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Abstract—The reaction of hexamethylene diisocyanate with the surface of heat-activated vermiculite
parallels the reactions with the oxides SiO,, Al,0;, MgO considered individually, which a number
of authors have already described. The fixation ratio is about 5 molecules per 100 A% area. Nearly
one half of the grafted molecules retain a “free” isocyanate function, which is requisite for a subsequent
polyaddition of the processed mineral. The interaction with vermiculite occurs according to three-
principal processes; (i) formation of a surface urethane, (ii) formation of a surface carbamate, (iii)

fixation by hydrogen bonds.

INTRODUCTION

In order to graft urethane functions onto a vermicu-
lite surface and to create a coupling agent between
the mineral and a polyurethane foam, we brought
hexamethylene diisocyanate (HMDI) into contact
with a phyllite powder. The experiments were carried
out in such a way that one of the isocyanate functions
of the HMDI molecule should remain “free”, with
the aim of reacting it subsequently with a polyol
(Saunders and Frisch, 1962). A polyurethane matrix,
thermally and mechanically reinforced by vermiculite,
is thus obtained. ‘

It is well-known that compounds with an- iso-
cyanate function can react with materials having an
active hydrogen, such as alcohols, to generate ureth-
anes (Normant, 1968; Sykes, 1969):

R-N=C=0 + R’OH — R-NH-CO-OR'".

Moreover, the remaining active hydrogen may bring
about a further condensation according to the reac-
tion:

R-NH-CO-OR’ + R-N=C=0 —
R-NH-CO-NR-CO-OR'.

Generally, the reactivity of isocyanates is influenced
by steric hindrance and the acidity of the reaction
medium. It is higher towards an aliphatic alcohol
function than towards a phenolic function, which is
more basic.

We have investigated whether, under certain condi-
tions, the hydrogen of the surface hydroxylic func-
tions lining the surface of the phyllite crystals can
react in a similar way with isocyanates. Both the
Bronsted and the Lewis surface acidity of a phyllite
can be increased by a proper dehydration of the sili-
cate. Yet, in the case of vermiculite, the problem is
more intricate because of the simultaneous presence
in the structure of Si, Mg, Fe and Al By way of

example, a Lewis acidity is observed with aluminium,
but on the contrary with silicon, several bond types
may be formed (Forni, 1973; Guillet, 1973; Basila,
1961).

According to Eley et al. (1973), isolated MgOH
type hydroxylic groups react in the same way as silica
hydroxyls to produce urethanes. In any case, with Al
as well as with Si and Mg, as soon as the hydroxylic
groups are closely packed enough as in the case of
molecular water, the reaction with isocyanate occurs
with urea formation (Cram and Hammond, 1964).

The reaction visualizing the formation of an ureth-
ane bridge would be as follows:

/ A
2—0H + 9=C=N—R — 2—0——ﬁ—NH—R
[o]

This reaction has been observed and studied in the
case of “Aerosil” silicas and aluminas with high sur-
face areas (200m?/g) and with compounds such as
methyl isocyanate (Guillet, 1973), ethyl isocyanate
(Eley et al., 1973; Lange, 1968; Weldes, 1965) and
butyl isocyanate (Kulik et al, 1970; Guillet, 1973).
According to these studies, the nature of the products
formed depends on the adsorption temperature of the
isocyanate and on the temperature at which the oxide
surface has previously been evacuated. The activity
and the surface acidity are related directly to the
dehydration temperature which governs the forma-
tion and the content of “isolated” surface hydroxylic
groups. However, in the case of swelling clay
minerals, such as vermiculite, supplementary difficul-
ties are encountered. '

.The dehydration under vacuum of a phyllite leads
to the elimination of both the molecular and the hyd-
ration water of the interlayer cations. There is a risk,
too, of impairing the structure by removing constitu-
tional hydroxyls and this especially may take place
when the dehydration occurs under vacuum. Con-

303

https://doi.org/10.1346/CCMN.1976.0240606 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1976.0240606

304

versely, if the mineral has not been properly dehyd-
rated, the presence of water will cause hydrolysis of
the isocyanate with urea formation (Cram and Ham-
mond, 1964), and possibly a polycondensation of the
organic compound (Shaskova et al., 1960).

The factors which play a part in the phenomenon
of interaction and isocyanate grafting on the vermicu-
lite are thus, essentially (i) the vacuum dehydration
temperature which settles the acidity level and the
content of surface “isolated” hydroxyls of the mineral,
(i) the temperature at which the isocyanate reacts
with the “activated” mineral, (iii) a third factor arises:
the process used to bring the organic compound and
the mineral into contact. When powdered vermiculite
is used, it is recommended to use a solvent in order
to preclude the polycondensation reactions of the dii-
socyanate.

MATERIALS

We have used a natural phyllitic silicate sold under
the name of “crude vermiculite” by the company “La
Vermiculite et la Perlite”, which originates from the
Palabora mines in Transvaal (South Africa). We used
it as a powder having the following granulometric
distribution:

¢ > 0250 mm 1.6%
0.250 < ¢ < 0.125 mm 12.0%
0.125 < ¢ < 0.100 mm 10.2%;
0.100 < ¢ < 0.050 mm 59.0%,

¢ < 0.050 mm 17.2%

Le Dred (1968), Wey and Le Dred (1964) obtained
the following chemical formula for this mineral.

[(Siso3 Aly ;s Fed’,) (Fedts Fed b4 Mgs 5o Tig.1s
Cro.02) Oz0 OHj 4 F0.39]_1'79 (Nag 04 Ko.70 Mgo 40).

The mineral is a trioctahedral vermiculite interme-
diate between a mica (biotite) and a vermiculite. It
is composed of sequences of mica layers, sequences
of vermiculite layers and a seemingly regular inter-
stratification between these two kinds of layers. How-
ever, the mica content is low compared to the vermi-
culite, or the interstratified mica-vermiculite mineral
content. Some authors call such a mineral hydrobio-
tite. The powdered vermiculite which we used exhibits
a 16.5 m?/g surface area, measured with argon accord-
ing to the BET method.

“Fluka” pure hexamethylene-diisocyanate (HMDI)
was used corresponding to the formula
O=C=N—HCH,)s-N=C=0. It is a syrupy, colorless
liquid with a density of 1.05, a boiling point of 83°C,
and is comparatively soluble in aromatic solvents.
Several orientation tests were carried out on an aro-
matic diisocyanate, the 2—4 toluene diisocyanate:

CHg

N=C=0

N—=C=0 .
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METHODS

The number of bound diisocyanate molecules is
measured through the determination of the total
nitrogen content by the Kjeldahl micromethod. The
substances are mineralized in concentrated sulfuric
acid in the presence of a catalyst (Se, K,SO,, CuSQO,),
with heating. The ammonia is next removed in an
alkaline medium, carried over with steam and com-
plexed by a 3% solution of boric acid. Afterwards
it is titrated with a solution of hydrochloric acid.

To accomplish the reaction of diisocyanate with
powdered vermiculite three different processes were
tried.

Reaction in vapor phase

The HMDI grafting in the vapor phase has the
advantage of using only a small amount of substance
and the possibility of recovering the powder without
any washing. By means of the device shown in Figure
1, the vermiculite was dehydrated for 15 hr under
a vacuum of 1072 Torr at a temperature between
300 and 500°C.

After cooling the vermiculite and the diisocyanate
saturated vapor were brought into contact at a tem-
perature (T) (reaction temperature). The reaction was
carried out by putting the whole apparatus (stopcock
B closed and stopcock A open) into an enclosure at
a temperature (T), which dictates the pressure of the
saturated vapor. After contact, the physisorbed diiso-
cyanate is removed by evacuation (A closed, B open)
and trapped with liquid nitrogen.

This device does not allow a satisfactory diffusion
of the diisocyanate vapor into the powder. Only the
top reacts fully with the reagent. The fixation ratios
thus may be considered as obtained by default. Table

-1 exhibits the values from two experiments carried

out with HMDI, which are compared to two further
ones, performed with toluene diisocyanate. The

+amount of bound diisocyanate was estimated through
-the determination of the whole nitrogen content,

according to the Kjeldahl method. The diisocyanate
fixation is poor. In the most favorable case the
amount fixed by the mineral is 0.62 molecule/100A2
area. The highest temperature at which this exper-
iment was performed was 190°C.

Reaction in the liquid phase

To improve the grafting ratio, the previously
dehydrated vermiculite was brought into contact with

Thermocouple

Tap B
>¢<E(:|uid nitrogen

trap and vacuum
pump

Diisocyanate

Figure 1. Experimental apparafus for réacfing HMDI
vapor with vermiculite.
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Table 1. Reaction of hexamethylene diisocyanate in the vapor form with vermiculite

Hexamethylene 2-4 toluene
diisocyanate diisocyanate
Conditions 1 2 3 4
Dehydration temperature
under 1072 Torr
(duration: 15 hr) 480°C 450°C 400°C 450°C
Reaction temperature :
(duration: S hr) 190°C 160°C 175°C 175°C
Evacuation
(duration: 2 hr) 160°C 160°C 160°C 160°C
Number of mole x g~ !
of vermiculite 1.7 x 1073 12 x 107° 6 x 1078 3 x 1078
Number of bound mole
cules per 100 A2 area 0.62 0.043 0.21 0.109

the liquid diisocyanate. The mineral was heated
between 300 and 380°C under a vacuum of 10~ 2 Torr,
in the apparatus shown in Figure 2. After cooling,
HMDI was poured onto the powder. and the enclos-
ure heated at 230°C. After completion of the reaction,
the excess diisocyanate was removed by evacuation
at 200°C.

The results of these experiments are represented in
Table 2. In experiments 2 and 3, a crust appears at

Diisocyanate

gty

T

Glass
wool v
- —=\Vacuum
/
Thermocouple m - pump
o o
o o
Vermiculite o Liquid nitrogen
o ° trap
Oven—p o
-

Figure 2. Experimental apparatus for reacting liquid or
dissolved HMDI with vermiculite.

the top of the mineral. At the bottom of the sample,
a comparatively large amount of diisocyanate was
bound on the mineral. The excessively large number
of molecules fixed per 100 A? indicates a copolymeri-
zation of the organic substance. The amount of diiso-
cyanate bound on the mineral through this method
exceeds the limit of the formation of a monolayer.
In this kind of process the paramount problem is the
homogenization of the reaction medium. The problem
is magnified by using a powdered vermiculite and by
the high viscosity of the diisocyanate.

Reaction in solvent medium

An experiment was carried out in a solvent
medium, using the same apparatus (Figure 2) in order
to avoid the drawbacks of the previous process. This
method uses much less diisocyanate but a low volatile
aprotic solvent was required. We used toluene (boil-
ing point 110°C). A mixture with the volumetric pro-
portions 1/20 of diisocyanate in toluene was poured,
under vacuum and at room temperature, on a vermi-
culite which was previously dehydrated at 350°C
under 102 Torr. The system vermiculite-diisocyanate
was next heated under reflux at about 110°C for 8
hr. The vermiculite was ovendried at 160°C after
washing and rinsing with toluene and benzene.

Under these conditions a fixation of 6 x 1075 mole
of diisocyanate per gram of vermiculite has been

Table 2. Reaction of hexamethylene diisocyanate in the liquid form with vermiculite
—Reaction temperature 230°C (8 hr) —Evacuation temperature 200°C (15 hr)

2 3
Dehydration temperature
under 10~2 mm Torr (15 hr) 320°C 350°C 380°C
Number of mole x g=* 435 x 1074 14 x 107*
of vermiculite {bottom) (bottom)
3.46 x 1074
248 x 1074 28 x 1074
(top) (top)
Number of bound 15.87 5.11
- molecules per {bottom) (bottom)
100 A? area 12.63
90.52 10.22
(top) (top)
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observed, which corresponds to a grafting ratio of
0.36 molecule/100 A% area. A 100 A2 surface fragment
of a vermiculite layer may contain a maximum of
16 oxygen atoms. In the most favorable case only
16 surface hydroxylic groups may be present per
100 A? (taking the diameter of an oxygen atom in
the tetrahedrat layer to be 2.50 A).

Assuming that each “isolated” hydroxyl may react
with one molecule of diisocyanate and not taking into
account steric hindrance and a possible polymeriza-
tion, the theoretical and maximum amount of bound
diisocyanate would be 4.38 x 10~* mole/g of vermi-
culite. This value corresponds to a monolayer of
organic compound. As all hydroxyls are closely sit-
uated, only a low ratio of urethane bridgings may
arise under such conditions and the formation of urea
or of polycondensation products is much more likely.
We tried therefore to determine the “isolated” surface
hydroxyls, which alone may react with the isocyanate
and yield stable bonds.

RELATIONSHIP BETWEEN “ISOLATED” SURFACE
HYDROXYLS AND THE GRAFTING RATIO

We endeavored to set up a relationship between
the content of “isolated” surface hydroxyls of the ver-
miculite layers and the reactivity of the isocyanate
functions. Our aim was to find the limiting conditions
of monolayer diisocyanate grafting, without forma-
tion of urea or polycondensation products.

Determining the content of “isolated” surface hydroxyls
of vermiculite

Among the various methods proposed to determine
the hydroxylic groups at the surface of mineral oxides
(Donnet, 1969; Boehm and Schneider, 1959, 1962; Fri-
piat et al., 1962 ; Basila, 1962; Imelik et al., 1963; Peri,
1965), we selected the hydrolysis reaction of thionyl
chloride (Boehm, Schneider and Arendt, 1963).
Thionyl chloride reacts with molecular water or with
“closely situated” hydroxyls (possibly linked by hy-
drogen bridgings). to yield hydrogen chloride which
is carried away by evacuation. Conversely, an “iso-
lated” hydroxyl will be substituted by a chlorine
atom, firmly bonded. to the surface. We assume this
simple reaction to be specific enough for the surface
and “isolated” hydroxyl groups:

In this way:

(1) SOCL, + H,0 —= 2HCL + SO,

e

(2) S0CL, + G-0h —= HCL + SO, + %ol .

According to Folman and Yates (1958), sulphurous
anhydride does not become fixed on the hydroxylic
groups so that the active sites are not blocked in pro-
portion as the reaction proceeds. On the other hand
the presence of SO, does not prevent the determina-
tion of chlorine ions recovered by stirring the mineral
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-in water, hydrochloric acid being previously carried

away by evacuation with heating. Guillet (1973)
showed that, in the case of alumina, thionyl chloride
reacts essentially with “isolated” hydroxyls.

Our investigations were carried out using a pow-
dered vermiculite dehydrated under = vacuum
(<107 Torr) at temperature between 300° and 400°C
for 24 hr (Figure 3). After cooling, the powder was
brought into contact with thionyl chloride vapor at
room temperature for 24 hr and then evacuated at
150°C for at least 12 hr. After evacuation a part of
the powder was taken up with a known volume of
water and stirred for several hours. The chloride ions
were determined potentiometrically.

The results are collected in Table 3 and shown in
Figure 4. The substitution of “isolated” hydroxylic
groups by chlorine atoms rises to a maximum at
370°C, the dehydration temperature of vermiculite.
This temperature corresponds, for the mineral surface
to the presence of a maximum number of “isolated”
hydroxyls (6.2 OH/100 A2).

The ratio decreases sharply above 370°C. We may
assume that the “isolated” hydroxyl groups begin to
be eliminated and siloxane bridges come into being
on the mineral surface. On the other hand, the tem-
perature should not be too high so as to retain the
vermiculite structure. Owing to this sharp decrease
of the “isolated” hydroxyl content, we may suspect
that the structural hydroxyls begin to get away. This
value (6.2 (SH/IOO A?) seems thus to be excessive and
considered as a limiting value. However, at 310°C the
hydroxyl content amounts barely to 3.9 OH/100 A2
This value approximates those recorded by some
authors for silica gels (Peri and Hensley, 1968). The
limiting value of 6.2 OH/100 A2 area allows the calcu-
lation of the limiting amount of diisocyanate actually
fixed through chemical bonding.

Assuming that each “isolated” hydroxyl reacts with
one of the functions of the organic molecule, disre-
garding steric hindrance and a possible polymeriza-
tion, we obtain the maximum value of fixation at
370°C: 1.7 x 10~ *mole/g of vermiculite. This value
corresponds to a diisocyante monolayer lining. Any
values exceeding this datum will point to an overstep-
ping of the grafting ratio, ie. a loss of organic com-
pound through hydrolysis or polycondensation.

nitrogen
~=frap

Oven Liquid nitrogen trap

Figure 3. Apparatus for thionyl chloride ads,ojrption; onto
vermiculite.
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Table 3. Number of gram-equivalents of “isolated” hy-
droxyls per gram of powder

Number of
Dehydration g-equivalents of

" temperature “isolated” OH/gram
under 10™* Torr of powder
310° 1.08 x 107*
330° 119 x 1074
350° 1.28 x 1074
370° 1.70 x 1074
380° 1.52 x 1074
405° 090 x 107

INVESTIGATION OF HEXAMETHYLENE
DIISOCYANATE GRAFTING ON VERMICULITE

We noticed that the content of “isolated” surface
hydroxyls in vermiculite rises to a maximum at
370°C. Our first survey consisted of checking that the
maximum diisocyanate lies at this very temperature.
With this aim, we turned to the process of contacting
in a solvent medium which proved most easy to put
into practice and which yielded results approximating
most closely the limiting grafting ratio
(1.7 x 10™* mole/g).

Influence of the dehydration temperature of the mineral

Owing to the aforementioned grounds, the dehyd-
ration temperature parameter governs the reactivity
of the mineral towards the diisocyanate. The grafting
experiments were carried out under the following
experimental conditions. A mixture 1/10 parts by
volume of HMDI in toluene was prepared. The ver-
miculite previously dehydrated at a temperature (7)
under a 10~2 Torr vacuum was brought into contact
with the diisocyanate solution, out of contact with
air. The whole solution + powder was heated with
refluxing under atmospheric pressure at 110°C for
8hr. The powder was rinsed several times with
toluene and benzene and dried at 130°C.

The ratio of bound HMDI on the powdered vermi-
culite was estimated by determination of the whole
nitrogen content through the Kjeldahl micromethod.
The number of isocyanate functions left “free”, ie.

307

unaffected is evaluated by a colorimetric method
which can be summarized as follows: excess butyla-
mine is added to the isocyanate. The reaction with
butylamine yields an urethane: R-NCO +
R'-NH, — RNH-CO-NHR'. The excess butylamine
reacts next with the oxalate of malachite green and
a colorless compound is formed (Kubitz, 1957).

About 1 g treated vermiculite was shaken in a tetra-
hydrofurane n-butylamine solution (10mi) for -2 hr.
The solution was reclaimed by fiitration. A given
volume of this solution was added to an equal volume
of pyridine solution of malachite green. This mixture
was colorimetrically analyzed at 615 nm. The chief
problem was water contamination: the samples must
be kept away from water. The carefully dried analyzed
standards and samples must have fairly similar
weights. A possible adsorption of butylamine between
the vermiculite layers also must be taken into account
(Siedskind, 1963). This extra amount of consumed
butylamine must be substracted from the overall con-
sumption. This can be achieved by careful standardi-
zation.

The results of the analysis are collected in Table
4, and plotted in Figure 5. A maximum isocyanate
fixation is actually evidenced, at about 370°C (Curve
A). However, the amount of diisocyanate fixed- by
vermiculite at this temperature exceeds barely half
of the limiting ratio, which was previously stated
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Figure 4. Number of “isolated” hydroxyl groups vs. dehyd-
ration temperature.

Table 4. Amount of HMDI fixed on powder and number of “free” isocyanate functions

Dehydration
temperature (°C) 300
Sample number 1
Number of
mole/g of
vermiculite
Number of g equivalents
of free functions
(-N=C=0) per/g
of vermiculite
Percentage of “free”
functions (-N=C=0) in
proportion to bound
diisocyanate :

25 %1073

- 245%,

320

102 x 1075 6.87 x 107% 7.15 x 1073

10 x 107

145%

330 350 370 390
3 4 5 6

87 x107% 95x 107% 928 x 1073

10 x 107% 125 x 107% 1.5x 1075 1.5 x1073

14%, 14.4% 15.7% 16%
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Figure 5. Number of HMDI moles grafted on the powder
(A) and percentage of “free” isocyanate groups (B) vs.
dehydration temperature.

(095 x 10™* instead of 1.7 x 10™*mole/g). More-
over, a singular point arises on the curve at a tem-
perature of 300°C. The abnormally high fixation ratio
at this comparatively low temperature may, no doubt,
be accounted for by the presence of condensed diiso-
cyanate, originating from the hydrolysis of the
organic compound on contact with an incompletely
dehydrated mineral.

The bottom line of Table 4 displays the percent-
ages of residual unaffected isocyanate functions. The
percentages were calculated by assuming that a mol-
ecule of mineral-grafted diisocyanate can have only
a single “free” isocyanate function, the other one
being bonded to a structural hydroxyl. It appears that
the percentage of “free” functions is low and constant
(about 15%) in the range of temperatures investigated
(Figure 5) (Curve B).

The organic molecule would therefore react with
almost the whole of both its isocyanate functions. A
reaction of both functions with two neighbouring hy-
droxyls belonging to the phyllitic structure may be
assumed. Polymerization and polycondensation of the
organic molecules to each other also may be con-
sidered (Sayigh et al., 1972). It is noteworthy that the
370°C temperature corresponding to the maximum
diisocyanate fixation is an intermediate between those

which were recorded in the case of amorphous alu-

mina (430°C) and silica (300°C) (Guillet, 1973).

Influence of the reaction temperature

We checked the influence of the heating tempera-
ture of the mixture powder + solution, ie. the reac-

B. StrFERT and H. Biava

tion temperature between the isocyanate functions
and the OH radicals of the mineral. Working under
the same conditions as in the case of experiment No.
5 (Table 4), but without heating the (solid + solution)
mixture (250°C), the vermiculite fixes only
6.1 x 1073 mole instead of 9.5 x 10~° mole/g of solid
product. The grafting reaction was enhanced by tem-
perature. However, in our operative conditions, we
are restricted to a maximum temperature of 110°C,
the boiling point of the solvent.

Influence of the interlayer cations

Replacing the initially calcium and magnesium
powdered interstratified mineral by the sodium inter-
stratified mineral (which is obtained after ion
exchange) brings about lower fixation ratios under
the same operating conditions. The chemical compo-
sition of the mineral being the same, the variation
of the grafting ratio can be accounted for only by
a difference in hydration of the mineral, connected
with the interlayer exchangeable cations.

Influence of the concentration HMDI/toluene and of
the reaction time

Until now we have been bringing into contact 20 g
of vermiculite and a solution of 10 cm® HMDI per
gram of mineral, which means a large excess in regard
to the expected grafting ratio (1.7 x 10™* mole/g). We
endeavored to decrease the HMDI concentration and
to increase the reaction time. Twenty grams of
mineral heated at 370°C under a 10™* Torr vacuum
during 24 hr, are reacted with a HMDI volume
between 0.5 and 10 cm?, the final volume of the solu-
tion being 100 cm?®. Table 5 and Figure 6 show that
the grafting ratio is promoted by reaction time. In
the case of experiments 2 and 3, 10% of the HMDI

&
o L
= 20 Theoretical limit
o
~
1.5 e— 48hr
g 24hr
T (Ko} ot @
[=3
E
0.5 — 8hr
g
= | | L 11 P 1 | L1
2 o 1 2 3 4 5 6 7 8 9 10
g

Volume HMDI ‘in solution, cm3 / 100em?

Figure 6. Number of HMDI moles grafted per gram of
vermiculite vs. HMDI volume in toluene solution.

Table 5. Number of bound HMDI moles per gram of vermiculite versus the number of starting HMDI cm?

HMDI volume/100 cm? solution

(toluene + HMDI)

Reaction Exper. 1 Exper. 2 Exper. 3 Exper. 4 Exper. 5 Exper. 6
time 10 cm? 5 cm® 2.5cm3 2 cm? 1cm? 0.5 cm?
8 hr 095 x 1074 0.65 x 107*
24 hr 1.28 x 1074 0.84 x 1074 0.75 x 1074
48 hr 1.5 x 1074 142 x 1074 1.04 x 1074 1.04 x 1074 0.82 x 107
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Figure 7. Number of grafted HMDI molecules per 100
A? (a) and number of “free” isocyanate groups per 100
A? (b) vs. HMDI volume in toluene solution.

have been fixed after 48 hr and the grafting ratio is
about 1.5 x 10™* bound molecules per gram of ver-
miculite, a value close to the theoretical limit
(1.7 x 10~ *mole/g). This corresponds to a large
excess of reagent: 2.5 or 5cm® of HMDI/100 cm?
solution, ie. 1.1 or 2.2 x 1073 mole/g vermiculite.
The previous results were supplemented by a titration
of the residual isocyanate functions, to ascertain if
these conditions promote the presérvation of a maxi-
mum amount of “free” isocyanate functions. The
results are summarized in Tables 6 and 7. Table 6
shows that the starting HMDI concentration hardly
has any influence on the amount of isocyanate
groups. The most favorable concentrations are sit-
uated between 2 and 5cm® of HMDI in 100 ¢cm® of
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solution. If the percentage of “free” functions in
regard to bound HMDI is considered, the most satis-
factory result was recorded for a concentration of
2cm3/100cm®  solution, which corresponds to
0.88 x 107* mole of HMDI in solution per gram of
vermiculite (Table 7). To sum up, the following condi-
tions lead to the most satisfactory results: a HMDI
concentration in the solution of 1 to 2 x 1073 mole/g
of vermiculite and a reaction time of 48 hr.

DISCUSSION OF RESULTS
The results of the previous paragraphs convey a
fuller meaning if the variation of the number of
grafted molecules per 100 A% and the number of resi-
dual isocyanate functions are plotted versus the start-
ing concentration of HMDI in the solution (Figure

“7a and b). The general form of these curves provides

evidence that the maximum grafting is achieved with
a reaction time of 48 hr and a HMDI concentration
of about 2 x 1073 moles per 100 cm® of solution. If
these conditions are fulfilled, 5.5molecules/100 A2
area are bonded, a value which is very close to the
theoretically calculated limit of 6.2 molecules.

If the HMDI concentration is slightly lower, the
number of “free” isocyanate functions rises to a maxi-
mum value of 1.7/100 A? area (Figure 7b). Accord-
ingly, the optimum grafting conditions lie in a con-
centration of about 1.5 x 10~? mole of HMDI per
liter of toluene solution and a reaction time of 48
hr. Taking into account the steric hindrance of the
HMDI molecule, the aforementioned values provide
evidence that a monolayer is practically achieved
(85%). Moreover, from a theoretical point of view,
a ratio of 1.5-2 “free” isocyanate functions per 100
A? seems correct. As a matter of fact, a copolymeriza-
tion between “free” functions is bound to occur at
a higher ratio.

BONDING BETWEEN THE ORGANIC COMPOUND
AND THE MINERAL
We endeavored to define more precisely the inter-
action between vermiculite and the diisocyanate by
X-ray powder diffraction and infrared absorption.

Table 6. Number of gram-equivalents of isocyanate functions per gram of vermiculite

Exper. 1

HMDI volume/100 cm? solution

Reaction Exper. 2 Exper. 3 Exper. 4 ° Exper. 5 Exper. 6
"time 10 cm? 5cm? 25cm? 2cm? 1cm? 0.5 cm®
Shr 0.15 x107* ~ 0.10 x 107*

24 hr 035 x 107 040 x 1074 040 x 107*
48 hr 040 x 1074 045 x 1074 040 x 107* 025 x 107* 0.30 x 107*
Table 7. Percentage of “free” isocyanate functions

Reaction Exper. 1 Exper. 2 Exper. 3 Exper. 4 Exper. 5 Exper. 6
time 10 cm® 5cm? 25cm® 2cm? 1cm? 0.5 cm?®
8 hr 16% 15%

24 hr 27% 47.5% 53%
48 hr 27% 32% 38.5% 24%, 36.6%
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X-ray diffractometry provides hardly any informa-
tion. It is difficult to check whether the crystallo-
graphic parameters of the mineral undergo any modi-
fication through a possible introduction of diiso-
cyanate between the layers. In fact, the organic sol-
vent itself modifies the parameters.

It is hard, too, to furnish any precise information
through infrared spectrometry about the bondings
occurring in the mechanism, because of the low sur-
face area of the mineral, the quick water contami-
nation in the samples, and the low intensity of the
absorption bands. These appear merely as a slight
superimposition on the vermiculite bands. Figure 8
brings together for comparison the infrared absorp-
tion spectra between 4000 and 1400 cm™! of exper-
iment 3 (Table 524 hr of reaction) and of untreated
vermiculite. It was recorded starting from treated ver-
miculite on a CaF, plate. We did not succeed in mak-
ing up autoresistant thin films of vermiculite. We dis-
tinguish three spectral areas.

The area 3200-3800 cm ™!

The domain of the valence vibrations of OH and

NH, groups, provides information about the surface

modifications of the mineral. On the spectrum of pure
vermiculite, the band is shifted towards lower fre-
quencies, probably due to supplementary hydrogen
bonds, either between paired hydroxyl and amino
groups, or between a hydroxyl and an amino group.

The area bordering 2250 cm ™1

The pseudoasymmetric vibration band —-N=C=0O,
specific of isocyanate function, is located in this
region. Generally this band is at 2290 cm ™! for vapor
phase isocyanate and is shifted to 2273cm™' as an
adsorbed phase upon alumina. Qur spectrum exhibits
a band shift from 2290cm™! to 2280cm™! (Volk-
mann, 1972). The isomeric form O-C=N and the
cyanate free ion are excluded since they adsorb
around 2220 cm ™. The 2280 cm ™! band may be in-
terpreted as a clue pointing to an interaction and a
possible bonding between a surface metallic cation
and the isocyanate function.

The area stretching above 1800 cm ™!
on 1300 cm ™!

This region represents the valence vibrations C=0,
C=N and COO. It provides information about the

and bordering

Transmission

B
%2

3000

3800 2000
Wave number, cm™!
Figure 8. Infrared absorption spectra of (A) vermiculite

and (B) HMDI treated vermiculite.
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fixation form of the chemisorbed species. In this spec-
tral area, bands are seen at 1672, 1648, 1565, 1510
and 1415cm ™%

Sokol’Skii et al. (1971), Eley, Kiwanuka and
Rochester (1973) and Volkmann (1972) place the vib-
ration bands of the -NH-C(=0)}-O of the aliphatic
polyurethanes at 1695 and 1538 cm™'. Moreover,
Guillet (1973) and Colthup et al. (1964) recorded in
the same area bands at 1470, 1590 and 1630 cm™’
due to the formation of surface carbamate. In this
case it is very difficult to ascribe the bands of our
spectrum. We have to assume that various bonds
arise simultaneously during the interaction between
the isocyanate and the vermiculite surface. Among
these, may be mentioned the likely formation of:

urethane bridgings of the type %L—O—CO—NH—R—N:C:O

,’o\

carbamates, e.q. AL, C—NH—R—N=C=0

\o/
and hydrogen bonds with the hydroxyls.

Moreover, the comparatively wide breadth of the
vibration bands might be accounted for by the simul-
taneous formation of bonds with the various oxides
(510,, Al,05, MgO and Fe,O;) which make up the
mineral.

CONCLUSION

Hexamethylene diisocyanate reacts with the vermi-
culite surface, activated in a way similar to that de-
scribed by some authors for the oxides SiO,, Al,O;
and MgO, taken separately. Under certain operating
conditions, over one third of the bound molecules
retain a “free” isocyanate function, which is in a pos-

- ition to initiate a subsequent polymerization of the

mineral treated with a polyol.

A grafting ratio of 52 diisocyanate molecu-
les/100 A% area was thus recorded, of which 1.5-2
grafted molecules retain “free” one of their isocyanate
functions. The bonds which arise between the surface
of the mineral and the organic compound are very
likely of the urethane and carbamate type.
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