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5. Conclusion 
To summarize, we have shown that two types of excited 

chargetransfer states, the TICT states and the exciplexes, behave 
similarly in that they exhibit an unusual temperature dependence 
of their emission rate constant kf  which can be described in both 
cases by vibrational activation. For the nonactivated molecule, 
Le., for the_equilibrium structure of the excited state, the transition 
moment M has a very low value (minimum) corresponding to the 
forbidden radiative back electron transferM and rises more or less 
steeply upon deformation through vibrational activation. The 
activation energy of k f  constitutes, in principle, a valuable tool 
to characterize the type of vibration involved. It can also serve 
to characterize solvent effects. While for the TICT states a 
minimum for M is clearly predicted for the perpendicular geometry 
from orbital overlap considerations, the situation in the exciplexes 
and especially intramolecular exciplexes is less straightforward. 
If the complex is symmetric with the nitrogen above the center 
of mass of the aromatic moiety, it will always have a C, or a C, 
symmetry. This geometry will always correspond to an extreme 
value of the orbital overlap and the Coulomb attraction. As in 
the systems considered here the HOMO and the LUMO of the 
donor are symmetric ( 2 p ~  and 3sN), nonzero overlap is only 
possible with a symmetric orbital of the acceptor (i.e., one with 
no nodal plane perpendicular to the aromatic acceptor system). 
As this orbital is never involved in exciplex formation, the most 
symmetric exciplex geometry will correspond to zero orbital 
overlap for the systems considered here. 

If the Coulomb attraction is a maximum for the symmetric 
geometry, this will also correspond to the most stable exciplex 
geometry. When the amino group is not hindered by the chain, 
its position in the exciplex will be that corresponding to the largest 
Coulomb attraction and therefore also correspond to zero orbital 
overlap. In this situation the temperature dependence of kE will 
mainly be a first-order effect. 

However, when the alkyl chain prevents the attainment of this 
geometry the Coulomb attraction and the symmetry of the exciplex 
will be decreased. In this case the temperature dependence of 

the fluorescence rate constant will mainly be a second-order effect. 
Contrary to TICT state forming molecules, the exciplex ge- 

ometry is mainly determined by the balance between the Coulomb 
attraction and nonbonded interactions. On the one hand, these 
two factors depend much more strongly on the geometry of the 
exciplex than in the TICT forming molecules where the rotation 
around the carbon nitrogen bond in the vicinity of 4 = 90° leads 
only to minor changes of Coulomb attraction and nonbonded 
interactions. On the other hand, the small atomic overlap integrals, 
caused by the larger distance (2.5-3 A) between the atomic 
orbitals of donor and acceptor, lead to a much smaller interaction 
between the zeroth-order ground state and the charge-transfer 
state for symmetry-disturbed exciplex geometries as compared 
to off-perpendicular TICT geometries. 

The changes of the wave functions of the TICT states and of 
the exciplexes should be reflected in some temperature dependence 
of the corresponding transient absorption spectra. These spectra, 
usually consisting of several transitions of different are 
expected to simplify at  lower temperatures. In the case of the 
symmetry or/and overlapforbidden pure CT states, the transient 
absorption spectra would correspond to the sum of the nearly pure 
local transitions in the radical ion subunits, D+ and A- (as in ref 
11). Such study has not yet been done. 

Similar exceptions to the general rule, Le., the emission rates 
being thermally activated, are expected to be found in other flexible 
molecules or molecular complexes, wherever the luminescent 
transition from the equilibrium excited state would be highly 
forbidden. 
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The polymorphism in docosanoic (behenic) acid monolayers at the air/water interface is investigated by means of X-ray 
diffraction. Analysis of the diffraction spot profiles parallel and perpendicular to the surface provides detailed data on the 
unit cells of five different phases (L2, Li, S, CS, and LS) with uniform aliphatic tail alignment and regular two-dimensional 
lattice structure. The first four of these display centered rectangular symmetry, while the LS phase is hexagonal. In the 
LS, S, and CS phases the tails are oriented normal to the surface, whereas in Lz and Li they are tilted toward the nearest 
and next-nearest neighbors, respectively. The unit cells of the S and CS phases have the same symmetry. However, the 
latter is the only phase to display the packing density (C0.19 nmz aliphatic chain cross section), the very low compressibility 
(<3 X 10-4 m/mN), and the resolution-limited peak width (C0.03 nm-l, corresponding to a characteristic length for exponential 
decay of positional correlations equal to more than 160 lattice spacings) expected from a close-packed crystalline solid. In 
contrast, the peak width in the Lz, L2/, LS, and S phases is more than 0.09 nm-’, corresponding to a correlation length of 
less than 54 lattice spacings. Their similarities to mesophases of liquid crystals are pointed out. 

Introduction 
Monolayers of fatty a& have b n  studied intensively for many 

yean’ but are still far from being understood. This is unfortunate, 

‘Dedicated to Prof. A. Weller on the occasion of his retirement. 

since they are arguably the simplsst surfactants and arc well suited 
as models for the theoretical calculation of the arrangement and 
conformation of molecules at interfacesU2” Fatty acids are also 

(1) Pockels, A. Nature 1891, 13, 437. 
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the surfactants most widely used for preparing Langmuir-Blodgett 
films.6 It has been demonstrated that these films are suitable 
for a variety of applications, but many of these depend on the 
fabrication of nearly perfect films, which in turn necessitates 
understanding and control of their microstructure.' 

It has been shown that the structure of a monolayer may be 
controlled by manipulating it at the air/water interface.' At this 
stage the molecules are quite mobile and possess many degrees 
of freedom which can be influenced. On the other hand, there 
is a lack of suitable techniques that yield direct information on 
film microstructure. Important progress has been achieved by 
the introduction of synchrotron X-ray techniques to study mon- 
olayers on water surfaces. By measuring the specular reflectivity 
a t  the interface as a function of incidence angle it is possible to 
determine the electron density distribution along the surface 
normal, and hence film parameters such as thicknesses and 
densities of hydrophobic and hydrophilic regions and surface 
roughness.* In-plane diffraction of the evanescent X-ray beam 
generated at  the interface when the incoming beam is incident 
below the critical angle yields the periodic molecular arrangement 
within the film plane.9*'0 

In the present in-plane diffraction study, the Bragg rod profiles 
have been measured with high resolution in directions parallel and 
perpendicular to the surface. This yields accurate data on the 
positional coherence and on the orientation of aliphatic tails with 
respect to the surface normal. We have concentrated on doco- 
sanoic (behenic) acid (CH3(CH2)18COOH), since previous iso- 
therm measurements with the straight-chain fatty acids have 
shown that much of the polymorphism encountered in the ho- 
mologous series is conveniently accessible with this member. The 
existence of different structures is revealed, and we also discuss 
to what extent the data can be generalized. 

Experimental Section 
Docosanoic acid (>99.5% pure) was purchased from Fluka, 

Buchs, CH, and the water used was Millipore filtered. P.A. grade 
chloroform (Merck) was used as spreading solvent. II-A isotherms 
were measured by using a Lauda film balance at  a compression 
and expansion rate of 50 pm2 s-I I I  and were used to establish the 
II-A-T phase diagram. 

For the synchrotron X-ray diffraction studies a dedicated film 
balance was placed at  the sample stage of the D4 diffractometer 
a t  HASYLAB, DESY, Hamburg, FRG.I2 Due to long-term 
drifts, the accuracy in measurement of the absolute value of the 
surface pressure was not better than 3 mN/m. In addition, the 
temperature could not be measured more accurately than f 3  OC, 
especially a t  the lowest temperatures investigated. However, 
during the synchrotron runs the isotherms were measured suf- 
ficiently precisely to locate phase transitions, so that there is no 
uncertainty about which phase of Figure 2 caused each of the 
distinct X-ray diffraction patterns. 

In all the X-ray measurements, the synchrotron beam was 
monochromated to a wavelength X = 0.138 nm by Bragg reflection 
from a Ge( 1 1 1) crystal and was adjusted to hit the surface an 
an incident angle CY N 0.116' = 0 . 8 5 ~ ~ ~  where CY, = 0.137O is the 

(2) Baremann, J. P.; Gardini, G.; Klein, M. L. Phys. Reo. Len. 1988,60, 
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(4) Harris, J.; Rice, S. A. J .  Chem. Phys. 1989, 91, 4994, 
(5) Cantor, R. S.; Mcllroy, P. M. J .  Chem. Phys. 1989, 90, 4423. 
(6) Roberts, G. 0. Ado. Phys. 1985, 34, 475. 
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Figure 1. Surface pressure as a function of molecular area for docosanoic 
acid monolayers at different temperatures. The abcissae corresponding 
to the three temperatures are shifted for clarity. The points show the 
values for  molecular area A, derived from the present X-ray data. 

critical angle for total external ref le~t ion. '~  The resulting eva- 
nescent X-ray beam penetrates less than 10 nm below the surface 
and is diffracted by the internal structure in the monolayer. The 
resulting Bragg rod profiles were measured by using a vertically 
mounted position-sensitive detector (OEDlOOM, Braun, Garching, 
FRG). The detector accepted photons over a range -0.16 < Q, 
< 9 nm-l, where Q, = (2?r/X) sin  CY^ is the out-of-plane component 
of the scattering vector, CYF being the detector elevation angle. Its 
vertical fwhm resolution was 0.049 nm-I. A Soller collimator 
provided a resolution of 0.07 nm-' of Q,, the in-plane component 
of the scattering vector; Q, N (47r/X) sin 6, 26 is the horizontal 
diffraction angle. 

Two types of measurement of the scattered radiation were made. 
In the first, the Qx scans, the detector counts were not resolved 
in Q,, so that the total count represents the integral of scattered 
intensity along a vertical Bragg rod. In the second, the Q,-resolved 
scans, the counts from each Q, interval were accumulated sepa- 
rately in a multichannel analyser. Because of measurement time 
limitations, Q,-resolved measurements were only performed for 
those values of Q, corresponding to peaks of the Q, intensity 
measurements, and for nearby Q, values in order to determine 
the background. 

Two types of information were extracted from the measured 
profiles. Firstly, the peaks of the Qx scans were assumed to be 
power-pattern Bragg peaks of a two-dimensional lattice, and the 
position of a peak center Qlhx& was converted into d spacings by 
using the Bragg formula: 

dhk = 2*/&$k (1) 

The positional correlation length 5: for each Qx-scan peak was 
calculated from its full width at  half-maximum (fwhm, corrected 
for resolution effects) assuming exponential decay of positional 
correlations with increasing separation within the layer: 

4 = 2/fwhm(Q,) (2) 

Secondly, information about the orientation of the molecules was 
extracted from the Q,-resolved scans, assuming that the aliphatic 
tails are uniformly tilted. The angle t between molecular axis and 
surface normal is then given by the formula13 

tan (I) cos ( q h d  @$k/&kpk (3) 

where is the position of the peak along the Bragg rod, @& 
is the Qx-peak position, and @hk is the azimuthal angle between 
the tilt direction projected on the surface and the reciprocal lattice 
vector corresponding to the reflection (h,kl. 

rpcndicular to the water surface if Hence the molecules are and only if all values of Q&k p" are zero. 

( I  3) Aln-Nielscn, J.; Kjaer, K.  In Phase Translrlons In Soft Condensed 
Mafer; Riate, T., Sherrington, D., IUS.; NATO AS1 Series B; Plenum: New 
York, 1989; Vol. 21 I ,  pp 113-138. 
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Figure 2. Phase diagram of docosanoic acid as deduced from isotherm 
measurements. The symbols used for the different phases are taken from 
ref 16. The crosses indicate the surface conditions for the X-ray dif- 
fraction measurements of Figure 3. The inserts show for each phase the 
structure deduced from the X-ray measurements (cf. below). 

Results and Interpretation 
Figure 1 shows the surface pressure ll as a function of molecular 

area A for docosanoic acid at  three different temperatures. At 
the lowest temperature (7.6 "C), the dominant feature is a broad, 
nearly horizontal region joining two nearly vertical lines. This 
is consistent with a first-order phase transition into a phase with 
an average molecular area of approximately 0.18 nm2/molecule, 
very close to the cross section of 0.1835 nm2 observed in the densest 
known crystalline packings.I4 The intermediate curve at  room 
temperature displays more subtle changes in slope, revealing the 
existence of more than one phase transition. At the highest 
temperature (35 "C), the isotherm resembles that of eicosanoic 
(arachidic) acid at  room tempera t~re . '~  There are three essen- 
tially linear regions of very different compressibility with 
breakpoints near molecular areas A of 0.24 and 0.20 nm2, re- 
spectively. 

The data for the E T  phase diagram of Figure 2 were obtained 
from a series of isotherm measurements." It is basically in 
accordance with the diagram of Stallberg-Stenhagen and Sten- 
hagen16 and uses their symbols for the different phases. It is the 
aim of the present work to characterize these phases. We have 
obtained detailed data on phases L2, L2', S, CS, and LS. 

Figure 3a shows the Q, scans at  7 OC for several different 
surface pressures. The asymmetry of the profile a t  low pressures 
hints at the presence of two unresolved lines. At higher pressures, 
the diffraction pattern changes abruptly with the appearance of 
two sharp well-resolved lines typical for a crystalline solid. Also 
as expected for a crystalline solid, the positions of these peaks do 
not change significantly with pressure. The 18.5 O C  Q, scans of 
Figure 3b show different film behavior. Even at a surface pressure 
of less than 1 mN/m two rather broad peaks of different widths 
are resolved. The center positions move outwards on compression 
to a much greater extent than occurs in Figure 3a for the CS 
phase, indicating a higher compressibility. The narrower and 
broader peaks cross over at 8 mN/m. The width of the narrower 
peak does not vary markedly on compression and corresponds to 
a coherence length smaller than in CS. There appear to be no 
abrupt changes in the profiles corresponding to transitions between 
the three different phases L2 (0,2, and 8 mN/m), Li (21 mN/m), 
and S (31 mN/m) covered in the figure. However, differences 
between the phases are visible in the Q,-resolved Bragg rod scans 
of Figure 4, which shows Q, profiles for both peaks of the Q, scans, 
for four distinct conditions, each corresponding to a distinct phase. 
In phase L2, the broader peak of the Q, scan exhibits a Q,-resolved 
maximum for Q, > 0. The second, Q,-resolved scan peaks at  Q, 

(14) Ewen, B.; Strobl, G. R.: Richter, D. Faraday Dlscuss. 1980,69, 19. 
(IS) Bib, A. M.; Peterson, 1. R. Adu. Mater. 1990, 2, 309. 
(16) Stillberg-Stenhagen, S.; Stenhagen, E. Nafure 1945, 156, 239. 
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Figure 3. Q, scans of X-ray scattering intensity as a function of the 
in-plane component Q, of scattering vector for docosanoic acid mono- 
layers at (a) 7 OC and (b) 18.5 OC and at the surface pressures indicated. 
In each case the { I  I )  peak lies to the left of the (20) peak. 
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Figure 5. Scattered intensity Scans for docosanoic acid monolayers in the 
LS phase at 25 O C  and 30 mN/m: (a, top) &integrated and (b, bottom) 
Q,-resolved. 

= 0, and in addition shows indications of a second maximum with 
much lower intensity, which may be identified as the tail of the 
broader reflection. In phase L i ,  both values of (& are nonzero 
and are in the ratio 2:1, with larger Q!& corresponding to larger @,k. For phases S and CS, on the other hand, both peaks exhibit 
a maximum for Q, = 0. 

Figure 5 shows the measurements made for the LS phase. The 
Q, scan in Figure Sa shows only one peak, considerably broader 
than that measured for the other phases. Figure 5b gives the 
corresponding Q,-resolved scan, whose maximum occurs for zero 

The interpretation of these rod scans is rather straightforward. 
In all known 3D packings of aliphatic chain derivatives (alkanes, 
carboxylic acids, alcohols, etc.), the molecules are packed in 
layers." Each molecule is surrounded by six nearest neighbors 
in the layer, forming a hexagon which is usually slightly distorted 
from regularity. A general packing of this type gives rise to three 
reflections of lowest order. The fact that only two are observed 
in the L2, Li, S, and CS two-dimensional phases means that two 
of these are degenerate, and points to a rectangular packing, either 
centered or primitive, in which the ( 1  1) and (1 7) reflections are 
degenerate but the (20) reflection remains distinct. In the LS 
phase all three reflections are degenerate, indicating hexagonal 
symmetry. 

In phase L2 the chains are tilted toward a nearest neighbor along 
the short [OI] side of the unit-cell rectangle. Since they are normal 
to the longer [ I O ]  unit-cell vector but not to any other in-plane 
vector, only the Q,-resolved scan for the (20) peak has a maximum 
at  Q, = 0. From the value of (& for the { I  l }  peak, a tilt angle 
of t = 29O with respect to the surface normal can be deduced. 
This angle decreases continuously on compressing the monolayer 
throughout the L2 phase. 

Going to phase L;, the tilt azimuth changes to that of the next 
nearest neighbor, in the [ IO]  direction. Hence both the (20) and 
I1 I )  reflections exhibit a nonzero &: , but since the azimuths \khk 
are different so are the values of dik. The tilt angle t = 1 So IS 
consistent with both measurements. 

For the remaining three phases S, CS, and LS, the fact that 
all Q,-scan maxima occur in the plane of the water surface (a(',, 
= 0) indicates vertical chain orientation. 

The surface area per chain A, in a centered rectangular lattice 

Qr 
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Figure 6. Deconvoluted peak width (fwhm) as a function of lateral 
pressure for a docosanoic acid monolayer at 18.5 and 15 O C .  The open 
symbols correspond to the 11 I )  peak and the full symbols to the (20) peak. 

can be calculated from the measured lattice spacings by using the 
formula 

For a hexagonal lattice d2, = dll  = d and eq 4 transforms into 

A, = 2d2/3II2 ( 5 )  
To apply eqs 4 and 3, indices ( h ,  k )  have to be assigned properly 
to the measured spacings. For a packing with tilted molecules 
(phases L2 and Li) ,  incorrect assignment will result in inconsistent 
values of molecular tilt from eq 3. For a packing with upright 
molecules (phases CS and S), the I1 1) peak is twofold degenerate 
and is expected to show a larger integrated intensity than the 
nondegenerate (20) peak. 

The values of surface area A, derived from the diffraction 
measurements are shown in Figure 1 plotted against surface 
pressure and compared to the E A  isotherms obtained more 
conventionally for 7 and 18 OC. Since the absolute value of A 
determined from the isotherms is less accurate than that measured 
by X-ray diffraction, the abscissa in the isotherms was normalized 
to give agreement of the two values for the highest pressure. It 
can be seen that the other values agree reasonably well. This 
supports our data analysis and in particular the assignment of the 
lattice orientations. In the specific case of the CS phase, the 
alternative assignment of peaks yields the unrealistically low value 
of 0.173 nm2. It can also be seen that there are significant 
differences in the two-dimensional molecular density of the 
monolayer at different temperatures but identical surface pressures. 
From the areas A, measured via the X-ray analysis it is possible 
to calculate a microscopic two-dimensional compressibility from 
the equation 

1 aA, 

The value of K2D calculated from eq 6 for the L2 phase is 8 X 
m/mN and for the CS phase 3 X l o '  m/mN, which is about the 
resolution limit of the experiment. It is remarkable that K ~ D  of 
the CS phase is more than a factor of 2 smaller than the com- 
pressibility of phospholipid monolayers a t  high pressures," when 
the monolayer is commonly said to be in the solid state. This 
should not be confused with the S phase characterized in the 
present work. The lipid molecules in the previous r ~ p o r t I ~ , ~ ~  were 
vertical and hexagonally close packed, which is the arrangement 
now found in the LS phase. 

In the L2 phase there are large differences in the widths of the 
two Qx-scan peaks, which indicates an anisotropy of positional 
correlation. To quantify this further, Figure 6 gives the peak width 
and the corresponding correlation length t: as a function of surface 
pressure for two different temperatures where the L2 and Li 
phases can exist. At low temperatures corresponding to the CS 
phase the line width is resolution limited. The data given in Figure 
6 are not corrected for equipment resolution, so that the true line 

( 17) Kitaigorodrkii, A. 1. Organlc Chemfcrrl Crystallography; Consultants 
Bureau: New York, 1961. 

(18) Kjaer, K.; AIS-Nielsen, J.; Helm, C. A.; Tippmann-Kraycr, P.; 
MBhwald, H. J .  Phys. Chem. 1989, 93, 3200. 
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width is somewhat smaller. Nevertheless they display several 
remarkable features: 

1. Within the L2 phase one line is a factor of 3-5 broader than 
the other one and its width increases with surface pressure. 

2. In the L i  phase the two widths are rather similar and smaller 
than that of the broad peak in the LS phase. Although there is 
scatter in the data, it can be seen that the width of the narrower 
line increases slightly on going from the L2 to the L,' phase. 

The line-width anisotropy can be correlated with the tilt an- 
isotropy. For the L2 phase the narrow peak belongs to a family 
of lattice lines parallel to the tilt direction, i.e., q20 = 90°, whereas 
the azimuth angle \ k l l  corresponding to the broad peak is ap- 
proximately 30°. In the L i  phase both PI I and C2, are nonzero, 
but again the larger azimuth corresponds to the family of lines 
with the broader peak. On compression, the tilt angle decreases, 
reducing the influence of tilt fluctuations, and this may be re- 
sponsible for the decreasing line width. However, the latter ar- 
gument also incorrectly predicts a decrease in line width with 
surface pressure in the L2 phase, so that another unknown 
mechanism must be operative. 

Discussion and Conclusions 
The above results have confirmed previous isotherm mea- 

surements proving the multiplicity of phases in monolayers of the 
long chain fatty acids. We have observed a monomodal distri- 
bution of chain tilt that differs qualitatively between these phases. 

Analysis of the isotherms of the long-chain fatty acids has shown 
qualitatively similar phase diagrams with transition temperatures 
increasing by 5-10 K on increasing the chain length by one 
methylene group." Hence it is to be expected that the packings 
observed in the present experiments will also be found for other 
acids. In fact, the lattice structure and chain orientation basically 
agree with the results of Lin et aI.l9 obtained from heneicosanoic 
acid, C20H41COOH, with one CH2 less than docosanoic acid. We 
have not yet observed in diffraction the low-temperature low- 
surface-pressure phase labeled L? by LundquistZ0 and B by Lin 
et al., although its high-temperature limit is evident as a double 
kink in the 7 'C isotherm of Figure 1. Conversely we have 
observed the LS phase not reported by Lin et al. Note that the 
description 'centered rectangular"22 for four of the present two- 
dimensional lattices is equivalent to the "distorted hexagonal" of 
refs 19 and 18. Similar phases have also been found by 
Schlossmann et al. for tetracosanic acids2' 

The present results can also be compared to previous results 
of the present authors for eicosanoic (arachidic) acid18 at ambient 
temperature. In conformity with isotherm studies, it is not sur- 
prising that only the L2 and LS phases were observed, as the 
transitions to the L;, S, and C S  phases only occur a t  lower 
temperatures. 

The fact that some of the phases are characterized by rather 
small values of positional correlation length supports the notion 
that many fatty acid monolayers exhibit me so phase^.^^.^^ A 
mesophase may be defined as one which displays the combination 
of long-range orientational order (meaning algebraic decay of 
orientational correlations) with short-range translational order 
(meaning geometric decay of translational correlations). The 
presence of long-range orientational order has been shown con- 
clusively for the L2 phase by using polarized fluorescence mi- 
c r o ~ c o p y , ~ ~  and indirectly for the L i ,  LS, and S phases by using 
polarized microscopy to observe multilayer films deposited on solid 
~ubstrates.2~ Hence it is reasonable to compare these phases to 

(19) Lin, 8.; Shih, M. C.; Bohanon, T. M.; Ice, G. E.; Dutta, P. Phys. Rev. 
Len. 1990, 65, 191. 

(20) Lundquist, M. Chem. Scr. 1971, 1 ,  5, 207. 
(21) Schlossmann, M. L.; Schwartz, D. K.; Penhan, P. S.; Kawamoto, E. 

H.; Kellog, G. J.; Lee, S. Phys. Reo. LLrt., submitted for publication. 
(22) Inrcrnatlonal Tables for Crystallography; Hahn, Theo, Ed.; D. 

Reidel: Dordrecht, 1987. 
(23) Peterson, 1. R.; Earb, J.  D.; Girling, 1. R.; Rusrell, 0. J. Mol. crysr. 
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the usual categories of thermotropic liquid crystals.26 Phases L2, 
L i ,  S, and LS show exactly the same unit cell symmetries as the 
smectic phases I, F, E, and B, respectively, and comparable diffuse 
diffraction patterns. This correspondence indicates that the wealth 
of thermotropic liquid crystal phases may be rediscovered for 
surfactant monolayers in the near future. 

We should also note that there are similarities of these phases 
with 3D phases of long chain  alkane^.^^,^' For the latter sub- 
stances, crystalline but conformationally disordered phases have 
been observed. These display long-range translational order, but, 
for example, in the so-called rotator phases the chain is free to 
rotate around its long axis and occupies a cross section greater 
than 0.1 9 nm2. In the ordered crystalline phases, on the other 
hand, the cross section is less than 0.19 nm2 and cannot be con- 
sidered circular since the rotation is frozen in. The surface area 
A, and the cross-sectional area A, normal to the molecular axis 
are related to the tilt angle t by simple geometry according to 

A, = AJCOS t (7) 
For the examples in Figures 4 and 5 where Q,-resolved rod scans 
are displayed, we derive A, to be 0.197,0.192,0.192, 0.192, and 
0.187 nm2 for the LS, L2, L i ,  S, and CS phases, respectively. A, 
is constant (fO.OO1 nm2) within each phase. Hence molecular 
rotation is definitely possible in the LS phase, but not in the CS 
phase. For L2, L i ,  and S the situation is intermediate, and 
therefore a restricted rotation around the long axis may be possible. 

These differences of molecular cross section imply differences 
in the three-dimensional electron density between phases. We 
have previously shown that the electron density changes by less 
than 1% within one phase.18 Hence the transitions L i  - LS, LS - S, S - CS, L,' - CS, and L2 - CS involve discontinuities 
in the density, as expected for first-order phase transitions and 
as consistent with the assignment of transition order by 
Stlllberg-Stenhagen and Stenhagen.I6 

The positional correlation length was found to be anisotropic, 
being up to 5 times smaller along the tilt direction than perpen- 
dicular to it. This does not prove but supports the picture of a 
modulated structure where the monolayer consists of stripes of 
uniform tilt, which extend on the order of 10 spacings parallel 
to the tilt direction but 100 spacings perpendicular to it. Such 
stripes and two-dimensional micelles have been discussed in 
connection with molecular dynamics and Monte Carlo simula- 
tions.%a The observed behavior can also be derived from a model 
with independent fluctuations of molecular position and orien- 
tation. This leads to a reflection width which increases with QzUu 

Langmuir-Blodgett films are usually prepared with divalent 
ions in the s~bphase . '~  Their presence drastically influences 
isotherms, and hence also the n-T phase diagram. It is con- 
ceivable that this may transform a film into the CS phase or 
suppress the L2 phase. The energetics of film transfer onto a solid 
support very likely depends on its phase on the water surface. We 
suggest that it will be fruitful to investigate the influence of ions 
on monolayer phases.35 

It is of interest to note that the phases L2 and L i  were found 
to be important for reducing the level of orientational defects in 
22-tricosenoic acid monolayers. Defect elimination was only 
observed when the monolayer was cycled between the two." The 
present results provide a molecular basis for the efficiency of this 
annealing process. The defects are related to the tilt azimuth, 
which changes discontinuously with respect to the crystalline lattice 
as the transition occurs. Enhanced molecular mobility could result 
from the weakening of restoring forces near a phase transition. 
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The consequent higher density of thermally excited translational 
defects may be a reason for the line-width maximum near the 
transition pressure of 18 mN/m in Figure 6. 

The present series of phase changes may explain the finding 
of surface roughness decreasing with the application of surface 
pressure.’* This contrasts with the finding for fatty acids or 
phospholipids in less condensed states where the decreased surface 
tension on compression leads to a larger amplitude of surface 
capillary waves.33 In the case of more ordered monolayer states 
there may be an additional elastic force flattening the surface. 
Unfortunately the isotherm given in ref 32 differs considerably 
from those of Figure 1, and it is not possible to identify the 
corresponding phase regions with certainty. 

This work has confirmed the existence of a rich polymorphism 
in fatty acid monolayers and demonstrated qualitative differences 
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of symmetry between phases. To do this we have analyzed our 
data in terms of a crystalline model of film organization, assuming 
that the peaks of scattered intensity occur a t  the same positions 
as they would from a defect-free lattice. We have acknowledged 
departures from perfect crystallinity by deriving decay lengths 
of translational correlation from the peak widths. However, it 
is clear that the precise details of our scattered intensity profile 
data contain far more information and demand a more detailed 
analysis. This is presently under way. We hope to extract in- 
formation on more subtle but nevertheless very important dif- 
ferences between these phases, which may even result in further 
refinement of the phase diagram. It is ironic that, hitherto, these 
compounds were considered to be so simple as to be of little 
interest. 
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