more stable than those derived from aryl groups.
Moreover, Fedoseev reported that the stability of blocked
isocyanates is significantly affected by substitution on the
aromatic ring. The presence of electron-withdrawing groups
decreases stability, and that of electron-releasing groups
increases stability. Moreover, Ortho-substituted phenol will
tend to deblock at lower temperatures than para-substituted
Dneéasi%%cording to the above guidelines, Kanaya tried
p—cresol, while Chikazoe and Yamamoto tried phenol as block-
ing agents in their work. The choice of p-cresol, esugenol,
ortho-methoxyphenol ,and ortho—-chlorophenol in this study are
primarily based on a previous study by Dr. W.H. SBnyder, Dr.
D. Kristol, and colleague:z‘.‘a3

Like most reactions, catalyst also plays an important



role in deblocking reactions. The deblocking temperature can
be largely lowered by means of introducing a catalyst to the
deblocking reaction. A patent claims that calcium 2-ethyl-
hexanoate is significantly more effective as a catalyst than
tin compound. Also claimed are Mg, Ca, Sr, or Ba salts of
hexanoic, octanoic, naphthenic or linoleic acid. Another
patent claims a marked synergistic effect with a combination
of organotin compounds and quaternary ammonium salts, with
not only a lower ‘"release temperature" but also improved
heat stability of the cured urethane coatings. Thus the
combination of dibutyltin dilaurate and an alkyl (CII—CWB)
dimethyl benzyl ammonium phthalimidate largely decreased the
"release temperature”. For the effect of solvent, Fedoseev
and co-workers studied the deblocking reaction in a series
of solvent and Found that the reaction rate increased with
snivent polarity. Reilly and orchi% showed that dissociation
proceeded more rapidly at 60°C in tetrahydrofuran than in

benzene at 80°C.

D. Reaction of Isocyanates : In most reactions, especially
with active hydrogen compounds, the aromatic isocyanates are
more reactive than the aliphatic isocyanates. In addition,
substitution of electronegative groups on the aromatic ring
enchances the reactivity whereas electropositive groups
reduce the reactivity of the isocyanate. As would be
expected, steric hindrance on either the isocyanate or the
active hydrogen compound will retard the reaction. All of

the reactions are subject to catalysis by acid and, usually



most strongly, by base. Typical reactions of isocyanates
with active hydrogen compounds are shown as follows §
0
RNCO + HOH ~4-'RNH—E—DH —— RNH2 + 002
Carbamic Acid Amine
0
RNCO + R*0OH ——b-RNH—g~0R’
Urethane
o
RNCO + R’—NHQ-—'-RNH—Q~NHR’
Urea
0 0 o )
RNCO + R’—Q—GH ——# RNH-C~0-C~-R* —-#& RNH-C-R®> + C02
Mixed Anhydride Amide
The usual order of reactivity is R’NH2> R*0OH > HOH > C6H50H
> R’COOH. These reactions are considered to be the backbone
of the polyurethane chemistry.
It is important to note that the further reaction

between the primary product with an active hydrogen atom and

another isocyanate group may also take place as follows:

R-NCO + —-NH-CO-0 ——» v—CD—O
RNH—&D
Urethane Allophanate
R-NCO + —NH-CO-NH ——»= v—CD—NH
R-NH—&D

Urea Biruet



R-NCO + NH-CO ———-—- Lol ?*CD
R—NH—éD

Amide Acyl Urea
These reactioéz7do not occur appreciably unless the reactant
are heated or unless there is a catalyst present which will
encourage the reaction. Some times these secondary reactions
are desired for the formations of crossliking and branching
which have an effect on polyurethane properties.

As a special case of the reaction with unsaturated

compounds, isocyanates may react with themselves to form

dimers, trimers, and even linear polvymers.

ﬁ
C
Cat. /
2 R-NCO —=--» —R-N N—-R—
f
0
Isocyanate Dimer
co
Strong base
3 OCN-R-NCO —= OCN-RN NR-NCO
e.g. NaOMe l
0cC c

0
N\,
N
R-NCO

Isocyanate Trimer

)
Very strong bases
nArNCO [-N-C-—-1

i

Low temperature H
Ar

Linear Polymer



Isocyanate dimers at elevated tempsratures react much as do
isocyanates, sometimes by prior dissociation to the ios-
cyanate, sometimes by direct reaction between dimer and
active hydrogen compound. Thus, dimers may give nearly the
same reaction as the monomeric isocyanate. Trimerization is
an important reaction in urethane polymer chemistry in that
the trimer is relatively quite stable. In addition, trimer-
ization is significant because it leads to branching of the
polymer. For the linear polymer, its properties resemble
nylon. So it is of importance in fiber industry.

E. Polymerization reaction:As noted before, the bifunctional
monomers expected to come out of this study should both bond
to the surface of the dentin and alsco polyvmerize with the
restorative material. Currently, the most widely used resto-
rative material is acrvylic resin, poly methyl methacrylate.
In molding procedures, however, poly methyl methacrylate by
itself is not used in dentistry to a great extent. Rather,
the liquid monomer, methyl methacrylate, is mixed with the
polymer at a ratio of 704 to 304 by weight. The monomer
partially dissoclves the polymer to form a plastic dough.
this dough is packed into the mold, and the monomers are
polymerized.

When the dough of MMA-PMMA is placed on the adhesive
material, the polymerization reaction occurs net only
between methyl methacrylate monomers themselves but also
between methyl methacrylate monomers and 2-hydroxy ethyl

methacrylates. The concept of dental adhesion by means of

10



diisocyanates can be generalized in the fellowing Chemistry

Scheme @
.
r(MMA%TMNA—— HEMA;R" NH-C~NH————
0
-(MHA%fMMA HEMA-R NH-C—-NH——~-
Restoratives Material Adhesive Material Dentin

In this way it can be recognized that the interface of
restorative material layer and adhesive material layer is a
copolymer, and the restorative material layer itself is a
homopolymer. Both of these reaction products are derived
from vinyl radical polymerizations. The genefal chemistry
for both homopolymerization and copolymerization will be
discussed separately as follows:

F.Free radical HomopolymerizationiInitiation in the presence
of an initiator, I , may be considered in two steps: first,
the rate-determining decomposition of the initiator into
free radicals, R-«,

kg
I ——» 2R I e.qg., benzyl peroxide

and, second, the addition of a monomer unit to form a chain

radical M
kq
Re + M ———= M M: e.g., methyl methacrylate monomer

The successive steps in propagation,
kp
Me + M ————s My
kp
My + M ————e My

or, in general

n



Mys + M ———== Meiy®

are assumed all to have the same rate constant KP because

radical reactivity is presumed to be independent of chain

length.

The termination step involves combination

My + My === Mxsy

or disproportionation, where M, and MY are alkane and

alkene.

Only in the case where it is necessary to distinguish bet-
ween the two mechanisms, the termination rate constant can

be denoted Kt’ a lumped parameter.

The rate of initiation is
Vi = ( = % = 2 f kd L 11

where f = efficiency of the radical to initiate the monomer

The rate of termination is

d (M1 2

V, = = ( ——————— ) = 2 kg [ M1
t 4t t
At the steady-state, V; = Vt

172

f k4l I3
EMs1 = )
kg
The rate of propagation,
172
d M1 f kg L I 1

VP = - —————— = kp LMmiILM-d-= kP( -~ ) L M1

12



Thus the over—-all rate of polymerization should be
proportional to the sqaure root of the initiator concentra-
ation and to the first power of the monomer concentration. A
number of substances which are capable of generating free
radicals are potent initiators for the preparation of poly
methyl methacrylate resins. The most commonly employed is
benzoyl peroxide, which decomposes at relatively low temper-
ature to release free radicals. In order to obtain good

physical properties, a maximal useful concentration of the

40
peroxide is 2.0 percent. Hence, aside from increasing the
caoncentration of monomer and initiator, the only way to

increase the rate of polymerization is to find a good
promoter which can activate the peroxide to decompose
faster. This permits an increase in the rate of polymer-
ization by increasing f, the efficiency of the radical,
without increasing the initiator concentration. Meltzer
and Tobolség showed that the propagation steps and
termination steps of the chain reaction are not affected by
a promoter in a peroxide-amine initiated system. It must,
therefore, change the initiation step.

Steven’s work showed the decomposition step mechanism of

initiator as follows:

1) 0 0

I I
c—o—n-c—@ + CH3@ N¢ CHg )p -

Benzoyl Peroxide Ny, N—-dimethyl-p—~Toluidine

15



o @TEE - @
CH3
3 @N—O-—C ——————— — CH3 @'N( CH3 2 @C—O .
Il
@- S P — —pp @ . + CDz

Free Radical

According the above decomposition mechanism, the subst-
itution of electron-repelling groups in the para position of
dimethylaniline will increase decomposition rate efficiency.
But a methyl group substitution in ortho position of dimeth-
vlaniline reduces the decomposition rate of benzoyl peroxide
to such an extent that polymerization does naot take place
readily. As compared to the meta position, an aliphatic group
in ortho position decreases peroxide decomposition. By using
a modified ultrasonic viscometer, Brauer and his coworkers
concluded that polymerization with tertiary aromatic amines
proceeds fastest. Furthermore, they showed that polymeriza-—
tion with N;N-dimethyl-p-toluidine or 2,2°’- (m—-tolylimino)
diethanol gave products having the best physical properties.
For the consideration of physical properties of material,
however, a maximal useful concentration of the amine was
found to be approximately 0.75 percen%?
G. Cnpnlymerizatio§0o¥ Methyl Methacrylate and Hydroxyethyl

Methacrylate : The initiation and termination steps are the
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made

44

as previously mentioned in homopolymerization. Dostal

the first attack on the mechanism of copolymerization

by assuming that the rate of addition of monomer to a

growing free radical depends only on the nature of the end

group on the radical chain. Thus monomers "l and M2 lead

tor

adical of types Mr and MQ‘. There are four possible

ways in which monomer can add:

KH

+ M. ————— M, Kihw ETM31 LM, 1]
K2

+ M? ----- H2' Kipg LML ﬂ?']
Ko

+ M, —;——— M Kﬂ H2-J L M; 1

+ MQ ——?'L-' "2‘ K?? L M?‘] L MQ ]

If we assume that a steady state applies to each radical

45-48

type separately,

x 7
O

e 4
"

M“

ﬂ2-:

term

LM, 30M 1=Ky M- 1LM,]

LM 1

______ _K”EM,'][Hll+K21[M?'][H'J
t

L Mo ]

______ =K;?[M,'][M?J+K??[H?‘] [M?]
t

M, 1 [M; 3 r, LM, 3+LM,]

K”/KIZ l"2

Methyl Methacrylate monomer

= Kzp/ Ky

Hydroxyethyl Methacrylate monomer
living copolymer with Methyl Methacrylate terminers
living copolymer with Hydroxyethyl Methacrylate

iners
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1 Ifre rp, =1 then -—-——-——- = r -—————

d [ M; ] L My 1
In this case the end group on a growing chain has no influ-
ence on the rate of addition, and the two types of units
are arranged at random along the chain in relative amounts
determined by the composition of the feed and the relative

reactivities of the two monomers. This copolymer system is

said to be ideal.
2) It ry =rp =0, then -—————— = 1

The monomers alternate regularly along the chain regardless

of the composition of the monomer feed. This is so called

alternative copolymer.

3 I+, ro > 1, The system corresponds to the tendency

to form block copolymer .

Most actual cases lie between the ideal and the alter-
nating systems; 0 < r,rp, < 1 .
H. Effects of Cross Linking on Dental Material: Theoreti-
cally, cross—linkége provides a sufficient number of bridges
between the linear macromolecules to form a three—-dimen-—
sional network that alters the strength, sclubility,
and water sorption of the resin. A general cross linking

structure is as follow @

M-M-M-Y-M-M-M—-M-

Y
H
-M-M-M—-M—-M-M-Y-M
1
Y
!
Most acrylic resin materials contain a cross-linking

16



agent such as ethylene glycol dimethacrylate @
ﬁ 0
CHS—C—C—D—CHQ—CHQ-D—C-ﬁ—CH3

I
CH CHo

This chemical contains two polymerizable bonds, and it can
cross—link with other groups in at least two directions when
it is polymerized. When it is used as a copolymer with
methyl methacrylate, a more insoluble and in fusible resin
results compared with the similar properties of poly methyl
methacrylate alone.

For the investigation of the mechanical properties,
investigations have been carried out in Japan by Masuhara
and Hirasaéﬁjwhich included the study of hardness, tensile
and transverse strengths, abrasion resistance and water
absorption of co-polymers of methyl methacrylate and a
variety of cross-linking agents. Their results indicated
that there was a small increase in tensile strength in some
of the cross-linking specimens over that of linear poly-
methyl methacrylate ones. All other tests displayed no
significant difference.

1. Residual Monomer in Restorative Resins: Since the
introduction of restorative homopolymerizing resins there
has been a continuous effort to improve the properties of
the material and the quality of the finished restoration.
The shortcomings of resin restorations have been discussed
fully and are well known. Some of the difficulties

encountered in the past were the lack of color stability,
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poor adaption, 1low strength and hardness, and an absence of
anticarcinogenic characteristics. Investigations of the
mechanical properties of resins have indicated that they are
related, in general, to the residual monomer content. The
modulus of elasticity, vyield strength and hardness develop
with time, and the rate of improvement exhibit a direct
relationship to the decrease in the monomer contsﬁﬁ%z
Generally, the more rapidly the residual monomer is reduced,
the more rapidly the physical properties improve.

Our work is an attempt to improve the mechanical

properties of methacrylate-based dental restorative resins.
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EXPERIMENTAL

I. Synthesis

A. HPMA-TDI-Blocking Agent Synthesis

1. Preparation of HPMA-TDI Adduct: This reactoin was carried
out in a sclution which contains TDI(2,4-toluene diisocya-—
nate) and HPMA(2-hydroxy propyl methacrylate) in the molar
ratio 3:1. The apparatus was set up as indicated in Appendix
A.

120.0 grams(0.46%90 moles) of TDI was stirred with 500 mL
of petroleum ether and é drops of DBTDL(dibutyltin dilaurate
as catalyst in a high shear stirring flask. The mixing was
carried out for 15 minutes in a nitrogen atmosphere. HPMA,
33.0 grams (0.230 moles) was added dropwise to the solution
by means of an addition funnel.

Under conditions of vigorous agitation and nitrogen
circulation, the reaction was exothermic. A cooling water
bath was used to maintain the temperature below 35°C to pre-
vent gel formation due to by-product reactions.

After one hour addition of HPMA, 250 mL of petrocleum
ether was added. Addition of fresh petroleum ether should
turn the reacting solution cloudy. If this does not occur,
the agitation is continued and the rate of HPMA is contro-
lled until the desired cloudiness is obtained. Generally,
the rate of HPMA is controlled at 1 drop/15 secs. The add-
ition of Fresh petroleum ether can also prevent HPMA-TDI
adduct from sticking to the body of the flask. Therefore,

it is necessary to keep adding fresh petroleum ether during
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the reaction. The total amount of fresh petroleum ether be—
ing added in the adducting reaction should not be less than
1000 mL.

After all the HFPMA has been added, the reaction was

allowed to procede overnight under conditions of continuous
agitation and nitrogen atmosphere.
2. Precipitation of HPMA-TDI Adduct: The stirrer was turned
off, 100 mL of petroleum ether was added and the system was
left undisturbed under nitrogen circulation for at least &
hours. The colorless liquid at the top of the flask consi-
sting of excess TDI and petroleum ether was suctioned off
by means of a rubber bulb.

Another 1000 mL of fresh petroleum ether was added and
the solution was continuously stirred for 20 minutes in
order to remove the TDI residues adsorbed on HPMA-TDI adduct,
This purification process was repeated twice more. Finally,
the solid product at the bottom of the flask was collected
by suction filtration. The filtered cake was washed with
fresh petroleum ether to ensure the complete removal of TDI
residues. The filtered cake was plared on a watch glass and
vacuum dried at room temperature for one day to remove all
traces of petroleum ether {from the adducting product. A
vield of 30 grams{(41%) of HPMA-TDI adduct was ocbtained.

3. Blocking HPMA-TDI Adduct: The HPMA-TDI adduct from part 2
of section A was blocked with two blocking agents such as
p-cresol, and m—methoxy phenol. However, in this section

only the blocking reaction of p-cresol will be discussed in
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detail. For the case where m—-methoxyphenol is used as a
blocking agent, the experimental procedure used is similar
to the one discussed for p-crescl. Reaction conditions, such
as required time for completion of the blocking reaction,
amount of blocking agent, etc., are listed in Table I

12.0 grams (0.038 moles) of the HPMA-TDI adduct were
dissolved in 150 mbL of dry THF (tetrahydrofuran) in a 250 mL
Erlenmeyer flask. [ one liter of THF solvent had been dried
by the addition of lithium aluminum hydride, and a simple
distillation of the resulting suspension was performed.] 5
drops of DBTDL as catalyst was added to the snlution along
with 4.9 grams (0.045 moles, 204 excess) of p-cresol. The
solution was gently shaken to ensure that all reactants were
mixed well and nitrogen gas was passed through it for about
1 to 2 minutes. The flask was now capped with a rubber
stopper, which was wrapped in aluminum foil to prevent
direct contact with the blocking solution. The blocking
reaction was carried out in a hot o0il bath maintained at
SOOC. A sample was checked for a free isocynate peak at 2250
cﬁ' by means of an infrared spectrophotometer. For the case
of p—cresol, it tock three days for the completion of the
blocking reaction, as shown by the absence of a free iso—
cyanate peak. The solution at this point became more viscous
and its color changed from light to dark vellow.
4, The Precipitation of P-cresol Blocked HPMA-TDI Adduct:
The blocked solution from part 3 of section A was filtered

to remove undissolved impurities. Before the precipitation
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was performed, it was necessary to ensure that each drop of
the blocked solution added to petroleum ether immediately
precipitated as a fine solid material. Formation of large
coalesced particles on contact of the blocked solution with
petroleum ether would imply that the blocked soclution had
to be diluted with more dry THF soclvent. On the other hand,

too much dilution with dry THF solvent would cause the form-
ation of a cloudy solution instead of fine powder precipi-
tation and loss of product. A total of 100 mL of dry THF
was added to the soclution of HPMA-TDI-p-crescl and the
contents of the flask was shaken gently. The diluted blocked
solution was added dropwise to 1000 mL of petroleum ether in
a flask under nitrogen atmosphere and vigorous agitation.
Upon contact of the blocked HPMA-TDI soclution with the
petroleum ether, a well dispersed white solid was observed.
After the addition of about half¥ the blocked solution,
500 mL of petroleum ether was poured into the solution to
prevent the precipitate from coalescing to each other or
from sticking to the wall of flask. OUOnce all the blocked
HPMA-TDI solution was precipitated, the excess p-cresol, dry
THF, and catalyst were r2moved by washing with petroleum
ether. The washing procedure described in part 2 of section
A would be applicable to the above case. Finally, 13.0 grams

{(81% vield ) of HPMA-TDI-p-cresol blocked adduct was

obtained.
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Table I Preparation of HPMA-TDI-m-methoxyphenol

The general procedure is the same that was described in
parts 3,4 of section A with following quantities of the
reactants and characteristics:

Weight of the HPMA-TDI Adduct : 14.0 grams (0.044moles)
THF sclvent used in the blocking reaction @ 150 mL
Weight of m-methoxyphenol : 8.1%9 grams (0.0646 moles)
DBTDL as catalyst I 5 drops

Temperature of blocking reaction : SOOC

Time for completing the blocking reaction : 4-5 days
More THF solvent used for dilution : 100 mL

Total vol.of petroleum ether used for Precipitation 13500 mL

Weight of the product : 13.2 grams (48%Z yield)



B. Pentaerythritol-TDI-HEMA-Blocking Agent Synthesis:
1. Preparation of Pentaerythritol-TDI Adduct: In this case,
the adducting reaction was carried out in a heterogeneous
system. The same apparatus previous section were used.

34.0 grams (0.250 moles) of pentaerythritol was ground
into a fine powder, and then dried in a vacuum oven at 40°C
for one day. The dried powder was placed in a flask and 3500
mL of distilled p—-dioxane, 261 grams (1.5 moles, 30% excess)
of TDI, and S drops of DBTDL were added to it. The reaction
was now carried out under nitrogen circulation and vigorous
agitation. It was found that pentaerythritol was insoluble
in p-dioxane.

Since p-dioxane is a very good solvent for pentaeryth-
ritol-TD1 adduct, once the adduct was formed, it dissolved
in the p-dioxane immediately. In this way the adduct product
was easily separated from the pentaerythritol. Similarly,
The reaction of hydroxy group of pentaerythritol with iso—
cyanate group of TDI occured exothermically. In order to
avoid the formation of gel material due to by—-product react-
ions, a cooling water bath had to be used.

As the reaction procesded, the total amount of penta-—
erythritol was observed to gradually diminish. At the same
time the colorless solutidn turned yellow and became more
viscous. Generally, the fresh distilled p-dioxane had to be
poured into the flask to prevent oversaturation at this time,
In the case of oversaturation another 50 mL of distilled

p-dioxane had to be added to the reacting solution every 2-3
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hours. The reaction was continued until the amount of penta-
erythritol was observed to remain constant.

2. Precipitation of Pentaerythritol-TDI Adduct: Upon comple-
tion of the reaction, the solution of pentaerythritol- TDI
was filtered to remove the unreacted solid pentaerythritol
in petroleum ether. The precipitating procedures described
in part 4 of section A can be applied to this case. Finally,
the milky splid material obtained was dried and found to
weigh 128.5 grams (yield of &1.9%).

3. Blocking the Pentaerythritol-TDI Adduct: In the blocking
reaction, the 1:1 molar ratio of HEMA (2-hydroxy ethyl meth-
acrylate) and each of the four blocking agents were used to
block the samples of pentaerythritol-TDl adduct. Although
four different blocking agents were applied in the blocking
reaction, only the blocking reaction of p-cresol will be
described in detail in this section. For the remaining three
blocking agents, the reaction conditions, such as tempera-
ture, required time for completion of the blocking reaction,
and excess amount of blocking agents etc., are individually

listed in Table II-IV.

8.0 grams of pentaerythritcl-TDI adduct from part 2 of
section B were placed in a 250 mL Erlenmeyer flask and 100
ml. of dry THF were added to it dissolve the pentaerythritol
—TDI adduct. Upon the addition of THF, the solution turned a
reddish brown color. p-crescl, 2.2863 grams (0.021 moles or
207 excess), 2.576 grams (0.0198 moles or 60% excess) of

HEMA, and &6 drops of DBTDL as catalyst were simultaneously
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poured into the solution which was gently shaken to ensure
that all reactants were thoroughly mixed. Nitrogen gas was
passed through it for about 1 t0 2 minutes. The flask was
capped with a rubber stopper, which was wrapped in aluminum
foil. The blocking reaction proceeded in a oil bath, main-
tained at SOOC. Using the same procedure as described in the
previous section, an Infrared Spectrometer was used to check
for the free isocyanate peak. In the case of p-cresol block-
ing reaction, it was found that the free isocyanate peak had
reached its minimum after seven days. In order to ensure
completion of the blocking reaction, as indicated by the
absence of free isocyanate peak, ©0.4172 grams of p—-cresol
was added to the blocking solution. One day 1later, the free
isocyanate peak was completely eliminated. The blocking sol-
ution was now diluted with 90 mlL of dry THF to obtain a good
precipitation.

4. The Precipitation of Pentaerythritol-TDI-HEMA-p-cresol.
The soclution from above was precipitated in petroleum ether.
All precipitating procedures are similar to those described
in part 4 of section A. Finally, 10.2 grams (847 yield) of

pentaerythritol-TDI-HEMA—p-cresol was obtained.
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Table II Preparation of Pentaerythritol-TDI-HEMA-Eugenol

The general procedure is the same that was described in
parts 3,4 of section B with following quantities of the
reactant and characteristics:
Weight of pentaerythritol-TDI adduct: B.0 grams

-3
(2.61X10 moles)

THF solvent used in blocking reaction : 100 mL

Weight of HEMA & 2.576 grams (0.0198 moles)

Weight of Eugenol 3.47 grams (0.021 moles, 18% excess)

DBTDL as catalyst : 5 drops

Temperature of the blocking reaction : 45°C

More Eugenol added for completing the blocking

reaction after 7 days @ 0.63 grams (3.8x164m01es,4x excess)
Time for completing blocking reaction & 13 days

More THF solvent used for dilution ! 150 mL

Total volume of petroleum ether used

for precipitation : 3500 mL

Weight of product :19.8 grams (72% yield)
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Table II1 Preparation of Pentaerythritol-TDI-HEMA—-o-Methoxy—
phenol

The general procedure is the same that was described in
parts 3,4 of section B with following quantities of the
reactant and characteristics:
Weight of pentaerythritol-TDI Adduct: 8 grams

(9. 61%10° moles)
THF solvent used in the blocking reaction I 100 mL
Weight of HEMA @ 2.576 grams (0.0198 moles)
Weight of o-methoxyphenol: 2.4&2 grams
(0.021 moles, 1871 excess)

DBTDL as catalyst : 5 drops
Temperature of blocking reaction :4500
More o—-methoxyphenol added for completing blocking
reaction after 7 days : 0.48 grams (3.8X164moles,4x excess)
Time for completing the locking reaction : 11 days
More THF solvent used for dilution after 7-8B days 150 ml
Total volume of petroleum ether used for
precipitation ¢ 3500 mL

Weight of product ¢ 8.7 grams (67.95%4 yield)
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Table 1V Preparation of Pentaerythritol-TDI-HEMA-o-Chloro-
phenol
The general prncedUre is the same that was described
in parts 3,4 of section B with feollowing quantities of the
reactant and characteristics:
Weight of pentaerythritol-TDI adduct ! 10 grams{(0.012 moles)
THF solvent used in blocking reaction I 100 mL
Weight of HEMA : 3.23 grams(0.02484 moles, 7% excess)
Weight of o—chlorophenol @ 3.47 grams
(0.027 moles, 254 excess)
DBTDL as catalyst : 5 drops
Temperature of blocking reaction : 37°C
More o-chlorophenol added for completing the blocking
reaction after two weeks ! 2.00 grams
(1.11x163mules, 9L excess)
Time for completing the blocking reaction ! 19 days
More sclvent used for dilution @ 200 mL
Total volume of petroleum ether used for
Precipitation : 3500 mL

Weight of product : 11.4 grams (70.4% yield)



C. Hydroxvhexyl Monomethacrylates
1. Preparation of Hydroxyhexyl Monomethacrylates: the react-
ion of hydroxyl group of 1,6-hexanediol with the carboxyl
group of methacrylic acid proceeded at 80°C and 100-150 mm
Hg under an oxygen atmosphere. The apparatus was set up as
indicated in Appendix B, The detailed experimental proce-
dures are as follows:

137.7 grams{l.4& moles) of methacrylic acid, 189.1 grams
(1.6 moles) of 1,&6~hexanediol, 1.5 grams of p-Toluene sulf-
onic acid monohydrate (as catalyst), and 0.6 grams of di-
tert?butyl -p-cresol (antioxidant) were poured into a 500 mL
resin kettle and gently shaken to ensure proper mixing. The
reactants were heated to BOOC and oxygen gas was carefully

introduced. At the same time, a vacuum of 100-150 mmHg was

developed by using a vacuum pump and controlled by using the

regulator. As long as a temperature of BOOC and a pressure
of 100-130 mmHg was maintained, water was observed to con-
dense in the collecting flask and the trap. For this react-
ion, temperature and oxygen gas are the most important fact-
ors. In fact, the best reaction rate can be obtained at BOOC.
Beyond this temperature, the polymerization reaction would
occur at the double bond of methacrylic acid. The purpose of
introducing oxygen gas was to inhibit the polymerization
reaction, thereby cbtaining a higher yield of the product.
The reaction was continued until all the water, a by product)
was removed. The final product was 190 ml.

2. Purification of 6—-Hydroxyhexyl monomethacrylates: The
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liquid from above part contained both monoester and diester.
The monoester was separated from diester by extracting the

diester with n—octane three times. Using 600 mL of n-octane

each time. Finally,55.0 grams (16.8% yield) of yellow liquid

was obtained.



11. Characterization

1. Melting Points of Monomers: In determining the melting
points of the monomers, a light microscope with a hot stage
and a crossed-polarized lens made by Bristoline Company was
used. For sach of the monomers, the melting point determina-—
tions were performed twice. A heating rate of approximately
1°C 7 1 min was used to obtain a precise melting point. The
melting points for all of monomers are listed in Table V

2. IR Spectra :The samples except for the hydroxyhexyl mono-
methacrylates were KBr pellets. The monomer, 1.4X153 grams,
was mixed with 0.5 grams of KBr, and ground together using
an agate mortar and pestle. The sample discs were made with
a Carver press, and the IR instrument was the Perkin--Elemer
Infrared Spectrophotometer model 1310. IR data are given in
Tables VI-XIV. IR Spectra are shown in Figs 1-9.

3. NMR Spectra: Only proton NMR was used. Unisol or acetone
was used as solvent, and TMS as reference. The samples were
dissolved in the solvent and filtered through 0.45 micro
nitro—cellulose filters. The instrument used was the Perkin-
Elemer EM 340L. The NMR data are given in Tables XV-XXII.
NMR Spectra for all of monomers are shown in Figs 10-17.

4. Elemental Analysis: This analyses were performed by Mic
Anal Corporation of Tuscon, Arizona. The reported percentage
of Carbon, Hydrogen, Nitrogen, and Chlorine are given in
Tables XXIII-XXX.

—S.Tensile Strength Test: The procedure for preparing the

samples for tensile strength testing is as follows:
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a. Preparation of Aluminum rods: The faces of the rods,
which were sandblasted +For better adhesion, were put into
petroleum ether in an ultra sound machine for S5 minutes for
degreasing. The Na28q207/H25q4 etching solution was used to
etch the faces of the rods, which were then rinsed with tap
water and followed by distilled water. Finally, the rods

were set face up in & Jig with rubber sleeves around them
to minimize the leakage of the adhesive.

b. Tooth Slices Treatment: Tooth slices were immersed in 5%
citric acid for 2 minutes and then washed with distilled
water for 1 minute. The etched tooth slices were soaked with
DME (1,2-Dimethoxy ethane) for two minutes. The monomers
made in section A and B were dissolved in DME to form an
adhesive solution. The tooth slices which were previously
soaked in DME were now placed in the adhesive soltion.

c. Sample Making: PMMA-MMA mixture (734 MMA, 25% PMMA) along
with NNDMPT as catalyst and benzoyl peroxide as initiator
was placed on the treated rods in the Jig. The treated tooth
slices were now dipped in PMMA-MMA mixture and immediately
placed on the faces of the rods. Finally, 8ix samples were
subjected to a load of 1875 grams for about one hour. The
bonded tooth slices were then measured for their tensile
breaking strength in a SCOTT-CRE 1500 Tensile Testing Mach-
ine. The results of the testing for each of monomers are

listed in Tables XXXI-XXXX.
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Table V Melting Point of The Products
Compound

HPMA-TDI Adduct

HPMA-TDI-P~-Cresol

HPMA-TDI-m—Methoxy Phenol
Pentaerythritol-TDI
Pentaerythritol-TDI-HEMA-P-Cresol
Pentaerythritol-TDI-HEMA—-Eugenol
Pentaerythritol-TDI-HEMA—-o—-Methoxy Phenol

Pentaerythritol -TDI-HEMA—-o-Chol orophenol

Melting Point
185-187°¢C
85-87°C
83-8&°C
305-307°C
104-108°C
103-105°C
122-125°C

119-122°¢C
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Table VI Selected IR Absorptions of HPMA - TDI

Assignments

N-H stretch

C-H aliphatic and arometic stretch

N=-C=0
C=0 carbony

c=C

C=H aromatic skeletal stretch

CH2 bending
CH3 bending
c-0

C-N stretch
C~-N stretch
c-0

c-0

c-0

C-H out of
C-H out of
C-H out of
C-H out of

C—-H out of

1

plane deformation
plane deformation
plane deformation
plane deformation

plane deformation

Wave
3350
2960
2280
1740
14640
1530
14460
1390
1300
1230
1170
1120
1090
1050
1000

250

870

820

760

number cam'
(s)
{s)
(s)
{(s)
{m)
(s)
(s)
(s)
(s)
{(s)
(s)
{m)
(s)
{m)
{m)
{(m)
{m)
{(m)

{m)



Table VII Selected IR Absorptions of HPMA-TDI-P-Cresol

Assignments Wave number cd4
N-H stretch 3320 (=)

C-H aliphatic stretch aromatic 2880 & 2990 (s)
=0 carbonyl 1720 (s)

c=C 1600 (m)

C=H aromatic skeletal stretch 1530 (s)

C=H aromatic skeletal stretch 1510 (&)

CH2 bending 1450 (s)

CH3 bending 1360 (m)

CH3 bending 1330 (m)

C—-N stretch 1270 (m)

c-0 1230 (=)

c-0 1210 (=)

C-N stretch 1190 (=)

C~-H in plane bend 1070 (s)

C~H out of plane deformation 210 (s)

C-H out of plane deformation 820 (m)



Table VIII Selected IR Absorptions of HPMA-TDI-m-Methoxy-

phenol

Assignments

N-H

C-H

C=0

c=C

C=H

C=H

stretch

aliphatic and aromatic stretch

carbonyl

aromatic skeletal stretch

aromatic skeletal stretch

Cszending

CH3bend1ng

c-0

C-N

C-N

stretch

stretch

in plane

out of plane deformation
out of plane deformation
out of plane deformation
out of plane deformation

out of plane deformation

Wave

3290

2880

1720

1600

1330

1450

1460

13460

1290

1230

1190

1170

1150

1070

950

210

a50

770

&90

number cm’

(s)

& 2900 (s)

(s)

{s)

(s)

(s)

{(s)

{m)

(s)

(s)

(s)

(s)

(s)

(s)

(m)

(s)

{(m)

{m)

{m)



Table IX Selected IR Absorptions of Pentarythritol-TDI

Assignment

N-H stretch

C~H aliphatic and aromatic stretch
N=C=0

C=0

C=H aromatic skeletal stretch

CzH aromatic skeletal stretch

CH2 bend

C-N stretch

C-N stretch

C-H in plane

C-H out of plane deformation
C-H out of plane deformation
C-H out of plane deformation

C-H out of plane deformation

Have

3320

2920

2270

1720

1600

1520

1390

1270

1220

1160

1000

30

860

810

760

Number c64

(s)
& 2960 (m)
{(s)
(s)
(s)
(s)
{m)
(m)
(s)
{s)
{(m)
{m)
(m)
(m)

{(m)



Table X Selected IR Absorptions of Pentaerythritol-TDI-

HEMA-P-Cresol

Assignment Wave Number cil
N-H | 3320 (s)
C-H aliphatic and aromatic stretch 2920, 2980 (m)
c=0 1720 (s)
c=C 1600 (s)
C=H aromatic skeletal stretch 1530 (m)
=H aromatic skeletal stretch 1450 (m)
CHy bend 1410 (s)
CH3 bend 1300 (s)
C~N 1230 (s)
Cc-0 1200 (s)
c-0 1070 (&)
C-H in plane bend 1000 (m)
C-H out of plane deformation 950 (m)
C~H out of plane deformation 870 (m)
C-H out of plane deformation B20 (m)

C-H out of plane deformation 760 {(m)



Table XI Selected IR Absorptions of Pentaerythritol-TDI-

HEMA-Eugenol

Assignment Wave Number cm
N—-H 3330 (s)
C-H aliphatic and aromatic stretch 2900 (m)
C=0 1730 (s)
c=C 1610 (s)
C=H aromatic skeletal stretch 1540 (s)
C=H aromatic skeletal stretch 1460 (m)
CHQ bend 1430 (m)
CHBbend 1X30 (m)
C—-N 1230 (s)
C-N 1210 (s)
c-0 7 1200 (s)
c-0 1150 (s)
c-0 1080 (s)
C-H in plane bend 1010 (m)
C~-H out of plane deformation 960 (m)
C~H out of plane deformation 880 (m)
C-H out of plane deformation 830 (m)

C-H out of plane deformation 770 (m)



Table XII Selected IR Absorptions of Pentarethritol-TDI-

HEMA—o—Methoxyphenol

Assignment

N-H
C-H
Cc=0
c=C
C=H
C=H

CH2

stretch

aliphatic and aromatic stretch

aromatic skeletal stretch
aromatic skeletal stretch

bend

CHSbend

C-N

C-0

stretch

stretch

in plane

out of plane deformation
out of plane deformation
out of plane deformation

out of plane deformation

HWave
3380
2920
1710

1600

1530

1440
1410
1310
1290
1220
1170
1130
1060
1000

940

870

810

760

Number cal
(s)
& 2940 (m)
(&)
(s)
(s)
{(m)
(m)
(m)
(m)
{m)
(s)
(m)
(8)
(m)
{(m)
{(m)
(m)

(m)



Table XIII Selected IR Absorptions of Pentaerythritol-TDI-

HEMA—o-Chlorophenol

Assignment

N-H stretch

C-H aliphatic and aromatic stretch
c=0

c=C

C=H aromatic skeletal stretch

C=H aromatic skeletal stretch

CH2 bend

CH3 bend

C—N stretch

C~H in plane bend

C—-H out of plane deformation
C-H out of plane deformation
C-H out of plane deformation

C-H out of plane deformation

Have

3400

2920

1700

1600

1530

1440

1410

1310

1290

1220

1170

1130

1060

1000

P50

870

810

760

Number cm

(s)

& 2940 (m)

(s)

(s)

{(s)

{s)

{m)

{m)

{(m)

(s)

{5)

{(m)

(s)

{m)

{m)

{m)

{m)

{m)



Table XIV Selected IR Absorptions of Hydroxyhexyl-

methacrylate

Assignment

O0-H stretch

C-H Aliphatic stretch
c=0

c=cC

CH (alkane) bend
CH (alkane) bend
CH (alkene) bend
0O~H bend

C-0 stretch

c-0-C

OH bend

C-H out of plane deformation

Wave Number cﬁq

3330

2880 & 2920
1710

1640

1450

1430

1410

1300

1170

1020 & 1060
950

820



Table XV NMR Signals of Hydroxyhexylmethacrylate

H (a) tﬁ

-/c -:--c,:-— C —-0—-—((::§ CHQCH?CHQ?:? —13:)

H CH3

(b) )

a. 6.10856 (s) (1H)
b. 5.50% (s) (1H)
c. 4.10 6 () (2H)
d. 3.60 5 (t) (4H)
e. 3.30 5 (s) (3H)
f. 1.90 & () (3H)

g. 0.9-1.8 % (?)



Table XVI NMR Bignals of HPMA-TDI-p-Cresol

D

(b)C
@lﬂ[3 H—C-—D @CH3 {(f)

NH~C-CH CH CH ~U~C-—C-—C/

H (c)

(a) H (e R
8

a. ?

b. 7.0-8.0 & (?) (&H)
c. ~ 6.105 (s) (1H)
d. 5.606 (s) (1H)
e. 4.305 (d) (3H)
f. 2.20 % (d) (?)

g. 1.90¢ (s) (4H)

h. 1.306 (d)

(SH)

45



Table XVII NMR Signals of HPMA-TDI-m-Methoxyphenol

(g’ CH3
P
NH (a)O CH3 (f)

c=0 0 CH3
| | |~ H e
T2 m2@2 LT N
a. 8.50-9.005 (t) (?)
b. 6£.60-8.005 (?) (7H)
c. 6.10 5 (s) (1H)
d. 5.50 % (s) (1H)
e. 4.30§ (d) (3H)
f. 3.805 (d) (2H)
g- 2.20% (d) (4H)
h. 1.90% (s) (3H)

i. 1.306 (d) (?)



Table XVIII NMR Signals of Pentaerythritol-TDI

R
H

R-C-R 0 (c)
L
CH?~D-C*NH CH._ (&)
(d {a)(b) N 3

C=0
a. 2.25 & (s) (4H)
b. 7.30 5 (s) (4H)
c. 7.10 S (d) (9H)
d. 4.30 $ (s) (7H)

e. 2.20 $ (s) (13H)



Table XIX NMR Signals of Pentaerythritol-TDI-HEMA-

p—-Cresol

0
¥ Ll P e)
e (a) 3
R-C-R” <:j} (R7)
! 0 (b) ” ?

| °
(g?Q—D_C_NH @CH3 H (f)
¢d) \N—c-o CH%—CH2~D-C—C =c] (R)
{c) H H (g’
0 CHz3(3)
a. 9.25 ¢  (s) (4H)
b. 8.65 5 (s) (1.3H)
c. 8.10 6 (s) (2.7H)
d. 7.75 $ (s) (4H)
e. 7.10 %  (t) (14H)
f. 6.10 8 (=) (2H)
g- 5.60 5 (s) (2H)
h. 4.35 % (s) (18H)
i. 2.30 § (d) (18H)

J. 1.90 § (s) (8H)
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Table XX HNMR Signals of Pentaerythritol-TDI-HEMA-

Eugenol
0  DCH3(1)
w ||/ ) H )
NH-C-0 CHQ—CH==C\\
H ()
CHo-0~ —NH<;:>CH3(m)
! | () @)
R-C—-R* O
CHp—D-C-NH <:; > CH
k) ||« 3 _H
0 NH-C—D—CH€—0H2~0—D~C::C\\
() | k> I H
0 o caén)
a. P.205 (s) (4H)
b. 8.70 & (s) (1.&6H)
c. 8.10 5 (s) (2.4H)
d. 7.60 5 (s) (4H)
e. 7.10% () (13H)
f. 6.80% (s) (2H)
g. 6.105 (s) (2.4H)
h. 5.60 & (s) (2.4H)
i. 5.20% (s) (1.6H)
e 5.00$ (s) (1.6&H)
k. 4.40 % (s) (1&H)
1. 3.80 5 (s) (&H)
m. 2.20 5 (d) (16H)

N 1.90 $ (s) (9H)

(R)

(g)
(R™)
th)



Table XXI NMR Signals of Pentaerythritol-TDI-HEMA-

o~Methoxyphenol

0 OCHz()
0 (bbNH—C—D
?HQ—D—C::? CH3 (3)
R-C-R” (e)
Szrow (0o .
0 NH—C—D—CH?—CH?—D—C—C==C\\
th | H (g
°
a. 9.305% (s) (4H)
b. 8.80 § (s) (1H)
c. 8.20 § (s) (3H)
d. 7.60 § (s) (SH)
e. 7.00 % (d) (18H)
f. 6.10 § (s) (3H)
g. 5.60 § (s) (3H)
h. 4.30 % (s) (24H)
i. 3.80 $ (s) (SH)
Je 2.20 § (s) (20H)

k. 1.90 § (=) (15H)

50
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Table XXI1 NMR Signals of Pentaerythritol-TDI-HEMA-

o—-Chlorophenol

CH2-0~C-NH @ CH3
Cl

R—C—R’ NH— -0
! 0 (& (b
! o
CHz0~C~NH @ CH3 (1)
th) (a) _H F)
NH-C-0-C —CHQ—O-C—C*—C
) | & { OH (g)
0 o CH3 ()
a. 9.305 (s) (4H)
b. 2.10% (s) (1H)
c. 8.30 ¢ (s) (3H)
d. 7.70 5 (s) (5H)
e. 7.10 © (d) (25H)
f. 6.105 (8) (3H)
Q. 5.60 5 (8) (3IH)
h. 4.35 5 (s) (24H)
i. 2.205% (s) (20H)

J. 1.90 £ (s) (12H)



Table XXI1II Elemental Analysis of Hydroxvhexylmethacrylate

Observed (%) Theoretical X)
C 63,45 64.5
H 10,09 ?.67

Table XXIV Elemental Analysis of HPMA-TDI-p-Cresol @

Observed (%) Theoretical (%)
c &4.76 64.77
H 6.03 6.15
N F.21 6.57

Table XXV Elemental Analysis of HPMA-TDI-m—-Methoxyphenol @

Observed (A Theoretical (%)
c &2.11 &62.43
H 5.97 5.92
N 8.00 6.33

Table XXVI Elemental Analysis of Pentaerythritol-TDI @

Observed (%) Theoretical (%)
C 59.06 S52.13
H 4.52 4,36

N 13.73 13. 46

o



Table XXVII Elemental Analysis of Pentaerythritol-TDI-HEMA-

p—Cresol (In four free isocyanate position, 30%

being substituted by p-crescl, 70%Z by HEMA) :

Observed (%) Theoretical (%)
c 59.92 59.20
H 5.60 5.40
N 8.44 9.22

Table XXVIII Elemental Analysis of Pentaerythritnl-TDI-HEMA-

Eugenol ( In four free isocyanates, 30% being

substituted by Eugenol, 70%Z by HEMA )

Observed (%) Theoretical (%)
c 60.04 &0.10
H 5.56 5.67
N 8.59 8.04

Table XXIX Elemental Analysis of Pentaervthritol-TDI-HEMA-
o~-Methoxyphenol ( In four free isocvyanates, 25%

being substituted by o—methoxyphenol, 75% by HEMA)

Observed (%) Theoretical (%)
C 58.02 58.83
H S9.36 5.54

N F.90 8.32



Table XXX Elemental Analysis of Pentaerythritol-TDI-HEMA-
o-Chlorophenonl ( In four free isocyanates, 204 being

substituted by o-Chlorophenocl, 80X by HEMA )

Observed (%) Theoretical (%)
c 57.77 57.74
H 5.04 5.38
N ?.70 8.29

C1 1.36 2.09

ol



Table XXXI Bonding Strength of Pentaerythritol-TDI-HEMA-
P-cresol
Filling Material: 75% MMA- 257 PMMA
Setting Time : 48 hours
Period of Storage in Water : O
Promoter: New NNDMPT
Sample Number Boinding Strength (psi)
1 1273
1160
953
2277
1382
1193
1783

1630

g 0 N > U ok dON

2139
10 1288

Average Bonding SBtrength (psi) = 1508



Table XXXII Bonding Strength of Pentaerythritol-TDI-HEMA-
P-cresol
Filling Materia: 73% MMA- 254 PMMA
Setting Time : 48 hours
Period of Storage in Water : 1468 hours
FPromoter: New NNDMPT
Sample Number Bonding Strengdth (pei)
1 327
233
284

S02

n » W N

364

Average Bonding Strength (psi) = 342



o7

Table XXXIII Bonding Strength of Pentaerythritol-TDI-HEMA-
P-cresol
Filling Material: 75% MMA- 254 PMMA
Setting Time : 48 hours
Period of Storage in Water I 240 hours

Promoter: New NNDMPT

Sample Number Bonding Strength
1 335 -
2 167
3 175
.4 218

Average Bonding Strength (psi) = 224



Table XXXIV Bonding Strength of Pentaerythritol-TDI-HEMA-
P—cresol
Filling Material: 75X MMA-25%Z PMMA
Setting Time : 96 hours
Period of Storage in Water : 168 hours
Promoter: 0Old NNDMPT
Sample Number Bonding Strength

1 357

371

335

895

327

g b W N

400

Average Bonding Strength (psi) = 448



Table XXXV Bonding Strength of Pentaerythritol-TDI-HEMA-
P—cresol
Filling Material: 754 MMA-25%4 PMMA
Setting Time & O
Feriod of Storage in Water : 4B hours
Promoter: 0Old NNDMPT
Sample Number Bonding Strength

1 1783

1273

1288

1281

2270

1302

N 00 O BB WdON

1426

Average Bonding Strength (psi) = 1518
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Table XXXVI Bonding Strength of Pentaerythritol-TDI-HEMA—
P-cresol
Filling Material: 75%Z MMA-25% PMMA
Setting Time : 48 hours
Period of Storage in Water : 336 hours

Promoter: 0Old NNDMPT

Sample Number Bonding Strength
1 982
2 1921
3 895

Average Bonding Strength (psi) = 1266



TablevXXXVII Bonding Strength of Pentaerythritoeol-TDI-HEMA-O-
MethoxyPhenol
Filling Material: 754 MMA-— 254 PMMA
Setting Time = O
Period of Storage kin Water : 960 hours

Promoter: 0ld NNDMPT

Sample Number Bonding Strength (psi)
1 815
2 880
3 407
4 233

Average Bonding Strength (psi) = 584



Table XXXVII1I Bonding Strength of Pentaerythritol-TDI-HEMA-
o~Methoxyphenol
Filling Material: 754 MMA-254 PMMA
Setting Time : ©
Period of Storage in Water : 984 Hours
Promoter: 0Old NNDMPT
Sample Number Bonding Strength (psi)
1 102
160
304

153

(4 N SR 7 N N

i82

Average Bonding Strength (psi) = i81



Table XXXIX Bonding Strength of Pentaerythritol-TDI-HEMA-O-
Chlorophenol
Filling Material: 754 MMA-25% PMMA
Setting Time O
Period of Storage in Water : 24 hours
Promoter: 0Old NNDMPT
Sample Number Bonding Strength (psi)
1 1499
2619
244646

2648

U b W N

2474

average Bonding Strength (psi) = 2341
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Table XXXX Bonding Strength of Pentaerythritol-TDI-HEMA-o-

Chlorophenol
filling Material:
Setting Time ¢ O
Period of Storage in Water
SPromoter: 0Old NNDMPT
Sample Number

1

2

3

Average Bonding Strength (psi) =

754 MMA-25% PMMA

: 48 hours

Bonding Strength (psi)
2081
888
1593

1521
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RESULT AND DISCUSSION

The use of TMP-TDI adduct as the main body of dental
édhesives had been developed completely in previous attempts.
There are threé hydroxylrgroups in TMP available for reac-—
tion with isocyanate groups in TDI. After reacting with
hydroxyl groups in TMP, it was expected that an unreacted
ispocyanate group was left on each TDI for the next step, the
reaction with blocking agent or HEMA. Therefore, three
opportunities for bonding exist in the dental adhesive
molecules, most probably two bonds to dentin and one to
filling material or vice versa.

In order to maximize both the bonding to dentin and
copolymerization to the resin, a compound with four hydroxyl
groups, pentaerythritol, was selected in this study as the
main body of the dental adhesives.

The chemical principle for the reaction of pentaeryth-
ritol and T7TDI is the same as that of TMP-TDI, but the
system Ffor preparing pentaerythritol-TDI adduct is quite
different from that of TMP-TDI. In the case of pentaeryth-
ritol-TDI adduct, the powdered pentaerythritol was directly
added to the sclution of TDI and p-dioxane instead of
dissolving into dry THF solvent. Moreover, a polar splvent,

p~dioxane, was used to dissolve the pentaerythritol-TDI

adduct.
33

As the previous study found, the TDI may participate in
the reaction of the ortho as well as the para isocyanate

group even though the reactivity ratio of para isocyanate
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to ortho isocyanate in TDI is about twelve to one in favor
of para isocyanate at room temperature. In this way one TDI
could attach to two molecules of pentaerythritol; the other
branches pentaerythritol could react with different TDIs
at ortho, para, or both sites. This sequence could go on and
produce oligomers and/or polymers. Hence the tendency to
increase the ortho position reactivity should be reduced as
much as possible so that the formation of cligomers and /or
polymers can be reduced drastically.

First, the reaction should be maintained below room
temperature. It was known that at 90°C para and ortho iso-
cyanate of TDI have the same reactivity. In other words, the
relative reactivity of ortho isocyanate would be increased
at elevated temperatures. Due to the exothermic behavior of
the reaction and the heat evolved bypthe high speed stirrer
the temperature of the reaction tended to rise as high as
45°C. Thus, it is essential to maintain the temperature
below room temperature by using a cooling system to depress
the tendency of ortho isocyanate reaction.

Secondly, an excess amount of TDI is necessary to perhit
all the hydroxyl groups in pentaerythritol to react with
para isocyanates on TDI molecules. When a molecule of pent-
aerythritol in contact with the TDI-dioxane solution it
would be surrounded by many TDI molecules. Therefore, the
hydroxyl groups would have a low probability of reacting
with ortho isocyanates in TDI. Certainly, there are still

some reactions between pentaerythritol and TDI at ortho
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positions; Using an excess of TDI is to minimize the pent-
aerythritol reaction with the less favorable ortho iso-
cyanates.

In Table XXVI we reported that the result of the element
analyses of the pentaerythritol-TDI adduct shows excellent
agreement between the theoretical and observed values.
Also , the infrared spectrum shows in Fig S5 the presence
of a strong peak at 2250 cﬁ', which indicates that free iso-
cyanates are still available on the pentaerythritol-TDI
adduct.

For the use of dental adhesives, the monomers must not
only react with dentin but also with the filling material.
The desired dental adhesives in this study are that in
which two of the four isocvyanate groups in pentaerythritol-
TDI are reacted with HEMA,the other two with blocking agents
Therefore, equal molar quantities of HEMA and blocking agent,
were used to react the pentaerythritopl-TDI adduct; both com—
pounds were introduced simultaneously. HEMA contains aliph-
atic hydroxyl group, therefore, reacts more rapidly with
the free isocyanate groups than do the phenolic blocking
agents such as p-cresocl, o-chlorophenol etc. Thus; an even
larger amount of phenoclic blocking agent was used in the
reaction in order to increase the chance of blocking agents
reacting with pentaerythritol-TDI adduct. At the beginning,
&7 excess of HEMA and about 204 excess of phenolic blocking
agents were added to the blocking reaction. After 7 days,

the IR showed a peak for isocyanate functional group indica-
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ting that the reaction was incomplete. Farfhad’s study show-
ed that only &% excess HEMA is sufficient to block a THMP-TDI
in seven days. Therefore, the delay in our blocking reaction
tould be due only to the insufficient reactivity of blocking
agents. Thus, after seven days more phenolic blocking agents
were added, which resulted in complete reaction.

Blocking by para cresol and HEMA took nine days. For o—
methoxyphenol -HEMA, eugenol-HEMA and o-—chlorophenol-~HEMA the
reaction took 11, 13, and 19 days, respectively. It can be
concluded that, in general, increasing the percentage of
excess blocking agent results in shorter time for the comp-
lete blocking reaction.

Temperature is also a very important factnf in the
blocking reactions. The experiment shows that the blocking
temperature for p-crescl-HEMA is SOOC. However, i+ this
temperature is applied to each of the preparations o-meth-
oxyphenol ~-HEMA, eugenol-HEMA and o-chlorophenol-HEMA, there
were still observed considerable peaks for the isocyanate
functional group at 2250 céd even after 20 days. In fact,
it is well known that the blocking reaction is a reversible
reaction; the forward reaction is a blocking reaction and

reverse one is a deblocking reaction.

ki

ArN=C=0 + BH ArNH~-C—B

k2 i
O

According to the kinectics, the rate of reaction is
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proportional to rate constant and concentration. At the
beginning, the concentration of blocked product was almost
equal to zero, the net reaction is favorable the forward
reaction. But after the reaction proceeds for some time, the
concentration of blocked product increases, the tendency in
favor of forward reaction would gradually change to equilib-
rium between the forward and reverse reaction. At equilib-
rium the forward and reverse reaction rates are equal.

At lower temperatures the forward reaction was much
faster than the reverse one , k,>> k,. As temperature rises,
however, the rate constant of reverse reaction would gradu-
ally approach that of forward reaction. Therefore, the
equilibrium constant, K, becomes smaller and smaller. That
is, there is no improvement in the vield of the blocking
reaction. Thus, the reverse reaction becomes more obvious so
that the absence of free isocyanate peak at 2250 cﬁqwould
never be obtained. In this study, much of time was spent on
the search of optimum blocking temperatures. For o-chloro-
phenol, in general, the blocking reaction must be below 40°C.
for the other two cases, eugencl-HEMA and o—methoxyphenol-~
HEMA, the best temperature was found to be a5°c.

From the temperature data, it is learned that the order
of the blocked product stability is p—cresol > eugenol , o-
methoxyphenol > o-chlorophenol. If required time for comple-—
ting blocking reaction is taken into consideration, it would
be found that o-methoxyphenol adduct is more stable than eu-

genol adduct.
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All these data support the theory that the required
time and temperature for completing the blocking reaction
largely depend upon steric and electronic effects in the
phenol.

There is no doubt that p-cresol is more reactive to iso-
cyanate groups than o-chlorophencl is, because the methyl
group in p-cresol is an electron-releasing factor, unlike
the case of electron—withdrawing chlorine in o-chlorophenol.
For the methyl group in p-cresol and the methoxy group in o—
methoxyphencl from the view point of electron releasing
effect, there is no significant difference between both
components. But if the steric effect is taken into consider-—
ation, it becomes obvious that the para—-position sub-
stituted compound is more reactive than the ortho-position.
Theoretically, the alkene group in eugenol decreases the
reactivity of esugenocl, but the alkane group can make up for
the reduction of reactivity due to alkene group. Hence,
it was expected that the reactivity of eugenol and o—meth-
oxyphenol would be almost the same. In fact, the o—-methoxy-
phenol blocked the pentaerythritol-TDI adduct more easily
than eugenol did.

Tables XXIII-XXX refer to the elemental analysis for
each monomer being made in this study. It can be seen from
these tables that the observed values do not agree perfect-
ly with the theoretical values for S04 HEMA and 50% blocking
agent. Instead, the observed values match the theoretical

values, e.g. for p-cresol, 70% HEMA and 30% p-cresol. In
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addition, the NMR spectrum (Fig 10-17) also support the ele-
mental calculations in Table XXIII and XXX. For example, in
the case of o-methoxyphenol, the result of the integration
of methoxy peak in o-methoxy phencl is about one third of
the integration of methyl peak in HEMA. This proves the
substitution of o-methoxyphenol is one third of the sub-
stitution of HEMA, 25% o—-methoxyphenol and 754 HEMA as
shown on Table XXIX.

A dental adhesive with 704 HEMA and 30% p-cresol attac-
hed to four isocyanate groups, for example, means 2.8 posi-
tions were attacked by HEMA and 1.2 positions were attacked
by p—cresol. From these numbers, it can be assumed that the
final monomers being obtained in this study could be a
mixture of the following five monomers.

1. all four isocyanates of the adduct react with HEMA mole-
cules,

2. all four isocvanates of the adduct react with the phenol-
ic blocking agent molecules.

3. Three isocyanates of the adduct react with HEMA molecule
and the fourth isocyanate reacts with the phenolic blocking
agent.

4. Three isocyanates of the adduct react with phenoclic bloc-—
king agents while the fourth isocyanate reacts with HEMA
molecules.

5. Two isocyanates of the adduct react with HEMA molecules
while the other two isocvyanates react with phenolic blocking

agent.
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Thabhnncmers preparaed through this work are intended for
suitaﬁlgrédhesive tests. Slices of human teeth were obtained
from éhe. cliﬁkcs of the New Jersey Dental School. As the
distaﬁcék{rcﬁl the tooth surface +to the pulp increases the
prmtefn content increases. The slices of teeth cutted from
the saﬁé tnciﬁ may have different protein contents. General-
ly, t;e todéh slices with a larger amount of protein would
have a% strc;ger bonding strength. In our testing, samples
were prepare; without considering the factor of different
protei; :ont;hts. The testing results are shown in Table
XXXI-XXXX. The result on each table indicates a range of
values in bogding strength decreases with the increase in

reacting’time of the sample in water. It suggests that these

results may be due to the lack of strength of the dental
collagegﬂ orrthe presence of water that reacts with the
debloc#éﬁ iéocyanate groups. Samples having longer setting
times éhﬁw a stronger bonding strength by evidenced in the
results shown on Table XXXII and XXXIV. However, the bonding
strengfés‘shﬁwg on Table XXXIII and XXXVI seem unrealistic

because the bonding strength of the sample stored in water

for 336 hnurs‘is stronger than that of stored for 240 hour.
In fact;‘ihe ;esting results shown in Table XXXI-XXXIII were
obtaineéafrom' the specimen that were via a new batch of
NND”PT.HAS e;%ected, the monomer blocked by o-chlorophenol
has a stron;er bonding strength than of blocked by p-cresol
and ther:o—chlbraphenul blocking monomers are easier to be

deblocked to release more free isocyanate groups.
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In fact, we found that there are two main influencing
factors on bonding strength. One is the freshness of PMMA-
MMA dough. the other is the homogenity of the dough. The
PMMA-MMA must keep under nitrogen atmosphere and stored in
refrigerator before use it; otherwise it will turn hard due
to polymerization and becomes impossible to be applied to
the dental adhesive layer coated on the dentin. Even if the
dough prepared +From partially polymerized PMMA-MMA, the
bonding strength are still low. Therefore, we think the
freshness and through mixing of the dough in a short time
are very important. The degree of polymerization is a
function of reaction time. At longer time there is less
doubles bonds in PMMA-MMA mixture to react with the HEMA
double bonds in the adhesives. As a result, the bonding is
weakened. Furthermore, as the degree of polymerization of
PMMA-MMA mixture increases, thé viscosity of the mixture
also increases. the increase 1in viscosity makes it rather
diffcult to stir and consequently results in a non uniform
mixture.

The increase in bonding strength for o-chlorophenol and
p—cresol is a significant improvement over the previous
studies. It believed that a more hydrophobic adhesive would
be less resistant to degradation by water. Therefore, we
prepared hydroxyhexylmethacrylate in order to eventually
prepare blocked isocyanates containing phenols and a more

hydrophobic vinyl monomer
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CONCLUSION

Although the dental adhesive made in this study was
Dnly with 20% o-chlorophenol, rather than the expected 3504
o-chlorophenol, an impressive mean bonding strength of
2400 psi was obtained. It is believed that a dental
adhesive with 50% o-chlorophenol substitution will greatly
increase the bonding strength, because it increases the
chance of adhension by a factor of two. In the future study,
a dental adhesives with 50% o-chlorophencl would be very
desirable. After the bonded specimens were stored in water,
tensile loads decreased significantly. As Braden’s tmn:n"i?‘\.3
stated, water can diffuse into acrylic resin and react with
isocyanate groups in the dental adhesive to destory dimen-
sional stability and reduce the bonding strength. Although
the application of ethylene glycol dimethacrylate as cross
linking agent was not successful, it is worth trying to
find other cross linking agents, which will creat a three-
dimensional polymer.

The significant accomplishments of this research
should be followed by a methodical research to establish the

mechanism and limits of the capability of these new dental

adhesives.



APPENDIX A. The Equipment Set Up For Preparation of The

Pentaerythritol-TDI Adduct

(| o
— ] 1
= ) ED E\)
- \| I/
/

92



APPENDIX B. The Equipment Set Up For Preparation of The
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Hydroxyhexyl Methacrylate
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APPENDIX C. The Structure of TMP-TDI

0
I

CHQD—C-HN

)

H3C—C-“~CH20—C~HN

O

l
CHoO-C-HN

CH3

N=C=0

CH3

N=C=0

CH3

N=C=0

94



DBTDL:

HEMA:

HPMAI

KBr:

MMA:

NNDMPT:

PHMMAL

TDI:

THF =

ABBREVIATION

Dibutyltin Dilaurate
2-Hydroxy Ethyl Methacrylate
2-Hydroxy Propyl Methacrylate
Potassium Bromide

Methyl Methacrylate
N;N-dimethyl-p-Toluidine

Poly Methyl Methacrylate

2,4 Toluene Diisocyanate

Tetrahydrofuran
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