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Multilayers of an Fe(II)-polyelectrolyte-amphiphile complex (Fe-

PAC) were investigated simultaneously by energy-dispersive X-ray

re¯ectivity and in-plane diffraction at the bending-magnet beamline

at BESSY II. By recording spectra between room temperature and

about 348 K with a time resolution of about 60 s, two phase

transitions were identi®ed and the respective activation energies

were determined. Owing to a ®xed geometrical set-up, an energy-

dispersive experiment is suitable for measuring X-ray re¯ectivity and

in-plane X-ray diffraction of thin organic ®lms simultaneously.

Installed at a bending magnet at BESSY II and using an energy

range of 4 < E < 25 keV, both re¯ectivity and diffraction spectra can

be collected within about 60 s. The performance is demonstrated by

temperature- and time-resolved measurements of the phase transi-

tion behaviour of multilayers of an Fe-PAC deposited on a silicon

support by means of the Langmuir±Blodgett (LB) technique. By

measuring the X-ray re¯ectivity while increasing the temperature, it

is shown that the original LB phase is not stable and transforms

irreversibly into a liquid-crystalline (LC)-like phase at about 318 K.

At the same temperature the in-plane diffraction signal vanishes

reversibly, re¯ecting rotational disorder of the hexagonal arrange-

ment of amphiphilic chains. Its activation energy is determined to be

about 1.3 eV. At about 338 K a second irreversible phase transition

occurs to another LC phase with smaller vertical layer spacing. This

transition is reversible between 329 K and 338 K.

Keywords: energy-dispersive re¯ectometry; phase transitions;
supramolecular chemistry.

1. Introduction

An energy-dispersive experiment makes use of the white energy

spectrum provided by a home tube or storage ring in an effective

manner. Most of the applications known up to now are focused on

diffraction from crystals under extreme conditions, e.g. in high-

pressure physics (Neuling & Holzapfel, 1992). Early and novel white-

beam applications of X-ray re¯ectivity are based on X-ray tubes or

rotational anodes (Bilderback & Hubbard, 1982; Chason et al., 1992;

Roser et al., 1994; Metzger et al., 1994; Mahler et al., 1995; Wallace &

Wu, 1995; Windover et al., 2000). An energy-dispersive X-ray

re¯ectometer is partially installed at beamline BL20B at the Taiwan

Light Source (Lee et al., 1998); another was in use at the wavelength

shifter of BESSY I (Neissendorfer et al., 1999).

At BESSY II the white-beam experiment installed at the bending

magnet is applied for X-ray re¯ectivity and grazing-incidence

diffraction. It exploits the exponentially decaying hard tail of the

1.7 GeV BESSY emission spectrum in the range 4 < E < 30 keV. The

incident beam is manipulated by different slits without passing

through any further optical element before it strikes the sample

aligned on the goniometer. Using a typical slit width of 0.1 mm �
1 mm and a beam current of 100 mA, the usable incident beam

intensity is of the order of 1010 counts sÿ1, which is suf®cient to

perform time-resolved experiments. Time- and temperature-resolved

specular (Englisch et al., 1998) and diffuse re¯ectivity (Pietsch et al.,

2001) and in-plane grazing-incidence diffraction from thin ®lms

(Grenzer et al., 2000) are realistic applications of this set-up. In the

present paper we demonstrate its capability by simultaneous

measurement of the in-plane and out-of-plane lattice spacing of thin

organic ®lms during annealing. In particular, we inspect the phase-

transition behaviour of Fe-polyelectrolyte-amphiphilie complexes

(Fe-PAC) deposited as multilayers by means of the Langmuir±

Blodgett (LB) technique.

2. Sample preparation

The molecular system used in the experiment is sketched in Fig. 1. By

self assembly of 1,4-bis(2,20: 60, 2-terpyridin-40-yl)benzene ligands with

Fe(II) ions, a linear positively charged macromolecule (1) was formed

with a separation length of 1.6 nm between adjacent metal ions

(SchuÈ tte et al., 1999; Kurth et al., 2000). Treatment of an aqueous

solution of (1) with 1.5 equivalents of the 23 AÊ -long amphiphile

dihexadecylphosphate (DHP) dissolved in chloroform resulted in the

formation of Fe(II)-PAC (2). 2.45 mg of the puri®ed powder of (2)

were dissolved in 10 ml chloroform and 300 ml of the solution were

spread onto distilled water (USF Seral, 18.2 M
 cm at 298 K) in a

Langmuir trough. Subsequent transfer of monolayers on a hydro-

philic silicon substrate resulted in multilayer ®lms. Using a constant

surface pressure of 40 mN mÿ1 and a dipping speed of 6 mm minÿ1

the transfer ratio was 0.95� 0.05 for up- and down-stroke deposition.

Figure 1
Sketch of the molecular system used in the experiment.
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3. Experimental realisation

The experimental set-up used is similar to

that published recently (Neissendorfer et

al., 1999) and is shown schematically in Fig.

2. The incident beam is guided in-vacuum

up to the exit window of size 0.1 mm �
1 mm and hits the sample at a ®xed angle �
with respect to the sample surface and is

recorded at the detector angle 2�. As a

detector we used a silicon drifted diode

(RoÈ ntec), which is linear in response up to

photon numbers of about 2� 105 counts sÿ1

with an energy resolution of about 250 eV

(RoÈ ntec, 2002). Additional advantages are

the low electronic background

(<0.1 count sÿ1) and the almost uniform

detector ef®ciency within the energy range

of interest. Nevertheless, the totally

re¯ected intensity depends on � and has to

be attenuated. The absorber thickness

determines the onset of the measurable

re¯ectivity spectrum. To tune the incident intensity we used an

absorber box hosting a number of thin aluminium plates of thick-

nesses 0.1, 0.2, 0.4, 0.8, 2, 4, 8 and 15 mm, providing attenuation by a

factor I/I0 = 0.27, 0.07, 5� 10ÿ3, 3� 10ÿ5, 4� 10ÿ12, . . . at 6 keV but

0.8, 0,6, 0.4, 0.15, 0.01, 1� 10ÿ4, 1 � 10ÿ8, . . . at 15 keV, respectively.

Increasing the thickness of the absorbers provides information on the

sample which appears at higher energies. Fig. 3(a) shows the re¯ec-

tivity spectra I(E)/I0(E) as a function of energy recorded at different

� from a 15-layer-thick LB ®lm. We used the 0.1 mm absorber for � =

1� and � = 1.5� but no absorber for � = 2�. Therefore the onset of the

latter spectrum appears at 3 keV, compared with 5 keV for the other

two. For better clarity the intensities are plotted with an offset of

about 10%. In Fig. 3(b) the same curves are plotted versus qz, given

by

qz ' �E; �1�
making use of 4�e/hc' 1/(AÊ � keV), where � is measured in radians.

The quantity qz is given in AÊ ÿ1 when E is given in keV (Neissendorfer

et al., 1999; Holy et al., 1999). Considering the total ®lm thickness D

and the vertical lattice spacing d, thickness oscillation maxima and

Bragg peaks, respectively, appear at energies

En � nhc=�2� sin��; �2�
using � = D or d. n is the respective re¯ection order. Whereas in

angular space the peak distances change with 1/�, the period of

oscillation is constant in E-space (q-space) and depends on ®lm

thickness only. The measured spectra shown in Fig. 3 are normalized

by the incident spectrum. Modi®ed by the absorbers in use, the latter

is approximated by a function (Neissendorfer et al., 1999)

I0�E� ' exp�ÿaE� exp�ÿb=E3�: �3�
The second exponential in (3) considers the energy-dependent

absorption by the beryllium windows, the absorber foils and air. The

®rst exponential describes the decay of the incident beam, where a

and b are ®tting parameters. After normalization, the measured

energy-dispersive spectra can be treated similarly to a re¯ectivity

curve I(qz)qz
4 measured with monochromatic radiation after

normalization to Fresnel's re¯ectivity (Holy et al., 1999). The simi-

larity of both experiments has been demonstrated by Geue et al.

(2000). As shown by Holy et al. (1999), the experimental resolution is
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Figure 2
Schematic sketch of the experimental set-up used at BESSY II.

Figure 3
Energy-dispersive re¯ectivity of a 15 monolayer ®lm recorded at different
incident angles displayed (a) as a function of energy and (b) after re-scaling in
qz. The curves are separated arti®cially by an offset of 100. The absorber
thickness was 0.1 mm for �i = 1� and 1.5�; no absorber was used for �i = 2�.
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a function of energy. The increasing peaks width versus energy in

Fig. 3(a) is partially due to this effect.

Fig. 4 shows several re¯ectivity spectra recorded at different

temperatures at � = 1�. They are selected from a series of spectra

collected over a temperature ramp of about 120 s Kÿ1. The recording

time of each spectrum was 60 s. Above 318 K the shape of the

spectrum changes, indicating a phase transition from the LB phase

with dLB = 56 AÊ into a liquid-crystalline (LC) phase with dLC = 52 AÊ .

The phase transition is irreversible because dLB cannot be restored

after cooling the sample below 318 K. Nevertheless, the entire ®lm

structure has remained intact and the Kiessig fringes remain visible.

The latter measure the total thickness, which corresponds to 15

monolayers. The LC phase seems to be stable up to about 338 K.

Between 318 K and 338 K the lattice spacing continuously changes

reversibly to dLC = 50 AÊ . Above 338 K the ®lm completely reorga-

nizes its structure. Kiessig fringes are no longer visible, the Bragg

peaks of the LC phase vanish, but new Bragg peaks appear. The latter

peaks have different peak widths indicating simultaneous appearance

of stacks of different spacing and number of monolayers. At 343 K

the peaks at qz = 2�/d = 0.136 AÊ ÿ1 and qz = 4�/d = 0.27 AÊ ÿ1 corre-

spond to a layer spacing of the high-temperature (HT) phase of

dHT = 46 AÊ .

Fig. 5 shows in-plane diffraction spectra recorded at different

temperatures. The counting time was 120 s each. Here the incident

beam strikes the sample surface at a shallow angle of incidence � =

0.2�. The beam is re¯ected and diffracted simultaneously at in-plane

lattice planes created by the lateral arrangement of amphiphilic

molecules. Depending on the arbitrarily chosen in-plane diffraction

angle (2� ' 20�) the diffracted Bragg peak appears at an energy

Ein � 2�=��qx;y�; �4�

whereas qx, y ' �E, similar to equation (1). For the present case, the

large peak at qx, y = 1.5 AÊ ÿ1 corresponds to a lattice spacing of din =

4.2 AÊ , which is typical for a hexagonal arrangement of amphiphilic

molecules. In an energy-dispersive set-up the critical angle �c is a

function of energy (Neissendorfer et al., 1999). For 2�' 20� the main

peak appears close to 8 keV where the critical angle of silicon

substrate is �c ' 0.25�. Thus, � = 0.2� = 0.8�c corresponds to similar

conditions as used typically in angular-dispersive experiments

(Tippmann-Krayer et al., 1992; Barberka et al., 1994). It guarantees an

information depth of the order of the ®lm thickness. No other

features appeared outside the energy range shown in Fig. 5. The

width of the peak at qx, y = 1.5 AÊ ÿ1 is mainly determined by the

correlation length L of laterally molecular order. After correction for

the experimental broadening, L is estimated to be 70 � 1 AÊ , which

corresponds to about 18 next-neighbour distances. Another peak

appears at qx, y = 1.1 AÊ ÿ1 re¯ecting the K-¯uorescence (E = 6.4 keV)

of the Fe(II) atoms in the sample, which allows EXAFS investigations

of the Fe(II) next-neighbour coordination (Bodenthin et al., 2001).

As shown, the Bragg peak intensity decreases for increasing

temperature. It vanishes at about T = 318 K, i.e. at a temperature

equal to the ®rst phase transition observed in the re¯ectivity

measurement. In contrast to the re¯ectivity channel, the in-plane

signal reappears at the same energy if the sample is cooled below

T = 318 K. The second phase transition above T = 338 K is not

accompanied by the appearance of a new in-plane Bragg peak.

The kinetics of both phase transitions were studied by time-

dependent measurements (not shown here). To do this, spectra were

recorded at a ®xed temperature close to the phase transition

temperature and the decay of the peak intensity was recorded as a

function of time. After correction by the storage-ring intensity this

decay gives a time constant. Next, the temperature is slightly

increased and the time constant is measured again. A plot of the

reciprocal time constants versus 1/T (Englisch et al., 1998) provides

the activation energies EC1 = 1.3 � 0.2 eV for the ®rst phase transi-

tion at 318 K and EC2 = 1.2 � 0.3 eV for the second transition at

about 338 K.

4. Discussion

The present experiment demonstrates the capability of the energy-

dispersive set-up for the determination of three-dimensional struc-

tural phase transitions in supramolecular multilayers. Even for

temperature-dependent experiments the simultaneous recording of

the re¯ected and diffracted intensity guarantees that both experi-

Figure 4
Re¯ectivity spectra at � = 1� recorded at different temperatures. The curves
are arti®cially separated from each other.

Figure 5
In-plane diffraction spectra recorded at different temperatures.



ments are carried out under identical conditions, which is necessary to

identify the nature of the indicated phase transitions. The present

investigations were performed at � = 1� ®rst for re¯ectivity and at

� = 0.2� thereafter for grazing-incidence diffraction. Because both

experiments were realised under equal outer conditions, i.e. the same

temperature, same temperature controller, same environment, and so

forth, it is evident that the in-plane signal changes at equal

temperature as observed in re¯ectivity. Because the in-plane signal is

restored below 318 K, the respective phase transition can be

described by a transition from the ordered LB multilayer into an LC

phase with rotational disorder of the amphiphilic chains. The change

in layer spacing can be explained by a molecular tilt of the alkyl

chains of the amphiphiles with respect to the surface normal, which is

about 21� at the phase-transition temperature but increases to 26�

close to 323 K. The second (irreversible) phase transition is asso-

ciated with a loss of vertical correlation. The layer spacing has

changed and several additional d-values appear simultaneously.

The nature of this high-temperature phase has not yet been eval-

uated. The increase of the peak widths corresponds to vertically

correlated stacks of two to four monolayers. One possible explana-

tion is a spatial rearrangement of monolayers within the multilayer

stack. Whereas the LB and LC phases are stacked vertically in a

Y-conformation, i.e. the Fe-PAC monolayers are ordered as

alkyl-chain±polyelectrolyte±polyelectrolyte±alkyl-chain, the high-

temperature phase might be stacked in the order alkyl-chain±poly-

electrolyte±alkyl-chain. This would require a subsequent lateral shift

of each second Fe-PAC unit in one direction by half of the in-plane

lattice spacing. Another model might be a phase transition into a

three-dimensional hexagonal phase of Fe-PAC molecules, as

suggested by powder diffraction data (Kurth et al., 2002).

The authors thank BESSY for the possibility of installing the

beamline, and DFG and MPI-KGF for ®nancial support.
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