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In this research lauric acid , dodecane , solutions of lauric acid in
dodecane and a diester E—105 have been studied in a diamond window high

V pressure cell. Melting and crystallization behavior were studied as functions
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~simulated bearing surface were studied by coating the diamond windows with a
thin layer of iron. In these experiments the formation of an iron salt of
lauric acid was followed by infrared spectroscopy. This work demonstrates
conclusively the power of this new experimental technique for studyi ng chemical
reactions at interfaces not only of model lubricants but also lubricants and
additives of practical interest.
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PREFACE

This technical report was prepared by the Chemistry Department of the
Columbus Laboratories of the Battelle Memorial Institute. The work
described herein was sponsored by the Air Force Aero Propulsion Laboratory
(AFAPL), Air Force Systems Command , Wright—Patterson AFB , Ohio , under con-
tract No. F336l5—77:C—2026 for the period 15 Ap~i1 .L9J7 tg 1~5 October 1978.This work was acc~mp1ished under Project 2303, Task 2303S3, Work~~ i~T~~~~~ —No. 2303S302.

At the beginning of the p rogram Mr. C. M. Allen was principal investi-
gator. Upon Mr. Allen’s retirement on 1 October 1977, Dr. E. Drauglis
beca me principal investigator. Mr. R . J. Jakobsen was reponR ible f o r  the
inf ra red spect roscopy data. Mr. C. J. Riggle also made substant ia l  techni-
cal contributions to the work.
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SUMMARY

In th is  research laurie  acid , dodeeane , so lu t ions  of l au r i e  ac id
in dodecane and a diester  E—l 0 5  have been s tud ied  in a diamond window
h igh pressure cell. Melting and crystallization behavior were studied
as f unc tions of pressure , tempera ture , time , and sol ution composi t ion ,
by means of visual microscopic observation and Fourier transform infrared
spectroscopy. Of greatest immed iate significance with respect to
the dev elopmen t of improved lubr ica ting f l uids, are the exper imen ts
in which chemical reactions at a simulated bearing surface were studied
by coating the diamond windows with a thin layer of iron. In these
expe r imen ts the forma tion of an iron sal t of laur ie ac id was fo l l owed
by infrared spec troscopy. This work demonstrates conclusivel y the
power of this new experimental technique for stud ying chem ical reac tions
at interfaces not only of model lubrica nt s b ut also lubrican ts and
add itives of practical interest.

In exper iments performed in a non—metalized diamond cell , ~c~ -~eane
and laurie aeld—dodecane solutions were found to crystallize over
a pressure range of approximately 4 kbar. The crystallization preasure
d id not vary to a measurable degree with solution concentration but
showed the expected increase with increasing temperature. However ,
the most concentrated solution (10 percent by weight) exhibited Indivi-
dual crystallization of first the laurie acid and then the dodecane
within the pressure range.

The mel ting behav ior of the laurie acid—dodecane solutions did
show a dependence on laurie ac id concentration. With decreasing
press ur es , 1 percen t solutions gave no ind ica tion of partial melting
or loss of long—range order until the solution melted sharp ly at about
2 kbar. On the other hand , 5 percen t solu tion s sh owed signs o f partial
melt ing and loss of long—range order with total melting occurring
at about 3 kbar . In the case of the 10 percent solutions , partial
melting of dodecane was observed in the 10 to 5 kbar range , fo l lowed
by the melting of the laurie ac id . By the time the pressure was lowered
to 4 kbar , bo th componen ts had comp le tel y melted . The 10 percent
solution did not show any long—range order in the solid state although
some ord er was observed in the solid 1 percent and 5 percen t solutions
and in solid dodecane .

Studies of a 10 percen t laurie acid—dodecane solutions at constant
pressure showed marked spectral changes with time before solidification
cou ld be observed v isuall y. These spec tral changes are similar to
those observed in the crystallization of laurie acid and indicate
aggregation of laurie ac id in the solution. Some time after these
changes were observed , the laurie acid was observed to crystallize
and later the dodecane solidified . This study ind icates that aggregation
of laurie acid in solution is similar to the formation of crystal—
l ites. Studies were also made of a diester E—105 (diethylhexy l ad ipa te)
and 1 percent solutions of tricresyl phospha te Iii E—l05. No crystalli-
zation was observed even at pressures up to 20 kbar .

ix
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Preliminary exper iments on 10 percent laurie acid—dodecane solutions
in a diamond cell with i ron—coated windows showed that a chemical reaction
occurs between the iron and the laurie acid which results in the formation
of iron laurate. This was demonstrated spectroscop ical ly  by observ ing
that the intensity of the acid C’O band decreased with time ~s •i i tow
band characteristic of COO— vibrations in a carboxylate group appeared .
Eventually the acid C=O band disappeared totally ind icating that all
of the laurie acid had reacted. The final intensity of the carboxy la te
band indicated the formation of an iron laurate film of thickness greater
than a monolayer. These preliminary experiments show that the use of
Fourier transform infrared spectroseopy on systems contained in a metali—
zed d iamond cell is a technique of great potential for studying chem ical
reac tions a t in terfaces as a f unc tion of press ure , temperature and com-
position . In particular , the technique offers exciting new possibilities
into ob taining a fundamental understanding of the mechanism by which lubri-
cant additives help to form protective films

.x
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SECTION I

INTRODUCTION

To better meet the lubricant requirements for future aero—
propuls ion sys tems , the Aero Propulsion Laboratory some time ago supported
a program at Battelle’s Columbus Laboratories (BCL) which was aimed at
developing a more fundamç~ çal understanding of the physics and chemistry
of boundary lubrication.~~~

1 The basic working hypo thesis of this program
was tha t boundary lubr ication mus t be att rib uted to rela tively thick f ilms
(as much as hundreds of angs troms thick) having chem ical and phys ical
proper ties sign if ican tly different from those of the bulk fluid . The
anomalous properties of these so—called boundary films coul9 b~ shown to
be due to the presence of a high degree of long—range order ”1 ’”~ .

In order to test this hypothesis , Battelle workers devoted a great
deal of effor t to the development of techniques for the study of structure
and orde r in boundary films. Success was obtained with a technique based
on attenuated total reflection infrared spectroscopy with polarized radiation.
In this technique the film to be investigated is deposited on an iron—
coated germanium prism . Polarized infrared radiation is then transmitted
thro ugh the prism , undergoing many reflections and interactions with the
film. Spec tra are ob tained for  several or ien ta tions of the polar iza tion
plane. By measuring and comparing the intensities of the various ba~ids
at different polarizations , one can de termine the degree of order and
average orientation angle of the molecules in the film. A series of experi-
ments on hexadecane—stearic acid films supported the hypo thesis tha t boundary
f ilms are highly ordered.

These results are very encouraging in that they demonstrate the pos-
sibility of long—range ord.~r even at low or zero loadings. At the extremely
high load ings enco un tered in bo undary lub rica ted sys tems it is expec ted
that the degree of order would be even higher. Unfortunately, because of
the relative fragility of germanium and other IR—transmitting materials ,
it is not possible to use the ATR technique to study f ilms a t h igh pressures ;
other techniques must be utiiized.

A f t e r  some background investigation , workers at Battelle decided to
develop further the diamond anvil cell as a tool for the study of lubricants
under high pressure. In this cell the material to be studied is placed
between two opposed dia mond faces mounted in sepa ra te pistons , one of which
is movable. Force is transmitted to the diamond faces by means of a spring,

(I )  Allen , C. M . ,  D rauglis , E. , Glae ser , W. A. , Alexander , C. A. , and
Jakobsen , R. J., “Aircraft Propulsion Lubricating Film Additives :
Boundary Surface Films ” Repor t to Air Force Aero Propulsion Laboratory
AFAPL—TR—73—12l , Volume I l l , ADA 029267 , June , 1976.

(2)  Allen , C. M. and Drauglis , E., “Boundary Lubrication: Monolayer or
Multilayer ”, Wear , 14, 363 (1969).

1
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screw and lever arm arrangement. For liquid specimens a gasket 1 to 5 mils
thick is used to contain the material. The diameter of a specimen is on
the order of 0.5 mm. This type of cell has been used to study pressure
effects visually by means of 9~~ ieal microscopy (polarized and unpolarized)
and by infrared spec troscopy.’~~’ In the past the usefulness of the apparatus
has been severely limited because the low throughput of IR beams made it
di f f icult to ob tain good quality spectra. In the work performed at Ba ttelle,
this disadvan tage was overcome by the use of a Fourier Transform infrared
system and associated digital computer . Preliminary experiments performed
on a polypheny l ether and a solution of stearie acid in hexadecane produced
results that indicated that the technique is capable of prov iding useful
informa tion on the properties of boundary lubr ican ts a t pressures as high
as 100 kilobars.

Because of Ba ttelle’s success in these preliminary experiments , the
d iamond anv il cell techn ique was adop ted as the principal experimen tal
tool for the present program. It was expected that the information obtained
on the high—pressure behavior of straight—chain hydrocarbons , fa tty acids
and solution of fatty acids in straight—chain hydrocarbons , along with
studies of a typ ical diester lubrican t, could be correla ted with the resul ts
of the previous Aero Propulsion Laboratory program at Battelle. This should
eventually lead to a more ra tional and sys tema tic bas is for  the formula tion
of improved lubricants for use at the extreme conditions encountered by
modern aerospace systems.

(3)  Ferraro , J. R., “High Pressure Vibra tional Spec troscopy ” in S~ ec troscopy
in In~~~~ nic Chemistry, Vol. II, p. 57, C.N.R. Rao and J. R. Ferraro ,
eds., Academic Press, New York, 1971.

2
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SECTION II

EXPERIMENTAL TECHNIQUE

Apparatus

The Diamond Anvil Cell.

In recen t years workers at Battelle and other laboratories have made
considerable progress in high—pressure spectroscop~ e i~1easurements in various
modifications of the so—called diamond anvil cell ” —8,~ Th is cell, orig inally
developed by We ir , Li pp incott, and Van Valkenberg~

7
~ is perhaps the mos t

useful  cell yet invented fo~ optical studies at high pressure.

The essential features of a tyical diamond anvil cell are given
in Figure 1. The diamond anvils serve as the pressure transmitting elements
as well as windows. These anvils are made of Type II diamonds , wh ich are
transparent in the ultraviolet , visible and infrared regions , excep t f o r
the range 4 to 5.5 microns, where major absorption occurs. In practice ,
pressures of 100 kbar can be reached routinely. Still higher pressures up
to 300 kbar may be reached but at great risk to the life of the diamonds.
If liquids are to be stud ied , a metal gasket some 1 to 5 mils thick is
commonly employed to contain the liquid between the diamond anvils.

Specimens contained within a diamond cell may be studied by means
of X—rays , Raman spectroscopy, infrared spectroscopy, and optical microscopy.
In some cases simple optical microscopy is sufficient to follow phase changes
by observation of color changes and the sharp, easily d iscernible lines of
demarca tion be tween phases. Crossed polarizers can be employed to make the
phase changes more visible. However , for some solids and for all organic
liqu ids , op tical microscopy is no t suff ic ien t to follow all of the changes
that can occur ; other means of observation must be employed . In the work
at Battelle, infrared spectroscopy has been developed for studying organic

(4) Melveger, A. J., “High Pressure Vibrational Spectroscopy” in Vibrational
S~ ectra an d Structure, Vol. 1, J. R. Dun g, ed., p. 51, Marc el Dekker,
Inc .,  New York , 1972.

(5) Adams , D. M . ,  Payne , S. J., and Martin, K., “The Fluorescence of
Diamond and Rama n Spec troscopy at High Pressures Using a New Design
of Diamond Anvil Cell”, Applied Spectroscopy, 27, 377 (1973).

(6) Lauer , J. L., “High Pressure Infrared Interferometry ” in Fourier
Transform Infrared Spect roscopy, J. R. Ferraro and L. J. Basil, eds.
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materials in a diamond cell. The advantages of infrared are that it can
give information about phase changes as well as changes in structure.

In the diamond anvil cell used at Battelle , the f l a t par ts of the
diamonds are only about 2 mm in diameter. When a metal gasket is used , the
total area of the aperture is only on the order of 0.25 to 0.5 square mm.
Because of this small aperture, a means of condensing the source infrared
beams must be used. In the present work a 4X beam , condenser designed and
constructed by the Harrick Scientific Corporation was used .

Fourier Transform Infrared Spectroscopy

Even with an efficient beam condenser the amount of radiation passing
through the aperture of a diamond anvil cell is so small tha t it is almost
impossible to obtain satisfactory spectra with a conventional grating
spectrometer. Fourier Transform Spectroscopy must be used . This type of
spectroseopy differs from conventional dispersive infrared in8truments in
that the conventional spectrometer uses a monochroma tor to genera te the
spectral 1,~~

ormation whereas an interferometer is used for this purpose
in ~~~~~~~~~~~~~~~~~~~~~ The use of an interfenometer to obtain spectral information in
the form of an interferogram (light intensity versus retardation) gives
rise to a second difference between the two types of infrared spectroseopy,
in that FT—IR systems use a dedicated computer to obtain the Fourier trans-
form of the interferograms , converting them to the conventional infrared
spectrum (light intensity versus wavelength or frequency). These two
differences lead to the following major advantages of FT—IR over conventional
IR sys tems :

( I )  Substantial gain in energy of light throughput as
compared to a monochromator. This gain ,~~ energy
leads to a tenfold gain in sensitivity .” ‘

(2) The ability to obtain complete spectra in a matter of
seconds, enabling IR to be used in kinetic studies.

(3) Major data—handling advantages. The dedicated com-
puter used with Fourier Transform systems allows
storage of both interferograms and spectra , wh ich
may then be arithmetically manipulated . (For example,
spectra may be ratioed against each other , subtracted ,
or smoothed.)

If not for the gain in sensitivity available by use of FT—IR , most of the
spec tra in this project could not have been obtained . Moreover , the use
of the ded icated computer to analyze the spec tra resul ted in grea t sav ings
in time and effort in obtaining the desired information about phase changes.

(9) Gr iffiths , P., chemical Infrared Fourier Transform Spectrosc~p,~~
Joh n Wiley & Sons, New York , 1975.
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Procedures

~~~ple Preparation

Bo th the samples of laurie acid and of dodecane were purchased com-
merc ially. Infrared spectra of these two samples did no t give any ev idence
of impur ities so the samples were used without further purification. The
diester E—lOS and the tricresyl phosphate (TCP) were obtained from the
Aero Propulsion Labora tory  and were used without further purification.

Stock solutions (by weight) of laurie acid in dodecane and ‘of TCP
in E—105 were prepared and stored. These stock solutions were used for the
diamond cell solution experiments reported in the following sections .

Pressure Calibration

Beca use of the small samp le volume of a diamond anvil cell , it is
no t poss ible to de term ine press ure within the cell by use of pressure trans-
ducers. Perhaps the simplest alternative method is the measurement of
geometrical para meters , such as lever arm advantage and diamond face areas
(within the gasket , of course) and a calibration of the spring constant.
However , this method has been shown to be inaccurate because the spring
compression——usually expressed in terms of the number of the compressing
screw turns——depends too m9~~ on gaske t f low and hysteresis to be a repro-
duc ible p ressure par~’n’°ter ’

A far superior method of calibrating the cell has been developed by
J. W. Brasch of the Naval Surface Weapons Centeç. This method is based
on measur ing the freq uency sh if t of the 660 cm~~ band of nitromethane.
Mr. Brasch supplied us with pressure versus frequency data which he obtained
by plac ing a very small rub y chip in a sample of nitromethane in a diamond
anvil cell. The frequency shift of the ruby line has alread y been related
to pressure by a group at the National Bureau of Standards headed by G.
Piermarini. Then , de termin ing the rub y freq ue.~cy shifts and the 660 cm
n itromethane frequency shifts , gives us a means of accuratel y determining
pressures by relating the nitromethane frequency shifts to number of turns
of the screw. The pressure cal ibra tion curve f or the 660 cm~~ nitromethane
line is given in Figure 2. V

6
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SECTION I I I

EXPERIMENTAL RESULTS

The eventual goal of fundamental research on the phys ical and chemi cal
prope rties of lubricating fluids undertaken in the present program Is the
development of improved lubricants for high tempera tu re and high press ure
appl ications. The most direct approach to the attainment of this goal
would seem to be the study of existing turbine lubricants such as the diester
E—lO5 wi th typical additive packages containing extreme pressure additives ,
an t loxidan ts , foam inhib itors , corrosion inh ib itors , and other addi tives
commonl y employed in modern high— temperature lubricants. However , the
extreme complexity of such lubricant systems makes definitive stud ies of
the fundamen tal physics and chemistry very d ifficult even with the advanced
state of development of experimental techniques available.

In order to isolate and understand the dominant effe:t- of pressure
and temperature on lubricating fluids, I t is necessary f i r s t to study less
complex systems to develop fur ther not only the experimental techniques ,
but also the analysis necessary for the interpretation of the experimental
results. In the present program it was dec ided to concentrate most of the
e f f o r t on model sys tems consisting of a simp le stra ight—cha in hyd rocarbon ,
dodeca ne , a straight—chain fatty acid , laur ie ac id (dodecano ic) ,  and mix tu res
of these materials. The results obtained in studying these materials are
presen ted in de ta il in this sec tion along with resul ts of some pr el in loary
work on E—105 and an extreme pressure additive , tr icresy l phosphate.

Eq~~ 1 lb r lum Mel t1~~ S o l I d i f i c a t i o n
Behavior of Dodecane Plus Laurie Acid

Dodecane

Two series of exper iments were performed on pure dodecane . In the
first of these a thick (ea. 5 mils) platinum gasket was used in order to make
possible the observation of the weaker IR bands. All changes due to pressure
4ere followed both visually (under a magnIfication of about 100X) and spec-
troscopically. Figures 3 through 7 summarize the speetroscopic results
obtained in the first series of experiments.

Figure 3 shows the inf rared  spec tra of l iqu id dodecane a t amb ien t
pressures (Figure 3A) and at 10.5 kbar (Figure 3B). The f a c t  tha t  the
spec t r um and visual observation lndicat~#.I ‘~~~I It the dodecane was still
liquid at 10.5 kbar is in disagreement with the dilatometric results of
Nelson(’0), who found that dodecane at room temperature solidifies at a
pressure of about 2 kbar. The reason for this disagreement may be super—
pression ; that is , thermodynamic equilibr ilim may not have been achieved
at the time the spectr in at 10.5 kbar was taken. At 13.5 kbar visual
observations indicated that the dodecane had solidified .

(10) Snyder , R. C., “Vibrational Study of the Chemical Conformation of the
Liquid n—Paraffins and Molten Polyethylene”, J. Chejn._Phi~., 47, 1316
(1967).
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Comparison of the spectra of Figures 3A and 38 indicates that there
is li tt le change in liquid dodecane with increasing pressure. This is
further illustrated in Figure 4A which shows the results of subtracting
the spectrum of Figure 3A from that of Figure 3B. From this difference
spec t ru m it can be seen tha t the onl y e f f e c ts of increas ing pressure on
liquid d9decane are a slight increase in the Cl-i2 bend ing freq uency near
1455 cm ’ and an increase in the intensity of the CR2 rock—tw ist frequency
near 715 cm~~ . However , comparison of the spectra of Figures 38 and 3C
indicates that solidification brings about more pronounced changes. These
changes are illustrated in Figure 4B which shows the results of subtracting
the spec trum of Figure lC from tha t of Fig~ re 3B. Many d if f e r ent chan~~ s
in intensity in bands such as the 1112 cm C—C stretch and the 895 em
CU 3 rock are observed as well as shifts in frequency in bands such as the
1455 cm~~ band and the 715 cm~~ band .

Figure 5 illustrates the effects of pressure on the spectra of solid
dodecane. rhe difference spectrum of Figure 4B is repeated in Figure 5A
In order to facilitate comparison with difference spectra obtained on solid
dodecane at  hi gher  pressures given in Figure 5B and Figure SC. Figure 5B
greatly resembles Figure 5A. That is, Figure 5B shows the same changes
as were observed when solidif ying liquid dodecane. Figure 5C , wh ich shows
the difference spectrum for solid dodecane at higher pressures than those
in Figure 58, is more typical of the effects of pr essure on the spectra
of solids than Figure SB. These effects are increasing intensities and
freq uencies with increasing pressure. The probable reason for the anomaly
in Figure SB is that the specimen was only par tially solidified at 13.5
kbar because thermodynamic equilibrium has not yet been attained when the
spec trum was taken.

Wi th proper care , sing le crystals can be grown in the  diamond cell.
Polarized spectra obtained on a single crystal of dodecane are given in
Figure 6. These spectra exhibit a rather high dichroic ratio indicating
that the axis of polar iza tion mus t have been very close to the crys tal
axis. A ter the spectra In Figure 6 were obtained , the spec imen was melted
(by decreas ing the pressure)  and a polyerystalline mass was obtained by
rap idly increasing the pressure again. Polarized spectra were then obtained
(Figure 7). Somwliat smaller dichroic ratios were obtained .

After the conclusion of the studies of dodecane with a thick gaske t ,
a thin (1 nil) gasket was prepared and the cell reloaded with dodecane .
The pressure was increased to 10 kbar after obtaining a spectrum at ambient
pressure. This spectrum showed that the dodecane was still liquid.
However , wh en the cell was placed under the microscope in prepara tion f o r
futher pressure increases , it was observed that the specimen had part ially
crystallized. Since the crystal appeared to be growing with time , spec t ra
were taken every few h ours until it appeared that the liquid had comp le tel y
cryst allized , a process which took about 12 hours. A spectrum of the result-
ing sol id was taken and the pressure was then incr eased to 14 kbar , a t wh ich
pressu’e a phase change of some k ind may have occurred . Spec tra were taken
at th is pressure and then at 24 kbar.

9
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Var ious difference spectra are shown in F igu re  o.  Figure  8A shows
the s u b t r a c t i o n  of the  l iquid  s p e c t r u m  at  ambient  p ressure  and the spec t rum
at  10 k b a r .  The sub t r ac t ed  s p e c t r u m  of F igure  8A is iden t ica l  to the resu l t s
to be expected f rom the  s u b t r a c t i o n  of l iquid  dodecane at two d i f f e r e n t
pressures  (a ~light increase in the i n t e n s i t y  of the c1i2 bend ing f req uency
near 1455 cm and the rock—twist frequency near 715 cm~~ ).

The difference spectrum between the initial spectrum obtained at
10 kbar  and the  spec t rum obta ined  a f t e r  1 hours  at 10 kbar is given in
F i g u r e  lOB . These changes are s imi lar  to the d i f f e r e n c e s  between li quid
and solid dodecane w i t h  the e x c e p t i o n  t ha t  the  bands which appear  on solidi-
f i c a t i o n  ar e weaker in compar ison with the bands wh ich d isappear or lose
i n t e n s i t y  on s o l i d i f ica t i o n .  (The bands wh ich  appear  on s o l i d i f i c a t i o n  are
112 , 895 , an~ 715 cm ’, whi l e  the bands wh ich  lose i n t e n s i t y  are near 1455
and 1382 cm .)  These d i f f e r e n c e  spectra  d e m o n s tr a t e  t h a t  at 10 kbar pres-
sure , the dodecane was slowly becoming more crystalline. Figure 8C shows
the difference spectrum between 1 hour at 10 kbar and 21 hours at 10 kbar
pressure. This is very similar to Figure 8B and indicates t ha t  the dodecane
is s t i l l  solidif ying at 10 k b a r .

The d i f f e r e n c e  spect rum between the overnigh t  10 kbar  spec t rum and
the  spec t rum at 14 kbar is shown in Figure 8D. Again , the spectral  changes
are similar to those observed in Figures 8B and 8C. This demonst ra tes  tha t
even after standing overnigh t and even though the sample ap peared to be
visually entirely crys tall ine , that the changes which occurred at 14 kbar
were further solidificatio!i of the dodeeane. The difference between 14 and
24 kbar pr essure is shown in Figure 8E. Here all the infrared bands are
gain ing  i n t e n s i t y  with inc—easing pressure which indicates tha t  the samp le
was comp letely crystallized at 14 kbar.

The pressure was then lowered to 10 kbar  and a spectrum w~ s obta ined .
The d i f f e r e n c e  spectrum between the 24 kbar spectrum and the 10 kbar
reverse spectrum Is given in Figure 9A. Virtually no changes are observed
indicating that the sample is still comp letely crystalline at a pressure
of 10 kbar. The pressure was then lowered to 2 kbar and then to less than
1 kb ar w ith spec tra ob tained a t each pressure. A sligh t decrease in prEs-
sure then melted the dodecane. The subtraction between the 10 kbar reverse
sp2etrum and the 2 kbar reverse spectrum is shown in Figure 9B, while  the
subtraction between the 2 kbar reverse spectrum and the 1 kbar reverse
spectruqi is shown in Figure 9C. In each case the loss of bands at 1112 and
895 cm~~ indicates that the dodecane is losing crystallinity as the pressure
is released . However , the microscopic observations at these pressui es do
not show any evidence of melting .

Laurie Acid

Pure laur ie acid (a solid at room temperature) was loaded in the
diamond cell  by f i l l i n g  the p la tinum gaske t hole with sol id laur ie ac id and
then  warming  the cell u n t i l  mel t ing  of the acid . The cell was then p laced
in the FT—IR instrument and spectra were obtained . Loading the cell by the
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above—described technique resulted in a very thick sample and spectra , which
were so intense that the CM stretching vibrations near 2900 cm 1 and the
carbonyl stretching frequency near 1700 cm~~ were totally absorbing. Be-
cause of this , all of the 8pectra for pure laurie acid presented here cover
the spectral region only below 1600 cm 1.

Figure 10 shows infrared spectra of pure laurie acid at various
pressures. Figure 11 shows photomicrographs of laurie acid at various pres-
sures. Little difference can be seen among these three photomicrographs.
That is, there is no visual evidence of the occurrence of any phase changes
as the pressure increases from 4 to 24 kbar. However , the spectra of
Figure 8 indicate significant changes with increasing pressure. These
changes are illustrated more clearly in the difference spectra given in
Figure 12. The difference spectrum between a mixture of liquid and solid
laurie acid at ambient pressure and solid laurie acid at ambient pressure
is given in Figure l2A. This difference spectrum should represent differ-
ences between solid and liquid laurie acid .

From Figure 12A it can be seen that there is a loss of broad absorption
in the 1420—1460 cm ’ region and in the 1220—1280 cm~~ region upon solidifica-
tion. Moreover , there are major intensity increases at 1300 and 940 cm~~
and either minor intensity changes or new bands appearing at 1195, 1090,
875, 785, 730, 690, and 550 cm 1.

It can be seen from Figure 12B that an increase in pressure on the
solid leads to many of the same spectral changes observed in solidification
at ambient pressure. However, Figure 128 also shows an increase in the
intensity of the 1460 cm 1 CM 2 vibration and a high frequency shift of the
940 cm 1 OH out—of—plane bending mode. Figure 12C shows that little change
occurs when sol id laur ie acid is kept at constant pressure.

The resul ts  presented in Figure 12 indicate that the spectral changes
for lauric acid upon solidification are very similar to the spectral changes
due to increasing pressure on the solid . This behavior is in strong
contrast to dodecane , in which the only spectral change observed with in-
creasing pressure was an increased intensity for most of the vibrations.
However, in the case of solid laurie acid , major frequency shifts , as well
as intensity changes, are observed .

The 1425 crn~~ vibration (Figure 1OD) shifts to higher frequencies
and eventually blends with the 1460 cm~~ band (Figure 1OE). Because of
this shift it is difficult to tell in Figure l2D if the increase in intensity
at 1460 cm 1 jg really an increase in the intensity of the 1460 cm~~ band
or whether it is due to superposition of the upwardly shifted 1425 cm~~
band with the 1460 cm 1 band . Also , it should be noted in Figure l2D that
increasing the pressllrP causes major frequency shifts in the 1300 and
940 cm~~ bands.

The principal reason for the difference in spectral changes of dodecane
and laurie acid is the existence of hydrogen bonding in laurie acid.
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This conclusion is reached from the fact that all of the bands which showed
large frequency shifts with pressure involve vibrations of the OH or CO
groups of laur ie acid . For examp le , the 1425 cm 1 band ar ises from the
in—p lane OH deformation and undergoes a shift of about 30 cm 1; the 1300
cm 1 band arises from CO stretching (ca. 25 cm~~ shift) and the 940 cm~~
ar ising from OH out—of—p lane deformation undergoes a shift of 40 to 50 em 1.
The IR bands involving vibrations of the hydrocarbon chain show an intensity
change , but little or no frequency shift.

Figure 13 shows the spectra obtained when releasing pressure on laurie
ac id , wh ile Figure 14 shows the resul ts of sub trac t ing these rel eas ing
pressure spectra. Figure 14A , the difference spectrum between the spectrum
obta ined at 24 kbar and the spectrum obtained upon release to ambient pres-
sure , I s much l ike the d i f f e r e n c e  spec tr um (F igur e 12D ) ob tained f ro m
increasing the pressure on solid laurie acid . However , the spectrum
obta ined upo5~ release from 24 kbar to ambien t (Figu re 13B) is signif ican tly
different trom that originally obtained at ambient pressure (Figure lOB).
This is more clearl y seen in the d if f e r e n c e  specr um given in Figure l4B ,
wh ich was obtained by sub trac ti ng the spec tr um of a mel ted and recrys tal l ized
specimen from the spectrum obtained immediatel y af ter release to ambient
pressure.

Th e d i f f e r e n c e s  observed in Figure 14B a re ver y sim ilar to those
seen in Increasing the pressure on solid laurie acid (Figure l2B). These
spectral observa tions indicate that a hysteresis effect can be obtained by
ra p id rel ease of pressure on laur ie acid . That is , a quasi—equilibrium is
obta ined rather than a true thermodyn amic equilibrium.

In ord er to obtain spectra which show bands above 1600 cm~~ , a thinner
samp le of lau r i e  acid was l oaded in the d iamond cel l  and spec tra wer e
t aken  f o r  a set of pressures  corresponding to the  pressures used in the
studies of the thicker sample (ambient to 24 kbar). These spectra are
pr esented in Figures 15 and 16. The spectra of Figure 15 are very similar
to those of Figure 10 for frequencies less than 1600 cm~~-. However ,
it can be seen from these spectra that the carbony l double t near 1700
cm 1 exh ibits a much more comlex behavior than the other bands as pressure
is Increased. From Figure 16 it can be seen t h a t  the  intensity of the
carbonyl  band (1705 cm 1) increases as the pressure  is increased f r o m
ambient to 4 kbar and then decreases as the pressure Is further increased.
floreover , care ful examination of Figure 15 reveals that , althoug h the
peak near 1705 cm 1 does not appear to shift wi th increasing pressure ,
it does appear to broaden . This is caused by the shoulder near 1690 cm 1

either shifting to a lower frequency (about 1675 cm~~ ) or disapp ear ing
and being replaced by a new band centered about 1675 cm~~ . This comb ina-
tion of intensity reversal with increasing pressure and this frequency
shift is difficul t to interpret in terms of the usual hyd rogen bonded
struct ures.

Laurie Acid At Elevated TernJ~ !ature
. A samp le of laur ie ac id was’

loaded T~~t}ie d iamond cell by filling the gasket with solid laurie acid
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and then warming the cell until the acid melted. The cell was then allowed
to cool to room temperature when the acid solidified. A slight pr essure
was app lied to make certain that the cell was sealed and then the cell
was heated to 100 C. During the heating process , the laurie acid melted .
Spec tra were then obtained at various pressures while at 100 C. Some
of these spectra are shown in Figure 17 while Figure  18 shows the s u b t r a c t i o n
of various pa irs of pressure spectra.

Figure 18A shows the result of subtrac ting the spectrum at 9 kbar ,
pressure from that at 4 kbar pressure. Microscop ic and spectra (see
Figure  l 7 A )  evidence indicate that the samp le is still liquid at 9 kbar
pressure .  Figure  18A ind ica t e s  t ha .  the  onl y e f f e c t  of r a i s i ng  the p res su re
on li quid laurie acid Is a small shift of the carbonyl vibration (-1720
cm 1) to lower frequencies. When the pressure was raised to 14 kbar ,
la uri c ac id rema ined a l iquid and the result of subtracting the 14 kbar
s p e c t r u m  f rom the 9 kbar spectrum are shown in Figure l6B. In Figure l6B ,
the low frequency s h i f t  of the  carbony l f r e q u e n c y  is more pronounced and
~h e r &~ are small increases in i n t ens i ty  of the 1460 and the  1290 cm~~
v i b r a t i o n s .

At 100 C , microscopic observation indicated tha t laurie acid solidifies
when the pressure is increased to 19 kbar. This is confirmed by the
s p e c t r a l  evidence (F igure  l 7 B ) .  The spectral  changes that occur when
l a u r ie  a~~id so l i d i f i e s  are shown in F igure  18C which  shows the  r e s u l t
of sub t r ac t i ng  the spect rum at  19 kbar f rom tha t  a t  14 kbar. This
t igure shows that major spectral changes occur when laurie acid solidifies .
These changes include: a large (—20 cm 1) low frequency shift of the
1720 cm~~ carbony l vibration; loss of a 1750 cm~~ (C=O?) frequency ;
loss of i n t e n s i t y  of the 1420 cm~~ frequency; a high f r e q uency  sh if t
of the  1460 cm 1 CH 2 bending v i b r a t i o n ;  and ga in  in i n t e n s i t y  of the
720 cm -i- CH 2 wag,  the  880 OH bending mode , and the CH 2 rock—wags  In the
1200—1300 cm~~ region.

Rais ing  the p resaure  to 24 kbar produces small amounts of the same
type of changes (Figure 18D) as seen when the sample solidifies (Figure 18C).
However , when the sample (at 24 kbar pressure) is cooled from 100 C to
a t e m p e r a t u r e  below 65 C , onl y a small  low f r e q u e n c y  ca rbony l shift can
be detected (Figure l8E).

Figure 19 shows a spectrum of laurie acid at 19 kbar pressure and 100 C
(F igure  l9A)  and a spec t rum of laurie  ac id at 4 kb ar  p res su re  and 23 C
(Figure l9B). Both samp les are  sol ids , but the spectra clearl y indicate
t h a t  Figures  l9A and 19B repre sen t d if f e r e nt po lymorphic forms . Note the
d i f f e r e n c e s  at 1420 , 1300 , 940 , and 880 cm~~~. F igu re  19B r e p r e s e n t s  the
room temperature stable form while Figure 19A shows that at pressure and
temperature , a different polymorp h is produced .
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Solutions of Laurie Acid in Dodecane

Upon completion of the experiments on pure dodecane and pure laur ie
acid , a series of studies of solutions of these compounds was initiated .
In these studies solutions varying from 1 through 10 net  percent  of laur ie
acid in dodeca ne were employed.

One Percent Solutions at Room Temperature. In the first set of
experiments a 1 percent solution of laurie acid was loaded in the diamond
cell and spectra were obtained at the same pressures used in the dodecane
experiments (ambient to 34 kbar). Figure 20 shows the spectra at 1 atnos—p
phere pressure for pure dodecane and the solution. As expected , the only
d i f f e r e n c e  is in the presence of a carbonyl band near 1715 cm 1. At 10
kbar bo th micr oscop ic and spec troscop ic observation indicated tha t the
sample was still liquid. At 14 kbar rap id and complete crystallization
occurred. Raising the pressure to 24 kbar and then to 34 kbar  caused
no further visually observ able phase changes. However , comparison of
the spectra  did show s ign i f i can t  differences.

Figure 21A , the  d i f f e r e n c e  spect rum between 24 and 14 kbar , resembles
the d i f f e r e n c e s  observed on going f rom l iquid to solid so lu t ions .  There-
fo re , it can be concluded that even thoug h the solu tion had apparen tly
rapidly and comple tely crystallized at 14 kbar , some liquid solution re-
mained or a “plastic” crys tal phase had formed. Microscopic observation
showed that the 1 percen t solution crystallizes rapidly along two crystal
axes but  c rys ta l l izes  very slowly along the third axis. Also , there is
no change with pressure in the acid carbonyl vibration near 1715 cm~~ .

Figure  21B shows the d i f f e r e n c e  spectra f o r  24 and 34 kbar  pressure .
In th i s  spec t rum all  the CII v i b r a t i ons  are inc reas ing  in i n t e n s i t y  as the
pressure is increased. This is an i nd i ca t i on  t h a t  the s o l u t i o n  w1s com-
ple tely crystalline at 24 kbar. The acid carbonyl band (1715 cm ) appears
to be losing intensity and possibly shows a frequency shift.

Th e d if f e r e nce be tween pure dodecan~ and the  1 percen t  s o l u t i o n  are
f u r t h e r  del ineated in Fi gure 22 which  shows a pa i r  of d i f f e r e n c e  spec t r a
be tween dodecane and the 1 percen t  so lu t ion  at ambien t p r e s s u r e  and a t
24 kbar  p ressure .  In Figure 22A f a l se  bands due to c h a nn e l l i n g  are seen
b u t  the  spect ra  do show p e r f e c t  cancellat ion of the CII ba nds , leaving
onl y the  acid carbony l band . Figure 22B , h owever , conta ins  not  onl y the
earbony l band bu t  also all of the CII bands. Most significant here is that the
p a Lt e r n s  of the CII bands is similar to what is observed in going from liquid to
solid dodecane ind ica t ing  tha t the so lu t ion  was less c r y s t a l l i n e  t h a n  pu re
dodecane.

The diamond anvi l  cell was aga in f illed wit h f r esh 1 percent solution
and spectra were obtained at the same pressures as used in the dodecane
studies (0, 10, 14, 24 , b R , 2R , OR; where R signifies releasing pressure.)
Slow solidification occurred at 10 kbar as in the case of pure dodecane.
A f t e r  24 hours  a t  10 kbar , no f u r t h e r  changes were observed . Fi gu re 23

31

S -S -

~, - j t S - — S —



- - 
~~~~~ —, ~~~~~~~~~~~~~~~~~ 5- —

- L~ T14
(A) One per- - - -  5-_ - - J  - - -  - - -  - — - -  -

cen t Laur  I
Ac id i n  - I 

- 
-

Dode cane . I1~1T5- I 
-

~±~1 
4TT

Dod~ cane ~~~~~~~~~~~~ 

~~~~~ H± LI 1” ~- 

i±*~ ~:L:1 
~:~:I~

V
~~~~

- -

1800 1200 600

cu-SI

Fi gure 20. infrared Spectra of Dodecane and One Percent l aurie
Acid—Dodeca ne at Atmospher ic  Pressure

32



5- - —
~
- ~ ~ - 5-

—

~~~~~~~

(A) 24 kbar — l4 kbar . — -----—- i

/
_ 1± -

- mpi~ H /~:- I -

~~~~~

- tIl L I~ILI 

~~~~~~~~

--— - -
H~~~~~~~~

-- - -
1 —

(B) 34 kb5r — 24 kbar.

_ _  _ _  

V

1800 1200 800

cu
_ i

Figure 21. Subtracted Infrared Spectra of One Percent
L a u r ie  Acid in Dodecane (Sub t r ac t ions  of
Spec tra at Various Increasing Pressures)

33

- S -_ -

-, - - ~~~~~~~~~~~~~~~~~~~ - -



-
~~ -p- - — —5-- - S  --

cm 1

1800 1200 600

— - — ~~~~~~~~~~~~~~~~~~~~~~~~ --4- ~
(A) 0 kbar. 

-- 

1

II 
I I I

k I I  
)~

—1- - - _~~~~~~~~~L 
-

~~~~~~~~~ - - L

- 
~~ 

—I—  
- - 1 —

I fl/ I

(8) 24 kbar S  
- - - - TI

~)!L ~~ $ 

- -

, 

-

~~

-

~~~~~~~~~~~~~~~~~ 

(1~ - -
~~~

- 

:~
‘

- - -

____ _ _  _ _  
__LL

F igure 22 . Subtrac ted Infrared Spectra of a One Percent Solution
of Laurie Acid in Dodeca-ne Minus 1)odecane

34

— 

II — 
— — —



-~~- -p- — - 5  5-

~~~~~~~~~~~

1111 Hil
IIIII IH ±

1800 1200 600

(A) Nonpolarized
(B) Polar ized  — Po la r i z e r  at 45 C S

(C) Polarized — Polar izer  at 135 C

Figure  23. One Percent  Laur ie  Ac id—Dodecane So lu t i on  at 10 kbar

35

- 

~

•_
; ~~~ 7 ~~~~

T_
~ -



shows polarized and unpolarized spectra of the solution at 10 kbar. In
the nonpolarized spectrum (Figure 2 4 A ) ,  the bands near 890 and 1115 cm~~
ind icates the presence of some crystalline material. The polarized spectra
of F i g u r e  22B and 22C indicate that some oVder exists but that the specimen
is not  a single c rys ta l  since the 1460 cm~~ bands are not completel y sp lit
by polar ization.

Small changes , very similar to those occurring when a solid is subjected
to I ncr eas ing pressu re , can be seen in the d i f f e r e n c e  s p e c t r u m  taken  be tween
pressures of 10 and 14 kbar .  The e q u i v a l e n t  difference spectrum for dodecane
showed ~i hig her degree of s o l i d i f i c a t i o n .  The d i f f e r e n c e  s p e c t r u m  between
14 and 24 kbar shown in Figure 24B show a major increase in crystallinity.
This increase  is shown more m a r k e d l y  in  the  p o l a r i z e d  spec t r a  of F igure  25
and F i g u r e  26 , which  were taken at 14 and 24 kba r , r e s p e c t i v e l y .

Upon decrease of pressure , the spec imen remained solid until about 2 kbar
at wh ich pr essure the polari~ ed spectra of Figure 27 show a definite change
in the  r a t i o  of the  1460 cm band (along w i t h  some b roaden ing)  i n d i c a t i n g
some loss of order. Polarized spectra of the liquid taken at ambient
pres su re  show no p o l a r i z a t i o n  e f f e c t s .  This  shows t h a t  the  p o l a r i z a t i o n
effects noted at higher pressures cannot be attributed either to the instru-
ment on the cell.

The s t ud i e s  of dodecane showed t ha t  the  pol y c r y s t a ll i n e  phase has a
f i n i t e  degree of order  when the s o l i d i f i c a t i o n  is p r e s s u r e — i n d u c e d . As
would  be expected the degree of order was much tess than that of single
c r y s t a l  dodecane.  I t  was shown previously (Figure 24) that a slowly—
grown pol y c r y s t al l i n e  specimen has ordered polyc rystals. Fi gu r e 28 shows
polarized spectra obtained after a 1 percent  so lu t ion  was qu ick ly  raised
to 19 kbar to produce rapid solidification. While the observed changes
in the dichroie ratio are smaller than those of the slowly—grown crystal ,
they definitel y indicate that some order exists. Photographs taken under
crossed p o l a r i z e r s  a t  100X magnification show that the polycrystal grown
rap id ly Is quite different from the slowly grown polycrystal.

Figure 29 shows the d if f e r ence  spec tra a t various  increas ing p ressu res
when the dodecane spectrum is subtracted from that of the solution . These
difference spectra are mainl y those of laurie acid except that the intensity
of the 1460 cm (CH

2
) band relative to the 1715 cm~~ (CO) band indicates

the possibility of differences in crystallinity or in crystalline phase
between the solution and pure dodecane.

One Percent Solutions at Elevated Temperatures. A fresh 1 percent solu-
tion was placed in the diamond cell spectra were run at ambient pressure , and
at 4 kbar pressure. The subtracted spectrum given in Figure 30 shows that there
was virt ually no change in the liquid from raising the pressure. The cell was
th en heated to 85 C at 4 kbar. The difference spectrum between 85 C and 23
C given in Figure 30B shows that heating results in major losses in band intensi-
ties for all infrared bands including the laurie acid carbonyl band .
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With the temperature kept at 85 C , the pr essure was raised in S kbar
Inc rements  u n t i l  a p r e s su re  of 29 kbar  was reached . Spec t r a  were obtained
at each pressure . Figures 30 and 31 show difference spectra between pairs
of p r e s s u r e  va lues .  Ra i s ing  the pressure  f r o m  4 to  9 kba r  (F igu re  30C )
results in a gain in band intensities for all CM vibrations (1460, 1380 ,
and 720 cm 1) but little change in the acid carbony l intensity (1700 cm~~ ).
In c r e a s i n g  the  p res su re  to 14 kbar  ( F ig u r e  3 lA)  produced the same type of
changes  as seen in Figure 30C but the intensity increases on going from
9 to 14 kba r  (F igu re  31A) were much smaller than t 1i~ i n t e n s i t y  changes on
going f r o m  4 to  9 kbar  (F igu re  30 C) .  When t h e  p re s su re  was raised to 19
kbar , the  spec t ra  ind ica ted  t ha t  dodecane c r y s t a l l i z a t i o n  had occurred
somewhere be tween 14 and 19 k b a r .  R a i s i n g  the  p re s su re  f r o m  19 to 24 kbar
(Figure 31C) and then to 29 kbar (Figure 3lD) gave small IR intensity
increases indicative of pressure increases on solid dodecane .

The above set of exper iments  was r epea ted  at  170 C. The resu l t s  at
this temperature are given in Figures 32 and 33. Up to a pressure  of 9 kbar ,
the results for the two temperatures are very similar. Raising the tempera-
ture at 4 kbar from 23 C to either 85 C or 170 C results in a loss of IR
band intensity (Figures 30B and 34B). Raising the pressure at these
elevated t empera tu res  r esu l t s  in a gain of CH v i b r a t i o n  band in tensi t ies
wi th little change in CO intensity (Figures 30C and 34C).

At 85 C , r aising t h e pressure from 9 to 14 kbar resulted in a smaller
increase  in IR i n t e n s i t i e s  than was observed for the 4 to 9 kbar  pressure
increase . However , a t  1 70 C r a i s in g  the  pres i~u r e  f r o m  9 to 14 kbar  ( F i g u r e
33A ) results in an intensity reversal (loss of intensity with increasing
p r e s s u r e ) .

At 85 C , p ressure  increases  above 14 kbar  r e s u l t  in c r y s t a l l i z a t i o n
and i n t e n s i t y  increases  in the solid (F igu res  31B , 3lC , and 3 1D) .  At 170 C ,
p ressure  increases abov e 14 kbar y ie ld  the  same r a su lt - ;  as shown in Figure
33A , i . e . , decrease -in in t e n s i t i e s .  Some of these r e su l t s  are  shown in
Figures 33B and 33C . These intensity decreases could he due to changes in
the  so lu t i on  at hig h t e m p e r a t u r e s  or due to loss of s o l u t i o n  f r o m  the cell .
Regard less  of the reason  f o r  the i n t e n s i t y  decrease , i t  is conc lus ive  f rom
both v isual and spel -tral (Figure 33) evidence that no crystallization has
occurred , even when the p re s su re  was Increased to 39 kbar. While at 39
kbars  p r e s s u r e , the diamond cell was p laced in the microscope and allowe d
to cool .  Between  70 and 67 C , the  s o l u t i o n  rap id l y c r y s t a l l i z e d, which is
f u r t h e r ev idence  t h a t  no c r y s t a l l i z a t i o n  had occur red  at 39 kbar  p ressure
and 170 C.

T h e r e f o r e , the  p ressure  b e h av i o r  of the 1 percen t so lu t ion  at 170 C
d i f f e r s  marked l y f r o m  the  behav ior  a t  e i t h e r  85 C or ambient  t e m p e r a t u r e .
The m a j o r  d i f f e r e n c e  b e i n g  that at 170 C no c r y s ta l l i z a t i o n  occur red .
The o t h e r  d i f f e r e n c e  IS ~ the  p o s s i b l e  i n t e n si t y  reversa l  at 170 C amd over
9 kbar s  p r e s s u r e  (~~i gures  32C and 3 3 ) .  I t  r e i l  ( n o t  j u s t  due to loss of
s o l u t i o n ) ,  t h i s  c o u l d  he s i g n i f i c a n t  and i n d i c a t i ng  i structural change due
to tem peratur e and pre s su re .
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Previously we had noted that  one d i f f e r e n c e  be tween hea ting a 1
percen t solution to 85 C and heating the solution to 170 C was in the change
in intensity of the carbonyl (1700 cm i) vibra tion of laurie acid . This
is illus trated in Figures 34 and 35. Figure 34A shows the spectrum of a
1 percen t laurie acid—dodecane solution at 4 kbar  p r e s su re  and at 23 C.
Figure 34B shows the spectrum of this solution (4kbars pressure) after
heating to 85 C. Here it can be seen that the effect of heating this
s o l u t i o n  to 85 C is to decrease the carbonyl band intensity, but the band
does not disappear .

Figure  35A also shows the  spec t rum (2X expanded compared to F igure  34) o
a 1 percent laurie acid—dodecane solution at 4 kba r  p res su re  and at 23 C.
The spectr um of this solution after heating to 170 C is shown In Figure 36.
At 170 C there is no evidence for a carbony l vibration (at least to the
limits of our detectability). This loss of intensity of the carbony l v i-
bration at 85 C and at 170 C can also be seen in the subtracted spectra of
Figures 30B and 32 B.

Five Percent Solution. A series of experiments showed tha t a 5 per-
cen t solution of laur ie acid in dodecane shows the same behavior as a
1 percen t solution when the pressure is increased. That is , crystalliza-
t ion began at 10 kbar but  was not  comple te  u n t i l  the p res su re  reached  15
kbar . This is shown in the difference spectra of Figures 37A and 37B.
However , the  spec t ra  obtained upon re leas ing  the pressures show significant
differences between the 1 percent and 5 percent solutIons. Figure 37C ,
the difference spectrum between 15 kbar ( r e l ea s ing)  and 10 kbar  r e l ea s ing
shows ev idence fo r  p a r t i a l  m e l t i n g . The equiva len t spec t ra  f o r  the  1 pe r-
cen t solution showed only loss of crystallinity and did not show melting
changes. The partial melting bt~~omes more eviden t in Figure 37D which
shows the result of subtracting the 10 kbar (releasing) spec t rum f r o m  the
3 kbar ( r e leas ing ) s p e c t r u m .  Thus , the 5 p e r c e n t  s o l u t i o n  shows p a r t i a l
mel ti ng upon relea se of pressures , whereas the 1 percent  so lu t i on  showe d
onl y loss of crystallinity until it comp le tel y mel ted at about 1 khar .

The polarized spectra of the 5 percent solution at 10 kbar presented
in F igure  38 emphasize these changes.  The p o l a r i z aL i o n  sp l i t t i n g  of the
1460 cm 1 band (CH 2 bending ) indicates  order in the pol yc r y s t a l l i n e  ph a s e .
On the ot her hand , when the pressure is released to 15 kbar , there  is
almost  no s p l i t t i n g  of the 1460 cm~~ band (Fi gure  39) .  Some smal l  d i cl ir o i c
e f f e c t s  are  s t i l l  seen in the 1375 cm~~ band i nd i ca t i ng  some degree of
order but this is far less than observed in the polarized spectra of the
1 percen t solution.

Ten Percen t Solu t ion .  A 10 pe rcen t  so lu t ion  of l au r i e  acid in dodecane
was p lac ed in the d iamond window h igh pr essure cell using a 1 nil platinum
gasket- Infr ared spectra were obtained at ambient pressure , at 5 kbar , and
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at 10 kbar pressure. Both the visual observations (through a microscope)
and the  spec t ra l  changes i nd i ca t ed  tha t  the  so lu t ion  was s t i l l  l i qu id  at
10 kba r .  This  so lu t ion  was al lowed to s tand at 10 kbar  p res su re  f o r  70
hours , afte r which infrared spectra were again obtained . Subtraction of the
10 kbar , 0 hours  spec t rum f rom the 10 kba r , 70 hou r s  spec t rum gave the
resu l t s  shown in Figure  40A . This r e s u l t  shows an increase ( w i t h  t ime )
in i n t e n s i t y  of the  carbony l v ib ra t ion  (1715 cm~~-) and a b roaden ing  of the
CH 2 wag- rock  f r e q u e n c y  near  720 cm~~~.

The p res su re  was then ra ised to 14 kbar , and Fi g u r e  40B shows the
r e s u l t  of s u b t r a c t i n g  the  10 kbar , 70 h o u r s  s p e c t r u m  f r o m  the 14 kbar ,
0 hours  s p e c t r u m . Here the changes are an increase in i n t e n s i t y  of the
1715 cm 1 carbonyl  v i b r a t i o n  and an increase  in i n t e n s i t y  of the  1465 cm~~
CH 2 bend ing  vibrations. The change in the 1465 cm~~ f r e q u e n c y  is char-
acteristic of pressure induced changes in the li quid hydrocarbon and indicate
that the changes illustrated in Figure 4OA may not be due to pressure changes
since there is no change in the 1465 cm~~ band (Figure 40A).

The s o l u t i o n  was al lowed to s tand at 14 kba r  app l ied pressure  f o r
88 hours with spectra being taken intermittentl y during this period . At
0 and 16 hours both the visual and spectroscpic observations indicated tha t
the solution was a liquid . Figure 40C shows the results of subtracting the
14 kbar , 0 hours  spec t rum f rom the 14 kbar , 16 hou r s  s p e c t r u m . Even
though the samp le is still liquid , major spectroscopic changes can be
observed , i . e . , a low f r e q u e n c y  s h i f t  of the  carbonyl  f r e q u e n c y  along wi th
i n t e n s i f i c a t i o n  of the 1465 and 770 cm -1 bands .  The m a g n i t u d e  of these
changes strong ly ind icate that the possible slight increase in pressure
(due to gasket compression) cannot accoun t for all of the changes (compare
Fi gure  40C w i t h  Figures  40A and 4 0B ) .

A f t e r  s t and ing  at  14 kbar  f o r  20 hours , v isua l  obse rva t ion  i n d i c a t e d
the p r esence  of a smal l  c r y s t a l .  S u b t r a c t i o n  of t he  14 kbar , 16 hours
s p e c t r u m  f r o m  t h a t  of 14 kbar , 20 hours , however , showed no s p e c t r a l  d i f -
f e rences  ( F i g u r e  4 0 D ) .  This is a f u r t h e r  c l u e  tha t  the  changes  in F i g u r e  40C
canno t he due to pressure alone . At 21 hours , the crystal had grown b y
t h r e e — f o u r  fo ld  (p ho torn ic rograph  shown in the  lowe r r ig h t  hand corner  of
Figure 41). In this photomicrograp h , the crystal is the rod—like shape in
the upper portion of the  cell r u n n i n g  f r o m  no r theas t  to southwest. The
oval o b j e c t  in the upper  r i g h t  hand p o r t i o n  of the ce l l  is a piece of
debris and is neither laurie acid or dodecane. Subtraction of the
14 kba r , 20 hours spectrum from tha t of 21 hours at 14 kbar gave the results
shown in Figure 40E. These changes (low frequency shift of 1715 cm~~
carbo ny l and increase in intensity of 1465 cm~~ CH 2 b end)  l ikel y result
f rom the incre~ise in the amount of crystal in the solution. Note that
these are large changes as compared to igure 40D and are similar to the
changes observ ed in Figu r e 40C (cha nges in l iquid with time) . This could
indicate an important f- .~ — that at an elevated but constant pressure ,
structuring chang.-a ire occurring i i  the liquid and these changes are
similar to the changes observed as the liquid crystallizes. In other words ,
the structur e of the li quid , nea r the crystallization point , approximates
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that of the crystal. The only alternative exp lanation is that at 16 hours
at 14 kbar a crystal is present which is not visua l under the microscope .
If r epr oducible , these experimental observations can have important con-
sequences in boundary lubrication behavior.

The crystal slowly increased in size , but by 40 hours at 14 kbar , no
further growth could be detected. A photomicrograp h taken at 40 hours
is shown in the upper righ t hand corner of Figure 41 and the result of
subtracting the 21 hours spectrum from the 40 hour~ spectrum is shown in
Figure 40. The spectral changes observed between 21 and 40 hours are the
sane type as observed (in Figure 40E) between 20 and 21 hours. It is of
interest to note that polarized spectra (not shown) obtained at 21 hours
show no dichr olc effects , i.e., show no signs of long range order.

At 45 ho urs , a polycrystalline mass formed in the remainder of the cell
(p ho tomicrograph in the lower left hand corner of Figure 41). This poly—
crystalline mass is even more apparent (because of different microscope
polarizer settings) in the pho tom icrograph taken at 88 hours (upper left
hand portion of Figure 41). The subtracted spectra between 45 and 40
hours and between 88 and 45 hours are shown in Figur es 42B and 42C , respec-
tively. Note the differences between Figures 42A and 42B . In Figure 42B ,
there Is a slight intensity increase in the 1715 em~~ carb onyl band , but
not the frequency shift as seen in Figure 40A. Also , there are major
differences (between Figure 42A and 42B) in the 1465 and 720 cm~~ vibra-
tions . In addition , the 1385 cm 1 CH 3 bend , the 1118 cric -~ C—C stretch ,
and the 895 cm~~ CH 3 rock appear in Figure 42B , but are not apparent in
Figure 42A. The changes observed in Figure 42B are typ ical of those ob-
served when dodeca ne sol id if ied , and indicate that the first solidification
observed (20 to 40 hours) was solidification of laurie acid . Polarized
spectra taken at 45 hours (not shown) still show no dichroic changes , thus ,
no indications of long range order.

Figure 42C gives very little indication of any changes , thus demonstra-
ting tha t solid if i c a tion was essen tia l l y comp lete after 45 hours at 14 kbar.
The pressure was then raised to 24 kbar and Figure 420 shows the result of
sub tracting the 88 hour at 14 kbar spectrum from tha t at 24 kbar. Here
the sl igh t increase in intensity of all bands is typical of pr essure
increase on solid dodecane.

After the  pressure  had been increased to 24 k b a r , we began to release
the pressure. Infrared spectra were obtained at the following pressures
(releasing pressure): 14 kbar ; 10 kbar , 0 hours; 10 kbar , 64 hou rs; 5 kbar;
and 4 kbar. Figure 43 shows the results of subtracting various pairs of
these spectra. Figures 43A and 43B show that there is no detectable spectral
change on rel eas ing the pressure f rom 24 to 14 kba r (F igure 43A ) or on
releasing the pressure from 14 to 10 kbar (Figure 43B). Figure 43C shows
that there Is no change in the so l id  - i f t e r  s t a n d i n g  f o r  64 hours  a t  10
kbar .
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However , Figure 43D shows the results of subtracting the 5 kba r  spec t rum
from the 10 kbar spectrum (as pressure is being released) and indicates
tha t the dodecane is melting and some of the laurie acid is melting (con-
f i rmed by micr oscop ic observa tions). Upon releasing the pressure to 4 kbar ,
all of the sample nel’-s and the spectral differences (Figure 43E) indicate
th is melting . Furthermore , Figure 43E indicates no melting of dodecane
(i.e., all the dodeeane had already melted), only la u r ie ac id mel ting (as
ev idenced by the large carbonyl change).

Because of the importance of the previous observations (to boundary
lubrication behavior), the time dependence experiment (with a 10 percent
laurie acid—dodecane solution) was r-~peated . Figure 44 shows subtrac tions
of pairs of the 10 percent laurie acid—dodecane solution spectra obtained
in the course of this second time dependency experiment. -

When the pressure was raised from ambient to 10 kbar pressure , no
v isual evidence for crystallization was observed. The result of subtracting
the 10 kbar pressure spectrum from the ambient pressure spectrum is shown
in Figure 44A. The changes observed in Figure 44A might represent either
pressure effects on liquid laurie acid or they might indicate laurie acid
crystallization , but the changes definitely are not due to crystallization
of dodecane.

After the solution stood at 10 kbar pressure for a day , microscopic
observation indicated that a small part of the solution had crystallized.
The changes between zero time at 10 kbar and 1 day at 10 kbar are shown
in Figure 44B. Here it can be observed that only small chang es had
occurred , i.e., a l1ss in carbony l intensity (1700 cm~~ ) and a ga in in CH
intensity (1470 cm ) with pressure.

Aft er 3 days at 10 kbar pressure , only crystals — no liquid — could
be visually observed . The spectral changes between 1 and 3 days at 10 kbar
pressure are shown in Figure 44C. These changes are even smaller than
seen ii-’ Figure 44B. With increasing time, the spectral changes become
even smaller until they are almost unobservable as seen in Figure 44D.
This figure shows the spectral changes between 18 and 23 days at 10 kbar
pressure. Thus , while visual evidence indicated tha t crystallization
star ted after 1 day at 10 kbar pressure and was completed after 3 days
at 10 kbar  pressure , the spectra indicated that laurie acid crystallized ,
but dodecane did not.

After 23 days at 10 kbar pressure , the pressure on the 10 percen t
laurie acid—dodecane solution was raised to about 11 kbar. There was
sl ight visual evidence for further crystallization and stong spectral
evidence for dodecane crystallization as shown in Figure 44E.

The purpose of this experiment was to check the reproduc ibility of the
exper iment on the 10 percen t solution detailed in the preceding paragraphs.
The or ig inal experiment indicated changes occurring in the solution (likely
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to be laurie acid aggregation) which are similar to the changes observed
as l a u r ie  acid crystallized . These changes were observed with increasing
time at a constant applied pressure and bo th laur ie ac id and dodecane
eventuall y solidified at this constant pressure. In the second experiment ,
changes occurred with increasing time at a constant app l ied press ure ,
but eventuall y (by 23 days ) the soluti on became constan t and no f u r ther
changes were observed (F igu re  4 4 D ) .  However , in the c u r r e n t  expe r imen t ,
laurie acid and dodecane began to crystallize at similar , but discrete
pressures.

Comparison of the first and second experiments on the 10 percent solu-
tion indicate that in this solution laur ie  acid and dodecane crystallize
in overlapp ing pressure ranges. In the first experiment , it is likely
that we were in the middle of this range so eventually both crystallized
at the same pressure. However , in the second experiment , it Is likely that
the solution was near the low (or laurie acid crystallization ) end of this
range so a pressure increase was needed to crystallize the dodecane.

In the second experiment , when the pressure was raised to 10 kbar
from ambient , changes occurred (Figure 44A) which are similar (See Figures 37C
37E and 39E) to changes previously attributed to laurie ac id aggregation
in solution (Figure 37C) or to laurie acid crystallization (Figures 37E
and 39E). Since in the second experiment no crystallization was observed
when the pressure  was initially raised to 10 kbar , these spectral changes
(Figure 44A) must also be attributed to laurie acid aggregation.

Figure 45 repeats (for comparison purposes ) the spectrum of Figure 44E 
- 

• -
(spectral changes on raising ~he pressure from 10 to 11 kbar). After
standing for one day at 11 kbar , the spectral evidence (Figure 45B)
indicates further crystallization of dodecane , but also indieate~ cha nges
in the laurie acid (note the ratio of the height 

1
f the 1710 cm carbony l

band of laurie acid to the height of the 1470 cui CH bands of dodecane). - 
-

During the next nine days at 11 kbar , very little change is observed
(Figure 45C). Even raising the pressure to 12 kbar does not bring about
much change in the solution (Figure 45D). However , after standing for 21
day s at 12 kbar pressure , major changes can be observed (Figure 45E).
It is Important to emphasize that during the time period covered by the
spectra of Figure 45, virtually no visual (microscopic) changes were
observed . The spectral changes observed in Figure 45E indicate much
more dodecane crystallization and more of the same type of laurie acid change
as seen in Figure 45 B.

The behavior of the 10 percent solution is extreme ly interesting and
can be summarized as follows :

(1) Both the dodecane crystallization and what is likely
lauri ~‘cid crystallization are slow processes and
ther efore take place over a period of time at a
constant applied pressure.
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(2 )  A t 10 kbar pressure , laurie acid begins to
crys tal l ize , but dodecane does not.

(3)  At 11 kba r press ure , dodecane begins to crystallize
and the laurie acid either fur ther crystallizes or
undergoes some other type of change.

(4) At 12 kbar , dodecane continues to crystallize and
the laurie acid continue s to change.

(5) This is an equilibrium process that covers a pressure
range so raising the pressure will shift the equilib-
rium (towards crystallization), but will not neces-
sar ily drive the reaction to comp let ion . - -

Discussion of Laurie Ac id—Dodecane

~~~~e ct r a1 Da ta

The subtracted spectra of Figures  4 and 5 illustrate that pressure
effects on liquid dodecane can be clearly differentiated from pressure
effects on solid dodecane and either of these pressure effects can be
spect rally distinguished from the changes caused by pressure—induced solid-
ifications. Thus , the infrared spectra of dodecane will reveal if the samp le
is all liquid , all solid , or chang ing f r o m liquid to solid . When the
sample is changing from liquid to solid , the spectra coupled with visual
iniroscop ic observations can be used to tell if the sample has comp le tel y
cryst allized or melted .

In addition , the polarized spectra of Figures 4 and 5 show that
dodecane (Figure 6) single crystals exhibit large dichroic &-t fects and
thus any pressure—induced molecular order in polycrystalline dodecane would
likel y be detected (Figure 7). This also illustrates that we will be
able to detect small changes in molecular order as dodecane or solutions
of dodecane crystallize or melt.

The fact that some molecular order exists in polycrystalline dode—
cane likely arises from the fact that dodecane is very slow to crystal-
l ize. Thus, even thoug h the pressure has been raised above the solidifica-
tion point (superpression), it still takes a finite period of time before
thermodynamic equilibrium is established. This is illustrated by the
subtracted spectra of Figure 8 where solidification or crystallization was
detec ted after 1 hour at 10 kbars pressure (Figure 8B). However , solid--
ification was not comp lete after 21 hours at 10 kbars pressure (Figure 8C)
as evidenced by the fact that raising the pressure to 14 kbars (Figure 8D)
indica ted tha t solidification was still occurring .

The necessity to achieve thermodynamic equilibrium is supported by
the melting data shown in Figure 9. Here (as pressure is released from 24
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to <I kbar), dodecane shows no signs of partia l in citing (Figures 9A , 9B ,
aIl d 9C). Indeed , these spectra show only the normal (as defined in Fi gure
SC) et tect s of pressure changes on solid dodel Iril- . It is only when the
pressure is less than I kbar that melting can be detected (both visuall y
iii. 1 spectrall y). At this point the samp le rap idly and completely melts.

Since laurie acid exists as a solid at room temperature , i t  is more
difficult to ascertain the pressure effects on liquid laurie acid than it
is for dodecane (which is a liquid at room temperature) ,.and it is also
more difficult to ascertain the changes caused by pfessure—induced solid-
ification. However , Figure 12 clearly delineates the pressure effects on
solid laurie acid . As previousl y stated in the section on laurie acid ,
pressure effects on solid Laurie acid are large (from a spectral stand pcint )
compared to pressure effects on dodecane . i~Iany JR bands of solid laur ic
acid show large frequency shifts with pressure changes (not seen in dodecane).
All of these vibrations involve t h e CO or OH groups and the frequency
shifts arise from the fact that pressure changes easily affect the hydrogen
bond of laurie acid , i.e., an increase in pressure compresses the hydrogen
bond . Thus , there are large spectral effects as the hydrogen bond of solid
laurie acid is changed by pressure. On the othe r hand , the hydrocarbon
vibrations of solid laurie acid behave much like the vibrations of the
hydrocarbon chain of dodecane ; that is , they exhibit an intensity change ,
but little or no frequency shift.

T I observe the pressure effects on liquid l I l i r i l  acid , it is nec&-~i—
sary to obtain the spectra at an elevated temperature. Spectra and sub—
tracted spectra of laurie acid (at 100 C) are slIowTI in Figures 17 and 18,
respectively. Figures 18A and 18B show that (as for Liquid dodecane)
pressure effects on the liquid are fewer and smaller than for the  solid.
For liquid laurie acid this consists mainly of a low freque ii~ y shift (with
inc reasing pressure) of the carbony l vibratjon near 1700 cIn and a small
intensity increase of the 1460 and 1290 cm vibrations .

Major changes occur as a result of pre -~sure—in diiced solidification
(Figure l8C), most of which have been described in the section on laurie
acid and , therefore , will not be repeated here. However , one change that
should be noted here is that upon solidification the earbony l stretch ing
f r e q uency ( near 1700 cm~ ) both shifts to lower frequencies and broadens
considerably. Because of the low frequency shi ft , i t  is difficult to
detect the broadening in the subtracted spectra (Figure 18C) between
liquid and solid laurie acid . Such broadening is more easily detec ted by
comparing the absorbance spectra of liquid (Figure h A )  and solid (Figure l 7 B )
laurie acid . This can be seen even more readl y by compar ing Figures 48A
and 48B in the next section which describes reactions at a metalized diamond
interface. This broadening of the carbony l vibration is important because
in the laurie acid—dodeeane solutions (especially the dilute solutions),
the onl y laurie acid vibration tha t can be observed is the earbonyl vibra-
tio n. Also , the low frequency shift Upon solidification (Figure 18C) can
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be confused with the low frequency shift of the carbony l vibration when the
pressure is raised on liquid laurie acid (Figure l8B). Thus in dilute
solutions , the broadening of the carbonyl vibration may be the only spectral
means of detecting solidification of the laurie acid.

Also of interest to note is that (at 100 C), pressurr- — indueed solid-
ification of laurie acid appears to occur rapidly and comp letely. This
can be seen in Figure l8D where raising the pressure gives no evidence of
further solidification. However , it should be noted that the polymorp h
produced by pressure at 100 C differs from the polyinorp h p rod uced by
melting and cooling to ambient temperature (see Figure 19). Thus , care
must be taken when comparing pressure effects on various solids.

For the solutions , the spectral data can best be summarized in terns
of crystallization behavior , melting behav ior , and the effects of tempera-
ture. The crystallization behavior is described in Table 1, while the
melting behavior is listed in Table 2 and the effects of temperature are
described in Table 3.

Of interest (and not reported in  t h e  t a b l e  are the effects of tempera-
ture and pressure on infrared band intensities. In general , a pressure
increase brings about an increase in infrared band intensities (see, for
examp le , Figures l9B , 2lB , 28C, 30C , 32C , and 43D) unless there is a
a pressure—induced solidification. Solidification brings about both increases
and decreases in band intensities. A temperature increase , on the other
ha nd , generall y brings about a decrease in infrared band intensities (see
Figures 30B and 32B). Therefore , a pressure increase or a temperature
decrease would increase band intensities. Since these (P increase or
T decrease) are conditions promoting solidification , it can be said that
intensitie s increase as the samp le becomes more like a solid.

The temperature—infrared intensity relationship is especiall y important
in the case of the carbony l frequency of 1 percent solutions at ele1ated
temperatur es (Figures 34 and 35). At 4 kbar pressure , th e 1700 cm
carbo ny l frequency decreases in intensity as the temperature is raised.
At 170 C, this band has comp let ely disappeared (to the lim i ts of our instru-
mental detectability). These results indicate chiaii ges in the structure of
the laurie acid (as the  t e m p e r a t u r e  is r a i s e d )  and one p o s s i b l e  s t r u c t u r a l
change is that the high temperature is changing the hydrogen bond ing from
a cyclic diner to a linear d iner or to a monomer. Some eviden i-e for thi s
can be seen in Figure 18C. This figure shows the difference spectrum
between li quid and solid laurie acid at 100 C. A? can be seen in Figure l8C,
liquid laurie acid has  a smal l  band near  1745 em which is lost when the
sample solidif ie s. Such a 1745 em~~ band (only seen in the heated liquid)
l ikel y arises from the carbony l vibration of a laurie acid monomer (no
hydrogen bonding). The carhoriy l vibration of a monomer has a sma ller
a b s o r p t i v i t y  t h a n  the c a r b ony l  vibr ation of a dimer. Thus at 170 C , the
1 p e r c e n t  8 o l u t l o n  may l ive converted (to a large extent) to monomer , and
the carbony l vibration of the monomer would be too small to detect.
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TABLE 1
CRYSTALLIZAT iON PRESSURES OF DODECAN E AND

LAURIC ACID—DODECANE SOLUTIONS

Sam p le Crystallization Pressure

Dodecarie 10—14 kbar
Laurie Acid-Dodecane , 17. 10—14 kbar
Laurie Ac id -Dodecane , 5”!. 10—14 kbar
Laurie Acid-Dodecane , 107.

1st Run

Laurie Acid , 14 kbar , 20
hours

Dodecane , 14 khar , 40
hours

2nd Run

Laurie Acid , 10 khar , 1—3
days

Dodecane , 10—i l khar
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TABLE 2
MEL-rING BEHAVIOR OF DODECANE ANJ) LAURIC ACID—DODECANE SOLUTIONS

Samp le Melting Pressure Remarks

Dodecane 1 kbar ~o partial melting .

Laur ie Acid-Dodecane , 17. 2 kbar No partial melting , no Loss of order.

Laurie Acid-Dodecane , 57. 15-5 kbar Par tial melting , loss of order .
3 kbar Complete ly mel ted .

Laurie Acid-Dodecane , 107. 10-5 kbar Mainl y dodecane mel ting . No order ,
- initiall y, there lore no loss of

5-4 kba r Mainl y lauri e acid melting . N ) order ,
- ini tiall y ,  tb refore no loss of

order.
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TABLE 3
CRYSTALLIZATION PRESSURES OF LAURIC ACID AND

LAURIC ACID—DODECANE SOLUTIONS AT ELEVATED TEMPERATURES

Crystallization
Sam p le Temperature , C Pressure , kbar

Laurie Acid-Dodecane , 17~ 23 10-14

85 14-19

170 No Crystallization
(U p to  39 kba r )

Laurie Acid 100 14-19 (But crystallize s
in different form than
if me lted and cooled at
ambient pressure )

/
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Another important  aspect of the so lu t ion  spectral  data is the t ime
behav ior of the 10 percen t solu tion (a t cons tan t app l ied pressure). This
behavior is illustrated in Figures 40, 42 , and 44. Not only do
laurie  acid and dodecane crys tal l ize (or mel t ) separa tely, but the changes
observed in the li quid with time (Figure 40C ) Ind ica te struc turing changes
in the liquid. These changes have been attributed to aggregation , or
cl uster ing of laurie acid molecules and again may be a t t r i b u t e d  to the f a c t
that this system is very slow to reach thermod ynamic equilibrium . However ,
the important point is that we are able to ascertain the structural changes
tha t  take place during the process of reaching thermod ynamic equilibrium .
Thus , we cannot only fo l low the mel ting and cry stall iza tion pr ocess , but
we can follow the approach to equilibrium.

Interfaeial Chemical Reactions
in the Diamond Cell

The studies described in the previous sections have yielded much
data on the effect of press ure on the b ulk properties of fluids. Because
of the inertness of diamond , no chemical reac tions be tween solutes and
subs t r a t e  were observed in these experiments. This type of bulk data ,
thoug h of po ten tially very great utility in develop ing models fo r  bo undary
lubrication , must be supplemented by Information on interfacial interactions .
With some effort the diamond anvil cell can be utilized in the s tud y of
interfaclal reactions . After some prel iminary experiments on various
me thods of me taliza tion , two d iamond anvils were coa ted by evaporation
with a layer of iron a few hundred angstroms thick. A diamond cell with
these iron—coated anvils was found to transmit about 18 percent of the
infrared radiation transmitted by the uncoated diamonds .

The cell was then loaded with a 10 percent solution of laurie acid
in dodecane. In the process of loading , part of the iron was rubbed off
of one of the diamonds so that the solution was exposed not only to iron
surfaces but also to diamond . Spectra were then obtained at ambient
pressure and 8 kbar. The weak bands near 895 cm~~ and 1118 cm~~- in Figure
46A indicate that small amounts of material had crystallized. Also , the
bread th of the carbonyl (1710 cm~~-) v ib ra t ion  of l au r i e  acid indicates
the presence of crys tall ine la ur ie acid , ind icating that the crystalline
material responsible for the weak band s near 895 c m - ~- and 1118 cm~~ is
laurie acid . At 8 kbar  (Fi gure 4 6 B ) ,  the  895 em~~ and 1118 cm~~ are  more
in tense , indicating that some dodecane had crys tallized. Figure 46C shows
that no further changes occurred after the specimen was kept at 8 kbar for
16 hours.

The changes seen in Fig ure 46 can be more eas ily fol lowe d in Figure 47
which shows var ious difference spectra. These spectra indicate the fol-
lowing:
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(1) The laurie acid crystallized near ambient pressure
and the dodecane crystallized between 0 and 8 kbar
in the cell with iron—coated windows. Both of these
crystallizations occurred at lower pressures than in
a cell with uncoated windows .

(2 )  Even though the samp le c rys t a l l i z ed  a t lowe r pressures
when iron—coa ted diamonds were used , there is no evidence
of any chemical change at room temperature.

Af ter the spectra of Figure 46 were obtained , the press ure was r eleased
to 6 kbar and the entire cell was placed in an oven at 60 C for 1 hour.
The spectrum shown in Figuçe 48 was then obtained . The pçesence of bands
near 895 cm~~ and 1118 cm -’- and the width of the 1710 cm -’- carbony l v ibra-
tion indicated that the sample was still crystalline .

The pressure was then released to 1 kbar and the cell was again heated
at 60 C for 1 hour. After cooling , the spectrum at this pressure (Figure 48B)
showed that the samp le was liquid. This is seen from the absence of bands at
895 cm ’ and 1118 cm 1 and the narrow 1710 cm~~- carbonyl vibrational band .

The pressure on the sample was then raised to 6 kbar , the cell was put
back in an oven at 60 C for 4 days , cooled to room temperature , and the
spectrum shown in Figure 48 C was obtained . ‘jhis spectrum shows a comp le te
absence of the carbonyl vibraçion at 1710 cm and the presence of two new
bands in the 1500 to 1600 cm 1 region (a strong absorption at 1550 cm~~ ).
These bands show that all of the laurie acid r~ acted to form a metal  sa l t—
iron la u r at e .  The absorptions in the 1500 cm frequency region are those
of an ionized earboxy l group (C00 ) and the  f ac t  t h a t  there  are two v ib ra t ions
indicates the possibility of two different types of CO0~~ group.

In order to obtain kinetic data , a new experiment was initiated with
f r eshly iron—coated diamond anvils. -A 10 percent laurie acid in dodecane
was loaded into the cell , the pressur e was incr eased to 6 kbar , and a spectrum
was ob tained (Figure 49A). The specimen was then heated for 2 hours at 60 C ,
allowed to cool , and the spectrum given in Figure 49B was obtained. The
cell was then allowed to stand at room temperature for 16 hours and another
spectrum was taken. This procedure was then repeated seven times to give
a to ta l  of 14 hours  hea t ing  at 60 C.

Figur e 49 shows the infrared spec tra ob tained af ter the end of each
2—h our heating period just after cooling to room temperature. After the
first 2—hour heating period there is apparently no change in the spectrum.
How ever , a more careful examination of scale—e~panded spectra shows that a
very small infrared band fising from the C00~~ vibration of iron laurate
can be seen near 1550 cm . Th is absorp tion can be seen more clearl y in
Figure 49C (4 hours heating at 60 C).

The slow growth  of the 1550 cm ”~ band and the disappearance of the acid
carbony l v i b r a t i o n  at  1710 cm~~ can be fo l lowed  in Figures 49D t h rough  49G .
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Afte r 14 hours at 60 C , the reaction is about 60 percen t comp lete (as judged
by compar ison of the 1710 cm~~ band intensity with the original intensity
of this band seen in Figure 4 9 A ) .

The rate  of the reaction can be more easil y observed in Figure 50 which
is a plot of absorbance of the 1710 cm~~ laurie ac id carbony l band vers us
time . From this  plot  i t  can be seen tha t  there is a finite period of time
(2 hours) before any reaction can be detected . The reaction proceeds at
a fairly uniform rate between 2 hours and 10 hours heating at 60 C and
appears to sl o i  down a f t e r  10 hours .

The spectra obtained a f t e r  the cell stood at room tempera ture  fo r  16
hours  show l i t t l e  d i f f e r e n c e  between the corresponding spectra taken shortly
after each heating period. A very small loss in the intensity of the acid
earbonyl band (1710 em~~ ) and a very small ga in in the in tensity of the
C00 (1550 cm~~-) band can be observed , indicat ing that  the reaction Is
proceed ing at room temperature but at a much slower rate than at 60 C.

A control exper imen t , in which a 10 percent laurie acid in dodecane
solut ion was hea ted fo r  4 days at 60 C , showed no changes in the intensit
of the carbony l band at 1710 em~

1 or formation of a C00 band at 1550 cm
(Figure 51). This experiment demonstrates  tha t  the changes in these two
bands observed in the iron—coated anvil experiments are really caused by
react ion wi th the iron ra ther  than b y heating or reaction with the platinum
gasket.

Prel iminary Study of a Diester (E-105)
and Tricr esyl Phos~ hate

Spec tra were ob tained in a d iamond window h igh—pressure cell using a
p la t inum (Pt ) gaske t (—2 mils thick) to contain the liquid samples. As
can be seen f r o m  the spectra (Figures 52—54), this Pt gasket was too
th ick and very intense spectra were obtained . While frequency shifts
can be observed even with the th ick gaske ts , spect ral subtraction is not as
reliable as when less intense bands are used .

Figure 52 shows i n f r a r e d  spect ra  of E— l 05 a t  ambient pressure (Figure  52
and 52B) at — 20 kbar  (F igure  5 2 b ) .  Figure 52C shows the r e su l t an t  of sub—
tracting the spectrum of Figure 52B f rom tha t  of Figure 52A. This subtrac-
tion spectrum shows several bands pointing up (1740, 1180, and 1140 cm - 1m CO
v i b r a t i o n s ) ,  and two band s po in t ing  down ( 1460 and 1380 cm~~- , CH v i b r a t i o n s ) .
No dispersion curves (par t of the ba nd poin ting up and pa rt of the band
pointing down , see Figure 53) are evident. The l ack of dispersion curves
indicates that there are no frequency shifts with increasing pressure. Yet
the  bands po in t ing  upwards and down indicate intensity changes wi th the CH
v ib ra t ions  becoming less intense  w i t h  inc reas ing  pressure  and the CO vibra-
t ions becoming more intense wi th increas ing pressure .
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Note tha t the doublet carbony l vibration (~~round 1740 cm~~ ) in the ambien
pressure spectrum became a singlet (at 1740 cril ) in the high p ress ure
spectrum (Figure 52B). A poss ible exp lanation for this behavior is a fixture
of rotational isomers at ambient pressure (each rotational isomer having a
slightly different carbonyl frequency) which pressure forces into one or the
other isome r (giving a singlet carbonyl frequency). Further experimentation
is needed to definitely ver ify  this exp lanation.

For TCP , Figure 53A shows the spectrum at ambient pressure and Figure 53B
gives the spectrum at 17—18 kbar. Figure 53C shows the result of subtracting
the spectrum of Figure 53A from that o~ Figure 53B. Here both intensity
variations (for instance , the 1460 cm CH vibration) and frequency shifts
(for instance , the dispersion curve at 800 cm~~ ) are observed .

Th us, even though crystallization was not observed in either E—105 or
in TCP , pressure effects can be detected (frequency shifts and/or intensity
changes). With further experimentation , these can be related to pressure—
induced structural changes.

Figures 5lA and 54B show spectra of a i percent (by volume) solution of
TCP in E—l05 at ambient (Figure 54A) and 14—15 kbar (Figure 52B) pre~sure.
Mos t of the bands are due to E-.l05, but the bands at 500 and 980 cm
clea rly arise from TCP.
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SECTION IV

DISCUSSION

A most important result of this project was the development of an
experimental technique for the direc t study of chemical reactions at liquid—
solid interf aces. The value of this technique, employing the diamond anvil
cell with netalized windows, was verified using a model system — a 10 percent
solution of lauric acid in dodecane. In this study it was found that a sur-
face species , iron laurate, results from the reaction of the lauric acid
with the iron substrate. By using the metalized diamond cell in a Fourier
Transform infared system , it could be demonstrated that all of the lauric
acid had reacted and formed an iron laurate film which was thicker than a
monomolecular layer. This result was in agreement with calculations based
on an estimation of the initial amount of acid in the cell.

These experiments clearly demonstrate that the use of Fourier Transform
infrared spectroscopy on systems contained in a metalized diamond anvil
cell is an experimental technique of great potential for studying chemical
reactions at interfaces. By using the diamond anvil cell, the chemical
reactions can be studied at both high pressures and high temperatures.
This technique is of particular interest to lubrication technology, not
only as a diagnostic tool for solving immediate technological problems, but
also offers exciting possibilities for obtaining more fundamental insights
into the mechanisms by which lubricant additives react with surfaces to form
protec tive films and also may give some insight on the decomposition of lubri-
cants and the formation of sludge.

The chemical interactions occurring among lubricants , their additions ,
and the substrate material are of promising importance in determining the
effectiveness of a given lubricant. However, in order to grasp an under-
standing of the chemistry occurring at a liquid—solid interface , it is neces-
sary to have data on the physical properties of the reactants at the tempera-
ture and pressure of interest. The work in this program has provided a body
of data on physical changes occurring in a model lubricant system——lauric
acid and dodecane . This body of data , described in detail in the proceding
sections , has produced three results of special interest to lubrication
technology:

(1) Spectral changes have been observed that indicate the
formation of aggregates or clusters of [auric acid in
solution. The presence of these aggregates is not only
a precursor to solidification , but also may be a factor
in the kinetics and mechanism of the chemical reaction
occurring between the acid and reactive substrates.

(2) Polarized spectra have demonstrated that ther~ are solid
phases that are polycrystalline, but still give sufficientl y
high dichroic ratios to indicate a significant degree of
long—range order.
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(3) Superpression effects have been detected in all of the
straight chain systems studied . That is, the systems
tended to rema in liquid up to pressures much higher than
indicated by the melting behavior. For example, dodecane
remained liquid until pressures above 10 kbar were
attained . Yet upon pressure release it was found that
melting did not occur until the pressure was decreased
to about 1 kbar.

Late in this program it was found that Dr. J. M. Schnur and his associates
at the U.S. Naval Research Laboratory were also performing experiments on straight
chain alkanes hydrocarbons in a diamond cell. In these studies , Raman spectro—
scopy is being used to study the conformation of the alkane molecules. Myç~
work has been performed on the conformational analysis of such mo1ecu1es.~~’ 

,12)

Because of the low barrier to rotation about a C—C bond , such molecules are
not rigid (hard rods) in the liquid state, but contain one or more kinks.
However, since these molecules are fully extended kinklers in the solid
state, it was generally believed that as pressure on a liquid straight—
chain alkane is increased until solidification occurs, there would be a
straightening out of the molecules. The work of Schnur indicates that
this is not true. They found that the pressure is increased the fraction
of kinked molecules rises sharply.~ ~ Unfortunately, these workers have
worked only with pure solvents rather than solutions. However , their
work has potential application to the understanding of the formation of the
aggregates observed in the present program. It is also of interest because
in later work they have obtained evidence for a liquid crystalline phase
in normal CH3(CH 2)38CH3

(1-4). This is additional evidence for the model
proposed some time ago by workers at Battelle’s Columbus Laboratories
which explained the observed properties of squeeze films formed from a
wide variety of hydrocarbon solvents. The essential feature of this model
is that straight—chain alkane solvents can posses smectic liquid crystalline
order. The work of Schnur is the first independent corroboration of this
hypothesis evidence in support of which is given in Reference 1.

(11) Snyder , R. G., “Vibrational Study of the Chemical Conformation of the
Liquid n—Paraffins and Molten Polyethylene”, J. Chem. Phy~ ., 47, 1316
(1967).

(12) Bartill, L. S., and Kohl, D. A., “Structure and Rotationa l Isomerization
of Free Hydrocarbon Chains”, J. Chem. Phys., 39, 3097 (1963).

(13) Schoen, P. E., Priest, R. C., Sheridan, J. P., and Schnur , J. M.,
“Pressure—Induced Changes in Molecular Conformation in Liquid Alkanes”,
Nature , 270, 412 (1977).

(14) Schoen, P. E., Priest , R. G., Sheridan , J. P., and Schnur , J. M.,
Publication expected in 1979.
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