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Abstract

Matter-wave interference with complex particles is a thriving �eld in experimental

quantum physics. The quest for testing the quantum superposition principle with

highly complex molecules has motivated the development of the Kapitza-Dirac-

Talbot-Lau interferometer (KDTLI).

This interferometer has enabled quantum interference with large organic

molecules in an unprecedented mass regime. In this doctoral thesis I describe

quantum superposition experiments which we were able to successfully realize with

molecules of masses beyond 10 000 amu and consisting of more than 800 atoms.

The typical de Broglie wavelengths of all particles in this thesis are in the order of

0.3-5 pm. This is signi�cantly smaller than any molecular extension (nanometers)

or the delocalization length in our interferometer (hundreds of nanometers). Many

vibrational and rotational states are populated since the molecules are thermally

highly excited (300-1000K). And yet, high-contrast quantum interference patterns

could be observed.

The visibility and position of these matter-wave interference patterns is highly

sensitive to external perturbations. This sensitivity has opened the path to exten-

sive studies of the in�uence of internal molecular properties on the coherence of

their associated matter waves. In addition, it enables a new approach to quantum-

assisted metrology. Quantum interference imprints a high-contrast nano-structured

density pattern onto the molecular beam which allows us to resolve tiny shifts and

dephasing of the molecular beam.

I describe how KDTL interferometry can be used to investigate a number of

di�erent molecular properties. We have studied vibrationally-induced conforma-

tional changes of �oppy molecules and permanent electric dipole moments using

matter-wave de�ectometry in an external electric �eld. We have developed a new

method for optical absorption spectroscopy which uses the recoil of the molecules

upon absorption of individual photons. This allows us to measure absolute absorp-
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tion cross sections in very dilute beams without the need of knowing the vapor

pressure. In the future this technique can be extended to a variety of biological

molecules.

The experiments presented in this thesis de�ne the currently most stringent

bound of the experimental macroscopicity parameter for quantum superposi-

tions [1].



Zusammenfassung

Matteriewelleninterferometrie mit komplexen Teilchen ist ein hochaktuelles

Forschungsgebiet der experimentellen Quantenphysik. Die Bestrebungen,

Quanten-Superposition von immer komplexeren Molekülen nachzuweisen, haben

die Entwicklung des Kapitza-Dirac-Talbot-Lau Interferometers (KDTLI) inspiriert.

Dieses Interferometer ermöglicht Quanteninterferenz in einem noch nie dagewe-

senen Massenbereich. In dieser Dissertation beschreibe ich Superpositions-

Experimente, die wir erfolgreich mit Molekülen durchgeführt haben, die eine Masse

von mehr als 10 000 amu haben und aus mehr als 800Atomen bestehen.

Die typischen de Broglie Wellenlängen aller in dieser Dissertation untersuchter

Moleküle liegen im Bereich von 0.3-5 pm. Das ist um vieles kleiner als ihre

räumliche Ausdehnung (Nanometer) und als die Delokalisierung im Interferom-

eter (hunderte Nanometer). Da die Moleküle thermisch hoch angeregt sind (300-

1000K), sind zahlreiche Vibrations- und Rotationszustände besetzt. Dennoch kon-

nte Quanteninterferenz mit hoher Sichtbarkeit gemessen werden.

Die Sichtbarkeit und die Lage dieser Interferenzbilder hängt emp�ndlich von

jeglichen äuÿeren Störfeldern ab. Diese Emp�ndlichkeit hat ausführliche Unter-

suchungen über den Ein�uss innerer molekularer Eigenschaften auf die Kohärenz

der Materiewellen ermöglicht. Darüber hinaus erö�net genau diese Emp�ndlichkeit

einen neuen Zugang zu quantenunterstützter Metrologie. Die durch Materiewellen-

Interferenz erzeugte nanostrukturierte Molekülverteilung erlaubt es uns, sehr kleine

Verschiebungen und Dephasierung des Molekülstrahls au�ösen zu können.

Ich beschreibe in dieser Dissertation, wie man KDTL-Interferometrie dazu

nutzen kann um einige verschiedene molekulare Eigenschaften zu studieren. Unter

Verwendung von Materiewellen-De�ektometrie im äuÿeren elektrischen Feld haben

wir vibrationsinduzierte Konformationsänderungen von beweglichen Molekülen

sowie permanente elektrische Dipole untersucht. Auÿerdem haben wir eine neue

Methode für optische Absorptionsspektroskopie entwickelt, die auf dem Rück-
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stoÿ basiert, den die Moleküle nach der Absorption einzelner Photonen erfahren.

Diese Methode ermöglicht die Messung absoluter Absorptionsquerschnitte in sehr

dünnen Molekülstrahlen, ohne die Notwendigkeit der Kenntnis des Dampfdrucks.

In zukünftigen Experimenten kann diese Methode auf eine Vielfalt von biologischen

Molekülen angewendet werden.

Die Experimente in dieser Dissertation beinhalten den bisher höchsten Grad

an Makroskopizität, für den experimentell Quantensuperposition nachgewiesen

werden konnte [1].



Chapter 1

Motivation

One main motivation for the experiments aiming at testing the quantum superpo-

sition of ever more massive and complex objects is the big question whether there

are fundamental limits to the quantum description of nature. While this is a very

general and also currently philosophical question only experiments will be able to

support either the claim of our world being a quantum-world with decoherence

leading to the absence of quantum e�ects in every day life physics or being macro-

realistic, meaning that for big scales the rules of quantum mechanics fail and the

fact that typically quantum phenomena cannot be observed in everyday life. There

are a number of models implementing modi�cations of quantum mechanics and

incorporating mechanisms which lead to spontaneous wavefunction collapses or

localization of wavepackets. There is recent e�orts to predict possible limits to the

validity of quantum mechanics, typically introducing some collapse rates depend-

ing on mass. A recent review (and references therein) gives an overview on these

models [2]. Matter-wave interference experiments with particles of increasing mass

are a straight-forward approach to directly test these models [3, 1].

It is exciting to see that molecules with de Broglie wavelengths (typically in the

order of 10−12 m) that are orders of magnitude smaller than their diameter (typically

in the order of 10−9 m) can be in a superposition of "paths" being separated by

hundreds of nanometers. It is also remarkable that this is still the case for single-

particle interference even if many rotational and vibrational states are excited. Also,

large molecules may have highly anisotropic properties - e.g. polarizability tensors,

many molecules possess permanent electric dipole moments, and typically undergo

multiple conformational changes during free �ight. But still, internal properties do

not enter into the de Broglie wavelength, quantum mechanics predicts interference
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e�ects to be well described by the particles' center of mass motion. Therefore, it is

highly interesting to study the role of internal properties on de Broglie interference.

This is - besides the quest for high mass and complexity - another main motivation

for our experiments. The phase and amplitude of molecular interference are highly

sensitive to external forces. Therefore it is desirable to study how the molecular

coherence is a�ected on the one side when additional, well controlled external

forces are present. On the other hand it is of importance to qualitatively and

quantitatively study how various di�raction schemes are in�uenced by internal

properties. This is of vital relevance for future quantum interference studies with

even more massive and complex particles than to date, since typical large molecules

of biological relevance for instance possess large electric dipole moments and have

many degrees of freedom.

The role of internal properties can also be regarded in a more pragmatic and

applied sense. It is exciting to study their importance to the preservation of co-

herence. On top of that one may use the sensitivity of phase and amplitude as a

feature to measure internal properties. In the current setup of the Kapitza-Dirac-

Talbot-Lau interferometer phase shifts as small as 10 nm can be resolved. For

instance, static and dynamic electric polarizabilities can be measured [4, 5, 6], the

qualitative e�ect of electric dipole moments can be studied [7], absolute absorption

cross sections have been measured [8, 9]. This has the potential to build the basis

for quantum-assisted applications in physical chemistry.

From a more fundamental point of view matter-wave interference experiments

o�er an excellent playground for studying various decoherence mechanisms which

are consistent within the framework of quantum mechanics. Here the aim is to

observe experimentally how the classical behaviour gradually emerges from the

quantum behaviour when decoherence mechanisms are present.



Chapter 2

Kapitza-Dirac-Talbot-Lau

interferometry: concepts and

theory

The Kapitza-Dirac-Talbot Lau interferometer (KDTLI) for large molecules is a

three grating near-�eld interferometer, where the main di�raction element is an

o�-resonant standing light wave. It is a natural upgrade to a three material grating

Talbot-Lau interferometer [10], which yielded successful interference with a variety

of medium sized molecules [11, 12] but was mainly limited by dephasing e�ects

due to van der Waals interaction [13]. These dispersive van der Waals interactions

between the molecules and the walls of the second grating lead to a strong velocity

dependence of the interference e�ect. For increasing mass of the molecules, and

correspondingly slower velocities (in order to serve the needs of the interferometer

requirements) these e�ects become more and more relevant. This leads to the

necessity of extremely narrow velocity selection which is currently only feasible at

the cost of a reduced detection signal. Using a standing light wave as a di�raction

grating naturally alleviates these problems since there are no van der Waals forces.

For the �rst and third grating material gratings are still acceptable since they act

as absorptive masks and the phase relations are not important before G1 and after

G3. This makes the KDTLI a valuable tool to study matter-wave interference with

very heavy molecules. The KDTLI is named after the two dominant di�raction

e�ects allowing for coherence and interference in the experiment. A sketch of the

interferometer together with a technical drawing is shown in �gure 2.2. The ge-

ometry of the interferometer is chosen to suit the Talbot-Lau e�ect [14, 15]: The
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molecular beam is initially incoherent. The molecules traversing grating G1 are

tightly con�ned in position due to the small slit openings. According to Heisen-

berg's uncertainty principle this causes delocalization [16], meaning that a position

uncertainty merges from the momentum uncertainty in the grating slits. By the

time the molecules reach the second grating, each of the wavelets is delocalized

over several nodes of the light grating G2, which is the di�raction grating. The in-

teraction in the standing light wave is dominated by the Kapitza-Dirac e�ect [17],

i.e. di�raction of matter waves at a light grating with a periodic interaction po-

tential characterized by the optical dipole interaction. At the position of G3 an

interference pattern is formed if the distance between the gratings is in the order

of the Talbot length.

2.1 Near-�eld versus far-�eld interference

The quest for testing the superposition principle on ever larger mass and complex-

ity scales has motivated the development of numerous di�erent interferometric

experiments.

A straight-forward approach to studying di�raction e�ects with matter waves is

Fraunhofer di�raction at a double slit or grating. If a well collimated and suitably

slow beam illuminates a mask of periodicity d, the angular separation of the result-

ing di�raction peaks in the far-�eld is approximately given by sin Θdiff = nλdB/d,

with the de Broglie wavelength λdB = h/(mv) [18]. The existence of such a

di�raction pattern is a direct proof of a superposition state. Fraunhofer di�rac-

tion of matter waves was �rst implemented with electrons [19]. Later, far-�eld

di�raction of neutral particles was pioneered by neutron di�raction [20] immedi-

ately followed by experiments with atoms [21, 22, 23]. Far-�eld di�raction with

polyatomic molecules has opened the path for coherence studies with ever more

complex particles. Also, beams composed of cold helium clusters showed far-�eld

interference [24, 25]. Experiments with more complex molecules yielded di�raction

of C60 at single material grating [26] and C70 at a light grating [27]. More recently,

the delocalization of molecules with masses up to 1298 amu was studied in a far-

�eld interference setup [28]. Albeit the fact that far-�eld experimental setups are

conceptually uncomplicated their scalability towards high mass interference is cur-

rently limited by collimation requirements. The collimation of the molecular beam

needs to be considerably smaller than the di�raction angle, unless the source is
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coherent as for example in Bose Einstein condensates [29, 30]. For smaller de

Broglie wavelengths the collimation needs to be more stringent. This leads to

a signi�cant reduction of the overall signal, and therefore unfavorable scalability

to higher masses, i.e. smaller de Broglie wavelengths (for a given velocity) with

current particle sources.

Near-�eld interferometers can largely alleviate these prerequisites, they have

a better scalability to higher masses than simple di�raction at single gratings.

They can operate with moderate collimation and scale favorably for decreasing de

Broglie wavelengths. In the near-�eld the curvature of the wave fronts is accounted

for in the theoretical description using Kirchho�-Fresnel integrals [31]. Since the

required grating period scales only weakly with d ∝
√
λdB, the setups can be more

compact, leading to less stringent requirements to necessary vacuum conditions

and for avoiding decoherence processes. Also, due to the high parallelism of the

geometry, less collimation of the molecular beam is needed, therefore a higher

signal throughput is allowed for. The Talbot e�ect is a coherent self-imaging

e�ect without the need for lenses. It was �rst experimentally implemented by H.

F. Talbot [14], who discovered that if a grating is illuminated with a plane wave, at

integer multiples of a certain distance behind the grating, self-images are produced.

This distance is the wavelength-dependent Talbot length LT :

LT = d2/λ, (2.1)

with the grating periodicity d and wavelength λ, for matter waves the de Broglie

wavelength λdB, of the illuminating wave. At rational, non-integer multiples of

the Talbot length, images with shorter periodicities are produced, this is known as

the fractional Talbot e�ect [32]. In the limit of long distances behind the grating,

again a far-�eld di�raction pattern is produced. The transition from the near-�eld

to the far-�eld is illustrated in �gure 2.1. In the inset a zoom into the black

rectangle is shown. In this so-called Talbot carpet [33] one can clearly identify the

reproduction of the grating structure at integer multiples of the Talbot distance

and also fractional Talbot e�ects.
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Figure 2.1: Transition from the near-�eld to the far �eld (adapted from [34]). The
10 slits of the grating are illuminated by a plane wave. In the far �eld a Fraunhofer
di�raction pattern is built up. The inset show a zoom into the black rectangle.
One can clearly identify the Talbot self images of the illuminated grating at integer
multiples of the Talbot distance.

2.2 Standing light waves as di�raction gratings

The di�raction of ever more massive particles requires suitable di�raction elements.

A natural approach is the use of material grating structures. Conceptually, various

grating types can be realized with standing light waves. The type of interaction

depends on various properties of both, the light source and the particles which are

to be di�racted. Depending on optical polarizability, absorption cross section and

ionization energy or binding energy the interaction potential is dominated by mere

phase shifts [17, 35, 36, 27], coherent photon recoils [37, 38], depletion [39] or

ionization [40] processes.

If the absorption of single photons leads to ionization this can be used as a

di�raction process. The VUV standing light waves employed in a three light grat-

ing time domain Talbot-Lau interferometer exploit this as a leading di�raction

process [40]. The absorption of a single photon can also lead to photon-induced

fragmentation, which can be used as a beam splitter, as has been demonstrated

recently [39]. Also 2-photon processes can be used for photo-ionization. In that

case, there is also a competing e�ect of photon recoil after absorption of only one

photon. Another absorptive light grating could use photo-isomerization as periodic
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di�raction process - this still needs to be demonstrated.

For laser frequencies that are o�-resonant and well below the molecular ion-

ization threshold, the laser-molecule interaction is well described by a dipole po-

tential [17, 27, 41]. A thin light grating then acts as a phase grating, where the

relevant molecular property is its optical polarizability at the given wavelength.

This is the case for many molecules inside the KDTLI with a light grating wave-

length of 532 nm.

2.3 Sequential calculation of the Kapitza-

Dirac-Talbot-Lau e�ect

Matter-wave interference can be appropriately described by means of the phase

space representation of quantum mechanics [42, 43, 38]. One may restrict the

dynamics to the transverse beam state, with the fair assumption that transverse

components of the velocity are negligible. For the calculation of the Kapitza-

Dirac-Talbot-Lau e�ect I will mainly follow the formalism in [43], with the e�ect

of photon absorption as an exception, which is accounted for according to [37].

The transverse quantum state of motion is speci�ed by its density matrix ρ.

The state is equivalently described by the Wigner function

w(z, p) =
1

2π~

∫
dseisp/~

〈
z − s

2
|ρ|z +

s

2

〉
, (2.2)

with z and p designating the transverse position and momentum coordinates in

phase space. The time evolution of the state during time t is given by

wt(z, p) = w0

(
t− t

m
p, p

)
= w0

(
z − p

px
L, p

)
, (2.3)

with m being the particle mass. In order to account for the state transforma-

tions due to the gratings in the KDTLI, the transformed beam state after passage

through a grating is described by

w′(z, p) =

∫ ∫
dz0dp0K(z, p; z0, p0)w(z0, p0). (2.4)

In eikonal approximation, and for an ideal grating which is characterized by the

transmission function t(z), with |t(z) ≤ 1|, the grating transformation is described
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Figure 2.2: The Kapitza-Dirac-Talbot-Lau interferometer (KDTLI) for large
molecules. The KDTLI consists of two SiN gratings G1 and G3, and a standing
light wave G2. The gratings have a periodicity of d = 266 nm, and are equidis-
tantly spaced by L = 0.105 m. The grey arrows designate the �ight direction of
the molecules. The initially incoherent molecular beam traverses G1, where spatial
coherence is prepared such that at least two neighboring slits are illuminated coher-
ently at the position of G2, the di�raction grating. The molecular waves experience
a position dependent phase shift due to the dipole force (in �rst approximation) in
the standing light wave. Interference leads to a near-sinusoidal molecular density
pattern with periodicity d at the position of G3. By laterally moving the third
grating and measuring the transmitted signal as a function of the grating position
the molecular interference pattern is recorded. In a) a sketch of the three grating
setup is shown. In b) a technical drawing of the interferometer is shown. G1 and
G3 are mounted on motorized stages for adjusting the roll and yaw angles. A
Piezo actuator allows G3 to move across the molecular beam. The light grating
mirror and lense assembly has motorized stages for adjusting the relative distance
between the gratings in x̂-direction and for moving the mirror in and out of the
molecular beam in the ẑ-direction.
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by the convolution kernel

K(z, p; z0, p0) = δ(z − z0)
1

2π~

∫
dsei(p−p0)s/~t

(
z − s

2

)
t∗
(
z +

s

2

)
. (2.5)

A discussion of the eikonal approximation, its applicability and a theory beyond

the eikonal approximation is given in [8]. In the following, the propagator (2.5)

is applied to Wigner function w(z, p) of the beam state for all three gratings of

the KDTLI. In the end, a closed expression for the sinusoidal visibility is given in

section 2.4.

2.3.1 Transformation in the �rst grating

The �rst grating of the KDTLI is a material mask of periodicity d = 266 nm

with a slit opening s and open fraction f = s/d = 0.42. It is illuminated with

an incoherent molecular beam. The e�ect of a �nite velocity distribution will

be accounted for later, for the sake of simplicity, a single longitudinal velocity

vx is assumed for the grating transformations. The initial incoherent beam state

w0(z0, p0) = 1 illuminates the �rst grating G1. Applying the propagator given in

equation 2.5 to the Wigner function yields the transmission function of G1. The

transmission function t1(z) of the periodic grating of G1 can be decomposed into

the Fourier series

t1(z) =
∞∑

j=−∞

aje
2πij z

d , (2.6)

leading to the kernel for G1 of

K1(z, p; z0, p0) =

= δ(z − z0)
1

2π~

∫
dsei(p−p0)s/~

∞∑
j=−∞

∞∑
k=−∞

aja
∗
je

2πij
x−s/2

d e−2πij
x+s/2

d . (2.7)

A few intermediate steps [8, 42] including renaming the index k → j −m, group-

ing parameters depending on s, using Dirac's identity
∫

dzeiqz/~ = 2π~δ(q) and

integration of equation 2.4 over z0 and p0 yield the Wigner function

w1(z, p) =

∫ ∫
dz0dp0K(z, p; z0, p0)w0(z0, p0)

=
∑
j

∑
m

aja
∗
j−me

2πimz/d =
∑
m

A(1)
m e2πimz/d. (2.8)
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The transmission function t1(z) ∈ {0, 1} of G1 is binary, in the sense that it is

only nonzero in the slits of the grating. Due to the rectangular shape of t1(z), the

Fourier components A(1)
m are characterized by a sinc-function,

A(1)
m =

1

d

∫ d/2

−d/2
dz |t1(x)|2 e−2πimz/d = f1sinc(πmf1). (2.9)

After a free propagation over the length L = L1 = L2, which is the distance

between G1 and G2 as well as between G2 and G3, the transverse state of the

beam at the position of the second grating is given by

w′1(z, p) = w1

(
z − p

px
L, p

)
=
∑
m

A(1)
m exp

(
2πim

(
z − p

px
L

))
. (2.10)

2.3.2 Interaction with the light grating

In the KDTLI a high power, single mode, continuous laser with a wavelength of

532 nm is used for creating a standing light wave as a di�raction grating. There

exists a wide class of molecules and nanoparticles that have no or low absorption

at this wavelength, i.e. where the wavelength is o�-resonant with respect to

the electronic molecular transitions. Therefore it is a fair assumption for many

particles that this light grating is to �rst approximation a phase grating. The

relevant e�ects of photon-absorptions in the standing light wave are discussed in

a following paragraph.

Phase grating e�ect

Di�raction of matter at phase gratings with little absorption was �rst realized with

atoms [36, 44], later also with molecules [27]. The laser in the KDTLI has a nearly

perfect Gaussian pro�le and forms a standing wave in ẑ-direction, with an intensity

pro�le I(x, y, z), which is given by

I(x, y, z) =
8P

πwxwy
exp

(
−2y2

w2
y

− 2x2

w2
x

)
sin2

(πz
d

)
. (2.11)

Here, wx, and wy designate the Gaussian beam waists in the x̂- and ŷ-direction,

P is the laser power and d is the grating periodicity, which is given by d = λ/2 =

266 nm. In the case of an ideal phase grating no photons are absorbed in the

standing light wave. The strength of the coherent interaction of the molecules
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with the laser �eld is described by the conservative optical dipole potential and the

relevant molecular property is the AC polarizability αω at a given frequency. With

the fair assumption that the molecules �y centrally through the light grating, the

periodic interaction potential can then be given by

V (x, z) = − αω
2ε0c

I(vxt, 0, z). (2.12)

In the standing light wave the molecular matter waves acquire a position dependent

phase shift

φ(z) = −1

~

∫ ∞
−∞

V (vxt, z)dt = φ0 sin2
(πz
d

)
, (2.13)

where vx is the forward velocity of the molecule. φ0 is the maximum phase shift

φ0 =

√
8

π

αωP

ε0~cwyvx
. (2.14)

It increases linearly with the molecules' optical polarizability and the applied laser

power, whereas it decreases with higher velocities.

In contrast to the incoherent illumination of G1, G2 is illuminated with some

transverse coherence. The coherent e�ect of the phase grating can be described

by a similar kernel as used for G1 (equation 2.7) with di�erent Fourier coe�cients:

K2(z, p; z0, p0) = δ(z − z0)
∑
j

∑
l

δ

(
p+

πi~
d

(l − 2j)− p0

)
bjb
∗
j−le

2πilz/d.

(2.15)

For a pure phase grating the beam state after G2 can be written as

w2(z, p) =

∫ ∫
dz0dp0K2(z, p; z0, p0)w′1(z, p). (2.16)

By introducing the coherent Talbot-Lau coe�cients

Bl(ξ) =
∑
j

bjb
∗
j−le

iπξ(l−2j), (2.17)
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equation 2.16 evolves to

w2(z, p) =
∑
m

∑
l

AmBl(−L/LT ) exp

(
−2πim

p

px

L

d

)
exp(2πi(m+ l)x/d).

(2.18)

Taking into account the periodicity of the phase shift φ in equation 2.13, we can

de�ne the Fourier coe�cients

bj =
1

d

∫ d/2

−d/2
dz exp (iφ(z)) e−2πijz/d = (−i)jeiφ0/2Jj

(
φ0

2

)
, (2.19)

which are proportional to a Bessel function Jj of order j. Accordingly, the Talbot-

Lau coe�cients Bl(ξ) = Jl(−φ0 sin(πξ)) for a pure phase grating can be calcu-

lated. In order to evaluate the total transmitted signal, a free evolution of the

Wigner function w2(z, p) over a distance L is required to determine the Wigner

function w′2(z, p) at the position of G3:

w′2(z, p) = w2(z − p

px
L, p)

=
∑
m

∑
n

A(1)
m Bn

(
−m L

LT

)
exp

(
−2πi (2m+ n)

p

px

L

d

)
e2πi(m+n)z/d.

(2.20)

This is valid for a pure phase grating, for the pattern behind the third grating

which de�nes the measured interference signal, refer to section 2.3.3 and 2.4.

Including photon absorption in the light grating

Another coherent e�ect in the light grating is the absorption of photons. In the

case of a �nite absorption cross section at the wavelength of the standing light

wave, a pure phase grating formalism does not su�ce anymore. In the previous

theoretical treatment of the KDTLI in [38] the absorption of light grating photons

was treated as a random walk e�ect, where a molecule absorbs a photon either from

the left or from the right in the standing light wave. It then acquires a recoil of ±~k
depending on whether it absorbed an incoming or outgoing photon. The molecular

wave function is split in momentum by ±~k and excites the internal state of the

molecule by ~ω. It is assumed that the photon energy dissipates completely into

the internal degrees of freedom of the molecules, which is a realistic assumption
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for a large class of large molecules. The case of particles with a closed internal

level structure is not considered. If a molecule does not "know" the direction of

the absorbed photon the absorption e�ect is described as a superposition of left

and right. In the formalism presented here, (to be published [37], for some insight

refer to [45, 46]), photon absorption is treated as an additional, coherent e�ect in

the standing light wave. For an absorption cross section σabs, the mean number

of absorbed photons in the antinodes of the standing light wave is given by

n0 =
8√
2π

σabsPλ

hcwyvx
. (2.21)

The standing light wave acts as a phase- and amplitude-modulating transmission

grating. This can be understood from the perspective of quantum measurement.

If a molecule with a �nite absorption cross section is di�racted at high laser power

without absorbing a photon (n = 0) it is unlikely that the molecule passed through

an intensity maximum of the standing wave. The probability to pass the standing

wave at a transverse position z without absorption is P (0, z) = exp (−n0 cos2 kz),

where n0 is the average number of photons absorbed at an antinode. According to

the quantum measurement postulate, the corresponding conditional transformation

of a momentum eigenstate |p〉, including the phase modulation, reads as

M̂0|p〉 := Û exp
(
−n0

2
cos2 kẑ

)
|p〉 =

∞∑
j=−∞

bj|p+ 2j~k〉.

(2.22)

The grating coe�cients involve a modi�ed Bessel function,

bj = exp

(
i
φ0

2
− n0

4

)
Ij

(
i
φ0

2
− n0

4

)
. (2.23)

The same grating transformation describes di�raction at ionizing laser gratings [3,

40], where particles ionize upon absorption and only neutral ones are detected. The

operator Û in (2.22) represents the phase modulation due to the dipole interaction

(see equation 2.13), whereas the exponential modulates the amplitude such that

the transmission probability amounts to the Poisson probability P (0, z) for no

absorption. Di�raction conditioned on the absence of absorption is therefore a

consequence of both amplitude and phase modulation.
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The probability for absorbing a single photon is

P (1, z) = n0 cos2 kz exp
(
−n0 cos2 kz

)
, (2.24)

therefore the conditional di�raction of molecules labeled by n = 1 corresponds to

the measurement transformation

M̂1|p〉 =

√
n0

2

∑
j

bj(|p+ 2~kj + ~k〉+ |p+ 2~kj − ~k〉). (2.25)

This describes a coherent amplitude and phase modulation, but in addition also

a coherent splitting of the wave function by one photon recoil ±~k. Since the

standing light wave is a linear superposition of two identical, counter-propagating

running waves each photon appears in a superposition of two opposite directions.

The general transformation for n absorbed photons is

M̂n|p〉 =
1

2n

√
nn0
n!

∞∑
j=−∞

bj

n∑
`=0

(
n

`

)
|p+ 2~kj + ~k(n− 2`)〉. (2.26)

Assuming that the detection e�ciency is independent on the number of absorbed

photons - which is a fair assumption in the KDTLI - the Talbot coe�cients for a

sum over all absorbed photon numbers are given by

B̃n(ξ) = e−ζa
(
ζc + ζa
ζc − ζa

)n
2

Jn

(
sign(ζc − ζa)

√
ζ2
c − ζ2

a

)
. (2.27)

Here, ζa = n0 (1− cos(πL/LT )) /2 describes the di�raction e�ect due to absorp-

tion and ζc = φ0 sin(πL/LT ) includes the di�raction e�ect from phase modulation.

The corresponding Wigner function at the position of G3 is then given by including

B̃n(ξ) into equation 2.20:

w′2(z, p) =

=
∑
m

∑
n

A(1)
m B̃n

(
−m L

LT

)
exp

(
−2πi (2m+ n)

p

px

L

d

)
e2πi(m+n)z/d.

(2.28)
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2.3.3 Transformation in the third grating

The third grating is a periodic material mask with identical properties as G1. There-

fore, also the transformation is analogue to the one in G1. Integration of w′2(z, p)

over the momentum p yields the molecular density distribution as a function of

lateral position in front of G3,

w3(z) =
∑
m

A(1)
m B̃2m

(
m
L

LT

)
e2πimz/d. (2.29)

The phase of the density distribution with respect to the lateral position of G3

determines the signal behind the third grating. The expected interference sig-

nal behind G3 is determined by the convolution of the molecular density pattern

with the grating transmission function t3, S(zS) =
∫

dx|t3(z − zS)|2w3(z). The

transmitted signal is then given by

S(zS) =
∑
m

A(1)
m A(3)

m B̃2m

(
m
L

LT

)
e2πimzS/d

=
∑
m

f1f3 sinc(πmf1)sinc(πmf3)J2m

(
φ0 sin

(
πm

L

LT

))
e2πimzS/d,

(2.30)

with the period of the interference pattern being identical to the period d of all

three gratings.

2.4 Visibility

For sinusoidal curves an experimentally well accessible quantity is the visibility. It

is de�ned by

|V | = Imax − Imin

Imax + Imin

=
Imean

A
, (2.31)

where Imax, Imin, Imean are the maximum, minimum and mean recorded signal

intensities, and A is the amplitude of the sine curve. In the KDTL interferometer,

the shape of the signal is nearly sinusoidal, so that the Fourier components of

higher order than two can be safely neglected and a sine visibility is well justi�ed.
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Figure 2.3: The absolute value of the visibility in the KDTLI as a function of
the Talbot order and laser power (waist wy = 700µm) for a pure phase grating,
calculated for C60. The maxima of the visibility are recurring between the Talbot
orders L/LT with minima at integer multiples of L/LT . For higher Talbot orders
(corresponding to slower velocities and larger de Broglie wavelengths) there are
additional features for increasing laser powers. This results from stronger phase
shifts in the standing light wave.

2.4.1 Visibility for a pure phase grating

The sinusoidal quantum visibility for a pure phase grating (n0 = 0 ⇒ ζa = 0) in

the KDTLI reads as [38]

Vphase = 2 sinc(πf1) sinc(πf3) J2

(
φ0 sin

(
π
L

LT

))
, (2.32)

with f = f1 = f2 designating the open fractions of the material gratings G1 and

G3, and the Talbot order L/LT . In �gure 2.3 a 3D plot of the expected visibility

is shown for a pure phase grating interaction in the KDTLI as a function of the

Talbot order and the laser power. For the calculation, formula 2.32 was used for

C60 molecules (720 amu), with the polarizability α = 88.9Å
3 × 4πε0 [4]. The

absorption cross section at 532 nm was assumed to be zero. One can clearly see,

that the maxima of the visibility are recurring between the Talbot orders. For a pure

phase grating the expected contrast vanishes at integer multiples of L/LT which

is in clear di�erence to Talbot-Lau interferometers with three material gratings,

where the contrast is maximum at integer multiples of the Talbot order [11].
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2.4.2 Closed expression for the quantum visibility

The total KDTLI interference pattern including photon absorption can be well

approximated by a sine function of visibility [46, 37]

V = 2 sinc(πf1) sinc(πf3) e−ζa
(
ζc + ζa
ζc − ζa

)
J2

(√
ζ2
c − ζ2

a

)
. (2.33)

In �gure 2.4 b) the simulated fringe visibility is shown as a function of L/LT ,

for the case of post-selection, whether 0, 1 or 2 photons are absorbed in the

standing light wave. Negative values for the visibility indicate that the sinusoidal

fringe pattern is �ipped in phase. Pronounced fringe maxima for the case of

one-photon absorption coincide with fringe minima of the zero- and two-photon

cases. The incoherent sum of all absorption orders, weighted by the position-

averaged absorption probabilities is indicated by the shaded area. It should also

be noted, that the zero-photon case is not identical to the prediction for a pure

phase grating. Across the sinusoidal structure of the standing light wave the

probability for absorbing n photons varies spatially. This leads to the molecules

ending up in a superposition of di�erent temperature states, if n ≥ 1. In C70

absorption of photons leads to a step-wise heating of the internal states, mainly

in the 204 di�erent vibrational degrees of freedom. For a constant heat capacity

of Cv = 202 kBT [47] and a photon energy of 2.33 eV this leads to a temperature

increase of ∆T = n~ωL/Cv = n × 134 K. Previous thermal decoherence studies

with C70 [48] showed, that for temperatures below 2000 K the thermal emission

rate is negligible. Therefore, mean absorbed photon numbers well below n = 5

should not cause any related decoherence e�ects. In order to actually record such

curves as shown in �gure 2.4 b) an alternative detection method which is sensitive

to the internal state or temperature is required. Without this post-selection one

can resolve the incoherent sum over all absorption orders which is shown as the

solid grey line in �gure 2.4 a). It would be interesting to implement internal state

sensitivity and investigate the phase �ip for di�erent numbers of absorbed photons

experimentally. It is not clear, however, how this can be achieved in the actual

experiment. It is, however, remarkable, that the e�ect of photon absorption is

of coherent nature as is the phase grating e�ect. The recoil leads to a coherent

splitting of the wave function upon absorption, even though the absorption results

in a signi�cant temperature increase.
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Figure 2.4: Visibility in the KDTLI as a function of the Talbot order. a) Here,
a comparison of the expected visibility for coherent absorption of light grating
photons (solid grey line) with incoherent absorption in the light grating (dashed
blue line) is given. The curves are calculated for C70, with an absorption cross
section of 1.97 × 10−21 m2 [9], an optical polarizability of α532nm = 114.2Å

3 ×
4πε0 [38] and a laser power of 5 W with a vertical Gaussian beam waist of wy =
700µm. The grey shaded area shows the expected visibility for a pure phase grating
(Assumption σabs = 0). b) Simulated fringe visibility as a function of L/LT , for
the case of post-selection, whether 0, 1 or 2 photons are absorbed in the standing
light wave. The same parameters as in a) are used. The grey solid line represents
the visibility for molecules that passed the laser grating without absorption. The
visibilities for one- or two-photon absorptions are represented by the red dashed and
the blue dash-dotted line, respectively. Negative visibilities correspond to periodic
fringe patterns �ipped in phase. The shaded area indicates the incoherent sum of
all absorption orders, which exactly resembles the solid grey line in a).
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2.4.3 Classical visibility

For classical Moiré shadow imaging, a visibility [38]

Vcl = 2

∣∣∣∣sinc(πf1) sinc(πf2) J2

(
φ0π

L

LT

)∣∣∣∣ (2.34)

would be expected. In order to evaluate the quantum nature of the fringe visibilities

measured, it is important to compare experimentally recorded results with both

the quantum model (equation 2.33) and the classical model (equation 2.34). For

higher Talbot orders, the dependence on the applied laser power is very di�erent

for both models. For Talbot orders < 1 they also di�er, but it is advisable to also

measure at higher laser powers such that the di�erence of the two models is even

more striking. In the limit L << LT , classical Moiré shadow imaging as in [49] is

expected.
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Chapter 3

Experimental setup of the

KDTLI

In this chapter an overview of the experimental setup of the Kapitza-Dirac-Talbot-

Lau interferometer is given. Additional information on the experimental setup and

characterization of the KDTLI can be found in past Diploma [50, 51, 52] and

Doctoral [53] theses. The entire apparatus is placed on an optical table which

is vibration isolated from the environment by four vibration insulating legs. The

experiment takes place under high vacuum conditions, with typical pressures in the

range of 10−8 − 10−9 mbar in the interferometer region. The KDTLI consists of

two SiN gratings G1 and G3, and a standing light wave G2. The gratings have a

periodicity of d = 266 nm and are equidistantly spaced by L = 0.105m. The ini-

tially incoherent molecular beam traverses G1, where spatial coherence is prepared

such that at least two neighboring slits are illuminated coherently at the position

of G2, the di�raction grating. The molecular wave packets experience a position

dependent phase shift due to the dipole force and due to the coherent absorption

in the standing light wave. Interference leads to a sinusoidal molecular density

pattern with periodicity d at the position of G3. By laterally moving the third

grating and measuring the transmitted signal as a function of the grating position

the molecular interference pattern is measured. A sketch of the experimental setup

of the KDTLI is shown in �gure 3.1.
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Figure 3.1: Sketch of the experimental setup of the KDTLI. Molecules are evap-
orated or sublimated in an oven. Gravitational velocity selection is realized by
choosing a �ight parabola with three vertical delimiters D1, D2 and D3. The �rst
delimiter D1 is the opening of the oven ori�ce, D2 is placed before the interferom-
eter, and D3 is positioned before the detection in a quadrupole mass spectrometer
(QMS). The interferometer consists of three gratings, G1, G2, G3, with G1 and G3

being SiN material gratings with a periodicity d = 266 nm. G2 is a standing light
wave (d = λ/2 = 266 nm) produced by retro-re�ection of a high power cw laser
at a plane mirror. The molecular beam arriving at G1 is transversely incoherent.
Narrow con�nement in the slits of G1 allow for spatially coherent illumination of
several nodes in G2. Through matter-wave interference a molecular density pattern
is imprinted onto the molecular beam. The interference fringes are recorded by
scanning G3 across the interference pattern and recording the transmitted signal.
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ba

Figure 3.2: Technical drawing and picture of the thermal source.

3.1 Molecular source

The standard source employed in the KDTLI is a thermal e�usive source. The

oven utilized to evaporate the molecules consists of a ceramic cylinder which is

secluded by a stainless steel top cover. A 2 mm× 200µm slit milled into the top

cover represents the only ori�ce of the small chamber. The oven is heated by a

heating wire which is coiled around the cylinder. In �gure 3.2 a technical drawing

of the source as well as a photograph is shown. A tantalum sheet surrounding

the oven acts as a heat shield. This has various functions. On the one hand, this

keeps the required heating power low, on the other hand it reduces heating of the

surrounding vacuum chamber which is important to reduce additional aggravation

of the vacuum conditions in the oven chamber. To further improve the vacuum

conditions during molecule evaporation, we installed a cooling ba�e which is cooled

by liquid nitrogen. This acts as an additional vacuum pump during operation.

To �rst approximation the velocity distribution F (v)dv of the molecules emitted

by an e�usive source follows the Maxwell-Boltzmann statistics:

F (v)dv =
4√
π

(
m

2kBT

)3/2

v2e
− mv2

2kBT dv, (3.1)

where m is the molecular mass and T is the source temperature. The root mean

square of the velocity is given by

vrms =
√
〈v2〉 =

√
3kBT

m
, (3.2)
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while the maximum of the distribution is located at

vmax =

√
2kBT

m
. (3.3)

Often, the measured velocities leaving the source exhibit mean velocities slightly

faster than expected from a Maxwell-Boltzmann distribution. The purely thermal

velocity distribution relies on the assumption that there are no collisions of the

molecules with the exit slit of the oven nozzle. This is only true if the mean

free path of the molecules is considerably longer than the length scales of the

oven slit. For high vapor pressures this is typically not given and the experimen-

tally measured velocity distributions are often slightly faster and narrower than a

pure Maxwell-Boltzmann distribution. Since this originates from collisions of the

molecules during their passage through the exit slit it is desirable to design the

nozzle as thin as possible. Typical temperatures of evaporation of the molecules

used in the KDTLI are between 350 − 1000 K. The entire range is well covered

by the present oven design. The temperature inside the oven is continuously mon-

itored by a thermocouple 1. The oven assembly is mounted to a X/Y-translation

stage2, which can be moved across a total range of 25 mm in the direction of

each axis. Vertical adjustability is utilized for the velocity selection. The vacuum

conditions in the entire vacuum system are in general important. In the interferom-

eter region collisions with residual gas particles can lead to collisional decoherence

processes which should be avoided. In the entire system, high vacuum conditions

are required in order to allow for good molecular signal transmission. Therefore

the source chamber was segmented into two di�erential pumping stages, both be-

ing pumped by a turbomolecular pump3 before the interferometer chamber. In the

�rst compartment, the oven and the liquid nitrogen ba�e are placed, in the second

compartment the chopper and a horizontal delimiter are positioned.

3.2 Velocity selection and measurement

The de Broglie wavelength of a particle is inversely proportional to its velocity.

As the Talbot distance is wavelength dependent, the KDTL interferometer will

produce high contrast interference fringes only for speci�c velocity classes, while

1k-type thermocouple
2VAb precision XY stage MAX 25-XY
3Pfei�er HiPace 520 and HiPace 700
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Chopper disc

motor
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Figure 3.3: Picture of the chopper assembly.

yielding low visibility for others. A convenient way to select a speci�c velocity class

is to make use of gravitation: The �ight path of a particle in a gravitational �eld

follows a parabola, which is exclusively dependent on the velocity of the respective

particle. A parabola is fully de�ned by the speci�cation of three points. Thus

velocity selection in the KDTLI can be accomplished by inserting three apertures

D1, D2 and D3, which vertically limit the beam pro�le. D1 is realized by the slit

of the oven nozzle. D2 is positioned before the interferometer and its slit width

can be continuously varied from 0 mm up to 1.5 mm using piezos4. The vertical

position of D2 can be varied with a linear translation stage. The third delimiter

D3 is positioned before the quadrupole mass spectrometer. It is a steel sheet with

three di�erent slits cut into it. Slit diameters of 100µm, 200µm, and 500µm

are available and can be chosen by linearly translating the sheet into the molecular

beam. In order to actually measure the selected velocity a chopper is located in the

oven chamber. It is composed of a disc, which can be rotated by an electric DC

motor5. Small sections of the disc are cut out to let the molecular beam pass. On

the chopper assembly, a photoelectric relay is mounted which outputs TTL pulses.

The TTL-pulses of the chopper relay and the detection signals of the channeltron

serve as start and stop signals for a time of �ight measurement. During the course

of this thesis two di�erent chopper types were used. In the �rst type two opposite

4Piezosystem Jena, PZS3 1500 micron slit, precision of 5µm
5Maxon mtr 2326.945-12.111-100
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small sections of the chopper disc were symmetrically cut out. Whenever the disc

is rotated in such a way that the molecule beam can pass through one sector,

the opposite sector unblocks the photoelectric relay. This chopper type, with

equidistant slits directly reveals the time-of-�ight distribution, given the knowledge

of the length between chopper and detector and taking into account a time o�set

resulting from the angle between photodiode and molecular beam. This gives a

good velocity resolution, however, at the cost of a low signal since more than 90 %

of the molecules are blocked. This is acceptable if the chopper is retracted from the

molecular beam during the interference measurements which is the case for most

of the measurements presented in this thesis. Time-of-�ight resolved collection of

the interference pattern can be desirable, especially for studying interference as a

function of the Talbot order and for metrology studies with increased precision.

To achieve a favorable trade-o� between the transmitted signal and time-of-�ight

resolution, a pseudo random chopper sequence was implemented as well [54, 55].

We use a sequence with 255 bins which can be "open" or "closed", resulting in a

total number of 64 slits. A picture of the chopper assembly is shown in �gure 3.3.

A Matlab program is used to deconvolute the square shaped open-function of the

chopper and the time distribution of the detection signals to obtain the velocity

distribution of the molecules. For narrow settings of the delimiters for velocity

selection, the distribution is typically well resembles a Gaussian distribution.

3.3 Detection

For detection, the neutral molecules are �rst ionized by electron impact. The elec-

tron source are �laments made of tungsten, yttriated iridium or thoriated iridium.

During the course of this thesis all three mentioned �lament types were utilized.

The positive ions are then injected into a quadruple mass �lter6. The quadrupole

consists of four parallel metal rods. Each opposing rod pair is connected together

electrically and a radio frequency voltage is applied between one pair of rods, and

the other. A direct current voltage is then superimposed on the RF voltage. For

the measurements in the KDTLI di�erent sets of rods and RF frequencies can be

used. There is one set of rods with a rod diameter of 9.5 mm, which in combi-

nation with a 880 kHz resonator covers an accessible mass range of 10-4000 amu.

In combination with a 440 kHz resonator a mass range from 20-16 000 amu is

6Extrel Core Mass Spectrometers, Model 150-QC
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Figure 3.4: Technical drawing [56] and picture of the quadrupole mass spectrom-
eter installed in the KDTLI.

accessible. The other available rod set has a diameter of 6mm in combination

with the 880 kHz resonator covers a mass range from 25-9000 amu. During the

course of this thesis, the 440 kHz resonator and the corresponding electronics

were purchased, such that masses up to 16 000 amu can be detected in the present

detection assembly [56]. Ions travel down the quadrupole in between the rods.

Only ions of a certain m/z will reach the detector for a given ratio of voltages:

other ions have unstable trajectories and will collide with the rods. This allows

selection of a particular ion mass, or scanning by varying the voltages. The ions

passing the quadrupole are accelerated towards a conversion dynode with a highly

negative potential (for high mass experiments up to 9 kV) where the ions striking

the surface produce secondary electrons. These electrons are then detected by an

electron multiplier. The QMS is mounted on an X/Y-translation stage7 in order

to align the spectrometer to the molecular beam.

7VAb precision XY stage MEGA 25-XY
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Figure 3.5: Picture of the interferometer assembly of the KDTLI including the
electrodes for DC de�ection studies.

3.4 Interferometer

The KDTL interferometer is composed of three equidistantly positioned gratings,

two absorptive silicon nitride gratings and one light grating. A picture of the

interferometer region of the KDTLI is shown in �gure 3.5.

3.4.1 Material gratings

The free-standing matter gratings were photo-lithographically etched into a 190

nm thick silicon nitride (SiNx) membrane8. They exhibit a period of 266.38 nm

and an open fraction of approximately 0.42. The window size is 3 × 3 mm. G1

and G3 are mounted in grating holders which are mounted on motorized stages

for adjusting the roll and yaw angles for alignment. A Piezo actuator allows for

G3 being moved across the molecular beam. A crucial point in the preparation of

the experiment is the precise matching of grating periods and the laser frequency.

Already an average deviation by as little as 0.05 nm reduces the fringe visibility

by one third. Alignment of all degrees of freedom of the interferometer is very

8The gratings were made by Tim Savas, MIT [41]
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Figure 3.6: a) Interference fringe visibility as a function of the yaw angle of G1 and
G3. The color bar on the side designates the visibility. b) Visibility as a function of
the axial position of the light grating, which alters the relative longitudinal distance
between G1 and G2 and G2 and G3.

critical for the overall interference fringe contrast. In a 1:1:1 Talbot-Lau setup,

the periodicities of all three gratings need to be the same. A mismatch of the

grating periodicities of G1 and G2 blurs the molecular density pattern arriving at

G3. A mismatch of the grating periodicities of G2 and G3 leads to a non-constant

phase relation between G3 and the interference pattern and therefore also reduces

the contrast of the recorded fringes. In �gure 3.6 a) the measured interference

visibility is plotted as a function of the yaw angle (i.e. angle a�ecting the e�ective

grating period) of the two material gratings. Also, the distance L1 between G1

and G2 should resemble the distance L2 between between G2 and G3, such that

L1 = L2 = L. This can be optimized by translating the lense and mirror assembly

of G2 in axial direction. In �gure 3.6 b) experimentally measured fringe contrast

of the axial mirror position is shown. More information on the alignment criteria

for the KDTLI can be found in [38, 53].

3.4.2 Light grating

The optical grating is created by focusing a green, single-mode laser beam9 with

a cylindrical lens to a horizontal waist of approximately wx = 20µm onto a plane

mirror, to create a standing light wave. The Rayleigh length of the Gaussian

laser beam amounts to 2.4 mm, which is su�ciently long to keep the laser wave

front curvature small over the intersection region with the molecular beam. The

vertical waist is typically set to approximately wy = 900µm to maximize the

9Coherent Verdi 18 W, continuous diode pumped solid state laser
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for coherent absorption of light grating photons (equation 2.33) is shown as the
solid black line. The time-resolved measured interference fringe visibility is shown
as the data points. For comparison also the incoherent random walk absorption
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the visibility according to di�raction at a pure phase grating (equation 2.32).
The curves are calculated for C70, with an absorption cross section of 1.97 ×
10−21 m2 [9], and an optical polarizability of α532nm = 114.2Å

3 × 4πε0 [38].

�eld homogeneity over the interaction region. The laser has a �xed wavelength

of 532 nm, and the material gratings had to be tailored to half this value. The

laser has a linewidth below 5MHz rms. There is only limited access to the tuning

of the output wavelength, the only handle is tuning the temperature set point of

the intra-cavity etalon. The wavelength can be varied between 532.18 nm and

532.32 nm by adjusting the etalon temperature. The light grating mirror and lense

assembly has motorized stages10 for adjusting the relative distance between the

gratings in x̂-direction and for moving the mirror in and out of the molecular

beam in ẑ-direction for alignment. Also the tilt of the mirror can be controlled via

motorized stages11 without breaking the vacuum. In order to yield a good overlap

of the standing light wave and the molecular beam, the light grating height can

be varied by use of a precision (5µm) linear translation stage.

10Physik Instrumente, M-011K014 High Precision Tables, driven by DC-Mike Motors
11New Focus 8817-6-UHV Stability Mount, driven by Pico Motors
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New mass records in quantum

interference

The main results of this chapter are published in:

• Sandra Eibenberger, Stefan Gerlich, Markus Arndt, Marcel Mayor, and Jens Tüxen

Matter-wave interference with particles selected from a molecular library with

masses exceeding 10 000 amu

Phys. Chem. Chem. Phys. 15, 14696-1470 (2013)

• Stefan Gerlich, Sandra Eibenberger, Mathias Tomandl, Stefan Nimmrichter, Klaus

Hornberger, Paul Fagan, Jens Tüxen, Marcel Mayor, and Markus Arndt

Quantum interference of large organic molecules

Nature Communications 2, 263 (2011)

• J. Tüxen, S. Eibenberger, S. Gerlich, M. Arndt, and M. Mayor Highly Fluorous

Porphyrins as Model Compounds for Molecule Interferometry

European Journal of Organic Chemistry, 4823-4833 (2011)

An important bottle neck for enabling quantum interference experiments with

ever more massive particles is the necessity of suitable beam sources and candidate

molecules. In particular beams of massive molecules or nanoparticles should be

slow and electrically neutral. Depending on the detection scheme employed, also

mass-selected beams are desirable.

On the one hand large e�orts are being made in the development of novel

launching schemes, with laser assisted desorption schemes being promising. Matrix

assisted laser desorption ionization (MALDI) and laser desorption (LD) are used in

standard mass spectrometry and have a wide applicability. However, the technique

41
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is not universal, intact volatilization of biomolecules is often hindered by photo-

fragmentation processes. Also - in view of matter-wave interference experiments

- typical beam velocities are often signi�cantly faster than from a conventional

oven, with a few promising exceptions [57, 58]. Laser induced acoustic desorption

(LIAD) [59] may be a launching technique overcoming these challenges for a wide

range of particles. Here the sample is not directly illuminated by the laser beam,

but a target is irradiated from the back. The above mentioned laser assisted

desorption schemes all typically operate in a pulsed mode, with repetition rates

depending on the sample preparation and the available laser. For the KDTLI a

continuous source is most desirable since the whole interferometer operates contin-

uously. However, this is not a necessary requirement, even the continuous detection

scheme is applicable to pulsed molecular beams.

In addition to the development of launching schemes for fragile particles syn-

thetic chemistry enables the volatilization of tailor-made particles with increasing

mass using standard sources. The standard source in the KDTLI is thermal evapo-

ration or sublimation. Therefore the compounds must exhibit both a high thermal

stability and a high vapor pressure. Per�uoroalkyl-functionalized molecules show

to be well suited candidates since they exhibit high vapor pressures relative to their

molecular weights [60, 61]. Their low polarizability leads to small van der Waals

interactions inside the molecular reservoir and therefore enhances the volatility.

This concept of tailor-made molecules has enabled successful experiments in the

past [62, 6, 12] and played an important role for the realization of the high-mass

interference experiments described in this thesis [63, 64, 65].

4.1 Interferometer alignment

The KDTLI accepts a wide range of particles. Optical polarizabilities at 532 nm

need to be su�ciently large, this is typically naturally given for complex molecules.

Absorption at the standing light wave wavelength should be small to ensure that the

phase grating e�ect is dominant. For increasingly massive particles, also the veloc-

ity needs to be su�ciently slow such that for the current geometry the KDTL e�ect

can still be measured. The present geometry of the KDTLI requires de Broglie

wavelengths larger than approximately 350 fm. For the molecule TPPF320 as

shown in �gure 4.9 this means that the velocity needs to be slower than 115 ms−1.

For thermal beams, velocities slower than that are easily feasible, given that the
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molecules are thermally stable.

A straight-forward consequence of using slower molecular beams is a higher

sensitivity to any type of misalignment and perturbations. Also, the vacuum re-

quirements are more demanding to ensure a su�cient length of the mean free path

and to avoid any other type of decoherence or dephasing e�ects.

4.1.1 Gravitational alignment of the interferometer

Even for an intrinsically perfectly aligned interferometer, for slow velocities a rela-

tive tilt of the entire apparatus with respect to the direction of gravity results in

a signi�cant reduction of the interference fringe visibility. Ideally the grating bars

are perfectly parallel to the direction of gravity. If this is not the case, di�erent in-

terfering paths experience di�erent gravitational potentials. For Θ being the angle

between the grating bars and the direction of gravity, the interference fringes shift

by

∆zgrav = g · sin(Θ)L2/v2
x (4.1)

compared to the un-accelerated fringes [66]. Assuming a Gaussian velocity distri-

bution with a standard deviation of σv, the visibility reduction Rgrav as a function

of the tilt angle Θ is given by

Rgrav = exp

[
−2

(
πg sin(Θ)L2σv

dv3

)2
]
. (4.2)

In �gure 4.1 a) formula 4.2 is plotted for two di�erent Gaussian velocity distri-

butions. The grey solid line corresponds to a mean velocity of v1 = 80 ms−1 with

σv1 = 0.15 · v1. One can clearly see a strong decrease of the visibility for larger tilt

angles. This sensitivity already shows the potential of matter-wave interferometry

to e�ectively measure gravitational acceleration. This has been and is exploited

by a number of atom interferometry groups for precision tests of gravitational

acceleration, for example [67, 68, 69, 70, 71, 72, 73], or the gravitational con-

stant [74, 75, 76, 77]. So far, the KDTLI has not been used for explicit gravity

measurements, the interest was mainly to avoid the gravity dependent phase shifts

in order to maximize the interference contrast even for broad velocity distributions.

However, it can be interesting to quantitatively study gravitational acceleration in
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Figure 4.1: E�ect of misalignment of the interferometer with respect to gravity. a)
expected contrast reduction as a function of the roll angle of the entire interferome-
ter for two di�erent velocity distributions. Gaussian molecular velocity distributions
with mean velocities of v1 = 80 ms−1 (grey solid line) and v2 = 200 ms−1 (blue
dashed line) with σv1,2 = 0.15 · v1,2 are used for the calculation according to [66].
For v1 = 80 ms−1 an angle Θ of 20 mrad su�ces to reduce the interference con-
trast to 50%. For 200 ms−1 the interference contrast is hardly reduced at all. b)
Tilting of the optical table of the KDTLI yields an e�ective tilt of the interferom-
eter without introducing any relative misalignment. The dots are data collected
with C60 at a mean velocity of v = 103 ms−1 with σv = 0.22 · v. The grey solid
line is a plot of equation 4.2 for the same velocity distribution. The data are in
good agreement with the expected contrast reduction.
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the KDTLI by making use of time-resolved interferometry. For a tilt angle of

15 mrad and molecular velocity of 220 ms−1, according to equation 4.1 a phase

shift of 45 nm would be expected. For a velocity of 80 ms−1, the phase shift

even amounts to 338 nm. Both velocities are part of the typical thermal velocity

distribution for C60 measured in the KDTLI, and it should be feasible to resolve

gravitational phase shifts in velocity-resolved KDTL interferometry. With currently

implemented measurement routines we would expect a precision of ∆g/g on the

percentage level.

The orientation of the material gratings with respect to gravity can be controlled

with pico motors1. The readout of the yaw angle is independent of the stepper

motors, electrolytic tilt sensors2 monitor the relative tilt. An additional tilt sensor is

mounted on the optical table, such that relative positioning and readout is possible

- independent of the absolute table position.

In order to allow for successful interference experiments with slow molecules we

optimized the interferometer with respect to gravity. Therefore we used C60 with

a relatively slow mean velocity of v = 103 ms−1 with σv = 0.22 · v. We tilted

the entire system by varying the relative pressure in the vibration insulators of the

optical table and measured the interference fringe visibility as a function of the

table tilt angle. In the measurements we varied the tilt in a range of approximately

25 mrad and a clear dependence of the visibility on the orientation to gravity could

be shown. The expected contrast reduction according to equation 4.2 for the

same velocity distribution is in good agreement with the experimental data. The

table was then left at the optimum position for conducting high-mass interference

experiments.

4.1.2 Consideration of Coriolis force

The Coriolis force due to the earth's rotation is known to be a potential source of

dephasing in atom and molecule interferometers [66, 69, 78]. In the geometry of

the KDTLI, with Ω0 being the parallel component of the earths' angular velocity

vector with respect to the grating bars, the interference fringe pattern shifts by

∆zcor =
2Ω0L

2

vx
= Ω0Lτ, (4.3)

1New Focus Inc., Pico Motor
2Spectron SH50054-A-003, resolution 10µrad
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Figure 4.2: E�ect of Coriolis force induced fringe shifts for Gaussian velocity dis-
tributions of di�erent standard deviations σv. The grey solid, the blue dashed, the
red dotted and the green dashed dotted line correspond to σv/v of 0.3, 0.2, 0.1,
and 0.01 respectively. For realistic velocity distributions and mean velocities faster
than 50 ms−1 there is e�ectively no visibility reduction due to the Coriolis force
expected. For slower velocities, the width of the velocity distribution is crucial,
even for the visibility reduction due to the Coriolis force.

relative to the unaccelerated fringe pattern [66]. Here, the main experimental

parameter is the transit time τ = 2L/vx through the interferometer. This does

not directly depend on the particles' mass. Indirectly there is a dependence on the

particle's mass through the required velocity range in order to ful�ll the geometric

preconditions of a given interferometer setup. For Ω0 = 55.5µrad/s (48◦northern

latitude) and the geometry of the KDTLI experiments, a Coriolis shift of ∆zcor ∼=
12 nm is expected for a molecular velocity of 100 ms−1. This shift only causes a

reduction of the fringe visibility if the molecules exhibit a broad velocity spread. For

a Gaussian velocity distribution with standard deviation σv, the sinusoidal visibility

is reduced by a reduction factor

Rcor = exp

[
−8

(
πΩ0L

2σv
dv2

)2
]
. (4.4)

In �gure 4.2 Rcor is plotted as a function of the mean velocity for di�erent
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standard deviations of the Gaussian velocity distribution. For a mean velocity of

v = 10 ms−1, which would be su�ciently slow for KDTLI interference of parti-

cles with m = 105 amu, and a realistic standard deviation of σv = 0.1 · v, the
expected contrast reduction due to Coriolis dephasing amounts to approximately

0.95. Therefore, the Coriolis force should not put any major constraints on KDTL

interference in this mass range.

4.2 Interference with per�uoroalkylated dye

molecules and nanospheres

In extension to earlier experiments [41, 38], various technological re�nements have

been implemented in the KDTLI. We upgraded the oven to be compatible with

samples that are liquid at room temperature or are in liquid phase when being

heated up before evaporation. Amongst others we added a silver ring between

the oven container and the nozzle to seal the container and to prevent molecular

material from leaking out of the source. In addition to that, a liquid nitrogen cooled

ba�e was added to the source chamber which keeps the pressure low to increase

the mean free path of the molecules. Also, the resonator of the mass spectrometer

was exchanged for a version with a frequency of 440 kHz, increasing the accessible

mass range to 20 − 16000 amu. With these improvements, and after alignment

of the interferometer with respect to gravity - as described in section 4.1.1 - it

was possible to investigate quantum interference of molecules in an unprecedented

mass range of up to 6910 amu [64].

4.2.1 Per�uoroalkylated dye molecules

A very promising synthesis scheme for thermally stable high-mass molecules with

suitable optical and ionization properties is the functionalization of the natural dye

molecule tetraphenylporphyrin (TPP). Fluorinated side chains are attached to the

porphyrin core, yielding signi�cantly more massive target compounds while main-

taining thermal stability. We studied the evaporation behaviour and suitability for

interference of various porphyrin derivatives in tight collaboration with the chemists

at the University of Basel3 who continuously improved their synthesis scheme with

respect to the accessible mass range and stability of the compounds as well as to

3Group of Prof. Marcel Mayor, University of Basel and Karlsruhe Institute of Technology
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Figure 4.3: a) The natural dye molecule TPP (614 amu, 78 atoms) was used as
a reference molecule. b) Its larger derivative TPPF84 (2814 amu, 202 atoms) was
used for extensive high-contrast interference studies as a function of applied laser
power and for thermal investigations [63]. c) The per�uoroalkylated porphyrin
TPPF152 (5310 amu, 430 atoms) has a linear extension of approximately 6 nm
when the structure is completely unfolded [64].

the amount of synthesized material. A detailed description of the chemical synthe-

sis performed at the University of Basel is given in [64]. We performed quantum

interference experiments with the derivatives TPPF84 and TPPF152. Their chem-

ical structures are shown in �gure 4.3 b and c. TPPF84 consists of 202 atoms,

it has a chemical sum formula C84H26F84N4H4 and has a mass of 2814 amu. The

larger derivative TPPF152 consists of 430 atoms, it has a chemical sum formula

C168H94F152N4O8S4, a mass of 5310 amu, and has a linear extension of approxi-

mately 6 nm for a completely unfolded structure.

For evaluating the thermal stability and consequently the suitability of the syn-

thesis approach for KDTL interferometry, we determined the enthalpy of evapora-

tion ∆Hvap for the test molecule TPPF84. We recorded the detected signal N in

the QMS as a function of the source temperature T [63]. An adapted Clausius-

Clapeyron equation yields the relation ln (NT ) = ∆Hvap/(RT ) − const, with

R = 8.314 Jmol−1K−1. This includes the exponential temperature dependence of

the vapor pressure and assumes a hydrodynamic �ow from the thermal source [79].

The slope of a linear �t to ln (NT ) as a function of 1/T then allows us to de-

termine ∆Hvap for a given temperature range. We conducted three independent

experiments in a temperature range from 543 − 590 K. One of the data sets is

shown in �gure 4.4 a, data points given by the circles. The solid line is a linear

�t to the data. The inset shows the recorded signal as a function of the source
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Figure 4.4: a) The molecular signal of TPPF84 shows an exponential dependence
on the source temperature. The circles show ln (NT ) as a function of 1/T for one
out of three data sets used for determining the molecular enthalpy of evaporation.
The solid line is a linear �t to the data. Inset: detected molecular signal as a
function of source temperature. b) typical EI-QMS spectrum of TPPF84. The
highest signal is recorded for the original mass of the intact molecule. Some
side peaks are visible, either due to fragmentation in the source or fragmentation
upon ionisation. The enthalpy of evaporation was measured solely for the intact
molecule.

temperature. We determined a molecular enthalpy of evaporation for T between

543− 590 K of ∆Hvap = 298(34) kJmol−1 with the statistical standard deviation

of the three measurements. We estimate the temperature uncertainty to be 2 K on

a relative scale, and 10 K on an absolute scale. The absolute uncertainty mainly

originates from the not perfectly known physical location of the temperature sensor

in the oven assembly.

We recorded high contrast interference fringes with TPPF84. A typical inter-

ference pattern is shown in �gure 4.5 a. After gravitational velocity selection we

measured a mean velocity of v = 95 ms−1 with a velocity spread of ∆v/v = 0.16.

Signal intensity and duration also allowed for careful alignment of the standing

light wave to the molecular beam and for studying the power dependence of the

interference fringe contrast. In �gure 4.8 a) the results of these measurements

are shown. For TPPF152 unfortunately neither the signal intensity nor the beam

time allowed for similarly elaborate investigations. The vertical molecular beam

diameter had to be increased to 500µm - instead of 200µm - in order to obtain

a su�ciently intense beam. This also leads to a higher sensitivity to any mis-

alignments of the gratings with respect to each other, since a larger area of the

gratings is illuminated. Albeit the signi�cantly larger molecular beam diameter the
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Figure 4.5: Interference patterns of TPPF84 and TPPF152, with the grey shaded
areas representing the background of the detector. a) Typical interference pattern
of TPPF84 recorded for a light grating power of 1.2 W. The grey solid line is a
sinusoidal �t to the data, with a visibility of V = 33(3)%. b) Best interference
pattern recorded with TPPF152 for a light grating power of 1.1 W. The grey
solid line is a sinusoidal �t to the data, with a visibility of V = 16(2)%. For
an estimated polarizability of αTPPF152 = 281Å

3 × 4πε0 which was calculated
with with Gaussian G09 [80] the expected quantum visibility amounts to 45%.
Experimental restrictions prevented us from reaching this value. However, it is still
clearly exceeding the classical expected contrast of approximately 1%.

signal was still small, leading to the necessity of an integration time approximately

4 times longer than for TPPF84. We could achieve a maximum fringe visibility of

V = 16(2)%, as shown in �gure 4.5 b. This is considerably less than the expected

quantum visibility of 45% for the same parameters. However, it is still clearly

exceeding the classical expected contrast of approximately 1%.

4.2.2 Per�uoroalkylated nanospheres

Numerous experiments with fullerenes, especially C60 and C70, have shown that

they are ideal candidates for matter-wave interference experiments. They are com-

mercially available, highly robust and yield a long lasting (up to weeks), stable

signal when being sublimated in our standard oven. Therefore it is a promising

approach to functionalize fullerenes to reach a higher mass and complexity regime.

Already in 1993 per�uoroalkylated nanospheres where prepared by attaching �uori-

nated side chains to C60 [81]. These per�uoroalkylated nanospheres (PFNS) have

the chemical sum formula C60[(CF2)11CF3]nHm, where m ∈ 0..2 is the number of

attached H atoms and n is the number of side chains attached. Past sublimation

studies showed that these compounds show good thermal properties, they subli-
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m = 720 amu, 60 atoms m = 5672 amu, 356 atoms m = 6910 amu, 430 atoms
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Figure 4.6: a) The fullerene C60 (720 amu, 60 atoms) was used as a reference
and for alignment. b) The per�uoroalkylated nanosphere PFNS8 (5672 amu,
356 atoms) was used for extensive high-contrast interference studies as a function
of applied laser power. c) The per�uoroalkylated nanosphere PFNS10 (6910 amu,
430 atoms) was the most massive molecule to show quantum interference at that
time [64].

mate at lower temperatures than the parent fullerenes and slow thermal beams

could be achieved [82]. The chemical structures of C60, PFNS8 with n = 8, and

PFNS10 with n = 10 are shown in �gure 4.6. PFNS8 has a mass of 5672 amu and

consists of 356 atoms, PFNS10 has a mass of 6910 amu and consists of 430 atoms.

We performed quantum interference experiments with PFNS8 and PFNS10 in

the KDTLI. We saw that the mass spectrum depends on the source temperature,

with the compounds losing per�uoroalkyl chains as a function of time and tem-

peratures. At a temperature of 575 K we saw a reasonable molecular signal for

PFNS8 of approximately 85/s on top of a background signal of approximately

80/s. We measured a mean velocity of v = 75 ms−1 with ∆v/v = 0.1. We

measured a maximum interference fringe visibility of V = 49(6)%, as shown in

�gure 4.7 a. The molecular signal lasted long enough to allow for performing ex-

tensive studies of the interference visibility as a function of the laser power. The

signal of PFNS10 was weak from the beginning, the time and temperature depen-

dent degradation of the compounds also led to very short measurement times for

PFNS10, typically shorter than 30minutes. As for the functionalized porphyrins

TPPF152 we needed to increase the vertical molecular beam diameter to 500µm

in order to have su�cient molecular signal. Due to limitations in measurement

time it was not possible to speci�cally align the interferometer for PFNS10. In

addition to that due to the large beam diameter the sensitivity to misalignment
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Figure 4.7: Interference patterns of PFNS8 and PFNS10, with the grey shaded
areas representing the background signal of the detector. a) Typical interference
pattern of PFNS8 recorded for a light grating power of 1.3 W. The grey solid line
is a sinusoidal �t to the data, with a visibility of V = 49(6)%. b) Best interference
pattern recorded with PFNS10 recorded for a light grating power of 1.2 W. The
grey solid line is a sinusoidal �t to the data, with a visibility of V = 17(4)%.

was increased. The maximum fringe visibility achieved for PFNS10 amounts to

V = 17(4)%, as shown in �gure 4.7 b. No full comparison to the quantum model

could be made for PFNS10 since there was not enough molecular signal to per-

form a velocity measurement. However, the oven and the delimiter positions give

an upper bound of 80 ms−1 to the velocity. This allows for an estimation of the

classically expected contrast resulting from Moiré imaging. The expected classical

contrast would amount for approximately 1% which is signi�cantly exceeded by

the measured quantum interference contrast.

4.2.3 Power dependent results for TPPF84 and PFNS8

For TPPF84 and PFNS8 su�cient signal and measurement time was available in

order to thoroughly investigate the interference fringe visibility as a function of

the laser power in the standing light wave. The molecular beam height could be

delimited to approximately 200µm and the vertical position of the standing light

wave could be optimized to match the position of the molecular beam. The fringe

visibility for TPPF84 as a function of laser power is shown in �gure 4.8 a. The solid

grey line represents a one parameter �t according to the quantum model presented

in [38] with the polarizability as the only free parameter. Using the experimental

parameters of the standing light wave with waists wz = 34 ± 3µm and wy =

500±50µm, the measured velocity distribution v = 95 ms−1 with a velocity spread
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Figure 4.8: Fringe visibility as a function of the laser power. Each of the two
experimental runs per molecule is represented by full circles and the error bar
provides the 68% con�dence bound of the sinusoidal �t to the interference fringe.
The thick solid lines are the quantum �ts in which the shaded region covers a
variation of the mean molecular velocity by ∆v = ±2 ms−1. a) The TPPF84
(m = 2814 amu) data agree well with the quantum model and completely miss
the classical curve (thin line on the left). b) Also for PFNS8 (m = 5672 amu) the
experimental data clearly resemble the quantum model.

of ∆v/v = 0.16, and an estimated absorption cross section of σopt = 10−21 m2

the �t results in an optical polarizability of αTPPF84 = 200Å
3 × 4πε0. This is in

reasonable agreement with the calculated static polarizability of 155Å
3×4πε0 using

Gaussian G09 [80] with the 6-31G basis set. The experimental data agree well with

the quantum model and are in clear discrepancy with the classical expectation. The

fringe visibility for PFNS8 as a function of laser power is shown in �gure 4.8 b. The

experimental data agree well with the �t according to the quantum model [38]. For

the experimental parameters present the �t yielded a polarizability of 190Å
3×4πε0,

while Gaussian G09 calculations [80] with the 6-31G basis yielded 200Å
3 × 4πε0.

The experimental data for both, for TPPF84 and PFNS8, are in clear discrepancy

with the classical prediction, which is represented by the blue line on the left in

�gure 4.8.

4.3 Quantum interference beyond 10 000 amu

A straight-forward extension to the experiments presented in section 4.2 is increas-

ing the mass and complexity of the investigated molecules even further. As one

can see from the interference fringes for the heaviest molecules from [64] in �g-

ures 4.5 b and 4.7 b, the quantum fringe contrast is quite low for these molecules,
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Figure 4.9: Left panel: The chemical structure of the molecular library [65]. The
individual components of the libraries have di�erent numbers of �uorinated side
chains attached to the porphyrin core. Right panel: 3D structure of the library
molecule used for quantum interference studies in the KDTLI. With 12 side chains
attached to the porphyrin core, it has a mass of 10 123 amu and it consists of
810 atoms.

integration times needed to be long and at the same time the background signal of

the detector is high. This is clearly not a �rst sign of a fundamental break down of

quantum theory for higher masses. Rather, the quality of the interference fringes

was limited by experimental limitations. Neither for PFNS10 nor for TPPF152, the

molecular signal was intense enough to perform extensive studies and optimization

of the interference contrast. Neither the position of the molecular beam traversing

the standing light wave could be optimized nor the laser power in the light grating.

For opening the path for interference studies with more complex molecules both

on the source and on the detection side improvements are necessary. On the de-

tection side we installed yttrated Iridium �laments for electron ionisation, which

have a lower work function than tungsten for the electrons to be emitted. This also

yields a lower temperature of the ionisation region resulting in lower background

signal. In addition to that, we shortened the detection chamber, which moved the

mass spectrometer closer to the interferometer, yielding a shorter �ight distance of

the molecules, which increases the molecular signal. Also, we increased the voltage
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applied to the conversion dynode before the electron multiplier. This improves the

detection e�ciency for massive particles. On the source side, new schemes for

more e�cient synthesis of thermally more stable molecules were developed. In the

past, the synthetic e�orts were geared towards large monodisperse �uorous por-

phyrins. Building on the scheme presented in [63] molecular libraries with masses

beyond 10 000 amu were synthesized to suit the needs of the KDTLI. The term

"molecular library" refers to a well de�ned mixture of molecules in contrast to a

pure monodisperse molecular sample with one speci�c molecular species. These

molecular libraries are functionalized tetraphenylporphyrin cores with extended per-

�uoroalkyl chains. They show relatively high vapor pressures, they have strong

covalent bonds, high thermal stability and they can be made very massive. The

porphyrin core is compatible with optical and electron ionization properties [83].

The chemical structure of the molecular library is shown in �gure 4.9. The individ-

ual components of the libraries have di�erent numbers of �uorinated side chains

attached to the porphyrin core. This results in a mass distribution with a spacing of

the mass of a single side chain. The 3D structure of the library molecule TPPF320

which was used for quantum interference studies in the KDTLI is shown in the

right panel of �gure 4.9. It has 12 side chains attached to the porphyrin core, a

chemical sum formula C284H190F320N4S12, a mass of 10 123 amu and it consists

of 810 atoms. The library approach has various advantages. Very importantly, it

alleviates the prerequisite of a puri�cation step during synthesis for extracting only

those species with one speci�c number of �uorinated side chains. This signi�cantly

increases the accessible quantity of synthesized material. Also, it can be desirable

to have molecular compounds with an equidistantly spaced mass spectrum [40]. It

enables a step-wise increase of the mass of the investigated species. Finally, for a

time-of-�ight mass spectrometer, where the entire mass spectrum is recorded, in-

terference measurements can be performed simultaneously for di�erent molecules

in the same sample. The photo-ionization properties of the library molecules also

have already been investigated [58, 57].

4.3.1 Experimental results

All molecules of the library were evaporated at a temperature of about 600 K.

After gravitational velocity selection we measured a mean velocity of v = 85 ms−1

with ∆vFWHM = 30 ms−1. The mass spectrum was recorded in the quadrupole
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Figure 4.10: QMS spectrum of the molecular library as a function of temperature
recorded in the KDTLI. At lower temperatures clear side peaks are visible, this is
potentially due to impurities in the sample or due to thermal fragmentation. At
temperatures above 300 ◦C the original molecular material evaporates.

mass spectrometer. In �gure 4.10 the QMS spectrum of the molecular library as

a function of the source temperature is shown. During the interference measure-

ments the mass �lter was set to the target mass of TPPF320 and typical count

rates of 500/s could be achieved with all delimiters in place, and a background

signal of the detector of approximately 20/s for identical settings. This is a clear

improvement in comparison with previous measurements (see section 4.2).

The molecular beam was still dilute enough to prevent all classical interactions

between any two molecules within the interferometer. Based on the evaporation

of 80 mg of library molecules in 45 minutes, we estimate a �ux at the source

exit of ≈ 2 × 1015 particles per second. For an area of 200µm × 2000µm

(vertical×horizontal) and an approximate distance between source and interfer-

ometer of 1.5 m due to the accessible solid angle a signal loss factor in the order

of 10−7 is realistic. Including this, the velocity selection, as well as the grating

transmission we can estimate a total signal loss factor of about 1.4 × 10−10 and
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a molecular density inside the interferometer of 30 mm−3. This corresponds to a

mean particle separation of about 300µm which is su�ciently far to ensure that

classical interactions with other molecules in the beam are negligible. All molecules

are internally hot and both vibrationally and rotationally highly excited. The mean

�ight time of a molecule through the standing light wave of 2.4× 10−7 s is much

longer than the time scale of molecular vibrations (10−14 - 10−12 s) and rotations

( ≈ 10−10 s). Therefore only the mean scalar polarizability governs the interaction

with the standing light wave. Thermal averaging also occurs for the orientation

of any possibly existing molecular electric dipole moment, be it permanent or vi-

brationally induced. The thermal mixture of the internal states is also the reason

why the interference of two macromolecules is excluded in our experiments. The

chances of �nding two of them in the same indistinguishable set of all internal

states � electronic, vibrational and rotational levels, con�guration and all spins �

are negligibly small.

The good evaporation properties of the molecular library allowed for optimiza-

tion of the interferometer with TPPF320. High-contrast interference fringe pat-

terns could be recorded, an example is shown in �gure 4.11 a. The maximum fringe

visibility amounted to V = 33(2)%, which is approximately 90% of the theoreti-

cally expected quantum contrast. In order to calculate the theoretically expected

quantum contrast, calculations of the static dipole polarizability were performed.

The far o�-resonance optical polarizability is assumed to be well approximated by

the static value. We used Gaussian G09 [80] with the 6-31G basis set to estimate

the polarizability of TPPF320 to be 410Å
3×4πε0. For incorporating the absorption

of light grating photons into the model, we used the absorption cross section at

532 nm σabs,532 = 1.7×10−21 m2 of tetraphenylporphyrin dissolved in toluene [84].

The per�uoroalkyl side chains are expected to contribute at least an order of mag-

nitude less to the absorption cross section [85]. We used the measured velocity

distribution with a mean velocity of v = 85 ms−1 and ∆vFWHM = 30 ms−1 and

the beam waist wy = 945µm which was measured with a knife-edge beam pro�le

monitor4 for calculating the expected quantum fringe visibility. The experimental

results agree well with the quantum model [38], and they clearly disagree with

classical Moiré shadow images [38, 49].

4Coherent beam master
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Figure 4.11: a) Quantum interference pattern of TPPF320. The circles represent
the experimental signal as a function of the position of the third grating. The solid
line is a sinusoidal �t to the data, with a fringe visibility of V = 33(2)%. The grey
shaded area represents the background signal of the detector. b) Measured fringe
visibility V plotted as a function of the di�racting laser power P compared with
the corresponding quantum (grey line) and classical (blue line) model [38]. The
dashed grey lines correspond to the expected contrast when the mean velocity is
increased (reduced) by 5 ms−1.

4.4 Macroscopicity

The existence of matter waves is generally believed to be a ubiquitous and univer-

sally valid feature of quantum physics. It should be observable on all mass scales -

if the experiment is appropriately adapted to the smallness of the de Broglie wave-

length, and if the in�uence of decoherence and related phenomena can be made

su�ciently small. This has led a number of authors to propose formal modi�cations

of established quantum physics [86, 87, 88, 89]. In particular also a spontaneous

collapse of the wave function is proposed, which would hardly e�ect a small-scale

quantum system but would be rather fast on the macroscopic scale [90, 2]. In

these models typically a non-linear or stochastic term is added to the Schrödinger

equation.

In order to enable a formal comparison of such non-standard models with mod-

ern experiments various measures of "how macroscopic" a speci�c quantum system

is have been introduced [91, 92, 93, 94]. One may ask to what extent one can

distinguish established quantum mechanics from certain non-standard quantum

predictions, such as for instance spontaneous collapse models. In a recent pro-

posal, the notion of quantum macroscopicity was introduced [1]. The authors

speci�cally ask to what extent an experiment permits us to distinguish established
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quantum mechanics from certain non-standard quantum predictions, such as for

instance spontaneous collapse models. To set a scale, they take the logarithm of

the coherence time parameter τe for an electron in units of seconds as the measure

of macroscopicity,

µ = log10

( τe
1s

)
(4.5)

This means, that a positive value for µ is obtained if an electron is in a coherent

superposition state for more than one second. One �nds that the predictive power

of an experiment can be cast into a logarithmic measure of macroscopicity

µ = log10

[∣∣∣∣ 1

lnf

∣∣∣∣ (Mme

)2
t

s

]
, (4.6)

where the �delity f < 1 is the fraction of the expected interference visibility,

M is the total mass of the delocalized quantum object and me is the electron

mass. In our present experiment the fringe contrast �ts the quantum expectations

with a �delity of better than f = 0.90, the molecular mass of TPPF320 is M =

10123 amu = 1.67 × 10−23 kg and exceeds the electron mass me by more than a

factor of 10 million. With a quantum delocalization time of t = 2.5 ms, needed for

the free �ight between the �rst and third grating, we �nd a macroscopicity of µ =

12.9. In �gure 4.12 a timeline of experimentally achieved quantum macroscopicities

is shown. It compares macroscopicities reached in experiments with neutrons,

atoms, or atom Bose-Einstein condensates, and molecules. Our experiments with

per�uoroalkylated nanospheres PFNS8 in 2011 [64] are marked as the red dot

above 2011. The measurements with TPPF320 [65] are marked as the red dot

for the year 2013 in �gure 4.12. Our experiment with TPPF320 [65] pushes the

previous bound (with PFNS8 in the KDTLI) by half an order of magnitude and to

our knowledge it de�nes the currently most stringent bound of the experimental

macroscopicity parameter µ for quantum superpositions.

4.5 Outlook

KDTL interferometry can be further extended to signi�cantly higher masses and

macroscopicities. For a hypothetical KDTL interference of particles with a mass

of 105 amu, and a velocity of 9 ms−1, the delocalization time in the interferometer
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Figure 4.12: Timeline (adapted from [1]) of macroscopicities experimentally
reached in quantum superposition experiments (details to be found in the arti-
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represent interference experiments with neutrons, atoms, or atom Bose-Einstein
condensates, and molecules, respectively. Our experiments with per�uoroalkylated
nanospheres PFNS8 in 2011 [64] are marked as the red dot above 2011. The
measurements with TPPF320 [65] are marked as the red dot for the year 2013.
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would amount to t = 23 ms5. For a hypothetically achieved quantum interference

contrast �delity of f = 0.95 this would result in a macroscopicity of µ = 16.2. For

such long delocalization times, also the sensitivity of the coherence to misalign-

ment and external forces as discussed in paragraphs 4.1.1 and 4.1.2 is increased.

Therefore, interferometer alignment, vacuum conditions, and velocity selection be-

come more and more critical. Also, more pragmatic things need to be taken into

account. For example, particles with v = 9 ms−1 fall approximately 3 mm between

the �rst and the third grating due to gravity. The laser grating can be moved

almost arbitrarily in height to match the molecular beam height. The material

gratings, however, have a rectangular window size of 3× 3 mm, within which the

gratings are free standing. This needs to be taken into account when adjusting

for signal with very slow molecular beams. For the current distance between the

molecular source and the interferometer of approximately 1.5 m, the 105 amu parti-

cles would fall more than 10 cm in gravity. Therefore, the distance of the source to

the interferometer should be signi�cantly shortened. This is feasible with state-of-

the-art beam sources. Also the detection needs to be scaled up to higher masses.

Currently the maximum mass that can still be resolved by the quadrupole mass

spectrometer is 16 000 amu. Commercially available time-of-�ight mass spectrom-

eters are still compatible with masses of 106 amu.

59ms−1 is the most probable velocity according to a Maxwell-Boltzmann distribution at a
temperature of 500K. This amounts to a de Broglie wavelength of approximately 440 fm, which
is within the acceptance range of the KDTLI in its current geometry.
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Chapter 5

Electric moments in molecule

interferometry

The main results of this chapter are published in:

Sandra Eibenberger, Stefan Gerlich, Markus Arndt, Jens Tüxen, and Marcel

Mayor

Electric moments in molecule interferometry

New J. Phys. 13, 043033 (2011)

5.1 Theoretical background

The sensitivity of the molecular interference fringe position and contrast to external

forces opens the path to quantum metrology using the Kapitza-Dirac-Talbot-Lau

interferometer. This allows the investigation of the in�uence of internal molecular

properties, such as electric, magnetic or optical properties, as well as internal

dynamics on matter waves. In addition to that one can measure these quantities by

evaluating shifts and dephasing of the molecular interference pattern as a function

of the external �elds.

During the course of this thesis a number of internal molecular properties were

investigated in matter-wave interferometry: The contribution of �oppy side chains

to vibrationally induced dipole moments [6, 7], dephasing and phase shifts in the

interference of rigid, polar molecules [7], and the measurement of absolute optical

absorption cross sections in molecule interferometry [9].

63
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5.1.1 Electric dipole and polarizability

The total electric dipole moment of a particle is given by

d =

∫
ρ(r)rd3r, (5.1)

the integral over the entire volume of the particle, where ρ(r) is the charge density

at the position r inside the particle. For molecules the unit Debye (D) is often used

for the dipole moment, with 1 D = 3.33564 × 10−30 Cm = 0.2082 eÅ. Diatomic

molecules typically possess dipole moments in the order of 0.1−10 D. An example

of a diatomic molecule with a low dipole moment is CO with 0.11 D and a highly

polar example is BaS with a dipole moment of 10.9 D [95]. If a particle is exposed

to an external electric �eld its charge distribution is changed. This redistribution is

characterized by its polarizabilities, and it can be expressed in terms of the electric

multipole moments. In a uniform electric �eld, the dipole moment is given by

di = d0i + αijEj +
1

2
βijkEjEk +

1

6
γijklEjEkEl + ..., (5.2)

using the multipole expansion. Here, d0 is the permanent electric dipole moment,

αij is the second rank tensor of the electric polarizability. The third and forth

order tensors βijk and γijkl and also all other higher order terms represent the

hyperpolarizabilities. For weak and moderate electric �elds the contribution of the

hyperpolarizabilities to the overall dipole moment is small. In this thesis their con-

tribution is not considered. In general the polarizability depends on the frequency

of the inducing �eld. We therefore one distinguish between the dynamical (AC)

and the static (DC) polarizability. The polarizability is a tensor of second order,

giving the proportionality between the dipole moment induced in a particle and the

�eld that induced the moment. For many purposes it makes sense to make use of

the isotropic scalar polarizability

α =
1

3
Tr(α) =

1

3

∑
ii

αii, (5.3)

and the polarizability anisotropy

∆α =

√
1

2
[3Tr(α2)− (Tr(α))2]. (5.4)
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In our experiments typical molecular temperatures range from 400 K to 1000 K.

A large number of rotational and of vibrational states are excited and the molecules

do not align to the applied moderate �elds. Therefore the scalar polarizability is

a very suitable measure for our experiments, since anisotropies cancel out in the

comparatively long interaction times with the electric �elds. In general the polar-

izability is frequency dependent. At high frequencies only the electrons contribute

to the polarizability, and the variation of αω as a function of the frequency ω of

an oscillating �eld in ẑ-direction can be obtained by the use of time dependent

perturbation theory, with [96]

αω =
2

~
∑
n

ωn0 |µz,n0|2

ω2
n0 − ω2

. (5.5)

Here, µz,n0 is the transition electric dipole moment in ẑ-direction for the �rst

dipole-allowed electronic transition with ~ωn0 = E
(0)
n −E(0)

0 . For high frequencies

ω →∞, equation 5.5 evolves to [96]

αω→∞ = − 2

~ω2

∑
n

ωn0 |µz,n0|2 → 0, (5.6)

meaning that if the frequency is much higher than any excitation frequency the

polarizability approaches zero. For ω → 0, the static polarizability is obtained. The

polarizability has the dimension of a volume in cgs units, and for molecules the

ground state polarizability is typically in the order of the particles' volume. This is

in general not true for atoms. SI units of the polarizability are [α] = [C ·m2V −1],

the convertion from cgs units to SI units is 1Å
3
[cgs] = 4πε0 · A2s4kg−1[SI].

5.2 Electric beam de�ection in the KDTLI

Molecular beam de�ection experiments in inhomogeneous electric �elds date back

to 1934, when Sche�ers and Stark measured the polarizabilities of various Alkali

atoms. In these times, the accuracy of the measurements amounted to approx-

imately 50%, with limitations dominated by the poor knowledge of the electric

�eld properties and the atomic velocities. The development of rotating disc veloc-

ity selectors [97] in combination with thermal molecular sources and the narrow

velocity spread of supersonic expansions signi�cantly improved the precision of the
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de�ectometric polarizability studies.

The idea of quantum-assisted de�ectometry builds on established classical

beam methods which were successfully applied to characterize beams of clus-

ters [98, 99, 100, 101] and molecules [102, 103, 104]. In classical beam de�ection

studies various electrode geometries can be used. Most abundantly, a so-called

"two-wire" geometry is implemented, for example in references [100, 97, 105].

An alternative de�ection scheme for molecular beams is the so called light-force

technique. Investigating the de�ection in Gaussian laser beams reveals optical

polarizabilities at the optical wavelength [106, 107, 108], given that this is much

higher than the frequency of molecular rotations (typically ' 1011 Hz). In this case

d0 cannot follow the �eld and the response is dominated by the AC polarizability

αopt. This is not taking into account photophysical processes such as absorp-

tion or photoionization, which would result in additional dependencies. Related

experiments could be performed in matter-wave interferometry by introducing an

additional standing light wave between the gratings of a Talbot-Lau type near-�eld

interferometer.

In the KDTLI a high voltage electrode is placed between G1 and G2. For our in-

terferometric studies a di�erent design to the two-wire geometry is employed, since

it is better suited for the wide molecular beams in our interferometer [4, 109].

The sketches in �gure 5.1 show a comparison of classical beam de�ection with

matter-wave de�ectometry. Electric polarizability measurements in matter-wave

interference experiments have been pioneered by groups working with atom inter-

ferometers. Stark de�ection in an atom interferometer yielded the static ground

state polarizability of sodium with a fractional uncertainty of 0.12% [110]. Exper-

iments with Lithium (0.66% [111]) and Potassium (0.49% [112]) yielded a similar

precision. This shows that quantum-assisted de�ectometry is a powerful tool to

investigate internal particle properties.

The potential energy in an external static electric �eld E of a neutral particle

with a dipole d is given by

Epot = −d · E. (5.7)

After di�erentiation one obtains the force on the particle,

F = −(d∇)E, (5.8)

using ∇ × E = 0 for a static �eld. For an unpolar particle of static molecular
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Figure 5.1: Classical beam de�ection versus matter-wave interference assisted de-
�ectometry. a) In classical beam de�ection experiments [113] the entire molecular
beam is shifted, with typical displacements of hundreds of micrometers in order
to be able to resolve the shift. b) In matter-wave interference assisted de�ec-
tometry a periodic nanostructure is imprinted onto the molecular density pattern
by interference. The entire interference pattern and molecular is shifted through
de�ection in the electrode. Due to this nanostructure, shifts as small as 10 nm
can be resolved [4].
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polarizability αstat the dipole moment is given by d = αstatE. In the presence of

an external force �eld it will be de�ected by the amount [4]

∆z =
αstat

mv2
x

Ey
∂Ey
∂z

s
(
−s

2
− l + L

)
= Kαstat

U2

mv2
x

. (5.9)

Here Ey is the electric �eld component in ŷ-direction, m is the molecular mass,

vx the longitudinal velocity, s designates the length of the de�ection electrode,

and l the distance of the electrode from G2. The de�ection e�ect is maximum

for the electrodes being mounted at the position of G2 (l = 0). The right part of

equation 5.9 is the experimentally better accessible version, using a characteristic

geometry factorK, which can be accounted for by calibration, and U is the voltage

applied to the electrodes. The de�ector in the KDTLI is speci�cally designed

to generate a homogeneous force �eld on polarizable particles in an extended

beam [4, 109]. It was designed in analogy to the one characterized in [109, 4], with

a size adapted to the requirements of the KDTLI. Details on the speci�c electrode

and force �eld simulations can be found in [51]. The geometry of the electrodes

is designed such that the molecules of susceptibility χ exclusively experience a

force in the direction perpendicular to the interference pattern (ẑ-direction). The

vertical and longitudinal components of the force are negligible:

Fx
χ

= (E∇)Ex = Ex
∂Ex
∂x

+ Ey
∂Ex
∂y

+ Ez
∂Ex
∂z

= 0 (5.10)

Fy
χ

= (E∇)Ey = Ex
∂Ey
∂x

+ Ey
∂Ey
∂y

+ Ez
∂Ey
∂z

= 0 (5.11)

Fz
χ

= (E∇)Ez = Ex
∂Ez
∂x

+ Ey
∂Ez
∂y

+ Ez
∂Ez
∂z

= const. (5.12)

An electrode shape which is translation invariant along the �ight direction of the

molecules results in Ex = 0 and ∂Ei

∂x
= 0. For su�ciently �at and parallel electrodes

the electric �eld is mainly oriented along the ŷ-direction. Therefore, Ez = 0, while

keeping all the partial derivatives of Ez. Using ∇× E = 0 this results in:

Fz
χ

= Ey
∂Ez
∂y

= Ey
∂Ey
∂z

= const., (5.13)

and

Fy
χ

= Ey
∂Ey
∂y

= 0. (5.14)
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Figure 5.2: Technical drawings of the KDTL de�ectometer. a) Front view of the
electrodes. The minimum distance of the electrodes is 2 mm. b) 3D view of the
electrode assembly.

This height independence of Ey and also the fact that Fz/χ has a constant value

make our design well suited to produce a uniform force �eld for extended molecular

beams. The high voltage electrode implemented in the KDTLI produces a force

�eld with a typical �eld strength of E = 2.15(5)× 106 Vm−1 at 5 kV. It is homo-

geneous within 0.3% across the entire molecular beam (≈ 1 mm× 200µm) [53].

A technical drawing of the de�ectometer is shown in �gure 5.2. In classical beam

de�ection experiments, typical molecular beam diameters are in the order of mil-

limeters [114]. Large electric �elds are necessary to displace the entire beam by

hundreds of micrometers. The precision of the measurements delicately depends

on the knowledge of the relative shift of the beam. Therefore, typical uncertainties

in classical experiments with peptides are 10−15% [115, 116]. Also in the KDTLI

the molecular beam has a width in the order of millimeters. However, interference

imprints a periodic (266 nm) nanopattern onto the beam and shifts of this pattern

can be resolved down to 10 nm. Most of the classical machines would have a ten

thousand times lower resolution for such small shifts. Matter-wave de�ectometry

with complex molecules was �rst used to measure the static polarizabilities of C60

and C70 [4, 109]. In �gure 5.1 b) the experimental setup and the concept of the

fringe shift in the external �eld is shown. For a delta distribution of velocities the

entire interference pattern is shifted by ∆z ∝ αstatU
2/v2 without loss of contrast.

The shift depends on the molecular velocity, for realistic velocity distributions this
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leads to some additional reduction of the amplitude with increasing electric �eld

strength. This is a direct result of the di�erent velocity classes experiencing dif-

ferent shifts in the electric �eld. With a thermal molecular beam the precision

amounts to approximately 5− 10%. A velocity-resolved detection of the interfer-

ence pattern can overcome this. The accuracy of the measurements depends on

the knowledge of the absolute electric �eld which can be calibrated with a par-

ticle of known polarizability. Since neither the molecular trajectory nor the �eld

are perfectly known, we rely on a calibration of the system. Currently, the static

polarizability of C60, αstat = 88.9± 0.9± 5.1Å
3 × 4πε0 [4], is used for calibrating

K in equation 5.9.

When recording the shift ∆z as a function of the applied voltage (see equa-

tion 5.9) care must be taken to account for thermal drifts of the phase of the

interference pattern. We see this to depend linearly on the laser power and to be

stable over time. Typical thermal drifts in the KDTLI are in the order of 0.3 nm/s

which we attribute to a local heating of the standing light wave mirror. In order

to avoid systematic uncertainties in the recorded fringe shift in the presence of an

external �eld the measurement procedure accounts for that. We record both the

shifted and the reference fringes "simultaneously". For every position of G3 the

molecular signal is recorded for both the reference voltage and the target voltage,

with a typical time of 2 s between the measurements, which hardly a�ects the over-

all shift. When normalizing the fringe period to the expected 266 nm the e�ect of

the thermal drift is canceled out.

5.3 Experimental results

We performed a number of successful electric de�ection experiments in the KDTLI.

In section 5.3.1 I will discuss the relevance of thermally activated �uctuating dipole

moments in molecules which do not possess a permanent electric dipole moment.

We see that we can experimentally resolve the contribution of this dynamical

process to the total electric susceptibility via matter-wave de�ectometry [6, 7].

In section 5.3.2 I consider the role of permanent electric dipoles to molecular

coherence and phase shifts. We can qualitatively identify the presence of the

dipole moment in rigid polar molecules through their dephasing because of the

orientation-dependent de�ection [7].
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5.3.1 Vibrationally induced dipole moments

For non-polar rigid molecules, for example fullerenes, the response to an external

static �eld is well characterized by the static polarizability αstat. Non-polar �oppy

molecules, however, undergo many conformational changes in free �ight, especially

at higher temperatures. In our KDTLI typical molecular temperatures are in the

order of 500 K. Vibrationally induced conformational changes are therefore surely

present in �oppy molecules. Even for unpolar molecules the di�erent conformations

mostly possess �nite dipole moments and in general their thermal average does

not equal to zero [6, 117]. The static polarizability is almost the same for all di�er-

ent conformations. The thermally averaged dipole moment due to conformational

changes contributes to the molecular suscepitibility by χ = αstat + 〈d2〉 /(3kBT ).

It a�ects the interaction strength in the electrode's DC �eld by the electric sus-

ceptibility [118]

χ = αstat +
〈d2
z〉

kBT
. (5.15)

This includes the thermal average of all squared dipole components along the

electric �eld axis 〈d2
z〉. For evaluating the fringe shift in the presence of an external

�eld, αstat in equation 5.9 needs to be replaced by χ:

∆z = Kχ
U2

mv2
x

. (5.16)

The e�ect of thermally induced dipole moments due to vibrationally induced con-

formational changes was observed and veri�ed with per�uoroalkyl-functionalized

azobenzenes in KDTL de�ectometry. Molecular dynamics simulations1 quanti�ed

the conformational changes of these molecules and predicted a non-zero electric

dipole moment for a temperature of 500 K. The measured fringe shifts agreed well

with the expectations from the molecular dynamics simulation [6]. Both, the elec-

tronic polarizability and the thermally induced dipole moment lead to a fringe shift

of the interference pattern, since the induced dipole moment is always pointing in

the direction of the applied force �eld.

In order to investigate the structural contribution to the thermally induced dipole

inside a molecule we performed de�ection experiments with the two test molecules

tetraphenylmethane (molecule 1, C25H20, m = 320 amu) and per�uoroalkylated

1N. Doltsinis at the University of Münster
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a b

10 Å

Figure 5.3: 3D structures of a) tetraphenylmethane (molecule 1, C25H20, m =
320 amu) and b) A �oppy molecule with thermal dipole �uctuations: per�uo-
roalkylated tetraphenylmethane (molecule 2, C49H16F52, m = 1592 amu).

tetraphenylmethane (molecule 2, C49H16F52, m = 1592 amu)2 [7, 119]. Their

chemical 3D structures are shown in �gure 5.3. The two molecules share an iden-

tical, mostly rigid, tetraphenylmethane core. However, molecule 2 is additionally

equipped with �oppy per�uoroalkyl side chains. We computed the static polar-

izabilities of the molecules using Gaussian G09 [80] with the 6-31G* basis set,

yielding αstat,1 = 33Å
3 × 4πε0 and αstat,2 = 69Å

3 × 4πε0. We performed de�ec-

tion experiments with both compounds at a temperature of approximately 460 K.

We measured a mean velocity v1 = 220 ms−1 with σv1/v1 = 0.22 for molecule 1,

and v2 = 122 ms−1 with σv2/v2 = 0.18 for molecule 2. We recorded the fringe

shifts as a function of the applied voltage from 1 − 9 kV. From a one parameter

�t to equation 5.16 to the shift-versus-voltage curve, we extract the experimen-

tal susceptibility of molecule 1 to be χ1 = 37(3)Å
3 × 4πε0. We only note the

statistical uncertainty. This value is in good agreement with the computed static

polarizability. For molecule 2 we �nd an experimental value of the susceptibility of

χ2 = 101(4)Å
3 × 4πε0, consistent with the expectation that at 460 K the �oppy

side chains introduce a signi�cant dynamical contribution to the susceptibility in

external electric DC �eld.

2Tetraphenylmethane was purchased from Sigma Aldrich and used without further puri�ca-
tion. Per�uoroalkylated tetraphenylmethane was synthesized by Jens Tüxen and Marcel Mayor
at the University of Basel.
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10 Å

a b

Figure 5.4: 3D structures of a) FeTPP (C44H28FeN4) and b) FeTPPCl
(C44H28ClFeN4). The two dye molecules only di�er by the addition of a single
chlorine atom standing out of the plane of the porphyrin core. This results in
a permanent electric dipole moment of approximately 2.7 D [120] for FeTPPCl,
whereas the permanent electric dipole moment of FeTPP is almost zero.

5.3.2 Permanent electric dipole moments

Many large biomolecules possess permanent electric dipole moments. On the one

hand it is important to study their role in molecule interference in order to assess

the compatibility of large biomolecules with matter-wave interference. On the

other hand it is interesting to investigate rigid polar rotors in quantum-assisted

de�ectometry. We performed for the �rst time matter-wave measurements with

polar molecules [7]. As a test specimen we used FeTPPCl3 (C44H28ClFeN4). Its

3D structure is shown in �gure 5.4 b. It is a biochromophore molecule with an

iron atom at the central position, and a chlorine atom standing out of the plane

of the porphyrin core. This results in a permanent electric dipole moment of

approximately 2.7 D [120].

During evaporation in the KDTLI we could identify two main peaks in the QMS

spectrum, one representing the intact molecule (704 amu) and one for FeTPP at

the mass of the molecule without the chlorine atom (C44H28FeN4, 669 amu). QMS

spectra for two di�erent temperatures are shown in �gure 5.5. The relative peak

height of the fragment molecule FeTPP increases with increasing temperature.

This indicates that thermal fragmentation in the source leading to the loss of the

chlorine atom is more likely at higher temperatures4. This fragmentation came in

3purchased from Porphyrin Systems and used without further puri�cation
4It should be noted here, that in reference [120], where this molecule was studied in a three

material grating interferometer setup, the peak at 669 amu was misinterpreted to represent the
polar molecule FeTPPCl, and that the fragmentation took place upon ionization.
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Figure 5.5: QMS sepctra of FeTPPCl. a) at an evaporation temperature of 380 ◦C
the intact molecule FeTPPCl and its fragment FeTPP show approximately the
same signal strength. b) At higher temperatures, here 480 ◦C, the fragment FeTPP
shows a much higher signal intensity than FeTPPCl. This indicates that thermal
fragmentation leads to the loss of the chlorine atom in the source.

handy for our experiments since FeTPP, being very similar in mass and polarizabil-

ity, has an almost zero dipole moment. Therefore we could study interference and

de�ectometry with two test molecules, one polar and one un-polar, simultaneously

with identical experimental conditions.

We measured the velocity distributions to have a mean velocity of 216 ms−1

for FeTPP and a mean velocity of 207 ms−1 for FeTPPCl, both with a standard

deviation of 50 ms−1. In terms of the mean de Broglie wavelength, both molecules

are described by λdB ≈ 2.6 pm. Since the removal of the chlorine atom is not

expected to result in a signi�cant change of the optical polarizability we expected

the two species to show similar di�raction properties in the KDTLI. We performed

extensive interference studies as a function of the applied light grating power.

In �gure 5.6 the results of these measurements for both molecules are shown.

Since typical rotation frequencies (≈ 1011/s) are much smaller that the oscillation

frequency of the standing light wave (≈ 5 × 1014/s) the interaction with the

standing light wave is dominated by the optical polarizability, and the e�ect of a

permanent dipole moment can be neglected. This is supported by our experimental

�ndings which show an equivalent dependence of the interference fringe visibility

on the applied laser power for both compounds.

The situation changes drastically when a voltage is applied to the de�ection

electrodes. We monitored the fringe shift and the visibility in the presence of the

external DC �eld in the de�ectometer. When evaluating the fringe shift for FeTPP
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Figure 5.6: from [7]: Interference fringe visibility as a function of the applied laser
power (vertical waist wy = 1 mm) for FeTPP (blue diamonds) and FeTPPCl (grey
dots). The solid line represents the quantum model [38] with a polarizability of
108Å

3 × 4πε0. The dashed line includes an estimated absorption cross section of
5× 10−22 m2.

and FeTPPCl as illustrated in �gure 5.7 a, we �nd that the susceptibility-dependent

fringe displacement is comparable for both compounds, showing a quadratic de-

pendence on the applied voltage, ∆z ∝ χU2/(mv2
x). However, for FeTPPCl the

error bars get larger with increasing voltage. This is understood when examining

the fringe visibility for both compounds. Already for 1 kV the interference visibility

for the polar compound is only half of it's value for U = 0 V, and rapidly decreasing

further for higher voltages. At 1 kV, the visibility of the nearly unpolar compound

is still very close to its original value and the slight decrease in visibility for much

higher voltages can be well understood by the �nite velocity spread. The dephasing

for the rigid polar molecule FeTPPCl originates from the rotation of the molecule

which exposes di�erent mean directions of the dipole moment with respect to the

electric �eld gradient. This is known as beam broadening in classical de�ection

studies [121, 113, 101]. When the ratio of the interaction energy rotational energy

is small (d|E|/(kBT ) << 1), the alignment of the dipole with the electric �eld can

be neglected. For U = 1 kV and d ≈ 2.7 D, d|E|/(kBT ) ≈ 6 × 10−4, therefore

the time-averaged dipole moment along the de�ection axis is well described by the

�eld-free distribution. In this adiabatic polarization approximation the total Stark

shift ∂ε/∂E of a rigid spherical rotor in �rst order perturbation theory is given
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Figure 5.7: De�ectometry studies with FeTPP (blue diamonds) and FeTPPCl (grey
dots). a) The shift of the interference pattern as a function of the voltage applied
to the electrode depends on the molecules susceptibility, which is of comparable size
for both molecules. b) For the polar compound FeTPPCl arlready at low voltages a
signi�cant reduction in fringe visibility occurs as a consequence to phase averaging
since di�erent orientations of the dipole moment in the electric �eld result in
di�erent fringe shifts. In contrast to that for the nearly un-polar compound FeTPP
the visibility is only slightly reduced due to the �nite velocity spread.

by [121]

∂ε/∂E = −d KM

J(J + 1)
− αstatE, (5.17)

with the rotational quantum numbers J,K,M . The resulting e�ect of an external

�eld to the molecular fringes is then characterized by two main contributions: The

de�ection due to the susceptibility as de�ned in equation 5.16, and a broadening

b ∝ (∂E/∂z)(d/3), with b =
√

∆zn −2 −〈∆zn〉2, where 〈∆zn〉 is the weighted

average de�ection which depends on the dipole orientation. FeTPPCl is an asym-

metric top, therefore equation 5.17 is not fully valid for our experiments. Our

measurements in �gure 5.7 b qualitatively support the presence of dephasing of

interference due to a rigid dipole moment.

5.4 Outlook

We have shown, that KDTL de�ectometry is a suitable method to study molecu-

lar electric properties and their in�uence on phase and amplitude of interference.

Electric polarizabilities, susceptibilities and dipole moments can be studied. Cur-

rently the main limitation for the precision and accuracy of the experiments are

the �nite velocity spread of the molecular signal and the calibration of the electric
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�eld. Typical widths of the molecular velocity distributions are in the order of 20%.

Time-of-�ight resolved interferometry as demonstrated in [37] in combination with

de�ectometry has the potential to overcome this limitation. First measurements

with C60 yielded promising results. Here, the voltage applied to the electrodes does

not need to be varied. The interaction strength is imprinted into the shift of the

interference pattern as a function of the molecular �ight time. We also consider

to calibrate the de�ectometer with cesium atoms, for which the polarizability of

αstat,Cs = 59.42(7)Å
3 × 4πε0 is known with a precision of 0.13% [122]. First

interference and de�ectometry experiments with Cesium in the KDTLI yielded

promising results. This has the potential to signi�cantly improve precision and

accuracy.
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Chapter 6

Absolute absorption

spectroscopy

The main results of this chapter are published in:

Sandra Eibenberger, Xiaxi Cheng, J.P. Cotter, and Markus Arndt

Absolute Absorption Cross Sections from Photon Recoil in a Matter-Wave

Interferometer

Phys. Rev. Lett. 112, 250402 (2014)

The sensitivity of phase and amplitude of the KDTL interference pattern to

external perturbations enabled a number of interesting studies of internal molecular

properties. In this chapter I focus on optical properties. Following a proposal by

Nimmrichter et al. [8] we experimentally demonstrated the suitability of KDTL

interferometry to measure absolute absorption cross sections.

6.1 Theoretical background

A spectroscopy laser is positioned at a distance D with D < L from G1 between

G1 and G2
1, with the k-vector pointing in ẑ-direction (i.e. direction of the grating

vector). The experimental setup is shown in �gure 6.1. If a molecule absorbs a

photon from the recoil laser it experiences a momentum recoil ∆p = ~k, with
k = 2π/λk and λk being the wavelength of the recoil laser. This recoil shifts

1It is also possible to position the probe laser between G2 and G3 with a distance D from
G3.. The here described phenomena would be equivalent for this geometry since the e�ects are
symmetric with respect to the central grating [45, 123, 8].

79
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the molecular interference pattern with respect to the unperturbed interference

pattern. The displacement s at the position of the third grating is given by

s =
∆pD

mvx
=
λdB
λk

D. (6.1)

It depends on the longitudinal position and the wavelength of the spectroscopy

laser. The probability of a molecule absorbing n photons from this beam is given

by a Poissonian distribution

Pn(n0) = nn0
exp (−n0)

n!
, (6.2)

with n0 being the average number of absorbed photons,

n0 =

√
2

π

σabs λk Pk
h cwky vx

. (6.3)

This results from integrating over a Gaussian laser pro�le along the x̂-axis. Here,

wky is the laser beam waist in ŷ-direction and σabs is the absorption cross section.

For n0 well below 1, it is safe to use a Poissonian distribution for the absorption

probability. Care has to be taken, however, for n0 > 1, especially when the

absorption cross section is not constant for di�erent n. Then, the probability of

absorbing n > 1 photons is not characterized by equation 6.2.

Each molecule may absorb a photon or may remain una�ected. The interference

pattern of those molecules that absorbed a photon is shifted with respect to the

interference pattern of the una�ected molecules. The total observed fringe pattern

is an average over all individual molecular interference patterns. Therefore, in

the KDTLI the absorption of recoil laser photons results in an e�ective reduction

of the interference fringe visibility, with recurring maximum reduction when the

wavepacket is shifted by m/2 interference fringe periods, with m being an integer

number. For a molecular velocity vx, the reduced fringe contrast is given by

V ′ = RV with the reduction factor [8]

R = exp (−n0 [1− cos (2πs/d)]). (6.4)

This e�ective dephasing of the fringe contrast is a direct consequence of not all

molecules acquiring the same momentum recoil. In the upper panel of �gure 6.2

the displacement s is plotted as a function of D. It is calculated for a velocity
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Figure 6.1: Sketch of the experimental setup for the measurement of optical ab-
sorption cross sections in the KDTLI as proposed in [8] and demonstrated in [9].
A spectroscopy laser beam is positioned at a distance D from the �rst grating. If
molecules absorb a photon their interference pattern is shifted with respect to the
unperturbed interference pattern. In the KDTLI this leads to an e�ective reduction
R of the interference fringe visibility. For the demonstration of this scheme, the
absolute absorption cross section of C70 molecules at a recoil laser wavelength of
532 nm was determined.
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Figure 6.2: Upper panel: displacement s according to equation 6.1 as a function of
D for �xed vx = 200 ms−1, λk = 500 nm, and n0 = 0.2. Lower panel: Reduction
factor R (for∆v = 0) as de�ned in equation 6.4 for identical parameters. The
solid black lines mark the regions where s = d/2 ·m and the contrast reduction is
strongest.

of 200 ms−1, λk = 500 nm, and n0 = 0.2. In the lower panel of �gure 6.2, the

visibility reduction is plotted for the same parameters. If the interference pattern is

shifted by integer multiples of d, with d = 266 nm being the grating period in the

KDTLI, then the interference contrast is restored (for a single velocity). One can

see, that the strongest reduction in visibility occurs at integer multiples of d/2.

A realistic molecular beam has a �nite velocity spread. The interference pattern

as well as the mean absorbed photon number n0 and the displacement s depend on

the velocity. Therefore the whole expression needs to be averaged over the velocity

distribution in order to account for realistic molecular beams. The reduced fringe

visibility is then given by V ′ = 〈R〉vxV with the average reduction factor [8]

〈R〉vx =

∣∣∣∣∫ ∞
0

dvxP (vx) exp

(
−n0

[
1− exp

(
2πis

d

)])∣∣∣∣ . (6.5)

A one parameter �t of equation 6.5 to the experimental data reveals the absolute

absorption cross section σabs if all other experimental parameters are known. It

should be stressed that this absolute measurement does not require knowing the

vapor pressure of the molecules. The limited knowledge of the vapor pressure of
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complex molecules has been a main limitation for absorption measurements in gas

cells. In the scheme presented here the relative reduction in fringe visibility for the

spectroscopy laser being on or o� is required.

This is also a major advantage over the measurement through the interaction

with the standing light wave, where also information on σabs can be extracted [38].

There, misalignment of the interferometer leads to an e�ective reduction in fringe

visibility, which can lead to a systematic overestimation of the absorption cross

section. For the relative visibility reduction here this is not critical since the e�ect

of misalignment a�ects both V and V ′ in the same way and cancels out.

6.2 Experimental implementation

Two vacuum �anges of the main chamber were replaced by optical windows with

antire�ection coating from 355− 532 nm to allow for a recoil laser to be directed

between the gratings G1 and G2. A periscope was mounted on translation stages

such that the horizontal and vertical position of the recoil laser could be shifted.

For a �rst demonstration the interferometer was optimized for C70 interference.

Past measurements in the KDTLI [38], in gas cells [124] and extrapolation from

thin �lm measurements [125] showed that the C70 gas phase absorption cross

section at 532 nm is ≈ 10−21 m2.

Optical access between the gratings currently allows for distances of the recoil

laser between 3.5 cm < D < 5.5 cm. The spectroscopy laser was a continuous

wave 532 nm laser with a maximum power of 18 W2. Its waists were measured to

be wky = wkx = 1.23 mm, using a knife edge beam pro�ler3. The laser power can

be varied using a rotatable halfwave plate and a polarizing beam splitter cube.

6.3 Experimental results

The C70 fullerenes were sublimated in the oven at a temperature of approxi-

mately 930 K. We measured a Gaussian velocity distribution with a mean ve-

locity of vx = 210 ms−1 and a standard deviation of 38 ms−1. Due to imper-

fect interferometer alignment the fringe contrast was V ≈ 15%. The molecular

beam height of roughly 200µm is small compared to the spectroscopy laser waist

2Coherent Verdi V18
3Coherent BeamMaster
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wky = 1.23(2) mm. We ensured a good overlap of the spectroscopy laser with

the molecular beam by translating the spectroscopy laser along the vertical ŷ-axis

for a �xed D and monitoring the reduction in fringe visibility V ′/V . As expected,

the visibility pro�le nicely resembles the beam pro�le of the spectroscopy laser, as

depicted in �gure 6.3 a. When the overlap is best, the fringe contrast is maxi-

mally reduced. In order to account for a possible tilt of the translation stages we

performed similar measurements for various distances D. This calibration of the

spectroscopy laser beam height as a function of D is shown in �gure 6.3 b.

For a measurement of σabs we varied D and recorded V ′/V at a �xed power

of Pk = 17.4(2) W (�gure 6.4). For each position we recorded 10 interference

patterns with the spectroscopy laser being on. V was stable for all measurements.

We determined the gas-phase absorption cross section of C70 at 532 nm from

a one parameter �t of equation 6.5 to the data and obtained

σabs(532 nm) = 1.97(6)× 10−21 m2. (6.6)

The uncertainty of 0.06×10−21 m2 is the 1σ estimate derived from the variation

of the χ2 for di�erent values of σabs. It is a statistical uncertainty which amounts to

3% of the measured value. The systematic uncertainty is dominated by the knowl-

edge of the spectroscopy laser power and waist. The power meter has a calibration

uncertainty of 1%4. Taking into account losses at mirrors and windows, the sys-

tematic uncertainty is in the order of 0.04×10−21 m2. The result compares well to

previous absorption experiments in a vapor cell (σabs = 1.3−2.3×10−21 m2 [124]),

an extrapolation from thin �lm measurements (σabs = 3.4× 10−21 m2 [125]) and

an indirect measurement using di�raction at the standing light wave in the KDTLI

(σabs = 2.49(11)(27)× 10−21 m2 [38]).

ScanningD in order to obtain a measurement of σabs is a rather time-consuming

procedure. Especially in view of future measurements of entire absorption spectra

(see section 6.4) it is desirable to �nd a quicker method. This can be achieved

at the cost of some accuracy but with similar precision in the following way. As

depicted in �gure 6.2, for a single velocity vx the �rst minimum in R(D) is found

when the displacement s equals 1/2 · d. This occurs at D(1)
min = dmvxλk/2h. The

4Coherent Power Max PM30
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Figure 6.3: a) Reduction in interference contrast as a function of vertical transla-
tion of the spectroscopy laser for a �xed D = 3.5 cm. The solid line is a Gaussian
�t with the waist wky = 1.23 mm, as measured with a knife edge beam pro�le
monitor. The data represent the average values and the standard deviation from 5
interference scans. b) Similar scans of the vertical translation of the spectroscopy
laser as in a) were performed at a number of distances D in order to calibrate the
translation stage of the mirror leading the laser between the gratings. A linear
�t revealed the correct translation stage settings for a scan of D as presented in
�gure 6.4.
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absorption cross section can then be derived from

σabs = −
√
π

8

hcwkyvx
Pk λk

ln (V ′/V ). (6.7)

This equation for a monochromatic molecular beam is a good approximation

for realistic molecular beams, since the e�ect of a �nite velocity spread is small

close to D(1)
min. For the experimental parameters presented here, D(1)

min ≈ 2.75 cm.

The optical access in our current con�guration allows for D ≥ 3.5 cm. The corre-

sponding data point is highlighted as a red diamond in �gure 6.4. To demonstrate

this simpli�ed measurement we varied the power of the spectroscopy laser at a

constant D = 3.5 cm, as depicted in �gure 6.5 a. Using equation 6.7 we deter-

mine σabs = 1.7× 10−21 m2. This underestimates the absorption cross section by

approximately 14%. The underestimation is mainly due to the fact that we can-

not reach D(1)
min. The suitability of this quicker scheme needs to be evaluated case

by case, since it depends on the spectroscopy laser wavelength and the molecular

velocity, which both shift the position of D(1)
min. This faster scheme can prove to

be useful for recording spectra, where an absolute uncertainty of 10% is often

acceptable and already a big improvement with respect to gas cell measurements.

The technique presented here assumes mean photon numbers well below 1

and the negligibility of multi-photon processes. The clearly linear dependence of

− ln(V ′/V ) on spectroscopy laser powers from 0− 17.4 W (�gure 6.5 a) con�rms

that this condition was met in our experiments. For a laser power of 17.4 W we

determine n0 = 0.14.

C70 is known to have strong intersystem crossing upon photon absorption. With

a high probability of approximately 90%, in about one nanosecond the population

of the excited singlet state is transferred to the lower lying, long-lived triplet. The

lifetime was measured to be ' 41µs in a supersonic beam [126]. It is temperature

dependent and publications on triplet state life times range from microseconds to

milliseconds [127, 128].

The interaction strength in the standing light wave of the KDTLI depends on

the optical polarizability and the absorption cross section of the molecule. Both

are signi�cantly larger in the triplet state. If the triplet state is populated when

the molecules enter the standing light wave this can result in an e�ective change

of V ′/V , when the light grating power is varied. For a distance (L−D) ' 5 cm

between the spectroscopy laser and G2 and for a velocity of 210 ms−1, the molecules
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Figure 6.5: a) −ln(V ′/V ) as a function of the spectroscopy laser power exhibiting
a clear linear dependence. This con�rms the predictions from the model and that
the mean absorbed photon number is well below 1. b) For a �xed spectroscopy
laser power of 17.4 W we varied the power in the light grating in order to study
possible e�ects of an excited triplet state polarizability. The reduction in fringe
visibility is independent on the applied laser power. This con�rms that we do not
need to consider the excited triplet state in the analysis of the absorption cross
section.
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travel 240µs to reach the standing light wave. This is a factor of �ve longer than

the triplet state lifetime measured in [126]. To ensure that we do not need to

include the triplet state polarizability and absorption cross section in our analysis

we performed measurements of V ′/V as a function of the light grating power. In

�gure 6.5 b the results are shown for 1 − 6.5 W. We see a constant reduction in

fringe visibility for all powers and therefore con�rm we do not need to include the

triplet state polarizability and absorption cross section in our analysis.

6.4 Outlook

Our results [9] demonstrate that matter-wave interference is a suitable tool to mea-

sure gas phase absorption cross sections with a precision on the percentage level.

The technique is applicable to dilute beams, there is no need for the knowledge

of the particle density and it is minimally invasive. Small recoils can be measured

through the impact on the phase and amplitude of the interference patterns.

6.4.1 Towards recording absolute absorption spectra

So far our absorption measurement has been demonstrated for a single wavelength.

This is already useful to anchor existing spectra. A natural extension of this type

of measurements is recording entire spectra. For many biological molecules gas

phase absorption spectra are either poorly known or not experimentally recorded

at all. Typically, the calibration depends on the availability of evaporation data

and the knowledge of the vapor pressure in a gas cell. Matter-wave interference

assisted spectroscopy has the potential to overcome this. In order to achieve this a

tunable Ti-Sapphire laser system with a frequency doubling stage was purchased5.

The system is optically pumped by a green cw laser (18 W, 532 nm6). After the

doubling stage blue light is emitted in the wavelength regime between 350 nm

- 475 nm. The emitted power in the blue is in the order of < 2 W to achieve

measurable spectroscopy e�ects in our setup if the absorption cross sections are

in the order of 10−21 m2. For smaller absorption cross sections a multi-pass of

the spectroscopy laser beam could be realized. A sketch of the proposed setup

can be seen in �gure 6.7. One biological molecule of interest is β-carotene. It is

5SolsTiS laser system from M-squared
6Coherent Verdi V18
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Figure 6.6: a) EI-QMS spectrum of all-trans β-Carotene collected in the KDTLI for
a source temperature of approximately 190 ◦C. The single ionized peak of intact
β-Carotene at m/z = 537 can be clearly identi�ed. In the inset, the chemical
structure of all-trans β-Carotene (C40H56) is shown. b) High-contrast (32%)
interference of β-Carotene in the KDTLI.

naturally abundant in various fruits and vegetables and is an important precursor of

Vitamin A. The chemical structure of all-trans β-Carotene (C40H56) is shown in the

inset of �gure 6.6 a. Preliminary experiments in the KDTLI7 con�rmed previously

recorded temperatures of successful evaporation [129]. Between 170− 195 ◦C it is

evaporating intact and reasonable count rates (approximately 3000/s at 190 ◦C)

could be achieved using our standard oven. In �gure 6.6 a an electron ionization

QMS spectrum, recorded in the KDTLI, is shown. A signi�cant fraction of the

molecular material evaporates intact, the single ionized peak at m/z = 537 can be

clearly identi�ed. Also, high-contrast interference fringes could be recorded, with

maximum visibilities of around 32%, as shown in �gure 6.6 b.

These �ndings are encouraging for future spectroscopy experiments with β-

carotene. Absorption experiments in Hexane solution show strong absorption be-

tween 350 nm - 500 nm [130]. Therefore a frequency doubled Ti:sapphire laser

should be a suitable system to conduct gas phase spectroscopy. It has been known

for a long time [131], that for measurements of absorption spectra in solution the

solvent has a strong e�ect on the location of the absorption peaks, and e�orts are

put into quantifying the e�ect of solvents also for β-carotene [132]. Also for that

reason it will be interesting to study the gas phase absorption spectra. The step-

wise addition of solvent molecules to the analyte molecule shall mimic the solution

environment in future studies.

7all-trans β-Carotene purchased from Sigma Aldrich, purity > 98%
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Figure 6.7: For future absorption spectroscopy experiments it is desirable to use
a tunable laser to resolve the absorption lines. Here, a Ti-sapphire laser (SolsTiS
laser system from M-squared, tuning range from 700 nm - 950 nm) is pumped by
a Verdi V18. After a frequency doubling unit, blue light (350 nm - 475 nm) is
guided between the gratings for recoil spectroscopy experiments. The same laser
can be used for photo-switching in the oven chamber, once the absorption peak
wavelengths have been identi�ed.

Another proposed extension of the experiments is the investigation of absorption

spectroscopy as a function of internal temperature. Absorption cross sections can

vary substantially with temperature [133, 134] and they are often only provided in a

small temperature range. For some an interpolation method suggests an exponen-

tial temperature dependence [135]. It will be interesting to study this e�ect system-

atically with large molecules in the future. A �rst step will be the measurement

of absorption cross sections at di�erent temperatures using the thermal source.

However, there is only a �nite window of temperatures where the molecules evap-

orate. The use of a cold source is desirable, for three reasons: to investigate the

role of the internal temperature for the coherence of the molecular matter waves,

for electric de�ection studies (section 5), and for spectroscopy. Once a suitable

source is in operation we can perform experiments with molecules at 40 − 100 K

and compare their optical absorption properties with those of molecules evaporated

at temperatures of several hundred degrees Celsius.
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Figure 6.8: The chemical structure of 11-cis-Retinal and all-trans-Retinal. Upon
illumination with visible light, 11-cis-Retinal photo-switches to all-trans-Retinal.
This process is important in human vision.

6.4.2 Towards gas phase switching biomolecules

The reversible transformation of a chemical species by irradiation with light has

motivated many experimental studies. One prominent example is the molecule

retinal, which is at the core of human vision. In the human eye it is incorporated in

the protein rhodopsin. Photoisomerization from 11-cis-retinal to all-trans-retinal

upon absorption of a visible photon has a high quantum yield of approximately

0.65 [136]. It is the trigger event for a cascade of signal transduction resulting in

the perception of vision. The chemical structures of 11-cis-retinal and all-trans-

retinal are shown in �gure 6.8.

First evaporation trials of all-trans-retinal8 in the KDTLI revealed a small signal

of the intact molecule in the quadrupole mass spectrometer. The remarkable

increase in the background of the detector at the target mass during evaporation

prevented us from conducting in-depth interference studies. An improvement on

the source side and enhanced vacuum conditions should enable us to overcome this.

To our knowledge, experimental photo-isomerization of retinal has not yet been

realized to date. It will be interesting to investigate the switching properties using

matter-wave interference. The isomerization process itself takes place on a time

scale of only 200 fs [137]. This is too short to be resolved in KDTL interferometry.

However it would be interesting to perform experiments starting from a pure sample

of 11-cis-retinal, switching to all-trans-retinal and then study the e�ect on phase

and/or amplitude of interference. A photo-switching stage could be implemented

in the source chamber of the KDTLI, ideally ina multipass con�guration. A sketch

of the proposed setup is shown in �gure 6.7.

In the KDTLI we have a number of metrology techniques at hand to study

internal molecular properties. We already demonstrated, that we are sensitive to

electric susceptibility and dipole moment as well as to optical polarizability and

8purchased from Sigma Aldrich, purity > 98%
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absorption cross sections. It seems nearby to implement absorption spectroscopy

as an analytical tool. The proposed experimental procedure is as follows. For

pure samples of 11-cis-retinal or all-trans-retinal an absorption spectrum can be

recorded using our tunable Ti:Sa laser. Once the wavelength of maximum ab-

sorption in the gas phase is identi�ed, a part of the laser beam can be led to the

switching stage (multi-pass) using polarizing optics. The other part is used for the

measurement of the absorption cross section following the protocol as described in

section 6.3. Since the di�erent isomers are expected to show a di�erent absorp-

tion spectrum [138], the absorption cross section at the given wavelength should

be di�erent for a mixture than for a pure sample. It will be interesting to study

this with retinal or other interesting biological molecules in the future.
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Chapter 7

Outlook

Our KDTLI has proven to be a valuable experiment to investigate high-mass

matter-wave interference with numerous molecular species [41, 38, 64] up to par-

ticles of masses beyond 104 amu [65]. To our knowledge our experiments de�ne

the currently most stringent bound of the experimental macroscopicity parame-

ter [1] for quantum superpositions. Future experiments in the KDTLI are centered

around two main topics. On the one hand a main focus is the further development

of high-mass interferometry with increasingly complex molecules. The KDTLI is

still compatible with signi�cantly more massive molecules.

Matter-wave interference assisted metrology studies have enabled the measure-

ment of various internal molecular properties. In the KDTLI, matter-wave de-

�ectometry facilitated the measurement of vibrationally induced conformational

changes [6, 7], the distinction of structural isomers [119], the investigation of the

permanent electric dipole moments [7], and the measurement of absolute opti-

cal absorption cross sections [9]. The availability of more advanced molecular

sources and detection schemes will enable future studies to further extend these

measurements to biological molecules and re�ned methods for spectroscopy will

be implemented.
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We measure the absolute absorption cross section of molecules using a matter-wave interferometer. A
nanostructured density distribution is imprinted onto a dilute molecular beam through quantum
interference. As the beam crosses the light field of a probe laser some molecules will absorb a single
photon. These absorption events impart a momentum recoil which shifts the position of the molecule
relative to the unperturbed beam. Averaging over the shifted and unshifted components within the beam
leads to a reduction of the fringe visibility, enabling the absolute absorption cross section to be extracted
with high accuracy. This technique is independent of the molecular density, it is minimally invasive and
successfully eliminates many problems related to photon cycling, state mixing, photobleaching, photo-
induced heating, fragmentation, and ionization. It can therefore be extended to a wide variety of neutral
molecules, clusters, and nanoparticles.

DOI: 10.1103/PhysRevLett.112.250402 PACS numbers: 03.75.-b, 03.65.Ta, 33.15.-e, 33.20.-t

Optical spectroscopy, essential in the early development
of quantum theory, is now a ubiquitous tool in the natural
sciences [1,2]. In many cases it is desirable to access the
electronic, vibrational, or rotational properties of free
molecules. Gas-phase spectroscopy has therefore been
established in various systems, ranging from gas cells to
free molecular beams or ion traps. Absorption measure-
ments in vapor cells [3] yield relative spectral information
—i.e., the positions of absorption lines. However, this
requires the analyte particles to be sufficiently volatile and
to form a gas of sizable opacity. For many complex
molecules, gas phase data are lacking because the number
densities are too weak. This holds in particular for non-
fluorescent molecules. Gas phase spectra are therefore
often derived from solvent analysis [4]. In addition,
measuring absolute values for absorption cross sections
conventionally requires accurate knowledge of the vapor
pressure. This is notoriously difficult to determine for
complex molecules.
Combining absorption spectroscopy with light-induced

fluorescence offers a higher signal to noise, and therefore
sensitivity. This method has been refined to matrix-isolated
samples down to the level of single molecules [5,6].
However, in free molecular beams the number of photons
scattered by complex molecules is intrinsically limited.
The fluorescent light is typically redshifted with respect to
the absorption wavelength, with the energy difference
remaining in the molecules. Frequent repetition of the
absorption cycle rapidly leads to heating, photobleaching,

or destruction of the particles. This problem can be
alleviated by keeping the analyte particles in a dilute buffer
gas, which serves as a heat bath. This has been successfully
exploited with isolated trapped biomolecular ions [7,8] and
with molecules isolated in cryogenic matrices [9].
In this Letter we present a method to measure absolute

absorption cross sections which circumvents repeated
photon cycling and which can be applied to extremely
dilute beams. We exploit photon recoil in a Kapitza-Dirac-
Talbot-Lau (KDTL) matter-wave interferometer [10] to
measure the reduction in quantum interference contrast
as a function of the position and intensity of a recoil laser.
From this we extract the absorption cross section σabsðλkÞ at
the laser wavelength λk [11].
The delocalization of complex molecules has been

studied in a variety of experimental arrangements, from
far-field diffraction to near-field interferometry [12]. The
KDTL interferometer has enabled observation of quantum
interference with the most massive nanoparticles to date,
exceeding 104 AMU [13]. The interference fringes in the
KDTL interferometer are free flying periodic nanostruc-
tures formed by the molecular number density distribution.
If this nanostructure is exposed to a uniform external force
the internal particle properties determine the resulting shift
of the interference pattern. This method has enabled
measurements of electric polarizabilities, susceptibilities,
dipole moments, and thermally induced conformational
dynamics, as well as the distinction of structural isomers
[12,14,15]. Here we consider the case of photon recoils
associated with the Poissonian statistics of a molecule
either absorbing, or not absorbing, a photon. In particular,
where internal conversion dissipates the photon energy and
suppresses any secondary emission. This shifts only a part
of the interference pattern and may therefore reduce the
observed interference contrast. Photoinduced decoherence,

Published by the American Physical Society under the terms of
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caused by the random emission of spontaneous or thermal
photons, has previously been studied in atom [16,17] and
molecule [12] interferometry, respectively. Photon absorp-
tion in Ramsey-Bordé interferometry [18] has also pre-
viously been used to determine the fine structure constant
[19] and molecular data. Here we make use of fringe
averaging in KDTL interferometry to derive precise absorp-
tion spectra, as suggested in Ref. [11].
A schematic of the experimental setup is shown in

Fig. 1(a). In this particular demonstration, molecules of
the fullerene C70 are sublimated in a thermal source at a
temperature of 654 °C and fly through three gratings, G1,
G2, and G3 before detection in a quadrupole mass
spectrometer (QMS). Gratings G1 and G3 are etched into
SiN with a period d ¼ 266 nm and an opening fraction of
0.42. Grating G2 is a standing light wave formed by a laser
with wavelength λg ¼ 532 nm and waists wx ≃ 20 μm and
wy ≃ 500 μm. Adjacent gratings are spaced by a distance
L≃ 10.5 cm [10]. The collimation and velocity selection

of the molecular beam is provided by a series of slits. This
results in a beam height of about 200 μm and a divergence
less than 1 mrad. The velocity distribution is measured
using a time-of-flight technique using a rotating chopper
disc and time-resolved detection [20]. We find the velocity
distribution to be well approximated by PðvxÞ ¼
ð ffiffiffiffiffiffi

2π
p

σvxÞ−1 exp ½−ðvx − v0Þ2=2σ2vx � with a mean velocity
v0 ¼ 210.3ð7Þ ms−1 and standard deviation σvx ¼
38.4ð5Þ ms−1. Here quoted errors are the 1σ uncertainty
estimates. The molecular beam is initially incoherent.
However, the openings of G1 represent a comb of slits
which act as narrow and therefore spatially coherent
sources of transmitted wavelets [12]. The molecules inter-
act with G2 through the optical dipole force. The spatially
periodic variation of the laser intensity imprints a spatially
varying phase onto the transmitted matter wave, which
evolves into a modulation of the molecular density dis-
tribution. The QMS then counts the number of molecules
transmitted byG3. The molecular density pattern arriving at
G3 has a near-sinusoidal shape. This is revealed in the
count rate when G3 is laterally translated as illustrated in
Fig. 1(b). The visibility of this curve V ¼ A=μ is deter-
mined by the fringe mean μ and amplitude A. For the
experiments described here count rates of μ≃ 300=s and a
fringe visibility of V ≃ 0.15 were typical. Decoherence,
dephasing, or phase averaging in the interferometer reduce
the fringe visibility V. Under controlled conditions this
reduction can be used to extract detailed information
about the interaction between the molecules and their
environment.
Consider a particle which absorbs n optical photons

from a recoil laser whose k vector is parallel to the grating
vector. The laser is positioned at a distance D from G1,
where D < L. If a molecule absorbs a photon it receives
a momentum recoil Δp ¼ h=λk. In the plane of G3 this
recoil shifts the position of the absorbing molecule
relative to the unperturbed interference pattern by a dis-
tance s ¼ ΔpD=mvx ¼ λdBD=λk. The probability of a
molecule absorbing n photons while crossing the recoil
laser is described by the Poissonian distribution Pnðn0Þ ¼
nn0 exp ð−n0Þ=n! where the average number of absorbed
photons n0 is obtained by integrating over the Gaussian
recoil laser intensity profile along the x̂ axis

n0 ¼
ffiffiffi
2

π

r
σabsλkPk

hcwkyvx
: ð1Þ

A relative dephasing within the total ensemble occurs
because not all molecules acquire the same momentum
recoil. For a given molecular velocity vx this results in a
reduced interference contrast V 0 ¼ RV where [11]
R ¼ exp ð−n0½1 − cos ð2 πs=dÞ�Þ. However, for a realistic
molecular beam with a finite spread in velocities the
observed reduction in contrast must be averaged over
the velocity distribution. This results in the relation,

(a)

(b)

FIG. 1 (color online). Absolute absorption spectroscopy in the
KDTL matter-wave interferometer. (a) Grating G1 produces a
spatially coherent source of molecules from the thermal beam
emitted by an oven. After a distance D the molecules encounter
the recoil laser where the probability of absorbing n photons, of
wavelength λk, is described by a Poissonian distribution, Pn. At a
distance L–D further the molecules diffract at the standing light
wave G2. The resulting interference pattern is read out by
translating grating G3 laterally before a quadrupole mass spec-
trometer. (b) The effect of some molecules absorbing a photon
from the recoil laser results in a reduction of the observed
visibility V ¼ A=μ → V 0 ¼ A0=μ when averaged over the
molecular velocity distribution. Here A (and A0) are the un-
perturbed (perturbed) amplitude and μ is the mean of the near-
sinusoidal quantum interference curve.
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V 0 ¼ hRivxV, where the reduction in visibility is now
described by [11]

hRivx ¼
����
Z

∞

0

dvxPðvxÞ exp
�
−n0

�
1 − exp

�
2πis
d

�������:
ð2Þ

In our experiments the height of the molecular beam is
small compared to the waist of the recoil laser which was
measured using a scanning knife-edge profiler to be wkx ¼
wky ¼ 1.23ð2Þmm. Figure 2(a) shows the variation of V 0=V
when the recoil laser is translated along the ŷ axis. We find

good agreement with the waist measured using the profil-
ometer and the contrast reduction.
In order to measure σabs we record V 0=V for a variety of

different horizontal laser positions D. The current exper-
imental arrangement allows for optical access between
3.5 < D < 5.5 cm. The recoil laser is fixed at a power of
Pk ¼ 17.4ð2Þ W and a wavelength of λk ¼ 532.2 nm, with
a drift on the order of 10 MHz over the course of our
measurements. Figure 2(b) shows how the observed reduc-
tion in fringe visibility varies with D. From a fit of Eq. (2)
to this data we determine the absorption cross section to be

σabsð532 nmÞ ¼ 1.97ð6Þ × 10−21 m2; ð3Þ

without any other free parameter. The quoted uncertainty in
σabs is the 1σ estimate derived from the variation of the χ2

for different values of σabs. The systematic uncertainty is
dominated by knowledge of the recoil laser power and
waist, which for these experiments enters at the level
of 4 × 10−23 m2.
A faster method to measure the absorption cross section

can be employed with similar precision and only slightly
reduced accuracy. For a fixed velocity PðvxÞ ¼ δðvx − v0Þ
the first minimum in the reduction of contrast occurs at
Dð1Þmin ¼ dmv0λk=2h and the absorption cross section is
described by

σabs ¼ −
ffiffiffi
π

8

r
hcwkyvx
Pkλk

ln ðV 0=VÞ: ð4Þ

Close to D ¼ Dð1Þmin the effect of finite velocity spread is
small for all values of v0. The data point highlighted as a
red triangle in Fig. 2(b) is the nearest to this minimum
we could achieve in our current setup, with a position
D ¼ 3.5 cm. If we ignore the effects of velocity spread and
use Eq. (4) to determine the absorption cross section we
find a value σabs ¼ 1.7 × 10−21 m2, which underestimates
the value determined from our detailed analysis by approx-
imately 14%. This type of measurement is subject to
systematic shifts towards lower absorption cross sections.
However, this effect is small compared to the change in
absorption cross section close to molecular resonances
which can span decades. A further simplification can be
made for molecules with a very low mean velocity or for
short recoil laser wavelengths. The spatial period of V 0=V is
2Dð1Þmin ¼ dmv0λk=h for a monochromatic beam, varying
only slightly when realistic velocity distributions are
considered. When D is very large compared to 2Dð1Þmin
the reduction factor is described by hRivx ≃ exp ð−n0Þ and
the sensitivity to D is removed.
Our model assumes that multiphoton processes are neg-

ligible. To ensure this is valid we recorded the reduction in
contrast for recoil laser powers ranging from 0–17.4 W.
Figure 3(a) shows a clear linear relation between− lnðV 0=VÞ
and the recoil laser power. This behavior is expected from

(a)

(b)

FIG. 2 (color online). (a) Reduction in interference fringe
visibility as a function of the vertical position of the recoil laser
for a fixed D ¼ 3.5 cm. The data show the mean value from 5
runs and their standard deviation. The solid line is a Gaussian fit
with a fixed waist of 1.23 mm. (b) Reduction in interference
contrast as a function of the distance D between recoil laser and
G1. The data show the mean value from 10 runs and their
standard errors. The solid blue line describes the visibility
reduction factor hRivx for the absorption cross section σabs which
minimizes the χ2. The shaded blue region shows hRivx between
the 1σ estimates of σabs. The dashed green line is the
reduction factor R for a monochromatic molecular beam,
PðvxÞ ¼ δðvx − v0Þ. The data point highlighted as a red triangle
corresponds to the visibility reduction when the recoil laser is
closest to Dð1Þmin ¼ dmv0λk=2h. In a simplified version of our
analysis this is used to estimate the absorption cross section.
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the definition of R and we therefore determine a maximum
mean absorbed photon number of 0.14.
The interaction potential at G2 depends on the optical

polarizability of the molecules. Although they enter the
interferometer in the electronic ground state S1 a small
fraction can be excited to the triplet state T1 by the recoil
laser. If some remain in T1 at G2 this will be seen as a
change in V 0=V as the light grating power varies. For a
distance of ðL −DÞ≃ 5 cm and a velocity of ≃210 ms−1

the molecules take approximately 240 μs to reach G2 after
the recoil laser. This is significantly longer than the
expected triplet lifetime of C70 in the gas phase which
has been measured to be τ≃ 41 μs [21]. Figure 3(b) shows
the results of experiments where we measured V 0=V for
light grating powers ranging from 1–6.5 W. The recoil laser
here is positioned 4.85 cm from G1 to ensure a reasonable
reduction in contrast while maintaining a good signal-to-
noise ratio at low light grating powers. We see no
significant change in V 0=V and conclude that the excited
triplet state plays no significant role in our absorption cross
section measurements.
In summary, we have demonstrated a precise and

accurate method to measure the absolute absorption cross

section of molecules in dilute beams from quantitative
observations of the fringe visibility as a function of the
intensity and position of a probe laser. Our result for C70 at
532 nm is in good agreement with previous absorption
experiments in a vapor cell σabs ≃ 1.3 − 2.3 × 10−21 m2

[3], an extrapolation from a thin film measurement σabs ≃
3.4 × 10−21 m2 [22] and from an indirect measurement
using molecular interferometry σabs ¼ 2.49ð11Þð27Þ ×
10−21 m2 [23]. An advantage of our new method is that
it is independent of the interferometer alignment and
absolute fringe visibility, making it less susceptible to
systematics.
We realize an absolute uncertainty of 3% which can be

used to anchor relative spectra to our fixed frequency value
at 532 nm with the same absolute accuracy. Further
improvements are conceivable, especially for beams with
a narrower velocity spread.
The result presented here corresponds to the temperature

T ¼ 654 °C. Molecular absorption cross sections can vary
substantially with temperature [24,25]. This is also
expected to hold for C70 where several hundred rotational
and vibrational states can be populated in a thermal beam.
In small molecules an exponential temperature dependence
is expected [26] and it will be interesting to apply our
method systematically to large molecules in the future.
Our method can be applied to many molecular species

and is of particular interest to extremely dilute beams
whose vapor pressures cannot be known a priori. This
applies especially to neutral biomolecular beams which
could be studied as isolated particles or embedded in
nanosolvent environments. One may also consider multi-
photon experiments with higher time resolution for various
interferometer configurations [12,27].
Absorption spectroscopy through photon recoil in mat-

ter-wave interferometry will be important in future research
at the interface between quantum optics, physical chem-
istry, and biomolecular physics [28].

We acknowledge valuable discussions with S.
Nimmrichter and K. Hornberger. We are grateful for
financial support from the FWF through projects Z149-
N16 and DK CoQuS W1210-2, the European commission
through project ERC AdvG PROBIOTIQUS(320694) and
the Vienna ZIT communication project (957475). J. P. C. is
supported by a VCQ fellowship.

*markus.arndt@univie.ac.at
[1] W. Demtröder, Laser Spectroscopy (Springer, Heidelberg,

2003).
[2] J. Berkowitz, Atomic and Molecular Photoabsorption:

Absolute Total Cross Sections (Academic Press, London,
2002).

[3] P. F. Coheur, M. Carleer, and R. Colin, J. Phys. B 29, 4987
(1996).

(a)

(b)

FIG. 3 (color online). (a) Dependence of − lnðV 0=VÞ on the
recoil laser power for a distance D ¼ 3.5 cm, as marked with the
red data point in Fig. 2(b). (b) The visibility reduction V 0=V as a
function of the light grating power for a recoil laser power of
Pk ¼ 17.4ð2Þ W and a distance D ¼ 4.85 cm. We see a uniform
value of V 0=V ¼ 0.78ð8Þ for light grating powers ranging from
1–6.5 W. For the time scales relevant to our setup we find that the
excited state polarizability plays no role for the reduction in fringe
visibility.

PRL 112, 250402 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
27 JUNE 2014

250402-4

114



[4] J. P. Hare, H. W. Kroto, and R. Taylor, Chem. Phys. Lett.
177, 394 (1991).

[5] T. Basché, W. E. Moerner, M. Orrit, and H. Talon, Phys.
Rev. Lett. 69, 1516 (1992).

[6] L. Kastrup and S. W. Hell, Angew. Chem., Int. Ed. Engl. 43,
6646 (2004).

[7] T. R. Rizzo, J. A. Stearns, and O. V. Boyarkin, Int. Rev.
Phys. Chem. 28, 481 (2009).

[8] R. Antoine and P. Dugourd, Phys. Chem. Chem. Phys. 13,
16494 (2011).

[9] M. Dvorak, M. Müller, T. Knoblauch, O. Bünermann,
A. Rydlo, S. Minniberger, W. Harbich, and F. Stienkemeier,
J. Chem. Phys. 137, 164301 (2012).

[10] S. Gerlich, L. Hackermüller, K. Hornberger, A. Stibor,
H. Ulbricht, M. Gring, F. Goldfarb, T. Savas, M. Müri,
M. Mayor, and M. Arndt, Nat. Phys. 3, 711 (2007).

[11] S. Nimmrichter, K. Hornberger, H. Ulbricht, and M. Arndt,
Phys. Rev. A 78, 063607 (2008).

[12] K. Hornberger, S. Gerlich, P. Haslinger, S. Nimmrichter, and
M. Arndt, Rev. Mod. Phys. 84, 157 (2012).

[13] S. Eibenberger, S. Gerlich, M. Arndt, M. Mayor, and
J. Tüxen, Phys. Chem. Chem. Phys. 15, 14696 (2013).

[14] S. Eibenberger, S. Gerlich, M. Arndt, J. Tüxen, and
M. Mayor, New J. Phys. 13, 043033 (2011).

[15] J. Tüxen, S. Gerlich, S. Eibenberger, M. Arndt, and
M. Mayor, Chem. Commun. 46, 4145 (2010).

[16] M. S. Chapman, T. D.Hammond,A. Lenef, J. Schmiedmayer,
R. A. Rubenstein, E. Smith, and D. E. Pritchard, Phys. Rev.
Lett. 75, 3783 (1995).

[17] T. Pfau, S. Spälter, C. Kurtsiefer, C. R. Ekstrom, and
J. Mlynek, Phys. Rev. Lett. 73, 1223 (1994).

[18] C. Bordé, Phys. Lett. A 140, 10 (1989).
[19] D. Weiss, B. C. Young, and S. Chu, Phys. Rev. Lett. 70,

2706 (1993).
[20] G. Comsa, R. David, and B. J. Schumacher, Rev. Sci.

Instrum. 52, 789 (1981).
[21] R. Haufler, L.-S. Wang, L. Chibante, C. Jin, J. Conceicao,

Y. Chai, and R. Smalley, Chem. Phys. Lett. 179, 449 (1991).
[22] H. Yagi, K. Nakajima, K. R. Koswattage, K. Nakagawa,

H. Katayanagi, and K. Mitsuke, J. Chem. Phys. 130, 234510
(2009).

[23] K. Hornberger, S. Gerlich, H. Ulbricht, L. Hackermüller,
S. Nimmrichter, I. Goldt, O. Boltalina, and M. Arndt,
New J. Phys. 11, 043032 (2009).

[24] A. Fahr and A. Nayak, Chem. Phys. 203, 351 (1996).
[25] A. L. Smith, J. Phys. B 29, 4975 (1996).
[26] C. Hill, S. N. Yurchenko, and J. Tennyson, Icarus 226, 1673

(2013).
[27] P. Haslinger, N.Dörre, P. Geyer, J. Rodewald, S.Nimmrichter,

and M. Arndt, Nat. Phys. 9, 144 (2013).
[28] M. S. de Vries and P. Hobza, Annu. Rev. Phys. Chem. 58,

585 (2007).

PRL 112, 250402 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
27 JUNE 2014

250402-5

115



14696 Phys. Chem. Chem. Phys., 2013, 15, 14696--14700 This journal is c the Owner Societies 2013

Cite this: Phys. Chem.Chem.Phys.,2013,
15, 14696

Matter–wave interference of particles selected from a
molecular library with masses exceeding 10 000 amu

Sandra Eibenberger,a Stefan Gerlich,a Markus Arndt,*a Marcel Mayor*bc and
Jens Tüxenb

The quantum superposition principle, a key distinction between quantum physics and classical mechanics, is

often perceived as a philosophical challenge to our concepts of reality, locality or space-time since it contrasts

with our intuitive expectations with experimental observations on isolated quantum systems. While we are

used to associating the notion of localization with massive bodies, quantum physics teaches us that every

individual object is associated with a wave function that may eventually delocalize by far more than the body’s

own extension. Numerous experiments have verified this concept at the microscopic scale but intuition wavers

when it comes to delocalization experiments with complex objects. While quantum science is the uncontested

ideal of a physical theory, one may ask if the superposition principle can persist on all complexity scales. This

motivates matter–wave diffraction and interference studies with large compounds in a three-grating interferom-

eter configuration which also necessitates the preparation of high-mass nanoparticle beams at low velocities.

Here we demonstrate how synthetic chemistry allows us to prepare libraries of fluorous porphyrins which can

be tailored to exhibit high mass, good thermal stability and relatively low polarizability, which allows us to form

slow thermal beams of these high-mass compounds, which can be detected using electron ionization mass

spectrometry. We present successful superposition experiments with selected species from these molecular

libraries in a quantum interferometer, which utilizes the diffraction of matter–waves at an optical phase grating.

We observe high-contrast quantum fringe patterns of molecules exceeding a mass of 10 000 amu and having

810 atoms in a single particle.

Introduction

Quantum physics has long been regarded as the science of ‘small
things’, but experimental progress throughout the last two decades
has led to the insight that it can also be applied to mesoscopic or
even macroscopic objects. This applies for instance to the super-
position of macroscopic numbers of electrons in superconducting
quantum devices,1 the realization of large quantum degenerate
atomic clouds in Bose–Einstein condensates,2 and the cooling of
micromechanical oscillators to their mechanical ground state.3

Quantum superposition studies with complex molecules4 became
possible with the advent of new matter–wave interferometers5–7 and
techniques for slow macromolecular beams.8,9 These interferometers
were, for instance, practically used to enable quantum enhanced
measurements of internal molecular properties. The quantum fringe
shift of a molecular interference pattern in the presence of external

electric fields provided information, for example, on electric polar-
izabilities,10 dipole moments,11 or configuration changes.12 Molecule
interferometry can complement mass spectrometry13 and help to
distinguish constitutional isomers.14

In addition to their applications in chemistry, quantum
interference experiments with massive molecules currently set
the strongest boundaries on certain models that challenge the
linearity of quantum mechanics.15

Further exploration of the frontiers of de Broglie coherence now
profits from new capabilities in tailoring molecular properties to the
needs of quantum optics. Our quantum experiment dictates the
design of the molecules and the challenges increase with the number
of atoms involved. In order to realize a molecular beam of sufficient
intensity, the modelcompoundsmustbe volatile, thermallystable and
accessible in quantities of several hundred milligrams. Moreover, in
order to minimize absorption at the wavelength of the optical diffrac-
tion (see below) they need to feature low absorption but sufficient
polarizability at 532 nm. In response to these needs, the concept of a
dendritic library is particularly appealing since it can be scaled up to
complex particles, once a suitable candidate has been identified.

To meet these requirements we have functionalized organic
chromophores with extended perfluoroalkyl chains. Such
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compounds show low inter-molecular binding and relatively
high vapor pressures.16,17 They possess strong intra-molecular
bonds and therefore sufficient thermal stability. In addition we
start with a porphyrin core which is compatible with the
required optical and electronic properties.18

In the past, monodisperse fluorous porphyrins were generated
by substituting the four para-fluorine substituents of the tetrakis-
pentafluorophenylporphyrin (TPPF20) by dendritically branched
fluorous moieties.9 Using this approach, molecules composed of
430 atoms were successfully synthesized and applied in quantum
interference experiments.19

With increasing complexity it becomes more challenging to
purify monodisperse particles in sufficient amounts. Here we profit
from the fact that our interferometer arrangement allows us to work
with compound mixtures since each molecule interferes only with
itself. By substituting some of the twenty fluorine atoms of TPPF20
with a branched, terminally perfluorinated alkylthiol (1), we obtain a
mixture of compounds with molecular masses that differ exactly by
an integer multiple of a particular value as a molecular library. The
molecular beam density is sufficiently low for the molecules not to
interact with each other and the individual library compounds can
be mass-specifically detected using a quadrupole mass spectrometer
(QMS Extrel, 16 000 amu).

Our synthetic approach is based on the fact that penta-
fluorophenyl moieties can be used to attach up to five poly-
fluoroalkyl substituents in nucleophilic aromatic substitution
reactions. Substitutions at TPPF20 with its 20 potentially reac-
tive fluorine substituents lead to a molecular library of deriva-
tives with a varying number of fluorous side chains.

Results and discussion

We used sodium hydride as a base, microwave radiation as a
heating source and diethylene glycol dimethyl ether (diglyme)
as fluorophilic solvent. TPPF20 and a large excess of thiol 1
(60 equivalents) and sodium hydride in diglyme were heated in
a sealed microwave vial to 220 1C for 5 minutes.† After aqueous
workup the resulting mixture was analyzed by MALDI-ToF mass

spectrometry (Fig. 1) and subsequently used in our quantum
interference experiments without further purification. We
found up to 15 substituted fluorous thiol chains reaching a
molecular weight well beyond 10 000 amu.

In order to study the delocalized quantum wave nature of
compounds in the fluorous library we utilize a Kapitza–Dirac–
Talbot–Lau interferometer (KDTLI), which has already proven
to be a viable tool with good mass scalability in earlier
studies.6,19 The interferometer is sketched in Fig. 2: a molecular
beam is created by thermal evaporation of the entire library in a
Knudsen cell. The mixture traverses three gratings G1, G2, and
G3, which all have the same period of d C 266 nm. The
molecules first pass the transmission grating G1, a SiNx mask
with a slit opening of s E 110 nm, where each molecule is
spatially confined to impose the required spatial coherence by
virtue of Heisenberg’s uncertainty principle.20 This is sufficient
for the emerging quantum wavelets to cover several nodes of
the optical phase grating G2, 10.5 cm further downstream. The
standing light wave G2 is produced by retro-reflection of a green
laser (lL = 532 nm) at a plane mirror.

When the molecular matter–wave traverses the standing
light wave, the dipole interaction between the electric field of
power P and the molecular optical polarizability aopt entails a

Fig. 1 Synthetic scheme and the MALDI-ToF mass spectrum of the fluorous
porphyrin library L. High-mass matter–wave experiments were performed with
component L12 of the library L. This structure is composed of 810 atoms and has
a nominal molecular weight of 10 123 amu.

† Synthetic protocol and analytical data of the porphyrin libraries L:
General remarks: all commercially available starting materials were of

reagent grade and used as received. Microwave reactions were carried out in
an Initiator 8 (400 W) obtained from Biotage. Glass coated magnetic stirring
bars were used during the reactions. The solvents for the extractions were of
technical grade and distilled prior to use. Matrix Assisted Laser Desorption
Ionization Time of Flight (MALDI-ToF) mass spectra were recorded on an
Applied Bio Systems Voyager-Det Pro mass spectrometer or a Bruker microflex
mass spectrometer. Significant signals are given in mass units per charge
(m/z) and the relative intensities are given in brackets. Porphyrin library L:
thiol 1 was synthesized in seven reaction steps in an overall yield of 70%
as reported elsewhere.9 5,10,15,20-Tetrakis(pentafluoro-phenyl)-porphyrin
(TPPF20, 4.0 mg, 4.10 mmol, 1.0 eq.), thiol 1 (193 mg, 246 mmol, 60 eq.)
and sodium hydride (60% dispersion in mineral oil, 14.8 mg, 369 mmol,
90 eq.) were added to diglyme (4 mL) in a microwave vial. The sealed tube
was heated under microwave irradiation to 220 1C for 5 minutes. After
cooling to room temperature the reaction mixture was quenched with water
and subsequently extracted with diethylether. The organic layer was washed
with brine and water, dried over sodium sulfate and evaporated to dryness.
The resulting product mixture (183 mg) was analyzed by MALDI-ToF mass
spectrometry. MS (MALDI-ToF, m/z): 12 403 (29%), 11 645 (52%), 10 884
(100%), 10 121 (78%), 9339 (15%), 8597 (7%).
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periodic phase modulation F = F0�sin2(2pz/lL) with the maximum
phase shift F0 ¼ 8

ffiffiffiffiffiffi

2p
p

aoptP=ð�hcwyvxÞ. Here vx is the forward
directed molecular velocity, wy C 945 mm is the Gaussian laser
beam waist along the grating slits and z is the coordinate along
the laser beam.

Interference of the molecular wavelets behind G2 leads to a
molecular density pattern of the same period d in front of the
third grating. As long as we can neglect photon absorption by
the molecules in the standing light wave G2 acts effectively as a
pure phase grating. The expected fringe visibility V is then given
by21 V = 2(sin(pf )/(pf ))2 J2(�sgn(F0 sin(pL/LT))F0 sin(pL/LT)).
Here f designates the grating open fraction, i.e. the ratio
between the open slit width s and the grating period d. J2 is
the Bessel function of second order, L the separation of the
gratings, LT = d2/ldB the Talbot length and ldB = h/mv the de
Broglie wavelength with h as Planck’s quantum of action, m the
molecular mass and v the modulus of its velocity.

G3 is again a SiNx structure and lends spatial resolution to
the detector. The interferogram is sampled by tracing the
transmitted particle beam intensity as a function of the lateral
(z) position of G3 and the mass selection is performed in the
mass spectrometer behind this stage.

Talbot–Lau interferometers22 offer the important advantage
over simple grating diffraction that the required grating period
d only weakly depends on the molecular de Broglie wavelength:

d / ffiffiffiffiffiffiffi

ldB
p

. The setup accepts a wide range of velocities and low
initial spatial coherence. This facilitates the use of dilute
thermal molecular beams. Diffraction at the standing light
wave G2 avoids the dephasing caused by the van der Waals
interaction between the molecules and a dielectric wall. This is

indeed present in G1 and G3 but can be neglected there since
the molecular momentum distribution at G1 is wider than that
caused by the grating and any phase shift in G3 is irrelevant if
we are only interested in counting the number of particles that
reach the mass spectrometer.

Indistinguishability in all degrees of freedom is the basis for
quantum interference23 and naturally given if a single molecule
interferes only with itself. We only have to make sure that every
molecule contributes to the final pattern in a similar way,
which is true for all members of the library with about the
same mass, independent of their internal state.

Differences between various molecules, such as their iso-
topic distribution or the addition of a single atom, are still
acceptable. The KDTLI can tolerate a wavelength distribution of
DldB/ldB r 20% and still produce a quantum fringe visibility in
excess of the classical threshold.

We present here quantum interference collected at the mass
of one specific library compound, particularly for L12 =
C284H190F320N4S12 which has 12 fluorous side chains, a mass
of 10 123 amu and 810 atoms bound in a single hot nanoparticle.

All molecules of the library evaporated at a temperature of
about 600 K. We selected the velocity class around v = 85 m s�1

(DvFWHM = 30 m s�1) – corresponding to the most probable de
Broglie wavelength of approximately 500 fm. This is about
four orders of magnitude smaller than the diameter of each
individual molecule. We detected the signal by electron ioniza-
tion quadrupole mass spectrometry. During the interference
measurements the mass filter was set to the target mass of
L12 and only this compound contributed to the collected
interference pattern.

Fig. 2 KDTL interferometer setup: the molecules are evaporated in a furnace. Three height delimiters, D1–D3, define the particle velocity by selecting a flight parabola
in the gravitational field. The interferometer consists of three gratings with identical periods of d = 266 nm. G1 and G3 are SiNx gratings, whereas G2 is a standing light
wave which is produced by retro-reflection of a green laser at a plane mirror. A phase modulation F p (a�P)/(v�wy) is imprinted onto the molecular matter–wave via
the optical dipole force which is exerted by the light grating onto the molecular optical polarizability aopt. Here P is the laser power, v the molecular velocity, wx C 18 mm
and wy C 945 mm the Gaussian laser beam waists. The transmitted molecules are detected using electron ionization quadrupole mass spectrometry after their passage
through G3, which can be shifted along the z-axis to sample the interference pattern.
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The molecular beam was dilute enough to prevent classical
interactions between any two molecules within the interferometer.
Given that 80 mg of library L molecules were evaporated in
45 minutes, we estimate a flux at the source exit of B2 �
1015 particles per second. Including the acceptance angle of the
instrument, the velocity selection as well as the grating transmis-
sion we estimate a molecular density inside the interferometer as
30 mm�3. This corresponds to a mean particle distance of about
300 mm which is sufficient to exclude interactions with other
neutral molecules in the beam.

The average flight time of a molecule through the tightly
focused standing light wave amounts to about 400 ns, i.e. much
longer than the time scale of molecular vibrations (10�14–10�12 s)
and rotations (B10�10 s). Therefore, the mean scalar polariz-
ability governs the interaction with the standing light wave
although the optical polarizability is generally described by a
tensor. Thermal averaging also occurs for the orientation of
any possibly existing molecular electric dipole moment.11 The
internal molecular states are decoupled from de Broglie inter-
ference as long as we exclude effects of collisional or thermal
decoherence24,25 or external force fields.10

The thermal mixture of internal states is another reason why
two-particle interference, i.e. mutual coherence of two macro-
molecules, is excluded in our experiments. The chances of
finding two of them in the same indistinguishable set of all
internal states – electronic, vibrational and rotational levels,
configuration, orientation and spin – are vanishingly small.

In Fig. 3(a) we show a high contrast quantum interference
pattern of L12. In contrast to far-field diffraction where the
fringe separation is governed by the de Broglie wave-length of
the transmitted molecules,26,27 near-field interferometry of the
Talbot–Lau type generates fringes of a fixed period, which are
determined by the experimental geometry. Specifically, the
expected interference figure in our KDTLI configuration is a sine
curve whose contrast varies with the phase-shifting laser power
as well as with the molecular beam velocity and polarizability.

We distinguish the genuine quantum interferogram5,21 from
a classical shadow image by comparing the expected and
experimental interference fringe visibility (contrast) with a
classical model.

The far off-resonance optical polarizability is assumed to be
well approximated by the static value aopt C astat C 410 Å3 �
4pe0 as estimated using Gaussian G0928 with the 6-31 G basis
set. The absorption cross-section of L12 at 532 nm was
estimated using the value of the pure tetraphenylporphyrin
dissolved in toluene29 assuming that the perfluoroalkyl chains
contribute at least an order of magnitude less to this value.30

We thus find s532 C 1.7 � 10�21 m2.
In Fig. 3(b) we show the expected classical and quantum

contrast as a function of the diffracting laser power. Our
experimental contrast is derived from the recorded signal
curves, such as that shown in Fig. 3(a), by V = (Smax � Smin)/
(Smax + Smin), where Smax and Smin are the maxima and minima
of the sine curve fitted to the data. The contrast is plotted as the
black dots in Fig. 3(b). These points are in good agreement with
the quantum prediction (blue line). The classical effect,

describing the shadow image by two material gratings and
one array of dipole force lenses,21 is shown as the red line.

The experiment clearly excludes this classical picture. Since the
amount of precious molecular material and thermal degradation
processes in the source limited the measurement time we per-
formed our experiments only in the parameter regime that max-
imizes the fringe visibility, to show the clear difference between the
quantum and classical contrasts. The experimental fringe visibility
reproduces well the maximally expected quantum contrast.

Conclusion

We have shown that a library approach towards stable and
volatile high-mass molecules can substantially extend the com-
plexity range of molecular de Broglie coherence experiments to
masses in excess of 10 000 amu. Our data confirm the fully
coherent quantum delocalization of single compounds
composed of about 5000 protons, 5000 neutrons and 5000
electrons. The internal complexity, the number of vibrational
modes and also the internal energy of each of these particles
are higher than those in any other matter–wave experiment
so far.

Fig. 3 (a) Quantum interference pattern of L12 recorded at a laser power of
P C 1 W. The circles represent the experimental signal s as a function of the
position z of the third grating. The solid line is a sinusoidal fit to the data, with a
quantum fringe visibility of V = 33(2)%. The shaded area represents the back-
ground signal of the detector. A classical picture predicts a visibility of only 8% for
the same experimental parameters. (b) Measured fringe visibility V as a function
of the diffracting laser power P. The expected contrasts according to the
quantum and the classical model are plotted as the blue and red lines,
respectively.17 The dashed blue lines correspond to the expected quantum
contrast when the mean velocity is increased (reduced) by 5 m s�1.
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9 J. Tüxen, S. Eibenberger, S. Gerlich, M. Arndt and M. Mayor,
Eur. J. Org. Chem., 2011, 4823–4833.

10 M. Berninger, A. Stefanov, S. Deachapunya and M. Arndt,
Phys. Rev. A: At., Mol., Opt. Phys., 2007, 76, 013607.

11 S. Eibenberger, S. Gerlich, M. Arndt, J. Tüxen and M. Mayor,
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The wave nature of matter is a key ingredient of quantum physics and yet it defies our classical 
intuition. First proposed by Louis de Broglie a century ago, it has since been confirmed with a 
variety of particles from electrons up to molecules. Here we demonstrate new high-contrast 
quantum experiments with large and massive tailor-made organic molecules in a near-field 
interferometer. Our experiments prove the quantum wave nature and delocalization of 
compounds composed of up to 430 atoms, with a maximal size of up to 60 Å, masses up to 
m = 6,910 AMU and de Broglie wavelengths down to λdB = h/mv1 pm. We show that even 
complex systems, with more than 1,000 internal degrees of freedom, can be prepared in 
quantum states that are sufficiently well isolated from their environment to avoid decoherence 
and to show almost perfect coherence. 
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In many discussions on the foundations of physics, single-particle 
di�raction at a double slit1–4 or grating5–12 is regarded as a para-
digmatic example for a highly non-classical feature of quantum 

mechanics, which has never been observed for objects of our mac-
roscopic world. �e quantum superposition principle has become 
of paramount importance also for the growing �eld of quantum 
information science13. Correspondingly, research in many labora-
tories around the world is focusing on our understanding of the 
role of decoherence for increasingly complex quantum systems and 
possible practical or truly fundamental limits to the observation of 
quantum dynamics14,15.

Here we report on a new leap in quantum interference with 
large organic molecules. In contrast to earlier successful experi-
ments with internal molecular wave packets,16 our study focuses on 
the wave evolution in the centre of mass motion of the molecule 
as a whole, that is, pure de Broglie interference. We do this with 
compounds that have been customized to provide useful molecu-
lar beams at moderate temperatures17,18. Figure 1 compares the size 
of two per�uoroalkylated nanospheres, PFNS8 and PFNS10, with 
a single C60 fullerene19 and it relates a single tetraphenylporphyrin 
molecule (TPP) to its complex derivatives TPPF84 and TPPF152. 
We demonstrate the wave nature of all these molecules in a three-
grating near-�eld interferometer20,21 of the Kapitza-Dirac-Talbot-
Lau type22,23, as shown in Figure 2.

Results
Experimental setup. �e particles are evaporated in a thermal 
source. �eir velocity is selected using the gravitational free-fall 
through a sequence of three slits. �e interferometer itself consists 
of three gratings G1, G2 and G3 in a vacuum chamber at a pressure 
of p < 10 − 8 mbar. �e �rst grating is a SiNx membrane with 90-nm 
wide slits arranged with a periodicity of d = 266 nm. Each slit of G1 
imposes a constraint onto the transverse molecular position that, 
following Heisenberg’s uncertainty relation, leads to a momentum 
uncertainty. �e latter turns into a growing delocalization and 
transverse coherence of the matter wave with increasing distance 
from G1. �e second grating, G2, is a standing laser light wave with a 
wavelength of λ = 532 nm. �e interaction between the electric laser 
light �eld and the molecular optical polarizability creates a sinusoidal 
potential, which phase-modulates the incident matter waves. �e 
distance between the �rst two gratings is chosen such that quantum 
interference leads to the formation of a periodic molecular density 
pattern 105 mm behind G2. �is molecular nanostructure is sampled 
by scanning a second SiNx grating (G3, identical to G1) across the 
molecular beam while counting the number of the transmitted 
particles in a quadrupole mass spectrometer (QMS).

In extension to earlier experiments, we have added various tech-
nological re�nements: the oven was adapted to liquid samples, a 
liquid-nitrogen-cooled chamber became essential to maintain the 
source pressure low, a new mass analyser allowed us to increase 
the detected molecular �ux by a factor of four and many optimi-
zation cycles in the interferometer alignment were needed to meet 
all requirements for high-contrast experiments with very massive 
particles.

Observed interferograms. We recorded quantum interferograms 
for all molecules of Figure 1, as shown in Figure 3. In all cases the 
measured fringe visibility V, that is, the amplitude of the sinusoidal 
modulation normalized to the mean of the signal, exceeds the maxi-
mally expected classical moiré fringe contrast by a signi�cant multi-
ple of the experimental uncertainty. �is is best shown for TPPF84 
and PFNS8, which reached the highest observed interference con-
trast in our high-mass experiments so far, with individual scans 
up to Vobs = 33% for TPPF84 (m = 2,814 AMU) and Vobs = 49% for 
PFNS8 at a mass of m = 5,672 AMU. In addition, we have observed 
a maximum contrast of Vobs = 17 ± 4% for PFNS10 and Vobs = 16 ± 2% 

for TPPF152 (see Figure 3), in which our classical model predicts 
Vclass = 1%. �is supports our claim of true quantum interference for 
all these complex molecules.

�e most massive molecules are also the slowest and therefore 
the most sensitive ones to external perturbations. In our particle 

Figure 1 | Gallery of molecules used in our interference study. (a) The 
fullerene C60 (m = 720 AMU, 60 atoms) serves as a size reference and 
for calibration purposes; (b) The perfluoroalkylated nanosphere PFNS8 
(C60[C12F25]8, m = 5,672 AMU, 356 atoms) is a carbon cage with eight 
perfluoroalkyl chains. (c) PFNS10 (C60[C12F25]10, m = 6,910 AMU, 430 
atoms) has ten side chains and is the most massive particle in the set. 
(d) A single tetraphenylporphyrin TPP (C44H30N4, m = 614 AMU, 78 
atoms) is the basis for the two derivatives (e) TPPF84 (C84H26F84N4S4, 
m = 2,814 AMU, 202 atoms) and (f) TPPF152 (C168H94F152O8N4S4, 
m = 5,310 AMU, 430 atoms). In its unfolded configuration, the latter is the 
largest molecule in the set. Measured by the number of atoms, TPPF152 
and PFNS10 are equally complex. All molecules are displayed to scale. The 
scale bar corresponds to 10 Å.

y

X

Detector

G1

G2

G3

S3

S2

S1

Oven

Lens

Laser

Z

Figure 2 | Layout of the Kapitza-Dirac-Talbot-Lau (KDTL) interference 
experiment. The effusive source emits molecules that are velocity-selected 
by the three delimiters S1, S2 and S3. The KDTL interferometer is composed 
of two SiNx gratings G1 and G3, as well as the standing light wave G2. The 
optical dipole force grating imprints a phase modulation ϕ(x)∝αopt·P/(v·wy) 
onto the matter wave. Here αopt is the optical polarizability, P the laser 
power, v the molecular velocity and wy the laser beam waist perpendicular 
to the molecular beam. The molecules are detected using electron impact 
ionization and quadrupole mass spectrometry.
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set, these are PFNS10 and TPPF152, which, in addition, exhibited 
the smallest count rates and therefore the highest statistical �uc-
tuations. To record the interferograms, we had to open the vertical 
beam delimiter S2 and accept various imperfections: an increased 
velocity spread, a higher sensitivity to grating misalignments and 
also an averaging over intensity variations in the Gaussian-shaped 
di�raction laser beam G2. In addition, we had to enhance the QMS 
transmission e�ciency at the expense of transmitting a broader 
mass range. �e recorded signals associated with PFNS10 and 
TPPF152 covered a mass window of ∆mFWHM = 500 AMU around 
their nominal masses. Although all samples were well characterized 
before the evaporation process, we can therefore not exclude some 
contamination with adducts or fragments in this high mass range. 
But even if there were a relative mass spread of 10%, this would only 
in�uence the wavelength distribution ∆λdB/λdB the same way as does 
the velocity spread. Owing to the inherent design of the Kapitza-
Dirac-Talbot-Lau interferometer22, these experimental settings are 
still compatible with sizeable quantum interference, even under 
such adverse conditions.

Comparison of theory and experiment. �e experimental values 
have to be compared with the theoretical predictions based on a clas-
sical and a quantum model23. �e measured interference visibility is 
plotted as a function of the di�racting laser power P in Figure 4 for 
TPPF84 (4a) and PFNS8 (4b). Our data are in very good agreement  

with the full quantum calculation and in clear discrepancy with the 
classical prediction. �e abscissa scaling of the V(P) curve is a good 
indicator for that. �e quantum prediction mimics the classical 
curve qualitatively, but it is stretched in the laser power by a factor 
of about six (see Methods).

�e laser power can be calibrated with an accuracy of  ± 1% 
but the abscissa also scales in proportion to the optical molecular 
polarizability and inversely with the vertical laser waist. �e theo-
retical curves of Figure 4 are plotted assuming αopt = 200 Å3×4πε0 
for TPPF84 and αopt = 190 Å3×4πε0 for PFNS8. �ese numbers have 
to be compared with the static polarizabilities computed using 
Gaussian09 (ref. 24). �ese are αstat = 155 Å3×4πε0 for TPPF84 and 
αstat = 200 Å3×4πε0 for PFNS8. A variation in the polarizability 
changes the horizontal scale of the plot as does a di�erent laser 
waist. Both are bound by a relative uncertainty of less than 30%.  
A classical explanation is therefore safely excluded as an explanation 
for the experiments.

�e quantitative agreement of the experimental and expected 
contrast is surprisingly good, given the high complexity of the  
particles. Various factors contribute to the remaining small discrep-
ancies. �e interference visibility is highly sensitive to apparatus 
vibrations, variations in the grating period on the level of 0.5 Å and 
a misalignment below 100 µrad in the grating roll angle.

Discussion
PFNS10 and TPPF152 contain 430 atoms covalently bound in 
one single particle. �is is ~350% more than that in all previous 
experiments25 and it compares well with the number of atoms in 
small Bose–Einstein condensates26 (BEC), which, of course, oper-
ate in a vastly di�erent parameter regime: �e molecular de Broglie 
wavelength λdB is about six orders of magnitude smaller than that 
of ultracold atoms and the internal molecular temperature exceeds 
typical BEC values (T < 1 µK) by about nine orders of magnitude. 
Although matter wave interference of BECs relies on the de Broglie 
wavelength of the individual atoms, our massive molecules always 
appear as single entities.

One can �nd various de�nitions in the literature for what a true 
Schrödinger cat27 should be and a number of intriguing experiments 
have reported the generation of photonic28 or atomic cat-states29,30. 
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Figure 3 | Quantum interferograms of tailor-made large organic 
molecules. Quantum interference well beyond the classical expectations 
has been observed for all molecules in the set. In all panels, the black 
circles represent the experimental result, the blue line is a sinusoidal  
fit to the data and the shaded area indicates the detector dark rate.  
(a) The beam of perfluoroalkylated nanospheres, PFNS8, is characterized 
by a mean velocity of v = 63 m s − 1 with a full width ∆vFWHM = 13 m s − 1. 
The observed contrast of Vobs = 49 ± 6% is in good agreement with the 
expected quantum contrast of Vquant = 51% and is clearly discernible from 
the classically expected visibility of Vclass < 1%. The stated uncertainty is 
the standard deviation of the fit to the data. (b) For PFNS10, the signal 
was too weak to allow a precise velocity measurement and quantum 
calculation. The oven position for these particles, however, limits the 
molecular velocity to v < 80 m s − 1 and therefore allows us to define an upper 
bound to the classical visibility. (c) For TPPF84, we measure v = 95 m s − 1 
with ∆vFWHM = 34 m s − 1. This results in Vobs = 33 ± 3% with Vquant = 30% and 
Vclass < 1%. (d) The signal for TPPF152 is equally low compared with that 
of PFNS10. For this compound we find Vobs = 16 ± 2%, Vquant = 45% and 
Vclass = 1%.
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Figure 4 | Quantum interference visibility as a function of the diffracting 
laser power. The best distinction between quantum and classical behaviour 
is made by tracing the interference fringe visibility as a function of the laser 
power, which determines the phase imprinted by the second grating. Each 
of the two experimental runs per molecule is represented by full circles 
and the error bar provides the 68% confidence bound of the sinusoidal fit 
to the interference fringe. The thick solid line is the quantum fit in which 
the shaded region covers a variation of the mean molecular velocity by 
∆v =  ± 2 m s − 1. (a) The TPPF84 data are well reproduced by the quantum 
model (see text) and completely missed by the classical curve (thin line 
on the left). (b) The same holds for PFNS8. The following parameters 
were used for the models: TPPF84: v = 95 m s − 1 ± 16%, α = 200 Å3×4πε0 
(fit), σopt = 10 − 21 m − 2, wx = 34 ± 3 µm and wy = 500 ± 50 µm. PFNS8: 
v = 75 m s − 1 ± 10%, α = 190 Å3×4πε0 (fit), σopt = 10 − 21m − 2, wx = 27 ± 3 µm and 
wy = 620 ± 50 µm.
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In as far as the term designates the quantum superposition of two 
macroscopically distinct states of a highly complex object, the 
molecules in our new experimental series are among the fattest 
Schrödinger cats realized to date. Schrödinger reasoned whether it 
is possible to bring a cat into a superposition state of being ‘dead’ 
and ‘alive’. In our experiment, the superposition consists of having 
all 430 atoms simultaneously ‘in the le� arm’ and ‘in the right arm’ 
of our interferometer, that is, two possibilities that are macroscopi-
cally distinct. �e path separation is about two orders of magnitude 
larger than the size of the molecules.

Schrödinger’s thought experiment originally also required the 
entanglement between a microscopic atom and the final state of 
the macroscopic cat. Such a mechanism is not needed to create 
the molecular superposition state in our experiment. Entangle-
ment between a molecule and a microscopic probe particle does, 
however, occur in decoherence processes in which the quantum 
interaction with the environment reveals which-path informa-
tion14,15 and destroys the interference pattern. Collisions with 
residual gas molecules31, the emission of heat radiation32 and the 
absorption of blackbody radiation are among the most impor-
tant decoherence mechanisms for interferometry with massive 
particles. We estimate that they lead to a visibility reduction of 
less than 1% under the conditions of the present experimental 
arrangement, in spite of the high internal molecular tempera-
tures and substantial dipole fluctuations.

Speci�cally for PFNS8, a microscopically realistic account of 
the decoherence processes31,32 predicts a visibility reduction of 10% 
only if the temperature of either the molecule or the radiation �eld 
exceeds 1,500 K, or if the residual nitrogen gas pressure exceeds 
2×10 − 7 mbar.

In conclusion, our experiments reveal the quantum wave nature 
of tailor-made organic molecules in an unprecedented mass and size 
domain. �ey open a new window for quantum experiments with 
nanoparticles in a complexity class comparable to that of small pro-
teins, and they demonstrate that it is feasible to create and maintain 
high quantum coherence with initially thermal systems consisting 
of more than 1,000 internal degrees of freedom.

Methods
Chemical synthesis. �e porphyrin derivatives were synthesized by the attach-
ment of a highly �uorous thiol to meso-tetra(penta�uorophenyl)porphyrin in 
a nucleophilic aromatic substitution reaction by applying a modi�ed literature 
procedure33. To assemble TPPF84, the commercially available 1H,1H,2H,2H-
per�uorododecane-1-thiol as nucleophilic �uorous part was introduced to the 
porphyrin unit. �e branched thiol building block for TPPF152 was synthesized 
in three reaction steps. A reaction sequence including mono-functionalization  
of tris(bromomethyl)benzene with a protected thiol, introduction of two  
�uorous ponytails and a �nal deprotection of the thiol functionality yielded the 
desired �uorous thiol suitable for the envisaged substitution reaction. All  
target structures were puri�ed by column chromatography and characterized  
by nuclear magnetic resonance spectroscopy and mass spectrometry  
(Supplementory Methods).

Differences between the classical and quantum predictions. The func-
tional dependence of the interference fringe visibility on the laser power 
is qualitatively similar in both a classical and a full quantum treatment. As 
observed from the treatment described in ref. 23 the abscissa scaling dif-
fers, however, by the factor ξ/sin(ξ) with ξ = π·L/LT, where L is the distance 
between two consecutive gratings and LT = d2/λdB is the Talbot length. For 
the case of Figure 4, we find ξ/sin(ξ)5.9. The experimental data are in 
clear agreement with the quantum model.

Equipment. �e di�racting laser beam is generated by a Coherent Verdi V18 laser 
at 532 nm. �e QMS is an Extrel CMS with a rod diameter of 9.5 mm, operated at a 
radio frequency  of 440 kHz. �e SiNx gratings in G1 and G3 were made by Dr Tim 
Savas, nm2 LLC & MIT Cambridge. 
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Abstract. We investigate the influence of different electric moments on the
shift and dephasing of molecules in a matter wave interferometer. Firstly,
we provide a quantitative comparison of two molecules that are non-polar
yet polarizable in their thermal ground state and that differ in their stiffness
and response to thermal excitations. While C25H20 is rather rigid, its larger
derivative C49H16F52 is additionally equipped with floppy side chains and
vibrationally activated dipole moment variations. Secondly, we elucidate the role
of a permanent electric dipole moment by contrasting the quantum interference
pattern of a (nearly) non-polar and a polar porphyrin derivative. We find that
a high molecular polarizability and even sizeable dipole moment fluctuations
are still well compatible with high-contrast quantum interference fringes. The
presence of permanent electric dipole moments, however, can lead to a dephasing
and rapid degradation of the quantum fringe pattern already at moderate electric
fields. This finding is of high relevance for coherence experiments with large
organic molecules, which are generally equipped with strong electric moments.
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1. From polarizability to permanent moments in Kapitza–Dirac–Talbot–Lau interferometry

Molecule interferometry builds on successful research in matter wave coherence with
elementary and atomic particles [1]–[4], and extends this field by the internal complexity
of large many-body systems that may be thermally highly excited. Over the last few years,
molecule interferometry has also developed into a tool for quantitative metrology: de Broglie
interference is, per definition, associated with the particle’s center of mass [5], but recent
experiments have shown that the internal states of delocalized objects may play an important
role in the visibility and phase shift of interference fringes. This has been exploited to measure
the optical αopt [6] or static polarizability αstat [7] of molecules. Diffraction was used to identify
the mass of weakly bound He dimers [8] and in hydrogen clusters [9]. The combination of
near-field quantum fringes with classical Stark deflectometry [10] allows one to also distinguish
structural isomers [11] and to sort molecular beams according to intramolecular properties [12].
The same method is interesting for identifying the onset of thermal fragmentation [13],
measuring absolute single-photon absorption cross sections [14] and revealing the presence of
thermally induced dipoles in vibrating molecules [15].

Our present work now contrasts three possible molecular responses to an inhomogeneous
electric field in a matter wave interferometer. We study their polarizabilities, the presence
of fluctuating dipoles and, for the first time, the effect of a permanent but randomly
oriented electric dipole moment. The separation of the effects becomes possible by a pairwise
comparison within a set of four molecules. For simplicity we will designate them as compounds
(1)–(4). Their shapes and sum formulae are given in figure 1. Compounds (1) and (2) are
tetraphenylmethane derivatives that were tailor-made and purified in our labs in Basel for
the particular purpose of these coherence experiments. The porphyrin derivatives (3) and (4)
were purchased from Porphyrin Systems and used without further purification. We use electric
deflectometry inside a Kapitza–Dirac–Talbot–Lau interferometer (KDTLI) [16], as sketched
in figure 2, and study the influence of the internal properties on the persistence of quantum
coherence. The overall idea is a quantum extension of classical beam methods that have already
been successfully applied to characterize clusters [17]–[20] and molecules [21, 22] or even to
sort such particles according to their internal configuration [23].

In our new experiments the comparison of tetraphenylmethane C25H20 (1) with its larger
brother C49H16F52 (2) allows us first to locate the structural origin of fluctuating dipole moments
in these compounds. Our subsequent analysis of iron-loaded tetraphenylporphyrin (3) and its
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Figure 1. Gallery of molecules used in our present KDTL–Stark deflectometry
experiments. (1) A rigid, non-polar molecule: tetraphenylmethane C25H20,
m = 320 amu. (2) A floppy molecule with thermal dipole fluctuations:
perfluoroalkylated tetraphenylmethane C49H16F52, m = 1592 amu. (3) The
(nearly) non-polar FeTPP: C44H28FeN4, m = 668 amu. (4) The polar FeTPPCl:
C44H28ClFeN4, m = 704 amu. It differs from (3) by the addition of a single
chlorine atom.

chlorine-extended partner (4) then illustrates the detrimental effect of permanent dipoles on the
interference contrast in the presence of external field inhomogeneities.

A molecular beam is formed by sublimating from a pure powder. The particles travel
about 2.5 m through ultrahigh vacuum before they are detected using electron impact ionization
quadrupole mass spectrometry. We use a free-fall trajectory selection scheme [24] to filter out a
longitudinal velocity band. The interferometer is composed of three gratings [25]. The first SiN
grating, G1, with a period of d = 266 nm, serves to select a molecular ensemble of sufficient
transverse coherence such that each de Broglie wave can be regarded as being delocalized over
the width of a few slits. The second grating, G2, is an intense standing light wave (P < 18 W)
along the z-direction with a waist of wx = 20 µm and a height of about 1 mm, varying between
the different experiments. The oscillating electric light field represents a diffracting phase mask
for the incident matter waves, with 8(x) ∝ αopt Psin2(kz), where αopt is the molecular optical
polarizability at the laser wavelength. When a delocalized molecule encounters simultaneously
at least two neighboring antinodes of G2, the situation resembles locally a double-slit experiment
where the particle can travel along two paths from the source to the detector. The different
probability amplitudes along all paths add up to generate a periodic molecular density pattern at
the location of the third grating G3. The resulting interference fringes are imaged by scanning
G3 across the beam while recording the transmitted molecules.
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Figure 2. The KDTL metrology experiment allows one to combine matter
wave interferometry with Stark deflectometry to study the internal electric
properties of complex molecules. The molecular polarizability αstat and thermally
fluctuating dipole moments contribute to the susceptibility χ and to the shift of
the interference pattern in the external electric field, independent of the molecular
orientation. A permanent electric dipole moment interacts with the same field but
the fringe shift now depends on the molecular alignment with the field.

2. Locating weak links in a delocalized molecule

Earlier work [15, 26] already showed that thermally excited flexible molecules may exhibit
vibrationally induced electric dipole moments. Here we go one step further and compare
the relative rigidity of substructures inside the delocalized molecules. The overall idea of
the experiments is as follows: two molecular species are tailored to share an identical core.
However, compound (2) is enlarged with respect to (1) by the addition of four perfluoroalkyl
chains. For both compounds the static polarizability can be computed and compared to the
interferometric measurement. The numerical results compare rather well with our findings
for the optical polarizability of compound (2), which is a good approximation to αstat if
the probing laser wavelength lies outside any molecular resonance. For both compounds, we
also measure the electric susceptibilities [10] that include the presence of possible dynamical
dipole moments [26]. For compound (1) this value compares favorably with the computed
polarizability, whereas it is in marked discrepancy for molecule (2). This allows us to identify
the vibrationally activated dipoles in the side arms of compound (2) as the origin of its observed
susceptibility increase.

The first molecule (1) was synthesized by an electrophilic aromatic substitution of trityl-
chloride and aniline, and subsequent deamination [27]. Its perfluoroalkylated counterpart (2)
was assembled in two steps starting from tetraphenylmethane. Terminal functionalization of
all four phenyl rings was achieved by bromination [28] and a subsequent coupling of the
four fluorous ponytails in an Ullmann-type reaction [11]. Both compounds (1) and (2) were
characterized by NMR spectroscopy, elemental analysis and mass spectrometry.

A numerical model using MM2 force field calculations [29] of both molecules at
T = 480 K reveals the rigid character of (1) and the high flexibility of (2), which is caused by
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Figure 3. The quantum interference pattern is shifted when a homogeneous
electric force field acts transversally on the delocalized molecules. Induced
dipoles interact only in second order with the field: the force therefore maintains
its sign even when the field is reversed or when the molecular orientation is
rotated. Permanent electric dipole moments interact already in first order with
the field. Different molecular orientations therefore lead to different phase shifts.
Here: shift of the non-polar compound (2) at a deflection voltage of 5 kV (blue
dots) compared with the interference pattern at a reference voltage of 1 kV (black
dots) applied to the electrodes. The measured dark rate is already subtracted and
the solid lines represent sinusoidal fits to the data.

the attached side chains. This intramolecular feature can be revealed experimentally by adding a
pair of electrodes, in between the first and second gratings, which is designed to provide a force
field F ∝ χ(E∇)E/mv2

∝ ẑ, which is homogeneous to within 1% across the entire molecular
beam [30]. The force acts on the electric susceptibility χ = αstat + 〈d2

z 〉/3kBT [31], which
comprises both the electronic contribution αstat and a part related to the thermally averaged
squared projection of the electric dipole moment onto the electric field axis 〈d2

z 〉.
The two tailor-made molecular compounds (1) and (2) differ by their structural rigidity,

which influences their electric properties. Using the simulation package Gaussian09 [32] with
the basis set 6–31G*, we compute the static polarizabilities to be αstat(1) = 4πε0 × 33 Å3 and
αstat(2) = 4πε0 × 69 Å3. For far-off resonant laser light, the static value is a good approximation
to the optical polarizability, αopt(1, 2), and we have verified that it depends only within a few
percent on the particular configuration of the molecules.

The optical polarizability can experimentally be extracted from the dependence of the
interference contrast on the laser power in G2 [6]. Our experiment for compound (2) finds
αopt(2) = 4πε0 × 71(4) Å3, in good agreement with the computed static value. The properties
of the freely propagating molecules are thus well characterized.

We now expose the molecular beam to the external electric force and observe a fringe
shift that increases quadratically with the applied voltage. To give an example, the shift of
the interference pattern of compound (2) is shown in figure 3 for a deflection voltage of 5 kV.
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Figure 4. KDTLI-deflection experiments with compounds (1) and (2). (a) Fringe
shift of (1) measured in multiples of the grating period d as a function of
deflection voltage. The mean velocity is v(1) = 220 m s−1 and the velocity
spread is 1v/v(1) = 0.22. The computed value for the static polarizability
αstat(1) = 4πε0 × 33 Å3 is in good agreement with the experimental value for the
susceptibility of χ(1) = 4πε0 × 37(3) Å3, which we extract from a numerical
fit to the data (solid gray line). (b) Fringe deflection of compound (2), with
v(2) = 122 m s−1 with 1v/v(2) = 0.18. In comparison to the computed static
polarizability αstat(2) = 4πε0 × 69 Å3, the experiment shows a considerably
enhanced susceptibility χ(2) = 4πε0 × 101(4) Å3 that can be assigned to ther-
mally activated conformation changes and fluctuating dipole moments [15, 26].

From a fit to the shift-versus-voltage curve, we can extract the experimental susceptibility value
χ(1) = 4πε0 × 37(3) Å3 for compound (1), which is in good agreement with the computed
polarizability.

In marked contrast to that, the susceptibility of derivative (2) shows a substantially
enhanced χ(2) = 4πε0 × 101(4) Å3. This is a strong indication of the presence of thermally
activated conformation changes on a short time scale. They allow for a temporary electric dipole
moment whose squared projection does not average out. For both compounds (1) and (2) the
fringe deflection as a function of the applied voltage is shown in figure 4.

The deflection experiment thus supports the computed picture of a rigid tetraphenyl-
methane core and flexible side chains with structural weak links, that enhance the susceptibility
through rapidly fluctuating dipole moments. The quantitative value of this contribution is size-
able and important with regard to future experiments, where long perfluoroalkyl side chains
are used in an attempt to increase the mass limits in organic interference while maintaining the
particles sufficiently weakly bound to be able to launch them in an effusive beam.

3. Orientation averaging of permanent electric dipole moments

A second conclusion of the previous section is even more important: quantum coherence can
be maintained, in spite of all fluctuations and transitions between the internal molecular states,
as long as this dynamics does not introduce which-path encoding or random trajectory noise.
Pictorially, even though the internal configuration may change at a high rate, it does so in all
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spatial positions at the same time. As long as the internal state is decoupled from the center of
mass motion, a pure de Broglie interference experiment will only see the internal states through
phase shifts caused in conservative interactions with the environment.

In the above example, a polarizable molecule will always be deflected in the same
direction, independent of its own spatial orientation. The same is true to first order for a floppy
molecule, where fluctuating dipoles will preferentially orient themselves in such a way as to
mimic the effects of enhanced polarizability.

The situation changes in the presence of permanent electric dipoles of rigid molecules,
which we now study in a comparison of the two porphyrin derivatives displayed in figure 1. The
iron-loaded FeTPP (3) and its polar derivative FeTPPCl (4) can be easily distinguished in the
quadrupole mass spectrum. The mass difference is as little as 5% and should be negligible for
the effective distribution of de Broglie wavelengths, which is largely dominated by the broad
velocity spread of 1v/v ' 20%. The addition of a single chlorine atom establishes, however,
a large permanent electric dipole moment of approximately d = 2.7 Debye [33]5. The structure
of iron–porphyrin has been discussed a lot in the literature. Interestingly, the position of the
Fe-atom relative to the porphyrin plane depends on the nature of the bond [34] and on the
molecular spin. The displacement from the N-plane has been predicted to vary from 0.24 Å
for the singlet state over 0.15 Å for the triplet state to 0.33 Å for the quintet [35]. This rather
small displacement is the reason why in the following we will designate the nature of FeTPP as
(almost) non-polar, in comparison to FeTPPCl. This difference is also revealed in our quantum
interference experiments where a static dipole moment can drastically lower the interference
fringe contrast in the presence of an external field.

In figure 5 we compare the fringe visibility for both molecules as a function of diffracting
laser power. Within experimental uncertainty the quantum contrast is the same, which means
that the de Broglie wave spectra and also the optical polarizabilities are the same within a few
percent.

The simple addition of a single chlorine atom is expected to change neither the static
polarizability nor any possibly existing thermally activated dipole moment by much. A KDTL
deflectometry experiment confirms this view, as long as we focus our attention on the shift of
the interference pattern in the presence of the electric field. Figure 6 verifies that both species
follow the same deflection parabola, as expected from 1x ∝ χ(E∇)E/mv2

∝ χU 2/m, where
the electric field E is proportional to the applied electric voltage U .

The situation changes drastically when we compare the fringe visibilities of the two
derivatives (3) and (4) as a function of the applied voltage. Figure 7 shows that the quantum
contrast of the chlorinated polar molecule (4) decays significantly faster than that of the non-
polar compound (3). The intuitive picture behind this observation is as follows. If we expose
the non-polar FeTPP (3) to the external electric field, this induces a dipole moment that is
always deflected towards higher field strengths. The fringe shift grows quadratically but the
visibility should remain constant as a function of the applied voltage as long as we can neglect
the molecular velocity spread.

The faster decay in the V(U) curve of compound (4) in figure 7 is interpreted as follows.
Molecular simulations show that tetraphenylporphyrin is mechanically rather stiff. We can

5 In this paper [33], a thermal FeTPP fragment of FeTPPCl was misinterpreted as the post-ionization fragment
of an FeTPPCl molecule that was still intact in the interferometer. Instead these measurements most likely always
observed FeTPP, alone. The fact that these earlier measurements inside a mechanical Talbot–Lau deflectometer
showed no indication of a permanent dipole moment is fully consistent with our present results for FeTPP.
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Figure 5. Fringe visibility V as a function of diffracting laser power P for
the (almost) non-polar (3, black dots) and the polar (4, blue squares) porphyrin
derivative. The black solid line represents the quantum fit with a polarizability
of α = 4πε0 × 108 Å3; the black dashed line includes an assumed absorption
coefficient of σ = 5 × 10−22 m2. The good agreement between both variants and
the theoretical quantum expectation [6] illustrates that de Broglie interferometry
does not distinguish the internal states in the absence of external fields.
The molecules were sublimated at T ≈ 700 K and the velocity distribution is
characterized by v(3) = 216 m s−1 with 1v/v(3) = 0.23 and v(4) = 207 m s−1

with 1v/v(4) = 0.24.

therefore approximate it as an asymmetric top. The rotation around the vertical symmetry axis
on the aromatic plane has a moment of inertia of 2.6 × 10−43 kg m2. The sublimated molecules
cover several hundred rotational quantum numbers, with a most probable J = 475 at T = 700 K.
In a classical picture the molecules are spinning rapidly, at a most probable frequency of
νrot = 1.9 × 1011 Hz. The dipole moment components perpendicular to the molecular axis of
rotation will average out during the transit time (∼ 400 µs) through the deflection region.
The electric force F = −∇(d · E) will correspondingly be reduced. A net effect will only
persist for the dipole components parallel to the rotation axis, and in the ensemble the
molecular axes are isotropically oriented with respect to the external field axis as long as the
thermal energy exceeds the electric dipole interaction energy. In our experiment the thermal
energy per degree of freedom is Etherm = kBT/2 ' 30 meV and exceeds the electric energy
of Eel 6−d · E ' 0.1 meV by more than two orders of magnitude for d = 2.7 Debye [33]
and E = 2.15 ± 0.05 × 106 V m−1 at 5 kV applied to the electrodes. Differently oriented polar
molecules will then be deflected in different directions. The isotropic orientation distribution
therefore leads to an averaging over fringe shifts whose direction and strength vary with the
angle between the molecular moment and the external electric field. In our present configuration,
the force Fdip ∝ (∇d) · E also varies by about 20% across our molecular beam.

The influence of the dipole moment is experimentally readily seen. In the absence of
electric fields, compounds (3) and (4) have almost identical interference patterns. Both the
dependence of the fringe visibility on the laser power (figure 5) and the susceptibility-dependent
fringe shift (figure 6) are the same. We measure, however, a marked difference in the fringe
visibility (figure 7) already when we apply an external potential of U = 500 V .
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Figure 6. Fringe shift as a function of deflector voltage: both the polar (4, blue
squares) and the non-polar (3, black dots) porphyrin derivatives exhibit the same
static polarizability and therefore the same fringe deflection. The gray solid line
shows the quantum fit for a static polarizability of αstat = 4πε0 × 108 Å3, which
agrees well with earlier measurements on FeTPP [33].

Interestingly, in the first run of experiments we saw good fringe visibilities for the non-
polar porphyrin (3) but never any quantum interference with the chlorinated derivative (4),
even after all voltages to the deflector system had been switched off. This is consistent with
the hypothesis that electric patch fields, possibly caused by tiny discharges from the electrodes
towards their ceramic holders, were responsible for the observed fringe averaging. The deflector
system is mounted in a vacuum of about 10−8 mbar and the patch charges would not disappear
until after several hours. Only after insertion of a metallic end cap in both the entrance
and the exit hole of the electrode holder were the interference capabilities restored for the
chlorinated molecules, as well. Although it is not possible to determine the number of residual
charges on the ceramic surface in hindsight and in situ, an estimate may motivate the high
sensitivity of polar molecules to surprisingly little charge ensembles: the acceleration of a dipole
moment d = 10−29 C m in the presence of a single (!) electron at a distance r = 100 µm is
a = −∇(d · E)/m = −de/2mπε0r 3

= 0.02 m s−2. Accordingly, small electron patches isolated
at the rim of the ceramic collimator can already exert a force that is sufficient to shift the
quantum fringe by one grating period. Since many charges may be statistically distributed on
the hole surface, the net effect is efficient phase averaging over all partial interferograms of the
isotropically oriented molecular ensemble.

4. Conclusion

Summarizing, we have shown that quantum interferometry with tailored and delocalized
molecules allows us to assign the rigid and the floppy components inside a molecule. We
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Figure 7. Quantum contrast as a function of deflection voltage. The (nearly) non-
polar FeTTP (blue squares) is slightly dephased because of the finite velocity
spread in the molecular beam: different particles traverse the Stark deflector
for different interaction times and larger voltages enhance the different shifts
between separate velocity classes. The polar FeTPPCl (black dots) is highly
sensitive to the external field as differently oriented molecules will also be
deflected in different directions by different amounts.

could discern the threefold possible response of neutral molecules to an external electric field.
The interference pattern of a complex but non-polar and rigid molecule (1, m = 320 amu) is
shifted to the region of higher field strength. Additional structural flexibility in a five times
more massive derivative (2, m = 1592 amu) contributes a vibrationally induced term to the
electric susceptibility that enhances the fringe shift similar to an increased polarizability. In
both cases the fringe contrast is only slightly reduced at high field strengths. In variance to
that, the presence of a static dipole moment may already cause dramatic fringe averaging, as
demonstrated in the comparison of (3) and (4). And even small charge patches in the vicinity of
the molecular beam can destroy the interference pattern completely.

A good quantitative understanding of the relative influence of all three contributions is
important for the design of new quantum experiments that aim at the observation of coherence
with even larger organic molecules. A vast majority of naturally occurring organic particles is
equipped with a sizeable dipole moment and thus prone to dephasing in stray electric fields. One
counter-strategy is to synthesize tailor-made complexes that allow us to increase the mass and
size limit while maintaining the high volatility and the non-polar character of the components.
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The synthesis and characterization of seven tailor-made
highly fluorous porphyrin derivatives are described, as large
perfluoroalkyl-functionalized organic molecules are the most
complex objects for which the quantum wave nature has
been observed so far. We have found, in particular, that tet-
rakis(pentafluorophenyl)porphyrin is a suitable starting point
for a modular synthesis that is geared towards porphyrin de-
rivatives with many peripheral fluorous chains. This allows

Introduction
The wave nature of complex particles belongs to the in-

triguing properties of quantum physics, and quantum inter-
ferometry with organic macromolecules currently contrib-
utes to the exploration of the frontiers of experimental
quantum mechanics. In relation to that, chemical function-
alization methods have recently gained great importance, as
they allow us to tailor the molecular properties, such as
mass, polarizability, and volatility to the needs of quantum
optics experiments. Successful de Broglie coherence experi-
ments with compounds such as tetraphenylporphyrin
(TPP),[1] the fullerenes C60 and C70,[2,3] fluorinated fullerene
C60F48,[1] and perfluoroalkyl-functionalized tetraphenyl-
methane,[4] oligophenylene ethynylene (OPE),[4] azobenz-
ene,[5] and triphenylphosphane[6] have successively increased
the complexity of interfering particles and gave insight into
the influence of molecular structural features on de Broglie
interference.

All these studies require free and slow molecular beams
that are presently created by thermal sublimation or evapo-
ration. The flying compounds must therefore exhibit both
a high thermal stability and a high vapor pressure. Previous
experiments indicated already that these requirements can
be well fulfilled for highly fluorinated compounds.[1,4–6] Per-
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us to tailor and optimize the sublimation features of these
compounds for molecule interferometry. We have analyzed
the evaporation process of one member of the series by de-
termining the enthalpy of evaporation, as the creation of a
sufficiently intense, slow molecular beam is crucial for quan-
tum interference experiments. We present the quantum
fringe pattern of a second member of the series, which we
could obtain in a Kapitza–Dirac–Talbot–Lau interferometer.

fluoroalkyl-functionalized molecules have high vapor pres-
sures relative to their molecular weights.[7,8] Their volatility
originates in their low polarizability and only small
van der Waals interactions between the fluorinated chains.
Additionally, these structures are chemically stabilized due
to the strength of the carbon–fluorine bond.

Recently, we observed the wave nature of very massive
perfluoroalkylated fullerenes and porphyrins.[9] These struc-
tures mark the new records in mass, linear extension, and
number of atoms in a quantum interference experiment.
Here, we present the details of the design, synthesis, and
thermal properties of highly fluorous tetraarylporphyrins,
as required for the quantum studies.

In earlier studies, perfluoroalkyl-substituted tetraaryl-
porphyrins were achieved by the arrangement of the por-
phyrin framework using fluorinated starting materials.[10]

An alternative approach is the derivatization of function-
alized tetraarylporphyrins by linking perfluoroalkylated
carboxylic acids to amino-functionalized TPP through an
amide bond.[11] In order to prepare a variety of molecular
weights, a modular approach to peripherally functionalized
TPPs was particularly appealing. Therefore the introduc-
tion of substituents to tetrakis(pentafluorophenyl)por-
phyrin (TPPF20) by nucleophilic aromatic substitution reac-
tions was chosen. It is known that the four para-fluorine
atoms of TPPF20 can be effectively substituted by nucleo-
philes. This para-fluorine substitution reaction in penta-
fluorophenyl moieties is not limited to porphyrin sys-
tems.[12–14] The first example for the fourfold substitution
reaction of TPPF20 with a nucleophile was reported by
Kadish et al.[15] Examples with non-fluorous alcohols,[16–18]

amines,[16,17] or thiols[16,19] as well as the introduction of
fluorous nucleophiles – namely alcohols[20] and thiols[21,22] –
are also known.
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Results and Discussion

Molecular Design

In our present work seven fluorous porphyrins were syn-
thesized and investigated. They vary in their structural mo-
tifs of the fluorous periphery. The aim was to cover a spe-
cific mass range and to optimize the design of the structures
towards high volatility. As depicted in Figure 1, the amount
of fluorous chains ranges from four (i.e., 1 and 2) over eight
(i.e., 3–6) to 16 (i.e., 7). To the best of our knowledge, there
is only one example of a fluorous porphyrin derivative that
bears more than 16 fluorinated ponytails (24 chains) from
Bříza et al.[20] The length of the perfluoroalkyl parts was
also varied. Compounds 1, 2, and 6 bear perfluorooctyl
chains, whereas the other structures comprise perfluo-
rohexyl chains. In order to investigate correlations between
the molecular structure and the thermal stability of the
compounds, the nature of the interlinking between the par-
ent tetraarylporphyrin and the fluorous substituents was
varied by introducing different heteroatoms as linkage. Our
series includes two amine-based and five thiol-derived por-
phyrins. Furthermore, the branching unit of derivatives 3–
7 was varied. In porphyrin 5, the branching occurs in an
aliphatic segment, whereas the other four branched struc-
tures comprise 1,3,5-trisubstituted benzenes.

Figure 1. Highly fluorous porphyrin derivatives 1–7. The series co-
vers a molecular weight range from 2803 (2) to 7553 gmol–1 (7),
which is the current mass region of the most-complex interfering
particles.

www.eurjoc.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2011, 4823–48334824

Synthetic Strategy

In order to be able to explore a large diversity of different
designs of the fluorous periphery, a modular synthetic con-
cept was pursued. As depicted in Scheme 1, the fluorous
outer parts of the porphyrin derivatives were introduced in
the last step of the reaction pathway, allowing easy modifi-
cation of these moieties. The key step on the way towards
all seven target structures is the nucleophilic aromatic sub-
stitution reaction to introduce the fluorous building blocks.
Both thiols and primary amines as nucleophiles usually give
substitution products in good to excellent yields.[12] Com-
mercially available fluorinated nucleophiles can be used for
the synthesis of porphyrins 1 and 2, allowing us to improve
the reaction conditions with purchased starting materials.
In all other cases, the building blocks were synthesized by
us prior to their attachment to the porphyrin center.

The synthesis of building blocks 9 and 10 starts with the
attachment of two perfluorinated alkyl chains to dibromide
13. Classical functional group transformation provides ac-
cess to thiol 9 and amine 10. It was anticipated that thiol
14 can be assembled from triflate 15, which is known to be
accessible in five steps from commercially available starting
materials.[23] The starting point for the synthesis of building
block 16 is tribromide 18. Monothiolation, introduction of
the fluorous ponytails in an SN2 reaction, and the deprotec-
tion step represent the pathway to building block 16. In the
reaction sequence towards thiol 19, alcohol 11 as fluorous
part is supposed to be attached to dibromide 17, the central
unit of the building block.

Synthesis

As shown in Scheme 2, building blocks 9 and 10 com-
prise two perfluorohexyl chains that are directly attached
to the aromatic core. The reaction conditions for the intro-
duction of these chains have been previously reported for
the synthesis of a fluorinated oligophenylene ethynylene
(OPE).[4] In this first step, the fluorous ponytails were intro-
duced in a copper-mediated cross-coupling reaction of n-
perfluorohexyliodide and dibromide 13. The starting mate-
rial was heated together with freshly activated copper in
dimethylformamide (DMF) at 125 °C under an argon at-
mosphere for 12 h. Desired methyl ester 12 was isolated af-
ter purification by column chromatography (CC) as a white
solid in 91% yield. The reduction of ester 12 using lithium
aluminum hydride (LiAlH4) in diethyl ether at room tem-
perature led, after aqueous workup and purification by
recrystallization from hexane, to benzylic alcohol 11 as a
white solid in 90 % yield. In order to convert benzylic
alcohol 11 into the corresponding benzylic thioacetate, a
modification[24] of the Mitsunobu reaction[25] was per-
formed. A mixture of alcohol 11 and thioacetic acid in
tetrahydrofuran (THF) was treated with a solution contain-
ing the preformed adduct of triphenylphosphane and di-
isopropyl azodicarboxylate (DIAD). The formation of the
betaine derived from triphenylphosphane and DIAD prior
to the addition of the alcohol and thioacetic acid is crucial
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Scheme 1. Synthetic strategy towards target compounds 1–7. A nucleophilic aromatic substitution reaction is the key step to the desired
porphyrin derivatives. The first step towards thiols 16 and 19 is the introduction of the sulfur functionality bearing a protecting group
(PG).

for the formation of the product. Pure acetylsulfanyl deriva-
tive 22 was obtained after CC as a colorless oil in a yield
of 61%. The final step towards building block 9 was the
deprotection of the acetyl-protected sulfur to obtain free
thiol 9. Acidic cleavage of the protecting group was realized
by the in situ generation of hydrochloric acid. The addition
of acetyl chloride to a solution of thioacetate 22 in a solvent
mixture of methanol and dichloromethane (CH2Cl2) led to
the formation of the desired product. After a reaction time
of five hours the crude product was purified by CC to af-
ford 9 as a white solid in a yield of 72%.

Eur. J. Org. Chem. 2011, 4823–4833 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 4825

For the synthesis of benzylic amine 10, the same strategy
as for the benzylic thiol was envisaged. The nitrogen was –
identical to the sulfur atom of building block 9 – introduced
in a Mitsunobu reaction.[25] DIAD was slowly added to a
solution of alcohol 11, triphenylphosphane, and phthal-
imide in THF at –5 °C. The reaction mixture was stirred at
room temperature for 12 h. An aqueous workup and purifi-
cation by CC afforded desired phthalimide derivative 23 as
a white solid in a yield of 87 %. Cleavage of the N-benzyl-
phthalimide was achieved with the help of the Ing–Manske
procedure.[26] The benzylic amine was obtained by hydroly-
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Scheme 2. Synthesis of the precursors 9, 10, and 14. Reagents and
conditions: (a) IC6F13, Cu, DMF, 125 °C, 12 h, 91%; (b) LiAlH4,
Et2O, r.t., 12 h, 90%; (c) DIAD, PPh3,THF, 0 °C, 2 h, then 11, thi-
olacetic acid, 0 °C to r.t., 3 h, 61%; (d) acetyl chloride, MeOH,
CH2Cl2, r.t., 5 h, 72%; (e) phthalimide, DIAD, PPh3,THF, –5 °C to
r.t., 12 h, 87 %; (f) hydrazine hydrate, EtOH, toluene, reflux, 12 h,
quant.; (g) trityl thiol, NaH, THF, r.t., 2 h, 95%; (h) HSiEt3, TFA,
CH2Cl2, r.t., 25 min, 88%.

sis of compound 23 with hydrazine in a solvent mixture of
ethanol and toluene. After 12 h at reflux and an aqueous
workup, the free benzylic amine was isolated as a white so-
lid in quantitative yield with no need for further purifica-
tion.

Thiol 14 was synthesized in seven steps. Starting from 3-
(perfluorohexyl)propyl iodide and diethyl malonate, triflate
15 was assembled in five steps according to a literature pro-
cedure.[23] This literature protocol yields triflate 15 in a high
overall yield of 80% over the five steps including only two
purification steps. With the triflate in hand, the sulfur can
be efficiently introduced as a trityl-protected functionality
by the reaction of triflate 15 with trityl thiol and an excess
amount of sodium hydride stirred in THF at room tempera-
ture for two hours. Purification by CC led to desired com-
pound 24 as colorless oil in a yield of 95 %. By following a
procedure developed by Moreau et al., the trityl protecting
group was removed under acidic conditions in the presence
of a cation scavenger.[27] Trifluoroacetic acid (TFA) was
added to a solution of protected thiol 24 and triethylsilane
(1.5 equiv.) in CH2Cl2. The deprotection reaction is fast,
even at low acid concentrations (4 vol.-% related to the
amount of CH2Cl2). After stirring for 25 min at room tem-
perature and an aqueous workup, free thiol 14 was obtained
after CC as a white solid in a yield of 88%.

Scheme 3. Synthesis of thiols 16 and 19. Reagents and conditions: (a) trityl thiol, K2CO3, THF, reflux, 20 h, 33%; (b) HO(CH2)3-
C8F17, NaH, THF, reflux, 4 h, 52 %; (c) HSiEt3, TFA, CH2Cl2, r.t., 1 h, 77%; (d) 11, NaH, THF, reflux, 4 h, 67%; (e) HSiEt3, TFA,
CH2Cl2, r.t., 20 min, 72%.
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The three-step synthesis towards building block 16 was
recently published by us.[9] First, a protected sulfur func-
tionality was introduced into tris(bromomethyl)benzene
(18). The two other bromides were subsequently substituted
by fluorous moieties and a final deprotection step led to
highly fluorous benzylic thiol 16 (Scheme 3). The same
strategy was pursued to assemble thiol 19. Alcohol 11 as
the fluorous part was attached to dibromide 17. Generation
of an alcoholate by the addition of alcohol 11 to a suspen-
sion of sodium hydride in THF and a subsequent SN2 reac-
tion of the alcoholate and dibromide 17 led to highly fluo-
rous trityl-protected thiol 26, which was isolated in a yield
of 67 % after purification by CC. The final deprotection was
achieved in an analogous manner, as described for trityl
derivative 24, leading to thiol 19. Purification by CC af-
forded pure thiol 19 as a white solid in a yield of 72%.

All precursors were fully characterized by NMR spec-
troscopy (1H, 13C, and 19F), mass spectrometry, and ele-
mental analysis. With thiol dendrons 9, 14, 16, and 19 in
hand, the envisaged target porphyrins comprising several
peripheral fluorous ponytails became accessible. Table 1
gives an overview of the nucleophilic aromatic substitution
reactions carried out to assemble target structures 1, 3, 5,
6, and 7. The five sulfur-substituted porphyrin derivatives
were assembled in a similar way to that described by Sama-
roo et al. in the substitution reaction of TPPF20 (8) with
1H,1H,2H,2H-perfluorododecane-1-thiol. In their proto-
col, the porphyrin and the thiol are treated at room tem-
perature in a mixture of ethyl acetate and DMF with a di-
alkylamine derivative as base.[21,22] In all five cases, a solu-
tion of TPPF20 in DMF was added to a solution of the
thiol (i.e., 9, 14, 16, 19, or 20; 6.0–10.0 equiv.) and dieth-
ylamine in a mixture of ethyl acetate and DMF. Stirring at
room temperature for 1 to 6.5 h was followed by quenching
with water. Extraction with diethyl ether and a subsequent
wash with brine were followed by purification by CC.

For porphyrin derivative 1, recrystallization from acetone
or precipitation from an ethanol/acetone mixture was also
successfully applied as an alternative purification pro-
cedure. All five thiol-based target compounds were isolated
as intensely purple colored solids. The yield obtained for
derivative 1 bearing four perfluorooctyl moieties was 81 %.
Compound 3 with eight perfluorohexyl chains was isolated
in a yield of 89%. Derivative 5, having eight perfluorooctyl
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Table 1. para-Fluorothiol substitution reactions towards target compounds 1, 3, 5, 6, and 7.

parts in its periphery, afforded a yield of 70%. Porphyrin 6
with 8 and derivative 7 with 16 perfluorohexyl chains were
obtained in a yield of 64 and 31 %, respectively. For the
substitution of the para-fluoro groups by primary amines
21 and 9 a slightly modified method developed by Samaroo
et al.[28] using microwave irradiation and N-methylpyrrol-
idone (NMP) as solvent was applied (Scheme 4). A mixture
of TPPF20 and 10 equivalents of the amine (i.e., 9 or 21) in
NMP was heated in a microwave apparatus at 250 °C for
two hours. The reaction time was optimized by checking
the conversion after several reaction times (3, 20, 90, and
120 min) by thin-layer chromatography. Quenching with
water and extraction with diethyl ether yielded the crude
product, which was purified by CC. Porphyrin derivatives 2
and 4 were obtained as intensely purple colored solids in a
yield of 75 and 50%, respectively.

The purities of porphyrin derivatives 1–6 were monitored
by analytical HPLC on a fluorous column (FluoroFlash).
These columns are packed with perfluorooctyl-function-
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alized silica gel as stationary phase. Therefore the retention
time of molecules is primarily determined by their fluorine
content.[29] Fluorous HPLC is an ideal tool for the analysis
of porphyrins 1–6, as the side products of the nucleophilic
aromatic substitution reactions, mainly three- or fivefold
substituted derivatives, can be easily distinguished due to
their different fluorine content. For example, the retention
times of porphyrin 5 and the major side product of the final
reaction step, which is the threefold substituted derivative,
are 7.50 min for the product and 2.58 min for the impurity
on a FluoroFlash column (50 mm, 1.4 mLmin–1, 100 %
THF, 50 °C). However, porphyrin 7 was not eluted under
the conditions we tested. We hypothesize that the interac-
tions between the stationary phase and porphyrin 7 bearing
16 perfluorohexyl chains are too strong and thus prevent
elution. The purity of this derivative can be seen in the
chromatogram of the recycling gel permeations chromatog-
raphy that was used to purify this compound (see Support-
ing Information for HPLC and GPC chromatograms).

141



J. Tüxen, S. Eibenberger, S. Gerlich, M. Arndt, M. MayorFULL PAPER

Scheme 4. Synthesis of target compounds 2 and 4. Reagents and
conditions: (a) NMP, microwave irradiation, 250 °C, 2 h, 75%;
(b) NMP, microwave irradiation, 250 °C, 2 h, 50%.

Furthermore, the porphyrins were characterized by
NMR spectroscopy (1H and 19F), mass spectrometry
(MALDI-ToF), and UV/Vis spectroscopy. The mass spectra
of all target compounds show exclusively the molecule ion
peak [M]+. The absence of the peak for the threefold substi-
tuted porphyrin corroborates that only the desired fourfold
substituted derivatives were isolated. From the 19F and 1H
NMR spectra it is furthermore evident that the four substit-
uents are attached exclusively in the para positions of the
four fluorinated phenyl rings. A singlet for the eight pyrrole
protons of the porphyrin core in the 1H NMR spectrum
and two distinct signals for the aromatic fluorine atoms
corroborate the expected para substitution pattern. The ab-
sorption spectra of the porphyrins in CH2Cl2 at room tem-
perature show the expected bands (see Supporting Infor-
mation for UV/Vis spectra). For all derivatives, a very in-
tense Soret band at 415–420 nm and three Q bands at 508–
510, 536–537, and 584–586 nm were observed.

Remarkably, all fluorous porphyrins remain perfectly
processable with common techniques in organic synthesis
in spite of their high fluorine content. No fluorinated sol-
vents were necessary to synthesize, purify, or characterize
the target compounds, as they are all soluble in common
organic solvents including acetone, chloroform, and ethers
(diethyl ether and THF).

Thermal Investigations

The generation of free molecular beams is a prerequisite
for successful quantum experiments with our interferome-
ters. Therefore, we analyzed this process by determining the
enthalpy of evaporation exemplarily for porphyrin 1. For
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the measurement, an effusive molecular beam is generated
in a resistively heated ceramic furnace. A signal pro-
portional to the temperature-dependent molecular vapor
pressure is recorded in an electron impact quadrupole mass
spectrometer (QMS) about 2.5 m behind the source.[30] The
signal is attenuated by the gratings of a matter-wave inter-
ferometer that is inserted between the source and the detec-
tor for the purpose explained below but is of no relevance
for the volatilization experiments.

The enthalpy of evaporation ΔHvap can be determined
by recording the QMS counting signal N at the given mass
as a function of the source temperature T. Based on an
adapted Clausius–Clapeyron equation we expect the follow-
ing relation to hold: ln (NT) = –(ΔHvap) ⁄ RT – const, with
R = 8.314 Jmol–1 K–1. This includes the exponential tem-
perature dependence of the vapor pressure and assumes a
hydrodynamic flow from the thermal source.[31] Figure 2
shows the measured QMS signal at the mass of porphyrin
1 (m = 2815 gmol–1). We have conducted three independent
measurements, of which one is given by the black triangles.
A linear fit to ln (NT) as a function of 1/T is shown as a
solid line, and its slope b allows us to determine the molecu-
lar enthalpy of evaporation ΔHvap = –bR. Its mean value
between 543 and 590 K is 298(34) kJ mol–1, where we only
denote the statistical uncertainty of three independent mea-
surements. The temperature uncertainty is estimated to be
10 K on an absolute scale, but rather 2 K on a relative scale.

Figure 2. The detected molecular beam intensity of 1 reveals the
expected exponential dependence as a function of the temperature.
The triangles represent the data for one out of three independent
experiments with different batches produced by the same synthesis.
The solid line is a linear fit to the data. We show here only one of
three data sets used for the extraction of the enthalpy value.

Suitability for Quantum Interference Experiments

Molecules as synthesized in our present work can be use-
ful for a number of modern quantum optics experiments
that rely on the availability of massive, slow, mass-selected
compounds that can be volatilized in abundant quantities.
This comprises explorations of quantum interferometry, the
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Figure 3. Sketch of the experimental setup. The powder is evaporated in the oven, the molecules fly through three subsequent gratings,
G1, G2, and G3, in our interferometer, and are detected in an electron impact quadrupole mass spectrometer (QMS).

development of new beam splitters for molecules and optics
elements in general, as well as prospects for off-resonant
cavity-assisted cooling schemes[32] We illustrate this here for
the example of matter-wave interferometry of porphyrin 2,
which is already significantly more complex than other vol-
atile compounds that can be obtained commercially.

The powder was synthesized following the steps de-
scribed above and evaporated at T ≈ 580 K. The molecular
beam follows the same trajectory as in the earlier evapora-
tion experiments: It starts out in the oven, passes a series
of delimiters determining the maximal height of the beam,
flies through three subsequent gratings in our interferome-
ter, and finally enters an electron impact quadrupole mass
spectrometer (Figure 3).

The idea of molecular matter-wave interference is similar
to Young’s famous double slit experiment and aims at dem-
onstrating the quantum nature of hot, massive molecules
composed of more than one hundred atoms and delocalized
over more than one hundred times their own size. The mo-
lecular complexity entails that the matter-wave phases be-
tween different molecules are all scrambled in a thermal
source. Experiments similar to classical light wave optics
interference are however possible if we provide a small ef-
fective source size and a sufficiently small wavelength distri-
bution.

In our Kapitza–Dirac–Talbot–Lau interferometer the
source size is confined by the first of three gratings G1,
which is an array of slits with a period of d = 266 nm and
an opening of 90 nm width. This mask confines the possible
positions of the impinging molecules and prepares what
may be best described as an array of Huygen’s wavelets, in
analogy to light wave optics. Since none of the matter wave-
lets has a well-defined relation to any of the neighboring
waves this does not yet suffice to see quantum interference.
The emergent wavelets do, however, expand behind G1 and
finally cover two or more slits in grating G2, 105 mm further
downstream. G2 has the same period as G1 but it is not
made of matter. Instead, it is a phase mask realized by ret-
roreflecting a green laser beam at a plane mirror perpendic-
ular to the molecular beam. The electric field E of the
standing light wave induces an oscillating electric dipole
moment in the molecules with an optical polarizability αopt

Eur. J. Org. Chem. 2011, 4823–4833 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 4829

and leads to a local change in the molecular potential en-
ergy in proportion to ΔW � αoptE

2(x,z)/2. The standing
light wave imposes E2 � sin 2kz, where k = 2π/λ is the wave
vector of the laser field.

In the course of its propagation, the phase modulated
molecular matter wave of mass m and velocity v, corre-
sponding to a de Broglie wavelength λdB = h/mv generates
a modulation of the molecular density further downstream,
which is most pronounced close to multiples of the Talbot
length, LT = d2/λdB. This density pattern can be visualized
by placing the grating G3 in this distance and by scanning
it across the molecular beam. Quantum theory predicts for
our experimental boundary conditions that a sizeable and
periodic density variation can only be expected if the mole-
cules delocalize over several hundred nanometers. Formal
details of the Kapitza–Dirac–Talbot–Lau interferometer
are given in Hornberger et al.[33] In Figure 4 we show this
density modulation, that is, the quantum interference
fringes, for porphyrin 2, which here achieves a visibility of
V = (Imax – Imin)⁄(Imax + Imin) = 24(3)%, where Imax and
Imin are the maximum and minimum intensity of the molec-
ular QMS signal upon translation of the third grating G3.

Figure 4. Quantum interference pattern for porphyrin 2. The black
dots represent the experimental result, and the solid line is a sinus-
oidal fit to the data. The shaded area represents the dark rate in the
detector. An interference fringe visibility of 24(3)% was observed.
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Conclusions

We have presented a modular synthesis of seven perfluo-
roalkyl-substituted porphyrin derivatives with up to 16
fluorous alkyl chains as model compounds for molecular
interferometry experiments. To meet the requirements of
quantum studies with complex organic molecules – high
volatility, high stability, and high molecular mass – we
choose the functionalization of tetraarylporphyrins with
perfluoroalkyl moieties. Our work shows that the design cri-
teria for thermal evaporation and stability are fulfilled at
least for the first members of this series. In particular, a
reliable sublimation curve up to 600 K is recorded for por-
phyrin 1. Quantum interference experiments were recorded
with thermal beams obtained by sublimation of derivative
2. It showed unambiguous mass peaks in electron impact
ionization quadrupole mass spectrometry and also high
contrast quantum interference in a modern implementation
of matter-wave interferometry. Furthermore, quantum in-
terference with porphyrins 1 and 6 were already reported
elsewhere.[9] Currently, we are exploring the mass limit of
sublimable organic dyes with tailor-made series based on
the modular synthetic approach described in the paper.

Experimental Section
General Remarks: All commercially available starting materials
were of reagent grade and used as received. Tetrakis(pentafluoro-
phenyl)porphyrin was purchased from Sigma–Aldrich and used as
received. Dry THF, dry DMF, and dry CH2Cl2 were purchased
from Fluka, stored over 4 Å molecular sieves, and handled under
an atmosphere of argon. The solvents for column chromatography
and extraction were of technical grade and distilled prior to use.
The solvent for HPLC analyses was of HPLC grade. Column
chromatography purifications were carried out on silica gel 60 (par-
ticle size 0.040–0.063 mm) from Fluka. 1H, 19F, and 13C NMR
spectra were recorded with a Bruker DMX 400 instrument (1H
resonance 400 MHz) or a Bruker DRX 500 instrument (1H reso-
nance 500 MHz) at 298 K. In the 13C NMR spectra the signals of
the perfluoroalkyl segments were not assigned due to the coupling
to fluorine. Deuterated solvents were purchased from Cambridge
Isotope Laboratories. UV/Vis spectra were recorded with a UV-
1800 spectrophotometer from Shimadzu. Matrix-Assisted laser de-
sorption ionization time of flight (MALDI-ToF) mass spectra were
performed with an Applied Bio Systems Voyager-De Pro mass
spectrometer. ESI-TOF mass spectra were recorded with a Bruker
MicrOTOFQ instrument. Electron impact (EI) mass spectra were
recorded with a Finnigan MAT 95Q. Fast atom bombardment
(FAB) mass spectra were recorded with a Finnigan MAT 8400.
Elemental analyses were performed with a Perkin–Elmer Analys-
ator 240. Analytical HPLC was performed with an Agilent HPLC
system (series 1100) using a FluoroFlash HPLC column (4.6 mm
i.d., 50 mm length, 5 μm) from Fluorous Technologies Inc. Micro-
wave reactions were carried out with an Initiator 8 (400 W) from
Biotage. Gel permeations chromatography (GPC) was performed
with a Shimadzu Prominence System with PSS SDV preparative
columns from PSS (2 columns in series: 600 mm �20.0 mm,
5 μm particles, linear porosity “S”, operating ranges: 100–
100 000 gmol–1) using chloroform as eluent.

Methyl 4-Methyl-3,5-bis(perfluorohexyl)benzoate (12): Whilst stir-
ring, a few crystals of iodine were added to a suspension of copper
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(7.43 g, 117 mmol, 6.0 equiv.) in acetone (20 mL). After 15 min the
liquid phase was eliminated, and the copper was washed with hy-
drochloric acid in acetone, followed by acetone alone. The activated
copper and methyl-3,5-dibromo-4-methylbenzoate (6.00 g,
19.5 mmol, 1.0 equiv.) were added to dry DMF (50 mL) under an
argon atmosphere. The suspension was heated whilst stirring to
95 °C and n-perfluorohexyliodide (16.9 mL, 34.8 g, 77.9 mmol,
4.0 equiv.) was then added dropwise to the suspension over 45 min.
After stirring overnight at 125 °C, the mixture was cooled to room
temperature, diluted with water and diethyl ether, and filtered
through a Celite plug. The solid residue was washed with diethyl
ether. The aqueous phase was extracted with diethyl ether. The
combined organic layers were washed with brine and dried with
magnesium sulfate. After evaporating the solvent, the pale yellow
crude was purified by CC (silica gel; ethyl acetate/hexane, 1:4) to
give methyl 4-methyl-3,5-bis(perfluorohexyl)benzoate (13.9 g) as a
white solid in a yield of 91%. 1H NMR (400 MHz, CDCl3): δ =
8.42 (s, 2 H, Ar-H), 3.99 (s, 3 H, COOCH3), 2.63 (s, 3 H, Ar-
CH3) ppm. 19F NMR (376 MHz, CDCl3): δ = –81.9 (t, J = 10 Hz,
6 F, CF3), –104.6 (m, 4 F, CF2), –121.0 (m, 4 F, CF2), –122.7 (m,
4 F, CF2), –123.8 (m, 4 F, CF2), –127.2 (m, 4 F, CF2) ppm. 13C
NMR (101 MHz, CDCl3): δ = 164.6, 144.5, 133.6 (t, 3JCF = 10 Hz),
130.5 (t, 2JCF = 22 Hz), 128.8, 52.9, 16.6 ppm. MS (EI): m/z (%) =
786 (6) [M]+, 755 (45), 517 (100). C21H8F26O2 (786.24): calcd. C
32.08, H 1.03; found C 32.12, H 1.00.

4-Methyl-3,5-bis(perfluorohexyl)benzylic Alcohol (11): A solution of
ester 12 (10.3 g, 13.1 mmol, 1.0 equiv.) in diethyl ether (125 mL)
was added dropwise to a suspension of lithium aluminum hydride
(746 mg, 19.7 mmol, 1.5 equiv.) in diethyl ether (50 mL). This mix-
ture was stirred at room temperature under an atmosphere of argon
for 12 h, before ethyl acetate (4 mL) was added. After 15 min, an
aqueous sulfuric acid solution (10%, 10 mL) was slowly added to
the stirred reaction mixture, which was then stirred for another
10 min. The organic phase was removed, and the aqueous phase
was extracted with diethyl ether. The combined organic layers were
washed with brine and dried with magnesium sulfate. Evaporation
of the solvent afforded a pale yellow solid that was recrystallized
from hexane to give pure 11 (8.97 g) as a white solid in a yield of
90%. 1H NMR (400 MHz, CDCl3): δ = 7.77 (s, 2 H, Ar-H), 4.81
(d, 3JHH = 5.8 Hz, 2 H, CH2), 2.55 (s, 3 H, CH3), 1.85 (t, 3JHH =
5.8 Hz, 1 H, OH) ppm. 19F NMR (376 MHz, CDCl3): δ = –81.9
(t, J = 10 Hz, 6 F, CF3), –104.5 (m, 4 F, CF2), –121.1 (m, 4 F, CF2),
–122.8 (m, 4 F, CF2), –123.8 (m, 4 F, CF2), –127.2 (m, 4 F,
CF2) ppm. 13C NMR (101 MHz, [D6]acetone): δ = 143.9, 138.9,
132.6 (t, 3JCF = 10 Hz), 130.8 (t, 2JCF = 21 Hz), 63.9, 17.2 ppm.
MS (EI): m/z (%) = 758 (16) [M]+, 489 (100), 439 (30). C20H8F26O
(758.23): calcd. C 31.68, H 1.06; found C 31.47, H 1.04.

4-Methyl-3,5-bis(perfluorohexyl)benzyl Thioacetate (22): Tri-
phenylphosphane (1.73 g, 6.59 mmol, 2.0 equiv.) and DIAD
(1.29 mL, 1.33 g, 6.59 mmol, 2.0 equiv.) were dissolved in dry THF
(25 mL) under an argon atmosphere at 0 °C. This solution was
stirred at 0 °C for 2 h before a solution of benzylic alcohol 11
(2.50 g, 3.30 mmol, 1.0 equiv.) and thiolacetic acid (469 μL,
502 mg, 6.59 mmol, 2.0 equiv.) in dry THF (25 mL) was added. The
reaction mixture was stirred for 1.5 h at 0 °C followed by 1.5 h at
room temperature. After evaporation of the solvent the crude was
purified by CC (silica gel; ethyl acetate/cyclohexane, 1:20) to give
pure 22 (1.65 g) as a colorless oil in a yield of 61%. 1H NMR
(400 MHz, CDCl3): δ = 7.69 (s, 2 H, Ar-H), 4.14 (s, 2 H, CH2),
2.52 (s, 3 H, Ar-CH3), 2.37 (s, 3 H, SCOCH3) ppm. 19F NMR
(376 MHz, CDCl3): δ = –81.0 (t, J = 10 Hz, 6 F, CF3), –103.7 (m,
4 F, CF2), –120.3 (m, 4 F, CF2), –121.9 (m, 4 F, CF2), –122.9 (m,
4 F, CF2), –126.3 (m, 4 F, CF2) ppm. 13C NMR (126 MHz, CDCl3):
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δ = 194.3, 138.3, 136.6, 132.9 (t, 3JCF = 10 Hz), 130.0 (t, 2JCF =
21 Hz), 32.4, 30.3, 15.9 ppm. MS (EI): m/z (%) = 816 (4) [M]+, 741
(26). C22H10F26OS (816.33): calcd. C 32.37, H 1.23; found C 32.41,
H 1.29.

4-Methyl-3,5-bis(perfluorohexyl)benzylthiol (9): Compound 22
(270 mg, 331 μmol, 1.0 equiv.) was dissolved in a mixture of
CH2Cl2 (5 mL) and methanol (10 mL). The mixture was degassed
by purging argon through the solution for 10 min. Acetyl chloride
(2.5 mL) was added in portions of 0.5 mL every hour. After a reac-
tion time of 5 h the solvent was evaporated. The crude was purified
by CC (silica gel; CH2Cl2/cyclohexane, 1:6) to give pure 9 (184 mg)
as a white solid in a yield of 72%. 1H NMR (400 MHz, CDCl3): δ
= 7.73 (s, 2 H, Ar-H), 3.81 (d, 3JHH = 7.9 Hz, 2 H, CH2), 2.53 (s,
3 H, CH3), 1.83 (t, 3JHH = 7.9 Hz, 1 H, SH) ppm. 19F NMR
(376 MHz, CDCl3): δ = –81.0 (t, J = 10 Hz, 6 F, CF3), –103.7 (m,
4 F, CF2), –120.3 (m, 4 F, CF2), –121.9 (m, 4 F, CF2), –122.9 (m,
4 F, CF2), –126.3 (m, 4 F, CF2) ppm. 13C NMR (126 MHz, CDCl3):
δ = 139.6, 138.1, 132.2 (t, 3JCF = 10 Hz), 130.0 (t, 2JCF = 22 Hz),
28.0, 15.9 ppm. MS (EI): m/z (%) = 774 (9) [M]+, 741 (100).
C20H8F26S (774.29): calcd. C 31.02, H 1.04; found C 31.04, H 1.15.

N-[4-Methyl-3,5-bis(perfluorohexyl)benzyl]phthalimide (23): A
solution of DIAD (587 μL, 603 mg, 2.98 mmol, 1.2 equiv.) in dry
THF (10 mL) was added dropwise to a solution of alcohol 11
(1.88 g, 2.48 mmol, 1.0 equiv.), phthalimide (439 mg, 2.98 mmol,
1.2 equiv.), and triphenylphosphane (782 mg, 2.98 mmol,
1.2 equiv.) in THF (20 mL) at –5 °C. This mixture was stirred at
room temperature under an atmosphere of argon for 12 h. After
evaporating the solvent the residue was dissolved in diethyl ether
and washed with an aqueous sodium hydroxide solution (1 m). The
organic layer was washed with brine and dried with magnesium
sulfate. Evaporation of the solvent and purification by CC (silica
gel; ethyl acetate/hexane, 1:2) afforded product 23 (1.91 g) as a
white solid in a yield of 87%. 1H NMR (400 MHz, CDCl3): δ =
7.85–7.82 (m, 4 H, Ar-H), 7.75 –7.72 (m, 2 H, Ar-H), 4.90 (s, 2 H,
CH2), 2.51 (s, 3 H, CH3) ppm. 19F NMR (376 MHz, CDCl3): δ =
–81.9 (t, J = 10 Hz, 6 F, CF3), –104.5 (m, 4 F, CF2), –121.2 (m, 4
F, CF2), –122.8 (m, 4 F, CF2), –123.8 (m, 4 F, CF2), –127.2 (m, 4
F, CF2) ppm. 13C NMR (101 MHz, CDCl3): δ = 167.7, 139.1,
134.8, 134.3, 133.1 (t, 3JCF = 10 Hz), 131.9, 130.2 (t, 2JCF = 22 Hz),
123.7, 40.7, 16.0 ppm. MS (EI): m/z (%) = 887 (100) [M]+, 618 (42),
568 (57). C28H11F26NO2 (887.35): calcd. C 37.90, H 1.25, N 1.58;
found C 37.85, H 1.26, N 1.54.

4-Methyl-3,5-bis(perfluorohexyl)benzylamine (10): A solution of 23
(2.00 g, 2.25 mmol, 1.0 equiv.) and hydrazine hydrate (1.0 mL) in a
solvent mixture of ethanol (20 mL) and toluene (20 mL) was stirred
at reflux under argon overnight. After addition of CH2Cl2, the re-
action mixture was washed with an aqueous sodium hydroxide
solution (1 m). The aqueous phase was extracted with CH2Cl2, and
the combined organic layers were washed with brine and dried with
magnesium sulfate. After evaporation of the solvent, amine 10
(1.71 g) was obtained as a white solid in quantitative yield. 1H
NMR (400 MHz, CDCl3): δ = 7.74 (s, 2 H, Ar-H), 3.98 (s, 2 H,
CH2), 2.52 (s, 3 H, CH3), 1.47 (br. s, 2 H, NH2) ppm. 19F NMR
(376 MHz, CDCl3): δ = –81.9 (t, J = 10 Hz, 6 F, CF3), –104.4 (m,
4 F, CF2), –121.2 (m, 4 F, CF2), –122.8 (m, 4 F, CF2), –123.9 (m,
4 F, CF2), –127.3 (m, 4 F, CF2) ppm. 13C NMR (101 MHz, CDCl3):
δ = 141.4, 137.6, 131.2 (t, 3JCF = 9 Hz), 129.7 (t, 2JCF = 22 Hz),
45.3, 15.8 ppm. MS (FAB): m/z (%) = 758 (100) [M + H]+, 741
(63). C20H9F26N (757.25): calcd. C 31.72, H 1.20, N 1.85; found C
32.19, H 1.36, N 1.88.

[3,5-Bis({[4-methyl-3,5-bis(perfluorohexyl)benzyl]oxy}methyl)-
benzyl](trityl)sulfane (26): Alcohol 11 (892 mg, 1.88 mmol,
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2.6 equiv.) and 17 (250 mg, 453 μmol, 1.0 equiv.) were dissolved in
dry THF (20 mL) under an atmosphere of argon. Sodium hydride
(60% dispersion in mineral oil, 108 mg, 2.72 mmol, 6.0 equiv.) was
added, and the reaction mixture was stirred for 4 h at reflux. After
cooling to room temperature, it was quenched with a saturated
aqueous ammonium chloride solution. The mixture was extracted
with diethyl ether, and the organic fractions were washed with
brine, dried with magnesium sulfate, filtered, and concentrated to
dryness. Purification by CC (silica gel; hexane/acetone, 12:1) gave
the title compound (580 mg) as a colorless oil in a yield of 67%.
1H NMR (400 MHz, CDCl3): δ = 7.72 (s, 4 H, Ar-H), 7.47–7.44
(m, 6 H, Ar-Hortho of trityl group), 7.31–7.26 (m, 6 H, Ar-Hmeta of
trityl group), 7.23–7.19 (m, 3 H, Ar-Hpara of trityl group), 7.18 (s,
1 H, Ar-H), 7.05 (s, 2 H, Ar-H), 4.56 (s, 4 H, CH2), 4.52 (s, 4 H,
CH2) 3.33 (s, 2 H, ArCH2STrt), 2.53 (s, 6 H, CH3) ppm. 19F NMR
(376 MHz, CDCl3): δ = –81.1 (t, J = 10 Hz, 12 F, CF3), –103.6 (m,
8 F, CF2), –120.3 (m, 8 F, CF2), –122.0 (m, 8 F, CF2), –123.0 (m,
8 F, CF2), –126.4 (m, 8 F, CF2) ppm. 13C NMR (126 MHz, CDCl3):
δ = 144.8, 138.7, 138.4, 138.2, 137.0, 131.6 (t, 3JCF = 10 Hz), 130.0
(t, 2JCF = 22 Hz), 129.8, 128.4, 128.1, 126.9, 126.1, 72.5, 70.7, 67.7,
36.9, 16.0 ppm. MS (ESI-Q-ToF): m/z (%) = 1929 (89) [M + Na]+,
686 (100). C68H38F52O2S (1907.00): calcd. C 42.83, H 2.01; found
C 43.11, H 2.16.

[3,5-Bis({[4-methyl-3,5-bis(perfluorohexyl)benzyl]oxy}methyl)-
phenyl]methanethiol (19): Compound 26 (675 mg, 0.35 mmol,
1.0 equiv.) and triethylsilane (86 μL, 62 mg, 0.53 mmol, 1.5 equiv.)
were dissolved in dry CH2Cl2 (25 mL). Trifluoroacetic acid
(1.0 mL) was added dropwise, and the reaction mixture was stirred
for 20 min at room temperature. The reaction was quenched by
the addition of a saturated aqueous solution of sodium hydrogen
carbonate. After completion of the gas formation, the phases were
separated, and the aqueous phase was extracted with CH2Cl2. The
combined organic fractions were dried with magnesium sulfate, fil-
tered, and concentrated to dryness. After purification by CC (silica
gel; hexane/CH2Cl2, 2:1), thiol 19 (425 mg) was obtained as a white
solid in a yield of 72%. 1H NMR (500 MHz, CDCl3): δ = 7.75 (s,
4 H, Ar-H), 7.28 (s, 2 H, Ar-H), 7.22 (s, 1 H, Ar-H), 4.61 (s, 4 H,
CH2), 4.57 (s, 4 H, CH2), 3.74 (d, 3JHH = 7.7 Hz, 2 H, Ar-CH2SH),
2.54 (s, 6 H, CH3), 1.76 (t, 3JHH = 7.7 Hz, 1 H, SH) ppm. 19F NMR
(376 MHz, CDCl3): δ = –81.1 (t, J = 10 Hz, 12 F, CF3), –103.6 (m,
8 F, CF2), –120.3 (m, 8 F, CF2), –121.9 (m, 8 F, CF2), –123.0 (m,
8 F, CF2), –126.4 (m, 8 F, CF2) ppm. 13C NMR (126 MHz, CDCl3):
δ = 142.0, 138.6, 138.5, 136.8, 131.5 (t, 3JCF = 10 Hz), 129.8 (t,
2JCF = 22 Hz), 127.1, 125.9, 72.3, 70.6, 28.7, 15.9 ppm. MS (ESI-
Q-ToF): m/z (%) = 1687 (100) [M + Na]+. C49H24F52O2S (1664.68):
calcd. C 35.35, H 1.45; found C 35.26, H 1.54.

1,7-Diperfluorohexyl-4-[(tritylthio)methyl]heptane (24): Triflate 15
(1.00 g, 1.11 mmol, 1.0 equiv.) and trityl thiol (492 mg, 1.78 mmol,
1.6 equiv.) were dissolved in dry THF (15 mL) under an atmo-
sphere of argon. To this solution was added sodium hydride (60%
dispersion in mineral oil, 178 mg, 4.45 mmol, 4.0 equiv.) at room
temperature. The reaction mixture was stirred for 2 h at room tem-
perature. After quenching with water, it was extracted with CH2Cl2.
The combined organic phases were washed with brine, dried with
magnesium sulfate, filtered, and concentrated to dryness. Purifica-
tion by CC (silica gel; cyclohexane/CH2Cl2, 4:1) gave title com-
pound 24 (1.08 g) as a colorless oil in a yield of 95 %. 1H NMR
(500 MHz, CDCl3): δ = 7.44–7.40 (m, 6 H, Ar-Hortho of trityl
group), 7.30–7.26 (m, 6 H, Ar-Hmeta of trityl group), 7.23–7.19 (m,
3 H, Ar-Hpara of trityl group), 2.16–2.14 (m, 2 H, CH2STrt), 2.03–
1.89 (m, 4 H, CH2CF2), 1.44–1.24 (m, 9 H) ppm. 19F NMR
(376 MHz, CDCl3): δ = –81.0 (t, J = 10 Hz, 6 F, CF3), –114.5 (m,
4 F, CF2), –122.3 (m, 4 F, CF2), –123.1 (m, 4 F, CF2), –123.8 (m,
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4 F, CF2), –126.4 (m, 4 F, CF2) ppm. 13C NMR (126 MHz, CDCl3):
δ = 144.7, 129.6, 127.9, 126.7, 66.7, 37.7, 35.3, 32.7, 31.0, 17.3 ppm.
MS (ESI-Q-ToF): m/z (%) = 1047 (100) [M + Na]+. C39H30F26S
(1024.67): calcd. C 45.71, H 2.95; found C 45.66, H 2.85.

1,7-Diperfluorohexyl-4-[(hydrothio)methyl]heptane (14): Protected
thiol 24 (1.00 g, 976 μmol, 1.0 equiv.) and triethylsilane (236 μL,
170 mg, 1.46 mmol, 1.5 equiv.) were dissolved in dry CH2Cl2

(20 mL) under an atmosphere of argon. Trifluoroacetic acid
(800 μL) was added dropwise, and the reaction mixture was stirred
for 25 min at room temperature. The reaction was quenched by
the addition of a saturated aqueous solution of sodium hydrogen
carbonate. After completion of the gas formation, the phases were
separated, and the aqueous phase was extracted with CH2Cl2. The
combined organic fractions were dried with magnesium sulfate, fil-
tered, and concentrated to dryness. After purification by CC (silica
gel; cyclohexane/CH2Cl2, 4:1), thiol 14 (669 mg) was obtained as a
colorless oil in a yield of 88%. 1H NMR (500 MHz, CDCl3): δ =
2.61–2.56 (m, 2 H, CH2SH), 2.13–2.03 (m, 4 H, CH2CF2), 1.67–
1.37 (m, 9 H), 1.21 (t, 3JHH = 8.1 Hz, 1 H, SH) ppm. 19F NMR
(376 MHz, CDCl3): δ = –81.0 (t, J = 10 Hz, 6 F, CF3), –114.5 (m,
4 F, CF2), –122.2 (m, 4 F, CF2), –123.1 (m, 4 F, CF2), –123.8 (m,
4 F, CF2), –126.4 (m, 4 F, CF2) ppm. 13C NMR (126 MHz, CDCl3):
δ = 39.8, 31.7, 31.1 (t, 2JCF = 22 Hz), 27.9, 17.5 ppm. MS (EI): m/z
(%) = 782 (3) [M]+, 389 (87), 375 (100). C20H16F26S (782.35): calcd.
C 30.70, H 2.06; found C 31.04, H 2.24.

5,10,15,20-Tetrakis[4-(3-perfluorooctylpropylamino)-2,3,5,6-tetra-
fluorophenyl]porphyrin (2): 5,10,15,20-Tetrakis(pentafluorophenyl)-
porphyrin (100 mg, 103 μmol, 1.0 equiv.) and 3-(perfluorooctyl)-
propylamine (490 mg, 1.03 mmol, 10.0 equiv.) were added to a mi-
crowave vial (Biotage microwave vial 10–20 mL). The mixture was
dissolved in NMP (10 mL), and the sealed tube was heated in a
microwave apparatus (Biotage, Initiator 8) to 250 °C for 2 h. After
cooling to room temperature the reaction mixture was diluted with
diethyl ether and water. The organic phase was separated and
washed with brine. After evaporation of the solvent under reduced
pressure, the crude was purified by CC (silica gel; acetone/hexane,
1:9 then 1:6) to afford desired compound 2 (214 mg) as a purple
solid in a yield of 75%. 1H NMR (400 MHz, CDCl3): δ = 8.94 (s,
8 H, Ar-H), 4.31–4.23 (m, 4 H, ArNHCH2), 3.82–3.73 (m, 8 H,
CH2), 2.45–2.29 (m, 8 H, CH2), 2.21–2.11 (m, 8 H, CH2), –2.85 (s,
2 H, NH) ppm. 19F NMR (376 MHz, CDCl3): δ = –81.0 (t, J =
10 Hz, 12 F, CF3), –114.2 (m, 8 F, CF2), –121.8 (m, 8 F, CF2),
–122.1 (m, 16 F, CF2), –122.9 (m, 8 F, CF2), –123.5 (m, 8 F, CF2),
–126.3 (m, 8 F, CF2), –140.2 (m, 8 F, Ar-F), –160.9 (m, 8 F, Ar-
F) ppm. MS (MADI-ToF): m/z (%) = 2802 (100) [M]+. HPLC
(FluoroFlash; 1.4 mL min–1; 24 bar; 100 THF; 50 °C): tR =
1.52 min (97.0 %). UV/Vis (CH2Cl2): λ = 420, 511, 545, 586 nm.

5,10,15,20-Tetrakis{4-[4-methyl-3,5-bis(perfluorohexyl)benzyl-
amino]-2,3,5,6-tetrafluorophenyl}porphyrin (4): Porphyrin derivative
4 was synthesized by following the procedure for amine-substituted
porphyrin 2. A solution of 5,10,15,20-tetrakis(pentafluorophenyl)-
porphyrin (80 mg, 82.1 μmol, 1.0 equiv.) and 4-methyl-3,5-bis(per-
fluorohexyl)benzylamine (622 mg, 821 μmol, 10.0 equiv.) in NMP
(10 mL) was heated in the microwave apparatus. After aqueous
workup and purification by CC (silica gel; hexane/acetone, 9:1)
product 4 (162 mg) was isolated as a purple solid in a yield of 50%.
1H NMR (400 MHz, CDCl3): δ = 8.84 (s, 8 H, β-H), 7.95 (s, 8 H,
Ar-H), 4.93 (d, 3JHH = 6.6 Hz, 8 H, ArCH2NHAr), 4.77–4.68 (m,
4 H, ArCH2NHAr), 2.64 (s, 12 H, CH3), –2.91 (s, 2 H, NH) ppm.
19F NMR (376 MHz, CDCl3): δ = –81.2 (t, J = 10 Hz, 24 F, CF3),
–103.7 (m, 16 F, CF2), –120.3 (m, 16 F, CF2), –121.9 (m, 16 F,
CF2), –122.9 (m, 16 F, CF2), –126.4 (m, 16 F, CF2), –139.9 (m, 8
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F, Ar-F), –160.0 (m, 8 F, Ar-F) ppm. MS (MALDI-ToF): m/z (%) =
3922 (100) [M]+. HPLC (FluoroFlash; 1.4 mLmin–1; 24 bar; 100%
THF; 50 °C): tR = 6.63 min (97.1%). UV/Vis (CH2Cl2): λ = 419,
510, 542, 586 nm.

5,10,15,20-Tetrakis[4-(2-perfluorooctylethylthio)-2,3,5,6-tetra-
fluorophenyl]porphyrin (1): The synthetic protocols and analytical
data (1H NMR, 19F NMR, mass spectra, and UV/Vis spectra) were
already reported.[9] HPLC (FluoroFlash; 1.4 mL min–1; 24 bar;
100% THF; 50 °C): tR = 1.82 min (97.6%).

5,10,15,20-Tetrakis[4-({3,5-bis[(3-perfluorooctylpropoxy)methyl]-
phenyl}methanethio)-2,3,5,6-tetrafluorophenyl]porphyrin (6): The
synthetic protocols and analytical data (1H NMR, 19F NMR, mass
spectra, and UV/Vis spectra) were already reported.[9] HPLC
(FluoroFlash; 1.4 mL min–1; 24 bar; 100 % THF; 50 °C): tR =
21.70 min (97.6%).

General Procedure for the Synthesis of Compounds 3, 5, and 7: The
thiol was added under an atmosphere of argon to a mixture of
ethyl acetate and DMF. To this solution was added diethylamine
and a solution of 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin
in DMF. The reaction mixture was stirred under an atmosphere of
argon at room temperature and was then quenched by the addition
of water and subsequently diluted with diethyl ether. After phase
separation, the aqueous phase was extracted with diethyl ether. The
combined organic phases were washed with brine and the solvents
were evaporated to dryness. The crude was purified by CC (silica
gel, hexane/acetone) to give the desired compounds.

5,10,15,20-Tetrakis{4-[4-methyl-3,5-bis(perfluorohexyl)benzylthio]-
2,3,5,6-tetrafluorophenyl}porphyrin (3): Thiol 9 (143 mg, 184 μmol,
6.0 equiv.) was dissolved in ethyl acetate (4 mL) and DMF (2 mL).
Diethylamine (60 μL) and a solution of 5,10,15,20-tetrakis(pen-
tafluorophenyl)porphyrin (30 mg, 30.8 μmol, 1.0 equiv.) in DMF
(3 mL) was added. After stirring for 1 h, aqueous workup, and pu-
rification by CC (silica gel; hexane/acetone, 9:1) product 3 (109 mg)
was obtained as a purple solid in a yield of 89 %. 1H NMR
(400 MHz, CDCl3): δ = 8.69 (s, 8 H, β-H), 7.91 (s, 8 H, Ar-H),
4.49 (s, 8 H, CH2), 2.64 (s, 12 H, CH3), –2.96 (s, 2 H, NH) ppm.
19F NMR (376 MHz, CDCl3): δ = –81.2 (t, J = 10 Hz, 24 F, CF3),
–103.6 (m, 16 F, CF2), –120.2 (m, 16 F, CF2), –121.9 (m, 16 F,
CF2), –123.0 (m, 16 F, CF2), –126.5 (m, 16 F, CF2), –134.0 (m, 8
F, Ar-F), –136.9 (m, 8 F, Ar-F) ppm. MS (MALDI-ToF): m/z (%) =
3990 (100) [M]+. HPLC (FluoroFlash; 1.4 mLmin–1; 24 bar; 100%
THF; 50 °C): tR = 7.07 min (97.2%). UV/Vis (CH2Cl2): λ = 415,
508, 536, 584 nm.

5,10,15,20-Tetrakis{4-[2,2-bis(3-perfluorohexylpropyl)ethyl-
thio]-2,3,5,6-tetrafluorophenyl}porphyrin (5): Thiol 14 (321 mg,
410 μmol, 10.0 equiv.) was dissolved in ethyl acetate (1.5 mL) and
DMF (6 mL). Diethylamine (150 μL) and a solution of 5,10,15,20-
tetrakis(pentaf luorophenyl)porphyrin (40 mg, 41.0 μmol,
1.0 equiv.) in DMF (4 mL) was added. After a reaction time of 4 h,
workup, and purification by CC (silica gel; hexane/acetone, 12:1)
title compound 5 (116 mg) was isolated as a purple solid in a yield
of 70%. 1H NMR (400 MHz, CDCl3): δ = 8.90 (s, 8 H, Ar-H), 3.28
(d, 3JHH = 6.0 Hz, 8 H, ArSCH2), 2.27–2.10 (m, 16 H, CH2CF2),
1.94–1.83 (m, 4 H, ArSCH2CH), 1.81–1.62 (m, 32 H, CH2), –2.87
(s, 2 H, NH) ppm. 19F NMR (376 MHz, CDCl3): δ = –81.2 (t, J =
10 Hz, 24 F, CF3), –114.5 (m, 16 F, CF2), –122.2 (m, 16 F, CF2),
–123.2 (m, 16 F, CF2), –123.8 (m, 16 F, CF2), –126.5 (m, 16 F,
CF2), –134.3 (m, 8 F, Ar-F), –137.0 (m, 8 F, Ar-F) ppm. MS
(MALDI-ToF): m/z (%) = 4022 (100) [M]+. HPLC (FluoroFlash;
1.4 mLmin–1; 24 bar; 100% THF; 50 °C): tR = 7.12 min (97.7%).
UV/Vis (CH2Cl2): λ = 415, 508, 536, 584 nm.

146



Fluorous Porphyrins as Model Compounds for Molecule Interferometry

5,10,15,20-Tetrakis(4-{[3,5-bis({[4-methyl-3,5-bis(perfluorohexyl)-
benzyl]oxy}methyl)phenyl]methanethio}-2,3,5,6-tetrafluorophenyl)-
porphyrin (7): Thiol 19 (150 mg, 90.3 μmol, 8.0 equiv.) was dis-
solved in ethyl acetate (5 mL) and DMF (5 mL). Diethylamine
(100 μL) and a solution of 5,10,15,20-tetrakis(pentafluorophenyl)-
porphyrin (11 mg, 11.3 μmol, 1.0 equiv.) in DMF (4 mL) was
added. After stirring for 3.5 h, workup, and purification by a short
CC (silica gel; hexane/acetone, 12:1) the obtained compound mix-
ture was further purified by recycling gel permeations chromatog-
raphy (flow rate: 2.0 mLmin–1, 34 cycles). Desired compound 7
(26 mg) was obtained as a purple solid in a yield of 31%. 1H NMR
(400 MHz, CDCl3): δ = 8.78 (s, 8 H, β-H), 7.71 (s, 16 H, Ar-H),
7.47 (s, 8 H, Ar-H), 7.39 (s, 4 H, Ar-H), 4.65 (s, 16 H, CH2), 4.59
(s, 16 H, CH2), 4.45 (s, 8 H, ArSCH2), 2.46 (s, 24 H, CH3), –2.95
(s, 2 H, NH) ppm. 19F NMR (376 MHz, CDCl3): δ = –81.1 (t, J =
10 Hz, 48 F, CF3), –103.6 (m, 32 F, CF2), –120.2 (m, 32 F, CF2),
–121.9 (m, 32 F, CF2), –123.0 (m, 32 F, CF2), –126.4 (m, 32 F,
CF2), –133.8 (m, 8 F, Ar-F), –137.5 (m, 8 F, Ar-F) ppm. MS
(MALDI-ToF): m/z (%) = 7550 (100) [M]+. UV/Vis (CH2Cl2): λ =
415, 508, 536, 585 nm.

Supporting Information (see footnote on the first page of this arti-
cle): HPLC chromatograms of 1–6 and side products 1fivefold and
5threefold, UV/Vis spectra of 1–7, and the recycling GPC chromato-
gram of 7.
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