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in interfacial processes, such as self-

assembly’ or heterogeneous catalysis.?
Maximizing the desired electron transport,
stability, or reactivity in these applications
often requires optimization of the interac-
tions between adjacent molecules through
orientation, transport, and confinement.
Due to the complexity of many of these
systems, reducing dimensionality can often
aid in this optimization.

Diffusion has been extensively studied on
metal surfaces:>* for example, anisotropic
transport of CO, utilizing dithioanthracene
as a carrier on Cu(111),> hydrogen-assisted
mobilization of platinum atoms on Pt(110),°
and nanoscale confinement of CO using an
anthraquinone network on Cu(110).” There
have been fewer studies on metal oxides,
though anisotropic diffusion of strongly
bound organics has been reported on rutile
TiO,(110) surfaces.®

Herein we use butyrophenone as a model
for studying surface-bound gases due to its
conjugated phenyl ring—a key functional
group in many polymers used to facilitate
electron transfer (Figure 1A).° Ketones, in-
cluding butyrophenone, weakly bind to the
five-fold coordinated Ti atoms (Tis.) along
the rows of the rutile TiO,(110) surface
(Figure 1B) through the carbonyl oxygen
in the molecule,’®'? as indicated by our
density functional theory (DFT) studies of
butyrophenone described below (Figure 1C).
The diffusion barrier for ketones along the Ti
rows is lower than for hopping perpendicular
to the rows because of the loss of this co-
ordination when traversing the intervening
oxygen.

Butyrophenone also reacts with oxygen
atoms adsorbed on the Tis. atoms (Figure 1B),
creating a strongly bound complex on the Tis,
row (Figure 1D).'"" Since these complexes can
be widely spaced along the row, they afford an
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ABSTRACT

We demonstrate the one-dimensional confinement of weakly bound butyrophenone
molecules between strongly bound complexes formed via reaction with oxygen on Ti0,(110).
Butyrophenone weakly bound to Ti rows through the carbonyl oxygen diffuses freely in one
dimension along the rows even at 55 K, persisting for many minutes before hopping out of the
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1-D well. Quantitative analysis yields an estimate of the migration barrier of 0.11 eV and a

frequency factor of 6.5 x 10° Hz. These studies demonstrate that weakly bound organic

molecules can be confined on a surface by creating molecular barriers, potentially altering

their assembly.
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ideal system for investigating one-dimensional
diffusion along the rows.

RESULTS AND DISCUSSION

Formation of anchored butyrophenone—0O
complexes from reaction with O adatoms on
TiO5(110) is directly observable by STM
(Figures 2A,B and Figure 4). In the example
shown, the coverage of O adatoms on the
surface is 0.08 monolayers (ML). The coverage
of anchored complexes is 0.07 ML, clearly
suggesting the reaction of a single butyro-
phenone with a single adsorbed oxygen atom
to form the complex (1 ML = 1 molecule per
Tisc = 52 x 10" cm ™). They are generally
separated by up to 9 unit cells. The oval-
shaped features suggest that the phenyl ring
and the alkyl chain are oriented along the
Ti rows. The width of the complex is 0.83 x
0.57 £ 0.06 nm, consistent with the size of
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Figure 1. Molecular models of (A) butyrophenone; (B) TiO,-
(110) surface containing oxygen adatoms (yellow) and filled
bridging oxygen vacancies (light orange); (C) butyrophenone—
the lowest structure sampled disposes the carbonyl O over Tis.
atom (binding energy = 0.87 eV); (D) for the butyrophenone—0O
complex (binding energy = 1.05 eV). The butyrophenone—O
complex shown is the lowest energy state studied using DFT;
however, an exhaustive search of all structures was not
possible.

Figure 2. Scanning tunneling microscope (STM) images
demonstrate the formation of a 1-D gas of butyrophenone
confined between strongly bound oxygen complexes. STM
images of (A) the TiO,(110) surface containing oxygen
adatoms (O,) after exposure of a freshly prepared surface
to O, and (B) the strongly bound butyrophenone—oxygen
complex (inset and marked by black dots) and butyro-
phenone adsorbed one-dimensionally along the Ti cation
rows (bright lines) after exposure of (A) to 0.25 monolayers
of butyrophenone at 55 K, warming to 300 K for 5 min,
followed by cooling and imaging at 55 K. The inset indicates
a superimposed model of the strongly bound complex. The
scan rate is 300 nm/s, and image sizes are 10.4 x 10.4 nm?
the inset in (B) is 1.00 x 1.25 nm>.

butyrophenone estimated from van der Waals radii
(Figure 2B inset). The orientation of the phenyl and alkyl
chain appears to be different from that of acetone—O
complexes, in which the methyl groups apparently
orient perpendicular to Ti rows.'®'>" This difference
may be due to repulsive interactions of the large R
groups with the bridging oxygen rows.

The formation of the strongly bound butyrophenone—
oxygen complex at 300 K was observed in STM
images taken sequentially (Figure 3). The O adatoms
were formed initially by treatment of the TiO,(110)
surface with a saturation coverage (300 L) of O,
followed by heating to above 120 K.*'* Butyro-
phenone was admitted to the vacuum chamber for 2 min
at room temperature at 1 x 10~ '° mbar while scanning.
Small circular features along the Ti rows in Figure 3A are
attributable to oxygen adatoms, and they are present
prior to dosing butyrophenone; the larger features are
butyrophenone—oxygen complexes that have already
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formed. During this exposure, an oxygen adatom can
be seen converting to a bright feature characteristic of
the butyrophenone—O complex (Figure 3B). This fea-
ture is then immobile, consistent with the stronger
binding energy of the butyrophenone complex com-
pared to the free ketone (Figure 3C,D). These features
are only observed if oxygen adatoms are present on
the surface during butyrophenone deposition, and
they are stable for several days at 300 K in the STM.

The immobile complexes restrict the diffusion of the
coadsorbed butyrophenone weakly bound within the
Tisc channels (Figure 4). During imaging at 55 K, diffuse
bands composed of horizontal streaks along the scan
direction, which we attribute to mobile butyrophe-
none, appear along the Tis. rows between two butyr-
ophenone complexes. These features vary from frame-
to-frame, as is characteristic of a mobile gas randomly
diffusing along the Tisc rows.'®'” The mobile butyro-
phenone molecule occasionally escapes from the
channel, based on the disappearance of streaks along
a given row. Typical residence times within the rows
are greater than 30 min at 55 K (Figure 4C,D). The
streaks disappear after heating to the desorption
temperature of butyrophenone but lower than the
temperature for decomposition of the complex, con-
firming that they are due to molecularly adsorbed
butyrophenone. The 1-D gas likely persists because
the butyrophenone—0O complexes exert van der Waals
repulsive forces on the mobile species, and the asym-
metry in the surface structure leads to confinement of
the mobile species along a line.

After a period of time, the molecule can diffuse out
of the potential well. We employ nudged elastic band
methods and find a barrier of +0.79 eV for butyro-
phenone to diffuse over an oxygen row (see Supporting
Information). The calculated value for the barrier rep-
resents an upper bound due to the lack of inclusion of
van der Waals forces and because the molecule will
likely reorient to find the lowest barrier.

The motion of the butyrophenone along a line
between two butyrophenone—O complexes is clearly
observed in STM movies at 55 K (movie S1 in Support-
ing Information). A 1-D confined random walk (movie
S2) schematically illustrates the expected diffusion
rates over 1 s. The tunneling parameters used in our
experiments were selected to minimize tip effects®'*'>
(+1.9 V, 40 pA), and 1-D motion was observed for a
variety of tip conditions (+2.0—2.4 V and up to 0.1 nA)
and scan orientations, all suggesting that tip effects are
not responsible for the motion observed in our
experiments.

One-dimensional intensity traces along different
rows illustrate the random walk of the trapped, mobile
butyrophenone (Figure 4E). The molecular position is
captured in the short scan time across the row, but in
the next scan across the row, the molecule may have
moved. In contrast, the butyrophenone—0O complexes
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Figure 3. (A) Oxidized TiO,(110) surface with characteristic oxygen adatoms on the Ti rows. (Circled, B) Butyrophenone—
oxygen complex appears after dosing butyrophenone, (C,D) newly formed butyrophenone—oxygen complex is immobilized
after reaction (T=300K,V=+1.6V,i=0.14nA, scan rate = 300 nm/s, 6.7 x 8.9 nm>for all images). (E) Line scan of dotted traces
in A and B showing that the oxygen adatom indicated in A reacts with butyrophenone to form an oxygen complex in spatial
agreement with Figure 1D.
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Figure 4. Molecular motion of the 1-D gas of butyro-
phenone traveling along a Tis. row, confined by two
butyrophenone—0O complexes (circled) is imaged using
STM: (A) anchored complexes with diffusing butyro-
phenone. One row is shown before a mobile butyrophenone
molecule enters the bounded row (4.9 x 9.2 nm?). (B) Four
minutes later, butyrophenone migrates along this Tis. row
after entering the well. (C) Diffusing molecule remains
bound in the weak potential well (same size), though its
excursion appears reduced. (D) Mobile butyrophenone
species diffuses out of the bounded Ti row and is no longer
imaged within the Ti row (same size) (T=55K, V=+1.9V,i=
40 pA, scan rate 300 nm/s). (E) Corresponding line traces
along the confined 1-D potential wells in scans A—D (X and Y
denote the beginning and end of the line scan, respectively).
The scan rate is 150 nm/s, and it takes approximately 1 ms to
traverse across a Ti row. Bright features with black dots mark
the position of every butyrophenone—O complex in the
images.

are immobile. Thus, tunneling current indicates the
presence of a molecule at a particular point on the row
at the time the row is scanned. Here, mobile butyro-
phenone images display consistent heights along the
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row while butyrophenone—oxygen complexes have a
taller apparent height (0.13 nm) and lie on the ends of
each confined 1-D gas. Traces A and D illustrate a row
that has little confined gas motion, while traces Band C
demonstrate that one or more mobile butyrophenone
molecules diffuse nearly along the entire length of the
channel during the scan.

The 1-D diffusion rate of mobile butyrophenone
trapped in a row was probed by measuring current
versus time using STM'® by hovering the tip over a
specific point with the feedback turned off. Measure-
ments made between two static complexes clearly
show the hopping of a weakly bound butyrophenone
along the row at a rate of one hop every few milli-
seconds (Figure 5). The variation in tunneling current
over time results from mobile butyrophenone passing
under or away from the tip—tunnel junction.

The bright, nearly circular features in the STMimages
in Figure 4 are due to the butyrophenone—O com-
plexes; they have a characteristic dimension of
0.57 nm. The apparent characteristic size of the hop-
ping butyrophenone is 0.47 nm, as indicated by the
length of the streaks it creates when imaged. Thus, the
“on/off” event comprises movement of the adsorbed
butyrophenone by between 1 and 2 nearest Ti—Ti sites.
Thus, the characteristic hopping length measured by
the stationary tip is 1—2 times the actual single hop
Ti—Ti distance. The ratio between the hopping time for
a single hop (X;, t;) and a hop to the next-nearest-
neighbor binding site (X5, t,) is 4, according to the
random walk analysis. Thus, even if t, is measured, it
will affect the measured pre-exponential factor for
hopping only by a small factor.

The effect of temperature on the butyrophenone diffu-
sion rate was measured in order to quantify the param-
eters governing the hopping rate. The data were fit to an
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Figure 5. Diffuse motion of the 1-D butyrophenone is observed using single-molecule conductivity plots at 77 and 84 K. The
STM tip feedback is turned off, and measurements were taken at +2.3 V and 300 pA hovering over a particular location.
Mobile butyrophenone trace has a stepped appearance from a molecule diffusing under the hovering tip.
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Figure 6. Distribution of dwell times for molecular butyrophenone at a specific site at 81 K within the 1-D channels on TiO,. Traces
were sampled every 160 us for 150 ms, and dwell times were calculated from widths of the “spikes” in Figure 5 (V=+2.3V,i=30 pA).

Arrhenius plot, r = Aexp[—Ey/kgT], where r is the hopping
rate, A is the attempt frequency, Eq is the diffusion barrier,
Tis temperature, and kg is Boltzmann's constant. The hop-
ping rate was calculated by measuring the residence time
in a current—time trace of mobile butyrophenone for
hundreds of events at four different temperatures (74,
77, 81, and 84 K) and creating a histogram of residence
times for each temperature. A single exponential, Y =y, +
Aexp(—rt), was fit to the data, with r the hopping rate for
that temperature (Figure 6). A plot of In(r) versus 1/T gives a
migration barrier of 0.11 &= 0.01 eV and a pre-exponential
of 6(+5) x 10° Hz (Figure 7). The hopping rate estimated
from these parameters is approximately one per second at
55 K, consistent with the streaks and diffuse bands
observed. We did not observe a statistical difference in
residence time based on well length.
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Though the butyrophenone—O complexes were
significantly less mobile than the butyrophenone itself,
movement of a complex both along the Ti row and
across to neighboring Ti rows was occasionally ob-
served (Figure S1). However, the dissociation of the
complex, leaving an oxygen adatom, was not observed
at 55 K. The difference in the mobility of the butyro-
phenone and butyrophenone—0O complex is consis-
tent with the strength of their binding to the surface
estimated from with density functional theory
(Supporting Information, Figures S2—S4). The ratio of
the diffusion to the desorption energy of mobile
butyrophenone allows us to estimate the diffusion
barrier of the complex given the calculated desorption
energy and results in a 10* difference in mobility
between the two species at 55 K.'%?°
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Figure 7. Arrhenius plot of mobile butyrophenone hopping rates on oxidized TiO,(110) at different temperatures calculated
from hundreds of I(t) traces similar to Figure 4. Circles represent measured hopping rates at different temperatures. Assuming
a thermally activated hopping rate, the activation barrier and attempt frequency can be calculated by fitting results to In(r) =

In(A) — Eq/Kg x T,

CONCLUSIONS

Mobile butyrophenone can be weakly confined in a
1-D potential well on TiO»(110) along five-fold coordi-
nated titanium rows by using strongly bound butyro-
phenone—oxygen complexes. STM movies at 300 K

EXPERIMENTAL METHODS

Software. We used Scanning Probe Image Processor v4.5.8
by Image Metrology for all image processing. All images were
calibrated in the X and Y to the unit cell of TiO,(110), which
measure 0.65 nm by 0.296 nm, respectively. The Z was cali-
brated off the step edge which measures 0.32 nm for TiO5(110).
Density functional theory calculations described here were
made using a plane wave code implemented with the Vienna
Ab Initio Simulation Package (VASP). We used PAW pseudo-
potentials and the GGA-PW91 functional that are commonly
used with TiO,(110). We used a (5 x 2) unit cell with 4-trilayer
thickness and a vacuum layer of 10 A above. The upper two
trilayers were relaxed, while the bottom two layers were fixed at
their optimized bulk distances. The dipole correction has been
used to minimize interactions between repeating images. A
plane wave cutoff of 400 eV was used with Gaussian smearing of
0.2 eV and the 2 x 3 x 1 special Monkhorst-Pack k-point mesh.
Convergence was tested by varying the cutoff up to 700 eV, the
Gaussian smearing from 0.05 to 0.5 eV, and independently
varying the k-point mesh in the x and y from (2 x 2 x 1) to
(5 x 5 x 1), and varying the vacuum layer from 10 to 20 A. In all
cases, the convergence was below 0.05 eV. The (6 x 2) and the
(7 x 2) unit cells were also compared against the (5 x 2) unit cell
for the binding of butyrophenone in the parallel configuration,
and the energies differed by less than 0.02 eV. Climbing nudged
elastic band (cNEB) calculations were conducted by creating
three images between two fixed, previously relaxed geometries
at a reduced force threshold of 0.02 eV/A.

STM. Single-crystal rutile TiO,(110) crystals were purchased
from SurfaceNet and prepared in ultrahigh vacuum by cycles of
Ar* bombarding at 1 kV for 20 min and annealing to 1000 K for
3—5 min with a doped silicon wafer that is sandwiched below
the crystal and calibrated previously using a type K thermo-
couple. Usually, 20—30 cycles are required before obtaining an
atomically clean surface free of contaminants or calcium. The
surface used in our studies initially has 3.2 x 10" bridging
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confirm that the complexes are formed by a reaction of
butyrophenone with oxygen adatoms. The mobile
butyrophenone diffuses in the weakly confining 1-D
potential wells with a residence time of many minutes
at 55 K with a hopping rate of one per second.

oxygen vacancies/cm? on the surface (~6%), similar to what is
reported in the literature. Resistivity measurements for the
crystal are ~86 Q-cm. O adatoms form via reaction of gaseous
O, with various defects, including bridging oxygen vacancies
and reduced interstitial Ti species, healing vacancies, and leav-
ing the adatoms on the surface (Figure 2A).">'* Although the
mechanism for O adatom formation is still disputed, there is
general agreement about their formation and their subsequent
interaction with, for example, acetone.''?'> Current—time
traces measured the current every 160 us for 160 ms.
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