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Investigation of the rotational motion of self-assembled fatty acid films:
An electron paramagnetic resonance line shape analysis

T. Risse, T. Hill, J. Schmidt, G. Abend, H. Hamann, and H.-J. Freund
Fritz-Haber Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany

~Received 28 August 1997; accepted 16 February 1998!

We have investigated the electron paramagnetic resonance~EPR! of self-assembled stearic acid
films adsorbed on an Al2O3-film. Doping the film with spin labels at different positions of the alkyl
chain in order to make the films accessible for EPR spectroscopy provides an opportunity to
investigate the rotational motion of the molecule along the alkyl chain. The temperature dependent
EPR spectra show a strong dependence of the rotational motion of the molecules with variation of
the location of the spin label along the chain. We study the rotational motion by means of the EPR
line shape analysis. ©1998 American Institute of Physics.@S0021-9606~98!00120-2#
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I. INTRODUCTION

Over decades the line shape analysis of electron p
magnetic resonance~EPR! spectra has been established a
useful tool in order to characterize the dynamics of mole
lar motion. In the past line shape analysis has been
quently used in fields such as studies of biologi
membranes,1,2 polymer science3 or liquid crystals.4 However,
this method has only recently been established to study
rotational dynamics of molecules on single crys
surfaces.5,6 Although a vast array of methods has been u
to characterize various properties of adsorbates on si
crystal surfaces there are still only a few methods that
provide information on the time scale between 1026 and
10210 s. Especially nuclear magnetic resonance~NMR!
which has been very helpful in the investigation of molecu
motion in liquid and solid phases is not suited to provi
such information on molecules at monolayer coverage du
the lack of sensitivity (1017 spins!7 whereas EPR spectros
copy due to its higher sensitivity (1012 spins! has been
proven to provide information from submonolay
coverage.5,8

We present an EPR spectroscopic investigation of s
assembled fatty acid films adsorbed on an Al2O3 thin film
substrate. Part of this investigation has been alre
published.9 Since it is known from the literature that fatt
acids form self-assembled monolayers on oxide surfaces10,11

it is not surprising that it is possible to form the organ
monolayer on a thin well ordered Al2O3 film as well. Due to
the fact that the order of a self-assembled monolayer
creases with increasing chain length we have used ste
acid~C18H36O2! as a model substance. In order to make th
films suitable for EPR spectroscopy it is necessary to in
duce paramagnetic groups into the film. In particular
have usedn-doxyl stearic acid~n-DXSA! where the para-
magnetic group, an oxazolidinyl ring, may be positioned
different locations within the hydrocarbon chain. Such s
labels have been used as paramagnetic probes, for exa
in the study of natural and synthetic membranes,12 and it will
be interesting to compare our results with those studies.
8610021-9606/98/108(20)/8615/11/$15.00
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II. EXPERIMENT

The EPR measurements were performed with a conv
tional EPR spectrometer~Bruker B-ER 420! that has been
improved by building in aX-band microwave bridge~Bruker
ECS 041 XK! and a lock-in amplifier~Bruker ER 023 M!.
This modification led to a considerable increase in the sign
to-noise ratio. This EPR spectrometer was adapted to a
cially designed ultrahigh vacuum chamber that has been
scribed in detail previously.13 In order to characterize the
substrate the ultrahigh vacuum chamber was equipped w
quadrupole mass spectrometer as well as a combined LE
Auger unit.

The Al2O3-film was prepared on a NiAl~110! single
crystal according to the recipe by Jaegeret al.14 First, the
substrate was cleaned by subsequent cycles of sputte
with Ar ions and annealing to 1000 °C. Afterwards the cry
tal was oxidized and the amorphous oxide film was annea
at elevated temperatures in order to build a well order
dense Al2O3-film.

The doxyl stearic acids as well as the pure stearic a
were purchased~Sigma, Munich! and used without further
purification. The fatty acid films were prepared by imme
sion of the Al2O3 substrate into a mixture ofn-doxyl stearic
acid and stearic acid in toluene. The temperature of the
lution was room temperature in the case of the 5-do
stearic acid films and 28 °C in the case of the 12- and
doxyl stearic acid films until it is stated otherwise in the te
The overall concentration of the molecules in the solut
was always 1 mM and the molar fraction of each compon
is given in the text. The immersion times were varied b
tween 24 and 100 h without an effect on the resulting E
spectra. The sample was removed from the solution, rin
several times with toluene and subsequently with ethanol
water and dried in air. The freshly prepared films were tra
ferred into the vacuum chamber. The EPR spectra were
corded under high vacuum conditions with a pressure lo
than 1027 mbar. Under these conditions the self-assemb
films are stable for weeks.

The program used to simulate the line shape of the E
spectra was basically written by Beckendorf.15 The descrip-
5 © 1998 American Institute of Physics
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8616 J. Chem. Phys., Vol. 108, No. 20, 22 May 1998 Risse et al.
tion of the molecular motion is based on a program pack
developed by Freed and co-workers,16 which utilizes the so-
lution of the stochastic Liouville equation for the descripti
of dynamic processes.17 The molecular constants, namely th
g- andA-tensor components, necessary to perform the c
puter simulations have been determined from studies of
films at low temperatures that have been descri
elsewhere.18 All spectra are carefully background subtract
in order to eliminate a background signal which is caused
the ferromagnetic resonance of small nickel clusters
solved in the NiAl single crystal due to the preparati
procedure.19

III. RESULTS AND DISCUSSION

A. Temperature stability of the films

The discussion of the dynamic properties of the se
assembled film requires the knowledge of the stability of
film with respect to a change in sample temperature in or
to rule out changes in the line shape of the spectra that
caused by irreversible structural changes. Figure 1 shows
integral intensity of a 5-doxyl stearic acid film with respe
to the temperature of the film. The molar fraction of t
labeled molecules in solution was 8% which is sufficien
low to avoid spin–spin interactions.18 At the ordinate the
product of intensity and temperature rather than the inten
itself is plotted to directly account for Curie’s law. Raisin
the temperature up to 365 K no significant deviation from
predicted behavior in the Curie corrected intensity could
observed. However, increasing the temperature above 37
leads to a rapid decrease of the intensity. Upon decrea
the temperature of the film again the system behaves acc
ing to Curie’s law again.

There are two different mechanisms which may give r
to the observed behavior. On the one hand it is possible
the spin label decomposes at the higher temperatures
hence leads to the loss of the EPR intensity. It is well kno
that under atmospheric conditions the stability of the pa
magnetic center is strongly reduced with increas
temperature.20 However, with respect to the experiment

FIG. 1. Curie corrected intensity of a 5-doxyl stearic acid film versus te
perature.
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conditions (p,1027 mbar! the number of reactive partner
is considerably reduced. On the other hand desorption
molecules from the surface may cause the loss of signa
tensity.

The desorption of molecules from the surface sho
change the structure of the self-assembled film noticea
Vacancies are created and therefore the free volume of
film and the mobility of the molecules should increase co
siderably. The EPR spectra of a 5-doxyl stearic acid fi
heated up to 400 K together with a spectrum of the film pr
to the heating are shown in Fig. 2. Comparing the spectr
at 300 K with the spectrum of the undisturbed film at t
same temperature a noticeable change in the line shape
curs. The spectrum after the heating procedure shown
cannot be described by assuming an ensemble of rigid m
ecules as it was possible for the freshly prepared film.18 Al-
though the effect is not very large the spectrum exhibit
significantly smallerAz-splitting than the film before heating
This reduction of theAz-splitting is caused by rotational mo
tion of the spin labels on the time scale of the experime
The simulation of the line shape gives a rotational const
of 33106 Hz. The description of the spectra according to t
assumption of rigid molecules is possible below 270
Compared to the undisturbed film the onset temperature
the rotational motion drops by almost 50 K which is a co
siderable decrease of the rotational energy connected
the rotational motion. In anticipation of the discussion of t
rotational motion in the next section it should be mention
that the changes in line shape that are attributed to rotati
motion of the molecules differs considerably between
freshly prepared and the heated film. Whereas the distur
system exhibits a decrease of theAz-splitting from the very

-

FIG. 2. Temperature dependent EPR spectra of a 5-doxyl stearic acid
after heating to 400 K and then cooling to the given temperature. Po
represent the measured spectra, full lines the corresponding simulations
spectra are normalized to a constant peak-to-peak height.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 18 Ju
TABLE I. g- andA–tensor components for the differentn-doxyl stearic acids.

gx gy gz Ax@G# Ay@G# Az@G#

From Ref. 31 2.0088 2.0061 2.0027 6.3 5.8 33.6
5-DXSA 2.0089 2.0062 2.0027 6.4 5.9 33.5
12-DXSA 2.0089 2.0063 2.0027 6.1 5.6 32.7
16-DXSA 2.0088 2.0059 2.0027 6.0 5.7 33.8
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beginning this splitting remains unchanged in the case of
undisturbed film.

As the additional free volume of the molecule influenc
the rotational behavior of the spin label the same should h
true for the alkyl chain. As has been discussed in detail
previous publication18 the rotational motion of the methylen
groups directly connected to the spin label can be monito
by means of a Gaussian broadening of the spectra with
creasing temperatures. The broadening is caused by u
solved proton hyperfine interactions which increase in m
nitude with decreasing rotational motion of the methyle
groups. As the free volume of the structure is increased
should expect that the rotational motion of the methyle
groups are less hindered by the environment and therefo
should freeze at lower temperatures. Whereas the un
turbed film reveals a broadening of the lines below 180 K
line width of the heated sample increases below 166 K.
the spectrum at 78 K shown at the bottom of Fig. 2 t
motion of the methylene groups are frozen again and the
shape of the spectrum is comparable to the one of the un
turbed film.

Referring to the two mechanisms proposed abo
namely the decomposition of the spin label and the des
tion of molecules we can conclude that the desorption
molecules is more likely than the decomposition of the s
label, because of the large effect caused by the heating
cedure which is connected to a distinct increase of free
ume in the film.

B. The dynamic behavior of the films

In the following sections we want to discuss the dynam
behavior of the self-assembled films by means of the cha
in the line shape of the EPR spectra. More precisely,
want to discuss the change of the line shape which is du
the motion of the spin label on the time scale of the E
experiment. In the case of rigid molecules on the time sc
of the EPR experiment the line positions are determined
the g- and A-tensor components and the Euler angles
tween the molecular principal axis and the laboratory co
dinate system. The EPR spectra can be obtained by inte
ing over all molecular orientations of the ensemble. If t
molecules, however, rotate very rapidly on the time scale
the experiment the anisotropy of the resonance position
space vanishes due to the fast rotation. Therefore the s
trum is determined by an isotropicg-factor and the isotropic
hyperfine interaction. For the radical used in this investi
tion with the unpaired electron located at a14N-nucleus with
a nuclear spinI 51 the fast rotation leads to the well know
triplet spectrum centered at the isotropicg-factor and split by
the isotropic hyperfine interaction.
l 2007 to 141.14.129.106. Redistribution subject to AIP
e

s
ld
a

d
e-
re-
-

e
e

e
it

is-
e
r

e
e

er-

,
p-
f

n
ro-
l-

c
ge
e
to

le
y
-

r-
at-

f
in
ec-

-

The temperature range for the three different films inv
tigated here, namely 5-, 12-, and 16-doxyl stearic acid film
showing changes in the line shape due to rotational mo
of the spin label increases drastically while increasing
distance between the spin label and the substrate.18 Hence we
start the discussion of the rotational motion with the 1
doxyl stearic acid films as these films reveal the grea
effects. In order to discuss the dynamic changes of the
shape it is necessary to know theg- and A-tensor compo-
nents of the molecules. These constants must be determ
in the rigid limit case in order to avoid changes of the valu
due to dynamic effects. Table I summarizes the results of
low temperature investigations presented elsewhere.18

1. Dynamic properties of 16-doxyl stearic acid

Investigations of 16-doxyl stearic acid films at low tem
peratures have shown that the spin labels become rigid
the time scale of the EPR spectroscopy below 190 K18

Therefore the temperature range investigated here is
stricted to temperatures above 190 K. Figure 3 shows
spectra of two 16-doxyl stearic acid films. The spectra 2
260, and 300 K originate from a film with a molar fraction o
labeled molecules of 10% whereas the spectra at higher
peratures stem from a film with 6% 16-doxyl stearic acid

FIG. 3. Temperature dependent EPR spectra of 16-doxyl stearic acid
between 215 and 370 K. Points represent the measured spectra, full line
corresponding simulations. The spectra are normalized to a constant p
to-peak height.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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8618 J. Chem. Phys., Vol. 108, No. 20, 22 May 1998 Risse et al.
the solution. Looking at the spectrum at 215 K no dras
change of the line shape occurs compared to the spect
the rigid spin labels. However, the region between the t
maxima~labeled with A! drops slightly towards higher field
whereas the rigid limit spectrum shows a plateau in this
gion. Looking at the other spectra of the temperature se
the change in the line shape becomes more clear. While
creasing the temperature a new feature appears in this re
~A!. The decrease of the spectrum at 215 K can be in
preted as a redistribution of spectral intensity towards
region typical for rotationally excited molecules. It is wort
while to notice that theAz-splitting of the hyperfine constan
remains unchanged for these temperatures. Beside the s
peak at 3325 G, the spectrum at 260 K exhibits change
the high field region around 3380 G~B!. The minimum of
the spectrum becomes broader compared to the spect
lower temperatures. This is also an indication for a shift
spectral intensity towards the center of the spectrum.
line shape of the spectrum changes more drastically when
temperature is increased to 300 K. The feature at 3325 G
then developed into a sharp, distinct peak. Furthermore,
signal with a typical triplet structure expected for rotationa
excited molecules occurs at 3355 G~C! for the first time at
this temperature. Further increase of the temperature ab
300 K emphasizes the dynamic features of the spectra.
can be checked for several aspects. First, the relative in
sity of the high field peak of the triplet becomes sharp
compared to the low field pendant. This implies that the re
tive peak intensities of these two features become simila
it would be expected for very rapid isotropic rotation of t
molecules. Second, the line width of the triplet structure
creases considerably, and third the spectral intensity loc
at the position of the rigid limit spectrum is shifted towa
the center of the spectrum and leads to a decrease o
effectiveAz-splitting.

2. Theoretical description of the motion

The theoretical description of the line shape has to f
the problem that the line shape of the EPR spectra exh
simultaneously features connected with fast as well as s
rotational motion of the spin labels. The program used
describe the rotational motion of the spin labels assumes
this motion can be characterized by two effective rotatio
constants, namely a rotational axis along thex-axis of the
tensorial framework and an axis perpendicular to this a
The orientation of theg- and A-tensor framework with re-

FIG. 4. ~a! Schematic representation of a 12-doxyl stearic acid molecule~b!
principal axis of theg- andA-tensors for the nitroxides.
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spect to the molecular structure is shown in Fig. 4. Althou
the applied model based on the work described by Fr
et al.16,17 offers several different models to simulate the m
tion of the molecules it was impossible to describe t
changes in the line shape of the spectra in a tempera
series with one single consistent set of model paramet
The failure of this method may reflect the fact that the mo
els used to simulate the line shape oversimplify the comp
ity of the motional behavior of the self-assembled film. Sim
lar complex changes in the line shape have been reporte
the literature for other systems such as liquid crystals
protein/lipid mixtures.1,21

On a microscopic scale a different mechanism may
responsible for the rotation of the spin label. From Fig. 4 it
evident that a rotation around the C–C bond between
carbon atoms 11 and 12 leads to a rotation of the spin la
However, a single rotation around this bond would also i
ply that the rest of the alkyl chain rotates in space which
highly unlikely in densely packed systems for simple ge
metrical reasons. Historically, Schatzki has suggested
first idea to overcome this problem.22 He suggested a so
called crankshaft motion where two conformational motio
occur close in time and space so that the initial and fi
position of the tail are identical. There are, however, seve
arguments against this kind of compensating transition wh
has been discussed in detail in the literature.23,24With respect
to the rates of the conformational reorientation of the cha
it has been shown theoretically as well as experimentally
the overall mobility of the segments increases with incre
ing distance from the headgroup.24,25 This is due to the fact
that the outer segments of the chain profit from the mobi
of inner segments which is a direct consequence of the f
tional forces within an assembly. It is clear from this discu
sion that the mobility of a segment of the chain depends
the one hand on the mobility of the rest of the chain and
the other hand on the environment of the chain, e.g.,
density of the surrounding molecules or the dynamics
these molecules. Besides these internal motions of the c
also collective fluctuations within the whole system or oth
motional processes that could induce reorientation of
chain axis can occur which can hardly be explained on
basis of single microscopic excitations. As the EPR li
shape reflects the overall motion of the whole ensemble
spin labels it is reasonable that the line shape cannot be
scribed by two effective rotational constants.

In order to overcome the restriction of two effective r
tational constants we have tried to superimpose compon
with different rotational constants. The superposition of s
eral components increases the flexibility of the fitting proc
dure considerably, however, the number of independent
rameters exceeds reasonable limits very rapidly. Althou
theg- andA-tensor components have been determined in
pendently at low temperatures,18 the rotational constants, th
line widths, necessary potential parameters, as well as
relative weights of the components remain as free par
eters. In order to reduce this large number of parameters
tried to define some fixed rotational modes and only cha
the relative weights of these components throughout
simulation of a temperature series. Since theg- and
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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A-tensors of the doxyl spin label are almost axially symm
ric, only one rotational constant influences the line shape
the spectrum dominantly. Therefore we have always cho
the two rotational constants to be the same within one c
ponent. It should be noticed, however, that these motio
modes are not simply related to specific single molecu
rotational states. These modes should be interpreted
combination of several molecular rotational modes within
certain rotational time scale. This implies that there is
unique criterion of how to choose the components of the
The parameters used for the different components are th
fore determined iteratively for the different spectra of t
temperature series. We used altogether four compone
however, only three of them are used for a single spectr

Since the spectra at 215 and 260 K exhibit intensities
the region of the rigid limit spectra we have chosen the sp
trum at the rigid limit as the first component of the fit. Th
component covers the rotational motion below appro
mately 106 Hz. The next component should account for t
features connected with the fast rotational motion of the s
labels, namely, the triplet structure that occurs in the spe
above 300 K. If the rotational motion of the spin labe
would be isotropic in space the splitting of the lines in t
triplet should be equal to the isotropic hyperfine ten
[aiso51/3(Ax1Ay1Az)]. The determination of the pea
splitting shows that it is about 1.5 G lower than expec
with respect to the isotropic value. This observation indica
that the motion of the spin label is not fully isotropic
space. To account for this anisotropy we introduce an a
tional potential along a certain direction in space. The dir
tor of the potential was chosen along a principal axis of
g- andA-tensor since there is no experimental evidence
introducing a tilt angle between the principal axis of t
tensors and the director of the potential in the simulati
The introduction of a potential along a certain axis leads t
shift of the maxima of the triplet towards the rigid limit valu
of the affiliated tensor component. Consequently, the po
tial should be oriented along thex- or the y-axis since the
measured spectra exhibit a smaller splitting compared to
isotropic value. This is in variance with investigations
liquid crystals as well as model membrane systems where
potential is often along thez-axis of the spin label.26,27 The
best fit is obtained if the potential is directed along t
y-axis. The adjustment of the rotational constant for
spectrum at 300 K shows that a value of 108 Hz is appropri-
ate to describe the differences in linewidth and intensity
the hyperfine triplet. Between the two components, i.e.,
rigid limit and the rotational state with a rotational consta
of 108 Hz there is a gap of two orders of magnitude in t
rotational constant. Especially the small changes of the
shape in the spectra at 215 and 260 K cannot be descr
properly with these two components alone. Therefore we
troduce a third component with a rotational constant
1.23107 Hz which has been found to describe best the sm
changes in the line shape. In analogy to the rotational beh
ior at higher temperatures, namely the shift of the hyperfi
splitting with respect to the isotropic value, one should e
pect that the rotational motion at lower temperatures is a
anisotropic in space. The simulation of the spectra at 215
Downloaded 18 Jul 2007 to 141.14.129.106. Redistribution subject to AIP
-
of
en

-
al
r
a

a
o
t.
re-

ts,
.

n
c-

-

in
ra

r

d
s

i-
-
e
r

.
a

n-

e

he

e

f
e
t

e
ed
-
f
ll
v-
e
-
o

nd

260 K shows that the assumption of an ordering potentia
indeed crucial to simulate these two spectra within a con
tent set of parameters.

The change in the line shape while increasing the te
perature above 300 K indicates a further increase of the
tational frequency of motion. Especially the gain of intens
of the high field component of the triplet cannot be describ
properly within the presented scheme. Therefore we in
duce a fourth component with a rotational constant
83108 Hz. On the other hand, the intensity at the positio
of the rigid limit spectrum vanishes, so that the rigid lim
component is no longer necessary for the simulation of
high temperature spectra. Furthermore, the analysis of
high temperature spectra reveals that the triplet splitting
creases with increasing temperature which indicates that
motion of the spin labels becomes more isotropic with
creasing temperature. For the spectrum at 370 K the tri
splitting is nearly equal to the isotropic value. The para
eters used to simulate the spectra shown above are sum
rized in Table II.

In order to describe the EPR spectra of the tempera
series we have adjusted the relative weights of the com
nents for each spectrum. Figure 5 shows the change of
relative weights for the spectra in Fig. 3. For the low te
perature spectra~215, 260 K! the line shape can be describe
by the two slow components. With increasing temperat
the fraction of the rigid limit spectrum decreases monoto
cally and vanishes above 300 K. Compared to that the c
ponent with a rotational constant of 1.23107 Hz increases in
intensity up to 315 K and decreases afterwards. At 300 K
component with the rotational constant of 108 Hz appears
and gains intensity with increasing temperature. For the

TABLE II. Parameters used for the simulation of the spectra of the 16-do
stearic acid films shown in Fig. 3.Dxy and Dzz denote the rotational con-
stants.l0y

2 represents the parameter of the ordering potential~Ref. 16!.

Component of rigid spin label
T @K# l0y

2 DB@G# rel. int. @%#

215 — 8.5 48
260 — 8.3 39
300 — 8.1 18

Component withDxy5Dzz51.23107 Hz
T @K# l0y

2 DB@G# rel. int. @%#

215 0.45 6.5 52
260 0.45 6.4 61
300 0.45 6.1 74
340 0.45 6.0 73
370 0.2 4.1 60

Component withDxy5Dzz513108 Hz
T @K# l0y

2 DB@G# rel. int. @%#

300 0.65 4.8 8
340 0.65 3.3 22
370 0.1 2.9 27

Component withDxy5Dzz583108 Hz
T @K# l0y

2 DB@G# rel. int. @%#

340 — 3.0 5
370 — 1.9 13
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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spectra at highest temperature the component with hig
rotational frequency has to be taken into account and it g
intensity with increasing temperature.

Except for the spectrum at 340 K, which shows a rat
poor correspondence in the extreme regions of the spect
the line shape of the spectra can be described satisfac
within this model. However, the problems in the spectrum
340 K are due to a poor background subtraction. The rela
populations of the different components with temperature
shown in Fig. 5 and correspond to a behavior expected
Boltzmann distributions. For increasing temperature
mean value of the rotational constant shifts towards hig
rotational frequencies and simultaneously the distribution
the rotational constants becomes broader.

It is, however, worthwhile to comment on the paramet
used to fit the spectra. The primary idea of this model wa
simulate the line shape with several fixed so-called ‘‘ro
tional modes’’ and to look for the evolution of the relativ
weights of the components. As can be seen in Table II
could not be achieved throughout the temperature se
without adjusting the linewidths of the spectra. The decre
in linewidths with increasing temperature is expected due
an increase of the rotational excitement of the molecu
e.g., through the decrease of dipolar interaction.28 The rota-
tional model used to describe the line shape must take
effect into account. This means that the molecular rotatio
states comprising the several dynamic components of
model change with the temperature. Looking a little
closer at the parameters it becomes clear that the lar
changes in the parameters occur at the highest tempera
namely 370 K. As has been discussed in the previous

FIG. 5. Relative population of the components used to simulate the sp
of the 16-doxyl stearic acid film shown in Fig. 3.
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tion, in this temperature range irreversible changes in
structure of the system occur so that it is unlikely that t
model adjusted for the undisturbed system is fully suitable
describe the perturbed system properly. On the basis of th
more general considerations we are prepared to discuss
remaining systems separately.

3. Dynamic properties of 12-doxyl stearic acid

Figure 6 shows the change in the line shape of a
doxyl stearic acid film in the temperature range between
and 390 K. The first indications of slow rotational motio
can be observed slightly below 300 K. The principal chang
in the line shape are similar to those of the 16-doxyl stea
acid, although the linewidths of the spectra are significan
higher than in the other two systems due to a higher conc
tration of the labeled molecules~15%!. First, the spectrum
shows a drop in intensity between the two maxima at 33
and 3330 G. A subsequent increase of the temperature l
to the formation of an additional feature at approximate
3325 G ~A!. Simultaneously, the high field minimum~B!
becomes broader and shifts towards the center of the s
trum so that the spectrum loses structure until the additio
peak~C! corresponding to the triplet structure appears at 3
K. However, the spectra of the 12-doxyl stearic acid fi
shown here reveal an important difference compared to
other two systems investigated. Whereas the spectra of
16- as well as the 5-doxyl~see below! stearic acid film ex-
hibit intensity in the region of the rigid limit spectrum, a
though the spectra contain characteristics of rotationally
cited molecules as well, the spectra of the 12-doxyl stea
acid reveal a shift of theAz-component towards the center o
the spectrum from the very beginning~we comment on this
in the next section!. With respect to the model suggeste

tra

FIG. 6. Temperature dependent EPR spectra of 12-doxyl stearic acid
between 300 and 390 K. Points represent the measured spectra, full line
corresponding simulations. The spectra are normalized to a constant p
to-peak height.
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above this implies that the rigid limit component is no long
necessary for the simulation of the spectra. Therefore
have replaced the rigid limit component by a compon
with a rotational constant of 53106 Hz. This component was
adjusted to represent theAz-splitting of the spectrum a
300 K correctly. Besides this component two further comp
nents with a rotational constant of 33107 and 108 Hz were
used in order to describe the effects of the faster rotatio
Following the model described above we also introduced
ordering potential. However, the potential is significan
weaker than in the case of the 16-doxyl stearic acid film. I
also possible to simulate the spectra without an ordering
tential although the description of the sharp descent of
spectrum between 3325 and 3330 G can be improved
introducing a small potential. The parameter sets used
simulate the spectra are summarized in Table III.

The relative populations of the components used
simulate the spectra of Fig. 6 are shown in Fig. 7. As in
case of the 16-doxyl stearic acid the relative weight of
components with higher rotational frequencies increases
increasing temperature. Whereas the spectra at 300
328 K are mainly determined by the two slow-motio
modes, the components with the higher rotational freque
gains intensity for the two spectra at elevated temperatu
In analogy to the 16-doxyl stearic acid films we had to adj
the parameters of the model especially for the spectrum
390 K. At this temperature the structure of the film h
changed considerably as has been shown in Sec. III A.
the change of the parameters may also be attributed to
change in the structure of the film.

4. Dynamic properties of 5-doxyl stearic acid

The shift of the spin label towards the surface increa
the onset temperature of the rotational motion on the t
scale of the EPR experiments again to higher temperatu
For the 5-doxyl stearic acid film discussed here the spect

TABLE III. Parameters used for the simulation of the spectra of 12-do
stearic acid films shown in Fig. 6.Dxy and Dzz denote the rotational con
stants.l0y

2 represents the parameter of the ordering potential~Ref. 16!.

Component withDxy5Dzz553106 Hz
T @K# l0y

2 DB@G# rel. int. @%#

285 0.1 11.2 100
300 0.1 11.0 95
328 0.1 10.5 83
360 0.1 9.8 62
390 0.1 8.4 53

Component withDxy5Dzz533107 Hz
T @K# l0y

2 DB@G# rel. int. @%#

300 0.15 8.6 5
328 0.15 8.0 17
360 0.15 6.5 25
390 0.15 5.6 27

Component withDxy5Dzz513108 Hz
T @K# l0y

2 DB@G# rel. int. @%#

360 — 4.8 13
390 — 4.6 20
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at room temperature can be described as a rigid limit sp
trum as far as the spin label is concerned. In order to prov
changes in the line shape that are connected to rotati
motion of the spin labels the temperature has to be increa
to 325 K. Figure 8 shows the EPR spectra of a 5-do
stearic acid film between 325 and 385 K. As it was alrea

l

FIG. 7. Relative population of the components used to simulate the spe
of the 12-doxyl stearic acid film shown in Fig. 6.

FIG. 8. Temperature dependent EPR spectra of 5-doxyl stearic acid fi
between 325 and 385 K. Points represent the measured spectra, full line
corresponding simulations. The spectra are normalized to a constant p
to-peak height.
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described for the 16-doxyl stearic acid film the first indic
tion of molecular motion is the decrease of the spectrum
the region between the two maxima~A!. While increasing
the temperature the high field site of the maximum at 331
gains intensity and we observe the formation of a shoulde
the high field side of the peak at 3310 G. The changes in
high field part of the spectra are less pronounced. Howe
the redistribution of spectral intensity to the center of t
spectrum can be observed through the broadening of the
field extremum and the corresponding decrease of the m
mum at 3365 G~B!. In analogy to the 16-doxyl stearic aci
film the spectra reveal intensity at the positions of the ri
limit while dynamic features are present in the spectrum

We have used the same model as discussed in
III B 2 for the simulation of the spectra shown as full lines
Fig. 8. In order to describe these spectra it was, howe
sufficient to superimpose only two components. Beside
static component to account for the intensity at the extre
positions we choose a dynamic component with a rotatio
constant of 23107 Hz. The ordering potential used for th
dynamic component was adjusted for the spectra at 340
370 K. Although the spectrum at 325 K could be describ
without any potential the introduction of the potential im
proves the simulation of the spectra at 340 and 370 K c
siderably. Especially the description of the descent at 332
can be improved by assuming an ordering potential. The
rection of the potential is again oriented along they-axis of
the g- andA-tensors. A summary of the parameters used
simulate the spectra is presented in Table IV.

Figure 9 exhibits the relative populations of the tw
components with respect to the temperature. The static c
ponent of the fit decreases monotonically with increas
temperature to approximately 60% at 385 K. This large st
fraction and the low rotation frequency of the dynamic co
ponent show that the dynamic aspect in this system is m
less pronounced compared to the two other systems alr
discussed. Finally, it should be mentioned that the linewi
of the simulation shows the same effect as was discusse
the previous systems, namely, a decrease of the linewidth
the high temperature spectra where irreversible change o
structure occurs.

TABLE IV. Parameters used for the simulation of the spectra of 5-do
stearic acid films shown in Fig. 8.Dxy and Dzz denote the rotational con
stants.l0y

2 represents the parameter of the ordering potential~Ref. 16!.

Component of rigid spin label
T @K# l0y

2 DB@G# rel. int. @%#

325 — 7.1 80
340 — 7.0 73
370 — 6.5 65
385 — 5.85 58

Component withDxy5Dzz523107 Hz
T @K# l0y

2 DB@G# rel. int. @%#

325 0.5 6.8 20
340 0.5 6.8 27
370 0.5 6.2 35
385 0.5 5.6 42
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5. Comparison of the dynamic behavior of the three
systems

The behavior of the three systems can be summarize
follows:

~1! The onset temperature for rotational motion of t
time scale of the EPR experiments decreases with increa
distance of the spin label from the surface.

~2! The line shape of the spectra can be described
superposition of spectra with different ‘‘rotational con
stants.’’

~3! The fraction of components with higher ‘‘rotationa
constants’’ increases with increasing temperature.

~4! For a given temperature the rotational motion of t
molecules increases drastically with increasing distance
the surface.

~5! The rotational motion of the molecules is not isotr
pic in space.

Besides these general statements there are also d
ences in the behavior of the three systems. The most im
tant one exists between the 12-doxyl stearic acid and
other two systems. Whereas the rotational motion of the
doxyl stearic acid film leads to a decrease of theAz-splitting
from the very beginning the splitting remains fixed at t
beginning for the other two systems. Furthermore, the ord
ing potential used to describe the line shape of the spe
properly is less pronounced for the 12-doxyl case compa
to the others. This is in agreement with the line shape an
sis of the low temperature regime where we also find c
siderable differences between the 12-doxyl stearic acid
and the two other systems.

The change of theAz-splitting as well as the decrease
the potential can be explained by a more isotropic rotation
the molecules. This is due to the fact that the order, a
through this the density of the systems, decreases with
creasing concentration of the spin labels in the film. Expe
mental evidence for the reduction of the order of the fi
with increasing concentration of the spin labels is the stro
decrease of the linear dichroism in the near edge x-ray
sorption fine structure~NEXAFS! spectra when the concen
tration of the spin labels is increased.18 Additional evidence
for a strong dependence of the rotational behavior of
self-assembled film on the structure are the large change

FIG. 9. Relative population of the components used to simulate the spe
of the 5-doxyl stearic acid film shown in Fig. 8.

l
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the parameters needed to describe the spectra at highes
perature where thermal decomposition of the systems occ

C. Temperature dependent adsorption behavior

The reversible temperature dependent changes in the
shape of 12- and 16-doxyl stearic acid as discussed in
previous sections were observed as long as the temper
of the solution used for the preparation of the film exceed
25 °C. However, decreasing the temperature of the solu
below 25 °C leads to significant changes. The lower sp
trum in Fig. 10 shows a 16-doxyl stearic acid film prepar
below 25 °C with a molar fraction of the labeled molecul
of 8%. Although the molar fraction of the labeled molecul
was similar to the preparation used for the film discussed
the last section~see Fig. 3! the linewidth of the film is in-
creased. Heating of the film prepared below 25 °C outs
the vacuum chamber to temperatures above room temp
ture, after mounting it into the vacuum chamber, changes
line shape as well as the linewidths in the spectrum con
erably. The upper spectrum in Fig. 10 exhibits a spectr
measured at room temperature after heating the film
350 K. In order to elucidate the difference between the t
spectra both are plotted as measured on the same scale
clear that not only the linewidths and the line shapes but a
the intensity of the spectrum changes significantly. The
havior of the integral intensity for a temperature cycle fro
55 to 370 K and back to 75 K is plotted in Fig. 11. In ord
to account for Curie’s law the product of temperature a
intensity (I •T) is plotted on the ordinate~see Fig. 1!. The
Curie corrected intensity is almost constant while heating
sample from 55 K to room temperature. An additional
crease of the temperature by 15 K enhances the intensit
a factor of 3. A subsequent increase of the temperature u
370 K increases the intensity further, however, the gain
intensity is less pronounced. The spectra taken while coo
the film back down to 75 K again exhibit significant devi

FIG. 10. EPR spectra of a 16-doxyl stearic acid film prepared below 25
Bottom: freshly prepared; top: after heating to 350 K.
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tions from Curie’s law. This is in contrast to the temperatu
induced destruction of the film discussed in Sec. III A whe
the film behaves according to Curie’s law while decreas
the temperature~see Fig. 1!. The decrease of the intensit
with decreasing temperature is not reversible as ind
shown by the intensities and linewidths before and after
heating procedure.

In order to find an explanation for this behavior on
should keep in mind that the doxyl stearic acid molecu
have two hydrophilic groups that are able to adsorb on
aluminum oxide surface, namely the carboxyl group and
spin label itself. Investigations of the adsorption behavior
the stable radical di-tert-butyl nitroxide~DTBN! on the same
aluminum oxide surface showed strong chemisorption of
NO group on the surface.29 Due to the similarity between the
DTBN molecule and the spin label used in these experime
we may conclude that the spin labels as well as the carbo
group adsorb on the aluminum oxide film. However, the a
sorption of the spin label is hindered compared to the DT
molecule as the rigidity of the heterocyclic ring and the ste
restrictions of the long alkyl chain decreases the accessib
of the NO group for the surface. The investigation of t
adsorption behavior of DTBN on the Al2O3-film has shown
that a majority of the molecules adsorbed on the surface
EPR inactive. The loss of the EPR signal is due to a spec
adsorption mechanism of the molecules.29

If we assume that the molecules adsorb as a biden
i.e., with both functional groups attached to the surface,
would result in loop structures within the film. A schemat
representation of such a structure is shown in Fig. 12. E
dence for the formation of similar structures have also
found for Langmuir–Blodgett~LB!-films.30 Those authors
report that the formation of such structures is restricted
fatty acids with a large distance between the spin label
the carboxyl group because the flexibility of the alkyl cha
has to be sufficient to enable the formation of these loo
This is in agreement with our findings: While 12- and 1
doxyl stearic acid films show the behavior described abo
the 5-doxyl stearic acid film does not exhibit the equivale
behavior. Assuming a similar adsorption behavior of the s
label and the DTBN molecule studied earlier, one wou
expect that a large fraction of the molecules bound as lo
are invisible for EPR spectroscopy. Furthermore the form
tion of loop structures should have important consequen

.

FIG. 11. Curie corrected intensity of a 16-doxyl stearic acid film adsorb
below 25 °C for a temperature cycle from 55 K to 370 K and back to 75
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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for the structure of the film. First the adsorption of the sp
labels blocks adsorption sites which are otherwise acces
to other fatty acid molecules. Due to size of the spin la
and the steric demand of the alkyl chain this blockade m
also concern several neighboring adsorption sites. Sec
the intermolecular interactions between the chains are
nificantly disturbed caused by the formation of the loo
This effect influences the entire film. Whereas the inner p
of the film, the part close to the substrate, is crowded by
presence of the additional molecules, the free space of
molecules in the outer part of the film is increased due to
lower number of molecules present. The dynamic beha
of the molecules should reflect this additional free space
the alkyl chains in the outer region of the film.

Comparing the lower spectrum of Fig. 10 with th
equivalent spectrum of Fig. 3 no direct evidence for suc
change in the dynamic behavior of the film is detected.
first glance the structures in the spectra connected with
rotational motion of the molecules seem to be more dist
in the spectrum of the undisturbed films rather than in
disturbed one. However, on a closer examination of the sp
tra this is not confirmed. Whereas the simulation of the sp
trum of the unperturbed film requires the assumption of st
molecules~a fraction of 20%! in order to describe the line
shape of the spectrum correctly, this is no longer neces
in the case of the disturbed spectrum. This is due to the
that theAz-component of the hyperfine tensor is shifted
wards the isotropic value so that the anisotropy within
rotational constants decreases considerably from the un
turbed to the perturbed system. It is worthwhile to ment
that an equivalent behavior, namely the shift of t
Az-component of the hyperfine tensor towards the isotro
value, was also found in the case of other perturbed syst
as it has been discussed in the case of the temperatur
duced destruction of the 5-doxyl stearic acid and the
namic behavior of the 12-doxyl stearic acid film. Looking
the component with the higher rotational constant neces
to simulate the spectrum of the perturbed film we find als
small increase in the relative intensity compared to the
perturbed film. The structure in the spectrum related to
component is less pronounced in the disturbed film beca
of the increase in linewidth of almost 2 G.

FIG. 12. Schematic representation of loop structures within a 16-do
stearic acid film. Squares represents the spin labels, hatched circles the
groups of the molecules.
Downloaded 18 Jul 2007 to 141.14.129.106. Redistribution subject to AIP
le
l
y
d,

g-
.
rt
e
he
e
r

of

a
t
st
t

e
c-
c-
ic

ry
ct
-
e
er-
n

ic
s

in-
-

t
ry
a
-

is
se

In order to explain the increase of the EPR intens
while increasing the temperature above room temperature
assume that the spin label desorbs from the surface with
carboxyl group remaining attached to the surface. He
these molecules are detectable by EPR spectroscopy. Co
quently the increase of the total number of spin labels w
cause a decrease in the mean distance between the indiv
spin label as a three times larger amount of spin labels h
to share the same space. Therefore the intermolecular s
spin coupling and due to that the linewidth of the spectr
increases. The decrease of the Curie corrected intensity
decreasing temperature must be interpreted as a decrea
the number of EPR active spin labels. A decomposition
the spin labels as well as a desorption of the molecu
would be unlikely while decreasing the temperature. The
fore we would suggest that a partial readsorption of the s
labels on the surface gives rise to this decrease of the C
corrected intensity, indicating that the structure of the i
tially perturbed film does not seem to adopt the one obser
for the unperturbed film at full coverage upon heating.

IV. SUMMARY AND CONCLUSIONS

In summary, we have discussed the temperature de
dent EPR spectra of self-assembled stearic acid films c
taining differentn-doxyl stearic acids as spin probes. Th
variation of the distance between the spin label and the
face changes the dynamic properties of the systems sig
cantly. First, the onset for the rotational motion of the sp
label is shifted drastically towards higher temperatures if
distance between the spin label and surface is reduced
16- to 5-doxyl stearic acid. Second, the rotational excitat
of the molecules decreases from 16- to 5-doxyl stearic a
for a given temperature. This qualitative statement was v
fied by computer simulations of the line shape. The simu
tions have shown that simple motional models assum
only two rotational constants are insufficient to account
the complex changes in the line shape of the spectra. Th
fore the spectra have been simulated by a superpositio
components with different rotational constants. Furthermo
the simulations have shown that the rotational motion is
isotropic in space. The comparison of the dynamic behav
of the 16- and 5-doxyl stearic acid films with the 12-dox
stearic acid film show that the rotational behavior is stron
correlated to the order of the self-assembled film. This
corroborated by further experimental results where the or
of the film was distorted thermally or through the preparat
process itself.

The adsorption properties of 16- and 12-doxyl stea
acid differ considerably from those of the 5-doxyl stea
acid. The strong change of the adsorption behavior of the
and 12-doxyl stearic acid with temperature of the solut
can be explained through the formation of loop structu
were molecules form loops on the surface with both the c
boxyl groups as well as the spin labels bound to it.
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