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has been accumulated   but no conclusions   have been reached. It has

TECHNICAL PROGRESS REPORT

Background:

Report No. COO-1580-1, submitted December 15, 1966, gives the
C    -

history of this research program and describes briefly the results

obtained during the first few months of active research.  Since last

December, the early observation that adsorbed furan molecules appear to

polymerize  has been confirmed several times. The investigation of furan

adsorption on graphitized carbon black has been completed and the results

submitted for publication. Adsorption studies have -ESSn-e3ended to other

vaporizable monomers.  A new line of work, first proposed in the renewal

proposal submitted last December, has been initiated with tha acquisition

of a very fine Langmuir surface balance for studying insoluble monolayers

on water.  This instrument has been used to prepare built-up monolayers

of a polymerizable long-chain acid.  Preliminary radiation experiments have

been performed.  Work is continuing with the same objectives as were

proposed in the original research proposal:

"1.  To polymerize adsorbed molecules with known spacial relations to

each other and to the adsorbing surface.

2.   To determine the scope of the experimental conditions that are

necessary for such polymerization to occur.
"

This research has now reached a point at which considerable information

therefore seemed advisable to describe our progress by setting down the

information collected on each of the various phases of the program.  This

is done in the following sections according to this outline:

A.  State of the Art of Adsorption Polymerization

0 B.  The Irradiation of Adsorbed Furan Molecules

C.  The Orientation of Adsorbed. Fliran Molecules

D.  Other Monomer Vapors Studied

E.  Surface Balance Operation

F.  Surface Balance Results

»l
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Section A:  State of the Art of Adsorption Polymerization

The kinetics and mechanism of chemical reactions can be expected

to vary with the physical condition of reactants and products and to

be particularly sensitive tO Rh-ase ( solid, liquid, · gas)   of the component&.

The remarkable ability of some monomers to polymerize in the solid phase

has been the subject of much study since the studies of Mesrobian and

co-workers (i) brought this phenomenon to the attention of polymer                   /
scientists.  The extensive literature on solid state polymerization

( 570 separate publications  have been noted by us) and numerous reviews

(2 -1   have not succeeded in presenting a uniform interpretation of solid

state polymerization or providing any valid criteria as to which monomers

can be expected to polymerize under what conditions.

The   concept   of  Rhase  is not limited  to bulk systems. Adsorbed

substances also exist in condensed or expanded phases and undergo phase

transitions.  A comprehensive survey of this subject has been given by

Gregg (13).

Polymerization of two-dimensional films of monomers in the condensed

state would seem to provide an important extension of solid-state

polymerization, particularly since any meaningful interpretation of solid-

state polymerization must be capable of explaining the observations of

adsorption polymerization.  What are these observations?  It is a

surprising fact that the fundamental requirements of the quantitative

investigation of adsorption phenomena are lacking in published studies

of adsorption polymerization.

The earliest reference to adsorption polymerization describes the

work of Ballentine and Manowitz (14) at Brookhaven National Laboratory.     /

Butadiene was adsorbed from the gas phase onto carbon black and

polymerized by radiation.  The authors note that polymerization may have

occurred after adsorption but prior to radiation since the carbon black

and adsorbed monomer had to be shipped from Boston to the Brookhaven

laboratory.  In subsequent work by others, the polymerization of monomers

adsorbed on clays and liquid-phase polymerizations involving adsorbents or

active surfaces have been studied. The literature can best be understood

by considering first a related subject, the adsorption of monomers

occluded in clathrates.    1

Polymerization in clathrates was first observed by Brown and White

(15)  (16).    urea or thiourea was  the  host in these experiments,  and
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polymerization was carried out at room temperature with monomers that

in most cases were well known to be polymerizable in the liquid phase.

It is interesting to cross-compare their results with those presented

in Chapiro's review of solid state polymerization (8 ). Chapiro lists  4
3 monomers (which he designated"Group  V") as having their maximum

polymerization rate just above their melting point and polymerizing

very slowly as solids.  All 3 of these (isobutylene, butadiene, and

isoprene) polymerize in clathrates. Thzis the polymerization in clathrates

may generally be considered as an example of liquid-phase polymerization,

with no direct relevance to solid state polymerization.

Kawasaki   ( 17) has polymerized acrylonitrile in clathrates  at  -190  to
400C.,   and   found  no polymerization above   -40'.      In  this   case,  t he monomer

is in Chapiro's "Group I" (maximum polymerization rate just below the

melting point).  Apparently this is the.type of monomer whose clathrate

polymerization corresponds to solid state polymerization.

Polymerization of monomers adsorbed on clay has been studied by

Blumstein (18) (19), Friedlander (20), Solomon (21), Glavati (22), and
Dekking (23).  The materials that have been polymerized either are not

known to solid-state polymerize or fall in Chapiro's Group I (acrylonitrile,

styrene) or Group III, in which group Chapiro places those monomers

that polymerize rapidly as liquids and polymerize   as " solids"   only  if  they

are chilled to form glasses, not crystals.  Examples of Group III monomers

are methyl acrylate and methyl methacrylate.  All the published studies

on  clays  have been carried  out at 0-300c. It seems likely that polymerization

of monomers in the presence of clay is a special case of clathrate

polymerization and is effectively polymerization in the liquid state, not

the solid state.

Surfaces are important in some polymerizations, as in the decomposition

of diazomethane by colloidal gold to form polymethylene (24).  Also

note should be taken of the so-called explosive polymerization of Kargin

and Kabanov (25), in which a cold surface. is coated from "molecular    ;

   beams" of monomer and anionic polymerization catalyst (e.g., magnesium),

then warmed to a temperature at which the thin layer of monomer polymerizes.

While surface chemical processes are important in these polymerizations,

they do not provide examples of true adsorption polymerization.

As a definition of adsorption polymerization we can suggest this:

The process whereby monamer molecules in the vapor phase are adsorbed on a
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: solid surface and while still on the surface are converted to polymer

molecules.  The two steps may be recognized (1) by the disappearance

of monomer molecules from the vapor phase and (2) by the increase in

weight of the solid by the addition of material that can not be removed t
without drastic (i.e., depolymerizing) treatment.

It   is   necessary to point   out  that
 

chemisorption   is de fined  as   the

accumulation of molecules (or atams) of one species on the surface

of a condensed phase made up of molecules (or atoms) of a different

species, in which chemical bonds form at the surface between the two

different kinds of molecules (or atoms).  As Brunauer has stated,

chemisorption is usually distinguished from physical adsorption by the
fact that chemisorption is difficultly reversible with respect to increasing

temperature or decreasing pressure.  These are exactly the criteria that

we are using to determine if physically adsorbed molecules have

polymerized.  This naturally raises two questions:

(1)  Are the monomers that have been reported to polymerize

on adsorption actually chemisorbed?

( 2)   '  Are  molecules   that   have been reported to chemisorb

actually polymerized?

No categorical answer  can be given to these questions.      In  many  of
the experiments in which monomers have polymerized in clathrates or

clays, the actual polymer has been isolated and characterized.  However,

in an experiment such as the pioneering study of Ballentine and Manowitz,

chemisorption could possibly explain the results.' As for the probability

that chemisorption has been reported when adsorption polymerization

actually occurred, this can hardly have happened very often.  Hayward and

Trapnell in their book "Chemisorption" list 27 molecules whose chemisorption

has been fairly extensively studied. Of these, only acetylene and

ethylene would ordinarily be-considered to be polymerizable monomers.  They

generally rearrange on chemisorption with the breaking of C-H bonds, but no

evidence for polymerization has been noted under chemisorption conditions.

The polymerization of crystals has much appeal to scientists who

are interested in preparing and studying polymers with controlled chemical

structure.  If atomic positions are fixed in the crystal of the monomer, it

is only necessary for polymerization to occur without atomic motion for

the polymer to have a definite configuration and conformation.  Unfortunately,

atomic motion almost always occurs as the monomer polymerizes. There is
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abundant evidence for this conclusion, but perhaps the most convincing

comes from Adler's cinemicrography of polymerizing acrylamide crystals (26).

It is easiest to discuss this subject in terms of the Chapiro

classification of solid state polymerization. (see Table A). It is Group
4

II that realizes the hope of being transformed from monomer crystal

to polymer crystal by solid state polymerization.  There is no suggestion

in the literature that any of the Group II monomers (trioxane, tetraoxane,

propioloactone, hexamethylcyclotrisiloxane, or the bis(halomethyl)oxetanes)

polymerize in clathrates, on clays, or when adsorbed.  Thus it seems

quite possible that the various examples of restricted polymerization

mentioned above all involve monomer molecules whose order is much more

like that of the Group I and Group III monomers when they solid-state

polymerize than that of'the highly-ordered molecules in a polymerizable

Group II crystal.  The Group V monomers (butadiene, isoprene, isobutylene),

which apparently do not accelerate their solid-state polymerization as

the crystal nears its melting point, would bear further study.  Restricted

polymerization of these monomers has only been reported by White (16)

in clathrates 60' or more above the melting point and by

Kargin and Kabanov (25) for thin layers frozen to 40' below the melting

point but not polymerizing until warmed 40' above the melting point.  It

is difficult to relate these results to bulk polymerizations in the solid

state.

One can only conclude that adsorption polymerization is an interesting

subject for research, but one which to date has offered no quantitative

resulta and no correlations with the polymerization of crystalline monomers.

[As this progress report is being completed, we have just learned by
abstract of a Russian publication (27) in which the vapor phase polymerization
of styrene and methyl methacrylate is produced by (gamma?) radiation
in the presence of powdered magnesia or silica.   This may involve adsorption
polymerization.  Ad soon as the complete paper can be obtained, we will
study this work for experimental leads that can be used in our program.]

1

„
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TABLE A

The Chapiro Classification of Solid State Polymerization

Group Example
. Polymerization Relative Rate Effect of Crystalline

Rate in Liquid in Solid State Degree of Order in
State Crystallinity Resultant

on Rate Polymer

I Acrylonitrile ,
Fast Faster just Some disorder Amorphous

below m.p. necessary for
than just polymerization
above

II Trioxane Does not Fastest Only polymerize Crystalline
polymerize m.p. when crystalline

III Methyl Fast Very slow Probably only Amorpholls

methacrylate polymerize when
amorphous

IV Vinylcarbazole Fast About the                 ?           Amorphous
same

V Butadiene Fastest just Very slow and             ?           Amorphous
above m.p. temperature-

independent

t

1 -
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Section B: The Irradiation of Adsorbed Riran Molecules

Methods of preparing carbon black surfaces with equilibrium
t'

quantities of adsorbed furan molecules are described in the next

section.

The amount of furan adsorbed can be controlled by keeping the

source of the'furan vapors at the appropriate temperature.  In these

experiments the furan source was kept at O'C.  The Graphon was kept at
25'C.  This corresponds to a surface coverage of G = 1.28.  The adsorbed

furan was then irradiated with electrons from a microwave linear

accelerator.  The total dose was determined by the electronic method

developed at Wayne State University by Cook and Mantel.
(28)

A preliminary experiment showed that there was no significant

temperature change during irradiation so the sample was not thermostatted

and was assumed to remain at room temperature during irradiation.  After

irradiation as much adsorbate as possible was pulled off the Graphon by

attaching a side arm to the Graphon container and immersing the side arm

in liquid nitrogen.  Since the side arm consisted of a piece of constant

diameter glass tubing the am'ount of adsorbate pulled off could be measured

by simply measuring the height of the column of liquid in the tubing.  The

amount pulled off is given in Table B. In converting volume to mass it

was assumed that the density of the desorbed liquid was the same as that

of furan. TABLE B

SAMPLE '

DOSE           MG DESORBED PER PERCENT DESORBED
RADS      : GRAM GRAPHON                                   -

1 ·1 X 1 0 6.4 18.5
6

2 2 X
10  0.0 O.0

3      ' 5 X 104 0.0 0.04          '  5 x 104 2.8 9.0
5                 1 X 10 13.0 37.4
6              5 X 10 5.9 17·0

3

7            1 X 10  7.0 20.2
3

8              5 X 102 14.7 42.3
9              1 X 10 0.0 0.0

Samples 1, 2, and 3 were irradiated and then desorbed under vacuum
I '

on the  same  day.. The remaining samples belong to a different series



7

and were prepared and irradiated approximately one month later than

the first three samples.  Sample 6 was desorbed on the day on which

it was irradiated.  Samples 2,3,5, and 4 were then desorbed in that

order at one day intervals between each.  As can be seen, there appears
f

to be no correlation.between dose and amount of adsorbate desorbable.

Infrared spectra were taken of the above samples.  The spectrum

of the material desorbed from sample 1 looks exactly like that of furan.

From the samples 6, 7, and 8 material was obtained that had a more

camplicated spectrum than that of furan.  No pattern could be seen in

the variation of the spectra.  Sample 5 evaporated before a spectrum could

be taken.

A portion of the irradiated furan remaining on the Graphon was then

dissolved from the Graphon in carbon tetrachloride.  Infrared spectra were then

taken of these solutions.  The only feature common to all the spectra is the

disappearance of the furan peaks at 3120 and 1695 cm-1.  The spectra may

be classified into roughly two groups: (1) Samples 1, 2, 4, 5, 6, 7, 8
gave spectra that look like that of furan.  (2)  Samples 3 and 9.  Here

the only major feature of the spectra is a wide peak around 1140 cm-1

In the case of sample 3 the carbon tetrachloride was evaporated to

recover solid material presumed to be polymer. Its spectrum when redissolved
showed peaks at 1550, 1140 and 740 cm-1.  We have not yet been able to

interpret this spectrum.

Liquid furan both sealed in evacuated ampules and open to air was

irradiated with the same doses as samples four through nine in Table B.

There was no visible change in the furan which was sealed under vacuum.

No systematic change in the spectra could be observed.  There was also

no visible change in the furan irradiated in non-evacuated vials.  However

after a period of ten days no liquid remained in samples 4, 5,7,8, and 9.

An amber colored solid remained in the vials. It is not known whether

post polymerization took place or whether the more volatile material

evaporated leaving the solid.  This solid was not soluble in carbon

tetrachloride but was partially soluble in acetone.  The infrared spectra

of these samples showed no obvious correlation with the dose of

irradiation.  Sample three was still a liquid after this time.  In this

case the 1695, 1480 and 1376 cm-1 peaks of furan disappear and a wide

peak is formed between the 1480 and 1376 peaks of furan.

To sum up, the experimental results do not appear to fall into any
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set pattern.  Further work is definitely indicated.  One line of

. investigation might be the irradiation of Graphon with varying

amounts of furan adsorbed.  This might indicate whether true
r

polymerization is taking place or whether the furan is merely being

chemisorbed to the Graphon.

Section C: The Orientation of Adsorbed Furan Molecules

Molecules that are not spherically symmetrical may assume preferred

orientations in the adsorbed state.  Molecules that are markedly

unsymmetrical may also have many points of free rotation within the molecule

and therefore have a random distribution of conformations that make

studies Jf orientation difficult.  Plate-like molecules like benzene and

its simple heterocyclic analogs can exist in only single conformation and

. present a possible choice between orientation in which the plane through
the centers of the ring atams is either parallel to the adsorbing surface

("plates   on the table") or perpendicular parallel  to that surface ("plates
in the drainer„) .  With the widespread adoption of the Brunauer-Emmett-Teller

(B-E-T) theory of adsorption, data for the apparent cross-sectional

area of adsorbed molecules became available for comparison with models of

orientation.

The adsorption of benzene on well-characterized solid surfaces

has been extensivley studied and provides experimental data from

which it might be possible to reach a clear-cut decision as to orientation.

Howevar, there is disagreement as to which orientation exists for benzene

molecules adsorbed on a relatively homogeneous surface such as graphitized

carbon black.  Smith and Pierce (29) (30) used the B-E-T treatment and

c oncluded by comparison with models that the benzene rings adsorbed with their

planes parallel to the carbon black surfaces (i.e., with·the 6-fold axis

of molecular symmetry perpendicular to the surface).  Ross and Olivier (31),

recognizing that the theoretical basis of the B-E-T theory is particularly

unsatisfactory for homogeneous surfaces, have developed a complete (and

completely different) theory of adsorption.  This theory predicts that

benzene molecules on relatively hamogeneous graphitized carbon black have

.  their  6- fold axis parallel  to the surface. The problem is important,

both because the understanding of surface processes such as catalysis
f

requires an understanding of orientation and because it provides a test

between a relatively new, theoretically attractive theory and a familiar,

pragmatically acceptable theory.
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The Ross-Olivier treatment of non-localized adsorption employs

. the two-dimensional van der Waals equation to describe the adsorption

process. Assuming a hamotattic adsorbent the equation actually used
f

to describe the experimental isotherm is

p=K        Q     exp  ( 9 - 209) (1).
'1-0 (1 - 0 k TB)

a and B are the two-dimensional analogs of the three-dimensional van

der Waals constants a and k. Ross and Olivier show that the ratio

21/# represents the lateral interaction between adsorbate molecules.

  is a constant taking into account the adsorbate-adsorbent interaction.

G is the fraction of the surface covered.  k is the Boltzmann constant.  T

is the absolute temperature.

Fbr  experimental  use this equation contains three unknowns:

21/B,  6,   and the value  for the surface  area  of the adsorbent. These

unknowns are determined by plotting·the equation in its rectilinear

form:

W=ln (Q) -lnp+   0 20:9 -  1.n  K                           ( 2)

(1-9) 1- @ k T B
-

Fram  a  plot  of  W  vs.   9, the
surface  area,  V ,

is determined by varying

the value V  until one finds the smallest least-squares deviation from
a straight line in the above plot.

There has been, however, one factor which has not been accounted

for in this treatment, and that is surface heterogeneity.  The Ross and

Olivier adsorption theory takes into account the surface heterogeneity

of the adsorbent. Their model  is a surface  made  up   of an infinite number

of patches of varying degrees of energy with a Gaussian distribution.  Their

equation is

0= 1  - Gi exp [- 1 (u- U')2] di              (3)
1

where n is a normalizing constant, U  is the average adsorptive energy

about which the Gaussian distribution is centered,   determines the

. width of the distribution, U is the energy of adsorption of the 1th

patch, and Qi is derived from the equation of state pertaining to each
(

patch.  Ross and Olivier have calculated theoretical isotherms for the

above equation for various values of 27/0 and   . The value of 20/B
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obtained previously for the homotattic surface may be used as an

approximation  for  the  20/B  for the heterogeneous surface. Then using

this value of 20:/B one superimposes the experiment adsorption curve

over theoretical curves for various values of   .  When a fit is found  f
     is   known  and in addition  K  and  y   may be determined.

If the adsorbed molecules are not oriented or polarized by the

substrate one may obtain ideal two-dimensional van der Waals constants

from their three-dimensional counterparts by means of the following

equations:

cr d=  at      (         911'   )   1/3   ;      Bid=   a-     (         9  17*  

1/3
(4),

(  256k ) (  256k

where a and k are the three-dimensional van der Waals constants.

Graphon, a graphitized carbon black that has been studied

extensively by others, was purchased from Cabot Corporation, Boston,

Mass. The manufacturer gives a value of 87.4 square meters per gram for

the surface area of the Graphon.  Our own measurements, based on an area
2of 16.2 A.  for the effective area of a nitrogen molecule, give· 84.7

2  ·
m. /g. as the surface area of Graphon.

' ''

Some uncertainty remains for the area of the Graphon since no

method has yet been found to obtain the exact effective area of an

adsorbed molecule.  Thus, values for area of adsorbed molecules are

best expressed as ratios of the adsorbate molecule area vs. the assumed

effective area of the standard (usually nitrogen).

The general set-up of the apparatus is essentially that of McBain

and Bakr , which is still the best method of studying adsorption of

vapors from materials that are liquid at room temperature.  Our only

modification has been to place the liquid furan, whose temperature is

controlled to control the furan pressure over the adsorbate, in a side

arm.  The Graphon was hung in a platinum bucket from a two gram capacity

quartz spring obtained from Microchemical Specialties Co., Berkeley,

California.  The Graphon was degassed for at least 12 hours at 200'C.
and at 5 X 10-4 torr.  After degassing the Graphon was allowed to cool to

+
25- 0.2'C. and was kept at this temperature during the run.

The furan used was "chromatoquality reagent" grade obtained from

Matheson, Colemen, and Bell:  It was used with no further purification.

The liquid furan was cooled to dry ice temperature and allowed to warm

1



up slowly as adsorption took place.  The warming from dry ice temperature
0

to 0 C. took approximately 10 hours.  The temperature change was followed

with an iron-constantan thermocouple and potentiometer.  The spring

extension was followed with a cathetometer.              '              f

Figure 1 gives the adsorption isotherm of furan on Graphon.  The

results gave a BET monolayer value of 27.2 mg. furan per gram Graphon.

This corresponds to a ratio of furan area to nitrogen area of 2.18.

Some difficulty was encountered in these adsorption runs in attempting

to obtain reproducible data.  Some of the runs indicated a greater amount

adsorbed than the one shown, especially from p/p  = 0.1 to p/p  = 0.4.  As

much as 2 mg. greater adsorption was obtained in this interval.

Several  of  the runs indicated " steps"   at low pressures.      So   far  no

satisfactory explanation has been found for this behavior.  Desorpti6n

immediately after adsorption or 24 hours after adsorption showed no hysteresis.

The previous work on the adsorption of furan in the literature is

by Fejes, Kiraly, and Schay , who adsorbed furan on aluminum oxides.
(32)

They obtained a ratio of furan area to nitrogen area of 2.47.

Models for the orientation of adsorbed furan molecules were made.

The areas indicated  for the models correspond 'to  17.8 A.2/molecule
if the furan pentagons are close-packed on edge on the surface and
29.0 A.2/molecule if they are flat. Taking the nitrogen area as being

of 1.29-1.10:1 in the first case and 2.10-1.79:1 in the hecond.

in the range 13.8-16.2 A.2/molecule, this gives a furan:  nitrogen ratio

Since our own work indicates that the ratio of the B-E-T area of

furan to the B-E-T area of nitrogen is 2.18:1 on Graphon, the B-E-T

method definitely indicates that the molecules are lying flat on the

surface.

When Hill(33) originally proposed the use of a two-dimensional

van der Waals equation to fit adsorption data, he recognized the

importance of the two-dimensional van der Waals' constans a and B.

In a later publication Hill showed that a and B could be evaluated
(34)

by the equations mentioned·above (see equation (4) ) (and pointed out that

0 had a value very near that of the molecular cross-sectional areas

being used at that time in B-E-T adsorption studies.  Subsequently

Livingston evaluated B for a number adsorbents including benzene.
(35)

c 2,It is of interest that the value of 33.0 A. /molecule for benzene

corresponds almost exactly·to the area obtained from our model studies

t,
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with the flat benzene orientation.  A larger compilation is given
(36)

by McClellan and Harnsberger

In the case of furan the experimental three-dimensional van der

Waals constants could not be found in the literature.  They were       f
'

2 -2calculated from critical data giving   a  =  7.5   atm. -1.- mole and

k = 72.7 cm.3 mole-1. This resulted in  d = 2.04 X 10    erg. cm.-28         2

id            -16    2
and B = 23.4 X 10 cm. .  This is precisely the average of the two

areas calcula ted above · from model studies.     Thus  the Hill calculation

based on van der Waals constants confirms neither the parallel nor the

perpendicular orientation for furan.

Ross and Olivier believe that benzene on graphitized carbon

black is oriented with the benzene hexagons perpendicular to the

solid surface.  It is important to apply their treatment to our furan

data.  Referring to the basic Ross-Olivier equation (2), in the case

of furan on Graphon   = 48.2 m.2/g.  At this value of  , 20/B and K
are determined from the slope and intercept of the graph.  In our case

20/0 = 1.60 kcal./mole and E = 0.103 atm. Figure 2 shows both the

experimental isotherm for furan on Graphon and the theoretical one

calculated with these values of the constants.  In our case   was 1000

.and the values for K and V were the same as those obtained for the-        -0
assumed homotattic surface.  This is as it should be for according to

Ross and Olivier a surface with 2f= 1000 is hardly to be distinguished

from a completely homotattic surface   (  lf =co  ).
One may determine the   at 77.5'K, which Ross and Olivier use as

a standard, or at any other temperature by means of the following equation

IT=        7.5             (          T         )2                                                                  (5)
(  77.5 )

For Graphon this gives a   value of 68.
U77.5 'd  idWith   our  van der Waals data indicating   that   202-   /0         =   2.4 9

kcal./mole it is possible to compare several models for the orientation

of the adsorbed molecules to see which model corFesponds most closely
' to the experimental data.

A great many approximations have to be made in order to carry

out the calculations originating from the Ross-Olivier theory.
1

3
j



Further experimental work must be done to obtain more information

13

Because of this none of the calculations "proves" any single model.
However,  the Ross -Olivier treatment in our hands definitely indicates
that the plane of the ring is perpendicular to the surface, either with
a double bond or the oxygen atom closest to the solid surface.

if one is to establish any model as representing the actual orientation
of adsorbed furan on Graphon.  It is important to note that completion
of the 'adsorption polymerization studies outlined in the previous
section will be very valuable in this connection. For annolecule such
as furan, adsorption polymerization almost certainly involves addition
polymerization at the double bond.  The effect of variations in surface
concentration of furan on polyn erization kinetics and polyrner structure
will depend on the mobility and orientation of the adsorbed furan molecules.

It should therefore be possible to choose between various possibilities
based on the results of adsorption polymerization studies.

Section D: Other Monomer Vapors Studied
Preliminary experiments have been carried out with cyclopentane

and with 1, 4-cyclohexadiene adsorbed on carbon black.   The B-E-T
area of cyclopentane molecules  at the monolayer point  is  39  A. 2 /molecule,
indicating the flat orientatioh. Ross-Olivier calculations analogous to
those for furan mentioned in the previous section have not yet been
carried out.

Cyclohexadiene is of special interest because it in some experiments  ..L
is fixed on the solid surface without the necessity of radiation.  It will
be recalled that our test for adsorption polymerization is to physically
adsorb molecules  on a nearly homogeneous carbon surface  (we  know  they
are physically adsorbed because they can be pumped right off) and then
encourage polymerization (usually by irradiation with high energy electrons
but optionally by allowing the samples to stand at room temperature in
light or dark) and show that the adsorbed molecules can no longer be
pumped off.   This has happened with 1, 4-cyclohexadiene, which under the
best conditions is difficult to remove.

1,4-Cyclohexadiene also has a flat orientation,  with a B-E-T area
of 42 A. 2/molecule.  Work is continuing to establish the experimental
conditions that will consistently give "fixed" cyclohexadiene molecules
on the adsorbing surface (and thus a reasonable probability that adsorption
polymerization has occurred).

Section F: Surface Balance Acquisition
After 15 months of negotiation, officials of the Ford Motor Co. allowed

usto purchase a Langmuir surface balance that was no longer being used
. in the Ford Scientific Laboratory. Funds available from the National

Science Foundation were used for this purpose. Since this instrument
represents a very important addition to our program, it will be
described in detail.         '

A Chnco torsion wire film balance was modified in order to:  a.
prevent leakage of surface-adsorbed niaterial past the float during
experiments; b. avoid subphas e contact with metal, painted metal  or
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other surface contaminants; and c. eliminate the use of paraffin
coating at or near the subphase surface, where it might be
dissolved by the spreading solutions.                                                z

The mica float obtained from Ford was replaced by an all-Teflon
float 13 cm. x 7 mm. x . 75 mm.  in size.   At both ends 1. 0 cm.  of the
float was folded upward 900 in order to attach . 05 mm. thick end ribbons,
allowing an effective bridge length of 12 cm. in contact with the surface.
One end of each of the 5.0 cm. x 12. 5 mm. x . 05 mm. ribbons was
attached to the vertical end sections using epoxy cement with no pre-
treatment of the Teflon surfaces. The ribbons were positioned so that
they were perpendicular to the plane of the subphase surface with
roughly half of the width of the ribbon below the surface. Half-elliptical
loops,  1.0 cm. wide by 2.0 cm. long, were formed with the end ribbons;
these were held in place by means·of small strips of . 75 mm. Teflon
sheet fastened by a single metal scres. The metal bridge supports were
wrapped  with one thicknes s  of  . 05 mm. Teflon film before attachment
of the end ribbons, preventing the subphase solution from coming into
contact with the brass and enamel-painted surfaces of the side supports.

The "pins through holes" arrangement of attaching the float to
the suspension was far superior to the Ford arrangement. It required
the following modification: the vertical lever arm was cut 1.0 cm. below
the torsion wire and the two vertical sections of the forked end were cut
off and replaced by two sections of 1.5 mm. diameter platinum rods
3.0 cm. in length, which were soldered into position near the ends of
the horizontal crossarm. The vertical lever arm was then reattached
in such a way that it was rotated 90' from its former position, and two
4.0 mm. diameter holes were punched in the float at positions corre-
sponding to the positions of the platinum pihs. Since the float is free to
ride vertically on the pins, its distance from the tension wire when the
trough if filled to capacity will be equal to the length of the horizontal
lever arm used for calibration.   The need for suspension ligaments if
obviated by the introduction of a 9. 0 cm. x 2. 5 cm. x 1. 0 cm. Teflon
bar beneath the float; the float rests on the bar when the trough is empty.

The trough used in these experiments is a modified Cenco unit in
which a cylindrical well has been introduced on the film side of the
float. The inner surface of the trough are coated with two thicknesses
of black Dupont 851-204 Teflon, which were coated over a layer of Dupont
851-225 primer.

The trough and film balance are housed in an insulation-walled, double-
doored cabinet which is provided with an air heater and thermostat.
The cabiner is provided with an external manual crank by means of which

. the position of the compression bar can be adjusted from outside the
cabinet. A similar device is used to adjust the rotational position of the
torsion wire without opening the cabinet doors, permitting force-area
and transfer ratio determinations to be made without disturbing the thermal
equilibrium within the cabinet or introducing dust-laden air.

Above the trough well is positioned a clamp which is attached to
a worm-gear elevator mechanism.  ·. This allows for the smooth,  slow
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dipping operation needed for the transfer of surface-adsorbed

monolayers  to a thin solid plate, which is held in the clamp.  The
elevator is actuated by a driveshaft which extends through the
cabinet wall to a  1 /8 h. p. electric motor and reversible variable             f
speed drive unit.

The drive unit is independently mounted on a support which is
isolated from the cabinet in order to minimize vibration at the

experimental surfaces. The aluminum driveshaft is coupled to
the drive unit and the shaft extending from the cabinet by means of
two flexible couplings which tend to reduce vibration transport along        L
the shaft. Vibration is further reduced by mounting the cabinet on
a heavy steel table which is placed on vibration-dampting mounts on
a solid concrete floor.

The injection of spreading solution at the surface is accomplished
by means of a Gilmont- . 5 ml. capacity micrometer syringe which delivers
to an accuracy of t 10   ml. The solution is delivered through a 21
gauge Reflon capillary needle (Hamilton Company No. KF28TF) from the
micrometer syringe which is located outside the cabinet.

Section F: Surface Balance Results
A long-chain analog of a common monomer, acrylic acid, is trans-2-

octadecenoic acid,

CH3(CH ) CH=CHCOOH
2 14

This was chosen for the initial experiments. A procedure for the
(37).       c

preparation of this compound from stearic acid is given by Meyers.
This scheme was followed in the preparation of several grams of twice-

recrystallized acid. The crystals were thin, flat plates, averaging
several millimeters in diameter, and were pure which in color.

This compounds, in addition to having a double bond which may be
capable of entering into a polymerization reaction, possesses the
necessary polar and non-polar segments needed to form transferrable

monolayers on water; is insoluble in water and slightly soluble in low
molecular weight saturated hydrocarbons such as petroleum ether
and hexane.

The following is a summary of the synthetic route used to obtain
this product:

CH3(CH2 16COOH
stearic acid

g

Br2' PC13 reflux 26 hrs.
\/

CH3(CHZ) 15 CHBrCOOH
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CH3(CHZ)15(HBrCOOH

KI reflux 6 Ers.                  5

CH3(CH ) CHICOOH
2 15

, KOH, CHJOH reflux 1 hr.
14,

CH3(CHZ) 14CH = CHCOOH recrystallize from petroleum
ether and alcohol.

Additional samples of trans-2-octadecenoic acid were obtained
from Eastman Organic Chemicals Distillation Products Industries.
This material melted at 57 - 58.5'C,  but did not appear to be as
pure as our own.

Our plan, as mentioned in the research proposal submitted twelve
months ago, was to prepare multilayers by the Blodgett technique and
irradiate them.

Assemblies of monolayers of stearate soaps on solid surfaces
were first reported by Blodgett in 1935 .  Her technique, an(38)
extension of one described by Langmuir in 1920 for the transfer of
single monolayers, consisted simply of dipping a smooth glass plate
into a Langmuir trough containing calcium carbonate at pH 7.5 to 8.0.
A monolayer of stearic acid was then formed on the surface of this    -
solution by depositing a few drops of a volatile, water-insoluble liquid
which contained a small amount of stearic acid. The plate was then
lifted vertically through the liquid-air interface, depositing the first
layer.  As the plate was then repeatedly raised and lowered through
the interface, subsequent layers of monomolecular film were
quantitatively transferred to the plate. Disruption of the surface
monolayer was prevented by maintaining a constant surface pressure
on the film.   This was usually accomplished by the technique of
spreading a film of known surface pressure in an area of the surface
which is isolated from the transferring monolayer by means of a
floating varrier, which usually took the form of a floating waxed
thread. Blodgett was able to assemble as many as.3001 soap
monolayers  on a solid surface, sometimes varying the thicknes s  on
a single plate in a step-wedge fashion. An investigation of the optical
interference properties of the stacked monolayer systems indicated               i
that the thickness of the transferred monolayers corresponded to the              1
extended length of the molecules.

The significance of adsorbed monolayers for the present work
lies in the orientation of the individual molecules at the surface.                     1
Langmuir showed that, for the water-insoluble members of the                '(39)

homologous series of compounds which includes stearic acid, the
value for the specific area which is obtained by the extrapolation of
the steepest linear portion of the force-area curve before collapse
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is independent of the number of carbons in the hydrocarbon
"tail".  Ries and Kimball(40) obtained an extrapolated cross-
sectional area of 20.4 AZ/molecule for the 36-carbon member,
n-hexatriacontanoic acid, compared with 20.3 AZ/molecule for      f
stearic acid. The vertically extended orientation of the hydrophobic
"tails" which is indicated by these results is obviously retained in
the transferred monolayers, as shown by the optical interference
results of Blodgett as well as x-ray diffraction measurements by
Clark and co-workers. The latter results indicated that the long
spacing for transferred multilayer flims of calcium stearate was
49.4 t 0.2 angstroms, which corresponds closely to the length

-of two extended calcium stearate molecules laid end to end in a head-
to-head, tail-to-tail fashion. Similar results were reported by
Bernstein(41) Electron microscopic studies by Sheppard and his
coworkers indicate  that a homogeneous and continuous structure(42)
occurs in monolayers of barium stearate and stearic acid. The degree
of orientation and molecular packing, however, could not be determined
by this method.

(43)
Langmuir and his associates introduced the term "deposition

ratio"

f       =       a   J   az                                                                                                                                                              «

in which a 1 is the area occuped by a transferred molecule on the
liquid surface, a2 the corresponding area on the solid surface.  This
is obtained experimentally be dividing  the  area of liquid surface -
adsorbed monolayer taken up by the transfer by the available geometric
area of the solid plate. Studies of this term, also called the transfer
ratio, have been carried out both by simple area measurements (44),  and
by radiometric means(45) (46).  It has thus been determined that,

,
in general, transfer ratios are very nearly one for the first transferred
monolayer, indicating that the layer spreads over surface roughness
and retains its directional, parallel-oriented character. Although the
stability of such single monolayers is open to question, the optical
interference and x-ray diffraction data for built-up multilayers
discussed in the previous section indicate that these systems do

,  ·  retain a high degree of two-dimensional orientation.
Ellis and Pauley (47) have found that infrared characterization

of multilayers can be accomplished by adsorption of the system onto
calcium fluoride plates. The purpose of this was to study the ratio
of salt content to acid content in transferred films as a function of
subphase pH.  It was determined that only stearic acid ions transferred
if the pH of the calcium-ion containing subphase solution was less than

' about 4.0, while above a pH of approximately 5.0 only the calcium
soap was transferred..,In the intermediate region, both acid and soap
were found to be transferred to the plate.



18

For our work, plates of cleaned unpolished calcium fluoride
crystal measuring 1"x 2"x t  mm. were obtained from the Harshaw
Chemical Company. The plates are manufactured for use as optical
windows transmitting from the vacuum ultraviolet region to the       S
infrared_  gion. The infrared absorption edge occurs at approximately
1000 cnn

The plates were ground on a glass optical lap, then cleaned by
1 a brief irnmersion in a sulfuric acid-potassium dichromate solution

and thorough rinsing with distilled water followed by a brief exposure
to steam.  It was found that a great deal of care must accompany
this procedure for the preparation of calcium fluoride plates as the
material is quite easily scratched and is very sensitive to thermal
shock.

Glass substrates were prepared by cleaning glass microscope
slides with hot chromic acid solution, followed by treatment with
a   solution of sodium hydroxide in isopropyl  alc ohol, then repeating
the chromic acid step. Several thorough rinsings with distilled water
and steaming for several minutes followed this treatment with
cleaning solutions.  It was found advisable to use untreated ("student")
slides, as the surface coatings used to prevent fogging and corrosion
are not completely removed by this cleaning process.

The aqueous subphase surface was cleaned in the usual manner by
repeatedly "sweeping" with Teflon-coated bars followed by the
application of suction to the surface by means of a small-diameter
glass tube.

Isotherms of films adsorbed on the liquid surface are obtained
by measuring the surface pressure

77'=  Y-X

, where  ), is.the surface tension of the pure liquid and 3' is the
surface tension of the flim-covered surface.   The term /Iris obtained
experimentally by measuring the force applied to one side of the
Teflon float by a surface-adsorbed film when the surface on the
other side of the float is that of the pure liquid. The surface
pressure 7Fis then plotted as a function of the corresponding area of
spread film, usually expressed in units of square angstroms per
molecule.

In figure 3 isotherms for trans-2-octadecenoic acid adsorbed on
dilute HCl for 15'C and 270C are compared. Our curve obtained at
270C represents a li9uid state, as compared to the 150C isotherm
obtained by Hughes(40)which represents a highly condensed state for
which Ao is close to that of stearic acid.  This is in agreement with
the assertion of Adam (49)that the half-expansion temperature is
250C, for this compound at 1.4 dynes/cm.

In order to avoid the possiblity of contamination of assembled
multilayers by piston oils a technique was developed to maintain a
constant surface pressure without the use of such materials.  This
consisted simply of dipping the solid plates at a slow enough rate
that the film pressure could be monitored by means of the torsion
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wire balance and a constant deflection of the wire maintained by
horizontal cornpression as adsorbed material is lost from the
surface.   As has been discussed, this can be done without opening   $
the doors of the cabinet in which the instrument is housed. Using
this technique the change in the position of the horizontal compression
bar with each cycle was used to calculate the geometric transfer ratios

for each step of the multilayer buildup.
So that the elevator velocity would be the same for the removal

of the plate from the subphase as for its insertion into the subphase,
calibration plots of the rate of revolution of the elevator drive shaft

vs. the corresponding velocity of the elevator and of shaft rotation
rate vs. variable speed drive setting were prepared.

A cathetometer was used to insure that the plate was immersed

to precisely the same level at the  end  of each insertion  step.    This
also provides a way of accurately measuring a2, the geometric area
of the plate available for adsorption.

Geometric transfer ratios were obtained for each deposition as
multilayers of trans-2-octadecenoic acid were built on glass and
calcium fluoride plates. Table F gives values for the initial

monolayer transfer ratio and the average values for  10 as the plate
was raised ( /7 5 and lowered ( /23 through the adsorbed surface
layer, as well as maximum and minimum transfer ratios for each
case. A negative value for /oindicates that material was transferred
from the plate to the liquid surface.

Figure 4 illustrates the dependence of the total transfer ratio

f = s 61 for the glass plate.  In this case adsorption occurs as the
plate is inserted into the subphase.

A single monolayer was transferred to a glass plate, then an
attempt was made to desorb by moving the plate back through the
surface.

A fresh monolayer was spread onto the aqueous surface
containing the desorbed material,  if· any,  and a new ,27 -A determination
obtained.

The data were plotted in order to ascertain whether an increase
of the film area at constant pressure for a given amount of spread
material was observed.  No such increase was observed (Fig. 5 ).

A desorption experiment  was also performed in which a calcium
fluoride plate covered by a Langmuir -Blodgett multilap'r formed by
50 complete passes with an average transfer ratio of /  =  0.7 was
passed repeatedly through a carefully cleaned surface of dilute HCl
at pH 2.0. The results, shown in figure 6, indicate that desorption

·      occurred. The desorption transfer ratio  f is found by means of
/a

the following relationship:

\9
/d  =    N    =    NAO

0
N   na

0in which N is the number of molecules desorbed, N the number of
molecules desorbed if   / 1 =  l. 0 (this is calculated by dividing the
specific area of the adsorbed molecules at the temperature of the

l_



TABLE F                                    %

TRANSFER RATIO FOR TRANS-2-OCTADECENOIC ACID

ONTO GLASS AND CALCIUM FLUORIDE PLATES .

Torsion Wire

Substrate Elevator Speed, Temp. Deflection,
Material mm./min                OC            Degrees

*

1. glass 6.75 24.4            33

2. CaF2 14Jo . 24·7            35

3. CaF2 14·30 24·0            35

Transfer Ratios

Initial, Average             P                 ·b     
                      I ·=in                 

   f

)O                                                         (   
                                                   max

1. 1050 0.26 1.26 -0.60 -1.03 1.73

2. 1.22 0.69 0.57 0.82 0.14 -1.22

3. 1.14 0.70 0.71 0.69 0.25 1.20
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experiment by the product of the geometric area of the plate,  a',
and the number of desorption passes, n). The number of molecules
desorbed is

'i

N=  a
Ao

in  which  a  is the liquid surface -adsorbed  area  of the material which
has been removed from the plate. Hence

0
Id=    a

.na

for%all 20 passes, d =  . 2480.  For the last five passes only,F
/d=  .154.  Thus it was established that we could detect desorption

after attempts to polymerize the multilayer of unsaturated acid.
For polymerization work, we wished to have samples in vacuo.

Pyrex vessels were prepared from 30 mm.  o. d. tubing for the
purpose of irradiation of the multilayers which had been transferred
to calcium fluoride plates. A section of 10 mm. tubing was used to
form the neck of the ampoule.-3 The samples were evacuated to a
pressure of approximately 10 torr for several minutes before
they were sealed off under vacuum. Samples prepared in this manner
were irradiated within four hours to minimze the loss of material
which is known to occur from transferred multilayers at low pressure.

Samples were irradiated by placing them in a high intensity electron
beam from a 6 Mev linear accelerator (Arco, model LM-6).   The
samples were positioned 83 cm. from the beam source.   The beam
current was set at 6 microamps, but due to changes in the electronic
control system which occur during warmup in devices of this type,

' the beam current was variable in the course of the exposures.  In
order to compensate for such variations, dosimetry was carried out by

(28)means of an integrating preset dosimeter designed by Cook and Mantel
The dose rate for electrons from the accelerator during these
experiments was approximately  104 rads /minute.    We have just completed
our first set of experiments. Desorption occurred on the monolayer
balance to about the extent expected for unpolymerized samples.
Infrared spectra on the multilayers did not indicate any decrease in
double-bond intensity.

It is desirable that samples of poly-trans-2-octadecenoic acid
i be obtained and characterized. Future work on this project should

therefore be directed toward obtaining this polymer.  To this end,
large crystals of the monomeric material have already been prepared,
placed in borosilicate glass ampoules, evacuated and irradiated with
6 Mev electrons. After a suitable post-polymerization period these



21

will be analyzed for polymeric material by viscometric means.
Isotherms of trans-2-octadecenoic acid will be obtained

over a range of temperatures to obtain various molecular
packings in the multilayers and these will be irradiated in            f
future investigations.  For this purpose, steps have been taken
to provide the cabinet in which the trough and film balance are
housed with an argon-flushing system and an ultraviolet radiation
source.

-'
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