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Abstract

CONFINING AN ORGANIC MOLECULE IN A NANOCAVITY: EFFECT ON
ROTATIONAL/VIBRATIONAL MOTION AND ITS CONSEQUENCE FOR SPIN
DEPHASING

By Lopamudra Das

A thesis submitted in partial fulfillment of the requirements for the degree of Master of
Science at Virginia Commonwealth University.

Virginia Commonwealth University, 2010.

Major Director: Dr.Supriyo Bandyopadhyay.
Professor, Department of Electrical and Computer Engineering

Recently, it was found that the temperature-dependent spin dephasing time of localized
electrons in the organic molecule tris(8-hydroxyquinoline aluminum), or Alg;, increases
significantly when the molecule is confined within 1-2 nm sized nanocavities. This was
thought to be due to weakening of spin-phonon coupling within the nanocavity, which
would suppress dephasing. However, it is also possible that confinement quenches some of
the rotational/vibrational modes of the molecule, leading to suppression of spin coupling
with these modes and a concomitant increase in the spin dephasing time. To test this
possibility, we have carried out infrared spectroscopy of Alg; molecules confined within 1-
2 nm sized nanovoids in porous alumina films. The spectra show absence of the sharp
peaks associated with hydrogen stretching modes in bulk powders, indicating that
confinement indeed quenches these modes. This has profound consequences for spin-based
quantum computing paradigms predicated on the use of organic molecules as hosts for
qubits.

vi



CHAPTER 1 Introduction

There is significant current interest in understanding the relaxation mechanisms of
both ensembles of spinsl'3 and single spins4’ > in organic molecules owing to the promise of
organic spintronics6’ 7. Of particular interest are the dephasing mechanisms of a single spin
in an organic molecule™ ® since these molecules can be excellent hosts for spin-based
qubitsS. When used in quantum gates, organic molecules should exhibit superb gate
fidelity9 and there exists a unique and elegant scheme for spin qubit read-out that has no
parallel in inorganic systemss. As a result, understanding the mechanisms for spin
dephasing in organic molecules has assumed added importance.

In the past, we found two important results: (1) the ensemble averaged spin
dephasing time (7, time) of bound electrons in the organic molecule tris-(8-
hydroxyquinoline aluminum), or Alg; (C27;H3sN303Al), goes up by ~ 2.5 times in the

temperature range 4.2 K — 100 K compared to the 7, time in bulk powder > and (2) the

T, time decreases rapidly with increasing temperature, leading us to believe that dephasing

is mediated by spin interaction with time-dependent perturbations such as phonons and
molecular vibrations’. Since these interactions are inelastic, they are much more effective
than elastic interactions in dephasing spin.

It is obvious that interactions with time-dependent perturbations are suppressed

within a nanocavity, but what these perturbations are, and what causes the suppression,



were not understood. One possibility is that the time-dependent perturbations are acoustic
phonons and the nanocavity confines them and discretizes their energies'’. In that case,
spin-phonon interaction will be suppressed if phonons of the right energies that can induce
transitions between anti-parallel spin states are not allowed within the cavity owing to
boundary conditions. One could think of this as a non-traditional phonon bottleneck effect,
somewhat different from the traditional one''. Another possibility is that molecules can
form dimers and multimers in bulk powder and experience enhanced electron-phonon
interaction'?. Within nanocavities however, they can only form monomers and the
electron-phonon interaction is reduced. Yet another possibility is that confinement within
the nanocavity affects the vibrational and rotational modes of the molecules themselves,
which changes their characteristic frequencies, making them increasingly off-resonant with
spin splitting energies within the molecule. This would make them ineffective in inducing
transitions between anti-parallel spin states, resulting in an increase in the spin dephasing

time. In this thesis, we have explored this last possibility.



CHAPTER 2 Objective and Experimental Method

2.1 Introduction

In order to fabricate the nanocavities, we followed the method of ref. 11. We first
anodized a 99.999% pure aluminum foil of 0.1 mm thickness in 15% sulfuric acid at 10 V
dc (at room temperature) to produce a porous alumina film containing pores of diameter 10

1415 that end

nm on the surface'’. There are cracks of diameter 1-2 nm in the pore walls
in a small nanovoid of 1-2 nm diameter. Ref. 5 contains a transmission electron
micrograph of such a crack. The nanovoids act as “nanocavities”. Because their linear
dimensions are 1-2 nm, only one or two molecules can be accommodated within any
nanovoid.
2.2 Sample preparation

Anodized Aluminium Oxide (AAO) has been widely used as a convenient template
for fabrication of highly ordered arrays of nanostructures. The template is obtained by
anodization of pure aluminium sheets in a suitable acid and voltage, resulting in the

formation of a nanoporous film on the surface.. The pore diameter can be controllably

varied from 8 nm to few hundred nm by using different acids for anodization, and the pore

10 12 2
density ranges from 10 -10 pores /cm. .Using a multi step anodization process, a very

uniform honeycomb pattern of nanopores can be created in the alumina matrix.While



commercially available aluminum sheets can be anodized to produce nanoporous films,
typically such sheets have surface roughness in the order of few hundreds of nanometers.
Direct anodization of such a surface would result in non uniform dissolution of aluminum
during anodization and adversely affect pore regimentation. Hence as purchased
aluminium sheets are first electro polished to obtain a very smooth mirror like surface and
then anodized. Thus there are two main steps in the fabrication of the porous alumina

template, electro polishing and anodization.
2.2 Electropolishing

Highly pure (99.998% pure), 100 um thick aluminum foils are diced into one inch
square coupons to facilitate handling. Electropolishing is then carried out using Leeco L1
electrolyte consisting of a solution of 90cc perchloric acid,150cc butyl cellusolve, 1050cc
ethanol and 250ml distilled water for ~ 10 seconds and applying 40 V dc in a commercially
available electropolisher Electromet-4 (Buehler Ltd).The aluminium foil is placed at the
anode and the area exposed to the Leeco solution is electropolished. Perchloric acid is the
etchant for aluminum. Ethanol and butyl cellusolve are polarizable molecules which sheath
the crest regions on the surface that have the highest electric fields as a result of which

troughs on the surface dissolve faster. This effect is counter balanced by the fact that mass

3+
transport of Al ions from the crests is more efficient. The interplay of these two effects

results in the formation of ridges on the surface. The surface roughness is reduced from
hundreds of nanometers to around 3 nanometers. Atomic Force Microscopy of the surface

4



reveals an egg-carton pattern which has features 30-50 nm in diameter and around 3-5 nm

in height. These periodic patterns act as nucleation sites for the self assembly of nanopores.

2.3 Anodization of aluminium to form nanoporous templates

Anodization of the electropolished alumina surface yields a porous alumina
structure on the surface of the foil. The anodization is carried out in a commercially
available electrochemical cell schematically shown in Figure2.1. The aluminium foil is the
anode and a platinum grid is used as the cathode. Platinum is used because it does not react
with the acids used as the electrolyte. Typically the acids used for anodization are 3%
Oxalic acid or 15% Sulfuric acid. A regulated power supply provides a highly stable DC
voltage for anodization. Anodization is done by passing direct current because anodic
alumina allows current to flow in one direction only.Anodization of aluminium sheets in
15% sulfuric acid at 10V DC yields nanopores of 10 nm diameters respectively. Scanning

electron micrograph of the sample cross section is given in Figure 2.2.
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Figure 2.1: Schematic diagram of the experimental setup for anodization. (Courtesy of
Bhargava Kanchibotla PhD Thesis)
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Fig 2.2: SEM cross sectional image of a sample anodized in 15% sulfuric acid at 10V DC.

2.4 Chemical processes involved in the formation of nanopores

The chemical reactions occurring during anodization are as follows:



At the Anode:

+ -
Oxidation of Aluminum: 2A1 + 3H2 O= Al2 O3 +6H +6¢e
+ 3+
Dissolution of Alumina: Al2 O3 +6H =2Al +3H2 0]
At the Cathode:
+ -
Hydrogen Evolution: 6H + 6e =3 H2

Several theoretical models have been proposed to explain the process of pore
growth. The model proposed by O’Sullivan et al which is based on inhomogeneous electric
field distribution at pore tips and field assisted dissolution explains why pores grow and
what determines the size distribution of the pores. It was shown that parameters like the
pore diameter, the interpore separation and the steady state barrier layer thickness are
directly proportional to the applied voltage.

Again the model developed by Jessensky et al tried to explain densely packed
hexagonal pore structure developed under special anodization conditions. The forces
between the neighboring pores in the hexagonal structure are due to the mechanical stress
produced by the volume expansion that occurs during the conversion of aluminum to
alumina. According to this model, the voltage and the electrolyte composition influence

the relative thickness of the porous alumina layer compared to the consumed aluminum.
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Thesis)



As shown in Fig 2.3, during the first few seconds of anodization, the current decreases
rapidly until a minimum is reached. This is followed by a slow rise in the anodization
current until the steady state is reached. As proposed by O’Sullivan et al, the growth of
porous aluminum is a consequence of two competing mechanisms: oxide growth and
partial dissolution of the aluminum oxide by the hydrogen ions. Oxide growth is due to the

2. -
migration of oxygen containing ions O /OH from the electrolyte through the oxide layer

3+
to the pore bottom and the dissolution of the oxide is due to the migration of Al ions,

which drift through the oxide layer and are ejected into the electrolyte. The net current

density J can thus be thought of as being a sum of two current contributions, namely, Jb due
to the growth of the barrier alumina (which decreases with time) and J due to pore growth
p

which increases with time and finally reaches a steady state.

2.5 Multi-step anodization process to fabricate highly ordered porous template
Multi-step anodization is necessary to obtain a highly uniform porous structure.
This is because the ordered pore structure is limited to the individual domains of
polycrystalline aluminium after the first anodization step.
Following the procedure shown by Masuda et al, the electropolished aluminium
coupons were first anodized ( 15% sulfuric acid for 10 nm pores ) for 30 minutes.

The sample was then soaked overnight in a wet etchant solution consisting of 25%

0
chromic acid and 5% oxalic in de-ionized water at around 80 C. This completely etches

10



away the porous membrane and exposes the scalloped surface on top of the aluminum. The
second anodization is carried out exactly in the same way as the first but for shorter time
duration, 15 mins in case of our samples. The scallops on the aluminum interface now act
as the nucleation sites for pore growth. By this method a highly uniform nanoporous

template is obtained.

2.6 Transfer of the porous layer onto a glass slide.

As our experiment involves infrared absorption measurements, we will need a
substrate that is transparent to near infrared. The aluminum substrate is opaque. Therefore,
the porous alumina film has to be released from the substrate and transferred onto a
transparent glass slide as a substrate to provide mechanical stability. To accomplish this,
the porous layer is smeared with a thin layer of GE varnish and allowed to dry completely.
Then an adhesive tape is firmly but gently pressed on the sample such that the glued side
sticks on the varnish. The strip of adhesive tape along with the sample is then dipped in a
solution of mercuric chloride for at least an hour. This procedure removes the aluminum
and it dissolves in the mercuric chloride solution leaving the porous layer attached to the
varnish. The tape containing the varnish and porous alumina is then very carefully washed
in DI water and wrapped in a thin clean wipe .The whole wrap is then immersed in a Petri
dish containing pure ethanol and left to soak overnight. The ethanol dissolves away the
varnish and only the porous layer is left sandwiched between the clean wipe layer and the
tape. With extreme caution the clean wipe wrap around the tape is gently opened and

noting the position of the thin porous alumina layer that portion is pressed onto a clean

11



glass slide. The ethanol evaporates rapidly and the thin porous film adheres firmly to the
glass surface due to surface tension. In this way porous thin film templates of 10nm are

prepared.

2.7 Preparation of samples containing one or few organic molecules

These porous films are then soaked in saturated 1, 2-dichloroethane solution of
Alqs for 24 hours in the dark to allow the organic to fill the pores. There are nanocracks in
the pore walls that terminate in 1-2 nm sized nanovoids. Transmission electron microscopy
image showing the nanopores with nanocracks of 1-2 nm is displayed in Figure 2.4.
The organic molecules diffuse through the cracks and nestle within these nanovoids. Since
the size of these nanovoids is barely twice the size of the molecules, only 1 or 2 molecules
can fit inside nanovoids.

The films are then soaked for two hours in the solvent only to remove all the excess
organic from the pores, leaving behind the molecules trapped in the nanovoids. This
happens since the rinsing solution cannot diffuse into the nanovoids and attack the organic

molecules trapped there.

12
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Fig 2.4: TEM cross sectional image of a sample anodized in 15% sulfuric acid at 10V DC.
(Courtesy of Bhargava Kanchibotla PhD Thesis)

2.8 Photoluminescence measurement

It is not possible to ascertain with high resolution microscopy that after the rinsing
procedure, organic molecules are still left in the nanovoids. Therefore, we carried out
room-temperature photoluminescence (PL) measurements on these samples to confirm the
presence of the molecules within the nanovoids. Since Algs; is optically active, it
luminesces in the wavelength range 400 nm — 600 nm, unlike its host (porous alumina
produced in sulfuric acid). This allows us to sense the presence of the molecules in the
nanocavities. The PL spectrum of porous films containing Alg; molecules in nanocavities
is shown in Fig. 1. In each case, the PL of blank samples (containing no organics) was
subtracted from the PL of organic bearing samples, in order to ascertain that the resulting

PL is due to the organics alone.
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2.9 FTIR spectroscopy

In Infra-red spectroscopy, radiation in the infra —red region of the spectrum 0.7 and
300 pm is passed through the sample. Each molecule has a unique absorption and
transmission spectrum .The absorption peaks correspond to the vibrational frequencies of
the atomic bonds making up the material. Thus FTIR is a very precise non-destructive
method for qualitative and quantitative analysis of materials and the absorption spectrum is
a fingerprint of the molecule.

In our laboratory we used a BOMEM MB104 far infrared FTIR Spectrometer for
our experiment. The data from the bulk samples were collected first. For this a clean and
empty quartz cuvette was mounted in the path of the beam and the background spectrum
was taken. The background spectrum is collected to have a relative scale which is then
compared to the spectrum with the sample in the beam to obtain a resulting spectrum
which is characteristic of the molecule.

A slight quantity of Alq3 powder is then taken and smeared on the wall of the
cuvette with a spatula and absorption and transmittance measurements of the bulk
specimen is conducted.

Finally, mid-infrared (IR) absorption spectra Alg; molecules confined within
nanocavities were measured using Fourier transform infrared (FTIR) spectroscopy. Since a
single sample did not produce enough absorption to be detected by our equipment with
adequate signal-to-noise ratio, we had to stack three samples to measure absorption. Each

sample has a pore density of 10'*> cm™, and assuming that each pore has at least one

14



nanocrack and each such nanocrack has at least 1 molecule, the molecular density will be
>10"? cm™. Since our infrared spot size is ~ 1 cm’, we are sampling the absorption of ~
3x10"* molecules if the above assumptions are reasonable. In all cases, the absorption
spectra were obtained by subtracting the spectrum of blank samples (that do not contain
any organics, but are otherwise nominally identical with organic bearing samples) from the
latter, so that the observed absorption is always due to the organic molecules in the
nanocavities alone. The spectrum was averaged over a large number of scans to ensure that

it was independent of the number of scans.

15



CHAPTER 4 Results and Discussion

4.1 Photoluminescence

The obtained PL spectrum is given in Figure 3.1. It has three peaks: at 497 nm, 516
nm and 536 nm, corresponding to photon energies of 2.48 eV, 2.39 eV and 2.30 eV. There
is also a broad shoulder at 480 nm. The peak at 497 nm is due to direct transition across the
HOMO-LUMO gap and was also observed in refs. 12 and 13 which measured the PL
spectrum of Alg; molecules trapped in porous alumina prepared in sulfuric acid. This gives
us confidence that the organic molecules are present in the nanovoids and have not been
removed by the rinsing procedure. Transmission electron microscopy in ref. 5 had
ascertained that there are no Alg; molecules left outside the nanocavities either. Therefore,

the only places occupied by the Alg; molecules are the nanocavities.

16
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Figure 3.1: Photoluminescence spectra of Alq3 in nanocavities.

The shoulder at 480 nm was barely observed in ref. 12 and not at all in ref. 13.

Neither ref. 12, nor ref. 13, observed the lower frequency peaks at 516 nm and 536 nm. All

the three low frequency peaks are equally spaced in energy (separation = 90 meV), but

they are probably due to impurities that form states in the HOMO-LUMO gap.

4.2 Fourier Transform Infrared Spectroscopy

17



The IR absorption spectrum of Alg; clusters in nanocavities is shown in Fig. 3.2(b).
For comparison, we have plotted the IR spectrum of bulk Alg; powder in this range in Fig.
3.2(a). Note that the bulk powder’s absorption increases monotonically with energy and we
see the characteristic peak due to C=H bond stretching. There are a few other peaks in the
bulk powder, probably due to impurities. On the other hand, the spectrum of clusters in the
nanocavity is non-monotonic and shows a very broad peak. The peak and non-monotonic
behavior is due to rapid suppression of the absorption above wavenumbers of 3400 cm™.
Pure Alg3 molecule does not have characteristic absorption peaks in the range 3400 — 4000
cm’ due to rotational or vibrational motion, but the bulk powder still shows strong
absorption in this range, which may be due to formation of dimers and multimers. This

absorption is absent in the clusters.

18
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CHAPTER 4 Conclusion

In conclusion, we have shown that confining an organic molecule within a
nanocavity affects its vibrational modes in the mid-infrared range. This is most likely due
to boundary conditions imposed by the walls of the nanocavity. If the molecules are
physisorbed or chemisorbed on the walls of the cavity, their vibrational and rotational
motions will be restricted by the cavity walls, which will alter the rotational and vibrational
spectrum. The new rotational and vibrational frequencies could be dependent on the cavity
size and the distribution in the cavity size is causing the broad peak (inhomogeneous
broadening) in Fig. 2. Finally such modification of the vibrational motion could be a cause
for the observed increase in the temperature-dependent spin dephasing time when the Alg;
molecule is trapped within a nanocavity. While our studies do not rule out other possible
mechanisms for the increase in the spin dephasing time, it firmly establishes that

renormalization of vibrational and rotational motion is certainly one possible mechanism.
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