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ABSTRACT: A previous investigation of the structure of TCNQ adsorbed
on Ag(111) using normal-incidence X-ray standing waves (NIXSW) and
density functional theory (DFT) provided indirect evidence that Ag adatoms
must be incorporated into the molecular overlayer. New surface X-ray
diffraction (SXRD) results, presented here, provide direct evidence for the
presence and location of these Ag adatoms and clearly distinguishes between
two alternative models of the adatom registry favored by two different DFT
studies.

Adatom-stabilized two-dimensional molecular network

B INTRODUCTION (a)

Much of the motivation for investigating molecular adsorption
on surfaces has been to understand the way the molecule—
substrate interaction modifies the properties of the molecules, +e +e

for example in lowering the energy barrier for intermolecular = o

reactions to form the basis of heterogeneous catalysis. In |

addition, there are now many examples showing that a N Y NP XN NP X
crystalline surface is not a simple rigid atomic-scale checker-

board but may also be modified structurally by the adsorption. (b)
One of the (relatively) more recently recognized manifes-
tations of this effect is that deposition of some essentially
planar molecules of potential relevance to molecular
electronics onto metal surfaces can lead to the spontaneous
incorporation of atoms from the underlying metal into the
adsorbed molecular layer to produce a two-dimensional

N N N N N N
X Z N A s

Figure 1. (a) Skeletal representation of TCNQ, TCNQ~ and
TCNQ>™ showing the aromatization of the quinoid ring following
electron take-up. (b) Typical side view of TCNQ_adsorbed onto an
unreconstructed coinage metal surface, according to DFT calcu-

metal—organic framework .(ZD'MOF ). In particular, evidence lations. Atom coloring is H: red, C: black, and N: blue. The specific
for the occurrence of this effect has been found for the example shown is the result of dispersion-corrected DFT calculations
prototypical electron acceptor molecule, (7,7,8,8-tetracyano- for TCNQ adsorbed on Ag(100).*

quinodimethane, TCNQ) and its fully fluorinated variant,

F4TCNQ1‘_4OH some coinage metal (gold, silver, or copper) recently, all DFT investigations of TCNQ and F,TCNQ
surfaces. adsorbed on coinage metal surfaces have assumed no

Until relatively recently, there has been a dearth of ) .
o . . reconstruction of the metal surface and these calculations
quantitative experimental structural studies of these molecular (perf d wi . . .
performed without dispersion corrections) found a strong

adsorption systems, and the established wisdom concerning bending of the whole adsorbed molecule with the cyano N

their structure was based only on the results of density . % L
t \ to 1.4 A below the C at f th d
functional theory (DFT) calculations. As a free molecule, the atoms fymng up to clow Hhe L atoms of Hhe quinold tig

planar structure of TCNQ_is very rigid due to the conjugated
7-system that extends throughout the molecule, but when
adsorbed on a metal surface, one or more electrons can be
transferred to it. This leads the central quinoid ring to
aromatize, which disrupts the 71'-conjugation,S while the
peripheral carbon atoms become sp>-hybridized (Figure 1a),
causing the molecule to become far more flexible. Until
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while the cyano C atoms lie midway between the N atoms and
the quinoid ring®~'" The molecule thus adopts an inverted
bowl or umbrella conformation. Newer DFT calculations,
which include dispersion corrections, show weaker bending but
the same qualitative effect (e.g., see Figure 1b).”*

A number of quantitative experimental structural studies
using the normal-incidence X-ray standing wave (NIXSW)''
technique have shown that this picture is not correct, at least
for TCNQ adsorption on Ag(111)” and F,TCNQ adsorption
on Au(111)” and Ag(100)." By using core-level photoemission
to monitor the X-ray absorption in the standing wavefield
above the surface set up by a Bragg scattering condition from
planes parallel to the surface, NIXSW provides a measure of
the height of the chemically distinct atoms of the adsorbed
molecule above the surface. For these adsorption systems,
NIXSW results show that the N atoms in TCNQ or F,TCNQ_
must occupy at least two different heights above the surface
differing by several tenths of an 4ngstrom unit. Dispersion-
corrected DFT calculations for these commensurate overlayer
structures show that this result can only be reconciled with
metal adatoms being incorporated into the molecular overlayer
such that half the N atoms bond to metal adatoms while the
other half of the atoms bond to underlying metal surface
atoms. Unfortunately, while NIXSW measurements can
distinguish the N atoms and chemically distinct C atoms in
the adsorbed molecules, they cannot distinguish metal adatoms
and substrate metal atoms; the associated chemical shift in the
photoelectron binding energy is too small to detect. These
experiments therefore provide only indirect evidence of metal
adatom incorporation.

Indirect evidence of metal adatom incorporation is also
provided by scanning tunneling microscopy (STM) images,
most notably in the case of F,TCNQ adsorbed on Au(111)."
STM images are often regarded as a means of directly “seeing”
surface atoms and molecules, but the interpretation of such
images is not straightforward. Not all surface protrusions seen
in constant-tunneling-current images correspond to the
locations of surface atoms, and STM offers no way of
distinguishing the elemental character of the atoms that do
lead to such protrusions (e.g., ref 12). Simulated images based
on the Tersoff—~Hamman approach'’ are widely used to
address this limitation, but this method takes no account of the
crucial role of the electronic character of the imaging tip, so the
results of such calculations may be indicative but are not
definitive.

One method that offers a means to provide direct evidence
for both the presence and locations of these metal adatoms is
surface X-ray diffraction (SXRD). An important feature of X-
ray diffraction is that the atomic scattering cross sections scale
as the square of the atomic number, Z. As the constituent
atoms of TCNQ and F,TCNQ all have low values of Z (<9),
while the adatoms of interest (Ag and Au) have very much
higher atomic numbers (47 and 79), diffracted intensities from
a molecular layer incorporating these metal adatoms are
dominated by scattering from the adatoms. This effect is the
basis of the “heavy atom” method used for solving the
structures of complex macromolecules by X-ray diffraction.'*
We have recently shown® that SXRD provides clear direct
evidence of Au adatom incorporation into an overlayer formed
by deposition of F,TCNQ on Au(111), also determining the
lateral location and layer spacing of the adatoms, which are
consistent with the results of dispersion-inclusive DFT
calculations. Of course, the particularly high atomic number
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of Au is an especially favorable case to demonstrate the utility
of the method. Here, we present the results of a similar study
of the commensurate adsorption phase of TCNQ on
Ag(111),> which also provides clear direct evidence for the
presence and location of incorporated Ag adatoms. We also
show that we can clearly distinguish between two alternative
models of the adatom-surface lateral registry that were
predicted by different published DFT calculations.”"”

B METHODS

SXRD measurements were made using the UHV surface
science end-station of beamline 107 of the Diamond Light
Source.'® The Ag(111) sample was first cleaned using cycles of

: : 2 S5
argon ion bombardment and annealing. The (_ g _ 2)

TCNQ commensurate adsorption phase was formed by in situ
TCNQ deposition and annealing as described in detail

. 2 . . .
previously.” Formation of this phase was confirmed by in
situ LEED (low-energy electron diffraction) measurements.
SXRD measurements used an incident photon energy of 21
keV and a grazing incidence angle of 0.3°.

B RESULTS AND DISCUSSION

As in conventional X-ray diffraction determination of the
structure of 3D-periodic crystal structures, SXRD involves the
measurement and interpretation of diffracted beam intensities.
However, while in XRD of 3D-periodic crystals, these
measurements are of discrete Akl diffracted beams; the loss
of periodicity perpendicular to the surface in SXRD means that
diffracted beams are defined by discrete values of # and k, but |
is a continuous variable. Measurements of the intensity of
diffracted beams as a function of [ are known as “rod scans”,
the reciprocal lattice points being replaced by reciprocal lattice
“rods” perpendicular to the surface. Using the /ik labels defined
by the periodicity of the substrate, | scans of the intensity of
beams with integral order values of 4 and k are known as
crystal truncation rod (CTR) “rod scans”. The “extra”
diffracted beams due to the larger unit mesh of the surface
structure are labeled with fractional order indices (following
the standard convention of quantitative LEED structural
studies), and the intensities of these beams are measured by
fractional-order rod (FOR) scans.

Because the commensurate Ag(111)-TCNQ <—28 _52>

mesh has only p2 symmetry whereas the Ag(111) surface has
p3m symmetry, the diffraction pattern of this surface comprises
an incoherent sum of the diffraction patterns of six symmetry-
related domains. SXRD measurements were recorded from one

of these domains, labeled as (g %) (see Figure 2). The rod

scan dataset collected from this domain comprised 10 CTR
scans and 20 FOR scans. In addition, an “in-plane” dataset of
the intensities of 38 fractional order diffracted beams was
measured at a low value (0.4) of /. Figure Sl in the
Supplementary Information identifies the diffracted beams
measured in this investigation.

A standard problem of all XRD structural studies is that
experiments measure diffracted beam intensities (the square
modulus of the amplitudes) but not the amplitudes; as a result,
the phase information is lost. This well-known “phase
problem” means one cannot directly obtain the real-space
structure from a Fourier transform of the measured dataset.
However, a Fourier transform of the measured intensities, a

https://doi.org/10.1021/acs.jpcc.2c07683
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Figure 2. Simulations of the LEED pattern from the (—28 _52>

commensurate phase of TCNQ adsorbed on Ag(111) using the
LEEDpat program.'” (a) Pattern expected from co-occupation of all

six symmetry-related domains, the different colors identifying each
domain. (b) Pattern from the single (g %) domain from which all

beam intensities were measured in this study.

Patterson function, provides a self-convolution (autocorrela-
tion) of the real space structure, which can be helpful in
guiding the subsequent full structure analysis. In the specific
case of SXRD, a Fourier transform of “in-plane” intensities of
fractional order beams provides a Patterson map that is a
projection of all interatomic vectors onto the surface plane. In
principle, this “in-plane” data set should correspond to
intensities at values of I = 0, but in practice measurements, a
low value of I must be used.

Figure 3a shows the Patterson map obtained from the
experimental “in-plane” fractional order diffracted beam
intensities. As all atoms in the surface structure are related to
equivalent atoms in adjacent unit meshes by the primitive
translation vectors of the unit mesh, the strongest features in
the map simply define the corners of the unit mesh. Features
within the unit mesh in the Patterson function correspond to
interatomic vectors within the unit mesh, their relative
intensities being determined by the atomic scattering cross
sections of the component atoms together with the frequency
of occupation of these vectors. If Ag adatoms are present
within the unit mesh, the strongest features will be due to Ag—
Ag vectors, the next strongest being Ag—N and Ag—C vectors,
followed by C—C and C—N vectors. To interpret this
experimental map, it is helpful to consider the likely structural
models of this surface. The results of two detailed DFT
calculations to identify the lowest energy structure have been
published relatively recently,”'> and the corresponding
structures are shown in Figure 4. Both calculations took
account of the role of dispersion forces, but the earlier one”
(hereafter referred to as DFT 2018) used the semi-empirical
approach proposed by Grimme,'® whereas the later calcu-
lation"® (hereafter referred to as DFT 2020) used the more
sophisticated Tkatchenko—Scheffler vdW** method (DFT +
vdW* ) '? Both calculations showed that Ag adatom
incorporation was energetically favored, but, as shown in
Figure 4, the optimized structures differed in the lateral registry
sites of the Ag adatoms relative to one another and to the
underlying surface. In the DFT 2018 structure, the three Ag
adatoms per unit surface mesh occupy bridging sites on a

(a) experlment
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(d) SXRD best fit
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Figure 3. Patterson maps of experimental and simulated “in-plane” fractional order diffracted beam intensities; the dashed lines show the surface
unit mesh. (a) Map obtained by Fourier transforming the experimental diffraction data. (b, c) Results of transforming a set of intensities calculated
for the structural models deduced by the DFT calculations of refs 2 and 15, respectively. (d) Result of transforming calculated intensities based on
the SXRD best fit model without Ag adatoms. (e) Result of transforming calculated intensities based on the best-fit structure including adatoms, as

found in this SXRD full structure determination.

4268

https://doi.org/10.1021/acs.jpcc.2c07683
J. Phys. Chem. C 2023, 127, 4266—4272


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07683?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c07683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

DFT 2018 DFT 2020

Figure 4. Plan views of the optimized structure of the Ag(111)
(g %)-TCNQ surface phase according to the DFT calculations of

refs 2 and 15. The Ag adatoms are shown with darker shading than
the underlying Ag atoms of the bulk crystal. Other atoms are colored
such that H: red, C: black, and N: blue. The dashed line
superimposed along the diagonal of the unit mesh shows clearly
that the adatoms are aligned along this diagonal in the DFT 2018
structure but not in the DFT 2020 structure.

periodic sub-mesh such that all nearest-neighbor adatom-—
adatom interatomic vectors are symmetrically equivalent, the
adatom sites lying on the diagonal of the unit mesh, as shown
by the dashed line superimposed on this structure in Figure 4.
By contrast, in the DFT 2020 structure, the three Ag adatoms
occupy different near-3-fold coordinated hollow sites, leading
to several differently directed nearest-neighbor adatom—
adatom interatomic vectors.

Patterson maps of diffracted intensities predicted for these
two structures are shown in Figure 3b,c and reveal the impact
of these different adatom registries. In particular, the fact that
the Ag adatoms in the DFT 2018 model all lie along the
diagonal of the unit mesh, with all adatom—adatom
interatomic vectors being identical, leads to the two very
strong peaks along the unit mesh diagonal. This effect is not
seen in the experimental Patterson function. However, the
dominant features of the predicted Patterson map for the DFT
2020 model are almost identical to those obtained from the
experimental data. These Patterson maps therefore provide
clear evidence for not only the presence of Ag adatoms in the
TCNQ overlayer but also the fact that the relative lateral sites
of these adatoms closely correspond to those of the DFT 2020
model and not the DFT 2018 model. Figure 3e shows the
Patterson map obtained for simulated data from the surface
structure (which includes Ag atoms; see below) that gives the
best agreement with the complete experimental dataset.
Further evidence for the presence of Ag adatoms is provided
by Figure 3d, which shows the predicted Patterson map
derived from the alternative model of the overlayer with no
adatoms that was similarly optimized to give the best
agreement with the experimental data. This simulated
Patterson map is very different from the experimental one of
Figure 3a.

In order to determine the surface structure in a more
complete and quantitative fashion, it is necessary to use an
indirect trial and error process in which the measured
diffracted beam intensities are compared with those calculated
for a sequence of alternative model structures. For this
purpose, the ROD computer program”’ was used. In principle,
this approach allows one to identify the best set of coordinates
for all the atoms in the surface that have the lateral periodicity

of the (g %

outermost layers of the crystal that are perturbed by the
presence of the adsorbed layer. Notice that the fact that the
integral order beams are common to the diffraction patterns of

) unit mesh, which may include Ag atoms in the
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all six symmetry-related domains means that the CTR
calculation must be performed for all six domains, the final
results being incoherent summations of these six domain
calculations. In fact, there is also overlap of some fractional
order beams from different domains, so similar domain
averages must be calculated for the relevant FORs and in-
plane intensities.

In practice, the sensitivity of the technique to small changes
in the exact relative positions of the weakly scattering C, N,
and H atoms of the TCNQ molecules is very poor, as
confirmed in exhaustive searches of these parameters in the
earlier SXRD study of the Au(111)-F,TCNQ surface.” The
internal conformation of the TCNQ molecules was therefore
fixed to be the same as in the DFT 2020 study. The structural
search was then limited to the height and relative lateral
positions of the TCNQ molecules and the Ag adatoms,
together with the relaxation and rumpling amplitude of the
outermost Ag(111) surface layer (a parameter identified as
being important in the earlier SXRD study of the Au(111)-
F,TCNQ surface’). Included in these searches was the
possibility that the overlayer contains no Ag adatoms (achieved
by simply setting the occupancy of the adatoms to zero). The
initial structural search started with the complete set of
coordinates of the DFT 2020 structure (with appropriate
scaling to account for the difference in the experimental and
DFT lattice parameters). The parameters described were then
allowed to vary, the ROD software”® finding the best fit the
complete dataset (CTRs, FORs, and in-plane intensities) using
the normalized y” value as the goodness-of-fit criterion.

The first important preliminary finding was that calculated
diffracted intensities based on the “as-loaded” DFT 2020
structure showed poor agreement with the measured CTRs,
with significant modulations not present in the experimental
data. Figure Sa shows examples for a subset of four CTRs. This
effect was finally found to be due to the small (~2%)
expansion of the outermost Ag layer spacing in this model as

(a)
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Figure 5. (a) Comparison of a subset of the experimentally measured
CTRs (individual symmetric error bars) with simulations based on
the “as-loaded” DFT 2020 structure (green line) and the best-fit
structural model that includes adatoms (red line). (b) Comparison of
a subset of the experimentally measured FORs (individual symmetric
error bars) with simulations based on the best-fit structural models
with (red) and without adatoms (dashed blue line).
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well as the rumpling and small lateral displacements of the Ag
atoms in the outermost layer. CTRs are extremely sensitive to
these layer spacings of the high-density Ag layers. The DFT
starting structure was therefore modified to have an ideal bulk
termination of the Ag(111) substrate; hereafter, we refer to
this as the “modified DFT structure”. The subsequent
structural optimization did then allow the possibility of
rumpling perpendicular to the surface of the atoms in the
outermost Ag layer as remarked above. Also shown in Figure
Sa are the results of simulations based on the best-fit structural
model with Ag adatoms, following the structural optimization
described below.

Allowing complete freedom in the lateral positions of
adatoms and molecules did lead to optimized structures with
marginally lower y* values, but the resulting structures had
physically unrealistic interatomic distances. This can be
attributed to the poor sensitivity to the exact location of
individual molecules (comprising only weakly scattering
atoms). This problem was also encountered in our earlier
study of the Au(111)-F,TCNQ_system, but the problem is
exacerbated in the Ag(111)-TCNQ system; in Au(111)-
F,TCNQ, the surface unit mesh contains only one Au adatom
and one F,TCNQ molecule, whereas in Ag(111)-TCNQ,
there are three Ag adatoms and three TCNQ molecules in
locally distinct sites within each surface unit mesh, leading to a
larger number of structural parameters to be optimized
simultaneously. Checks on the relative lateral positions of the
overlayer components therefore focused on separate opti-
mizations starting from the modified DFT 2020 model and
from a similarly modified DFT 2018 model.

The best-fit structure (including Ag adatoms) found was
that obtained by starting from the modified DFT 2020 model;
this gave a y” value of 2.47. For comparison, the optimized
structure starting from the DFT 2018 model gave a y” value of
3.75, while the best-fit no-adatom model starting from the
modified DFT 2020 model gave a y* value of 4.62. These
values clearly indicate that the no-adatom model does not give
a good description of the SXRD data and that an optimized
structure based on the lateral positions of the DFT 2020
structure gives a better fit to the SXRD measurements than the
optimized structure based on the lateral registry of the DFT
2018 structure.

These conclusions are fully consistent with those obtained
by the more qualitative analysis of the Patterson maps of
Figure 4 and are clearly supported by the comparisons of the
experimental data with simulated data for the alternative model
structures. A comparison for the in-plane data is shown in
Figure 6 for the best-fit structures with and without adatoms,
while similar comparisons for a subset of the FORs are shown
in Figure Sb. The model structure including Ag adatoms
clearly gives a better fit to the experimental data. By
comparison, the CTRs are rather insensitive to this aspect of
the structure; the complete set of measured CTRs are
compared with the predictions of the “as-loaded” DFT 2020
structure and for the optimized “with adatoms” structure in
Figure S2. The calculated CTRs for the no-adatom model are
almost exactly coincident with those for the “with adatoms”
model. As may be expected, the FORs are much more sensitive
to this aspect of the structure. The complete set of
experimental FORs are shown in Figure S3, compared with
the simulations for the best-fit structures with and without Ag
adatoms. While the simulations of the two alternative
structures for some FORs show no strong preference for one
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Figure 6. Comparison of the experimental and predicted in-plane
structure factors of the full set of fractional order beams for the
optimized SXRD structure shown in Figure S4. The locations of
integral order beams are shown as green circles for reference. The
areas of the one-third circular sections are proportional to the
measured and calculated structure factors. Error estimates for the
experimental data (white sections) are shown by inner and outer
edges.

structure or the other, a significant number of the FORs show
much better agreement with the with-adatom model.

In Table 1, key structural parameter values of the “as-loaded”
DFT 2020 structure are compared with those of the best-fit
SXRD structural model. There are small but marginally
significant differences in the heights of the three TCNQ
molecules and the three Ag adatoms per unit mesh, but what is
more significant is the difference in the rumpling of the
outermost Ag(111) layer. In particular, the amplitude of this
rumpling in the SXRD structure is a factor of 2 larger than that
found in the DFT calculations. This enhanced surface layer
rumpling was also found in the SXRD investigation of the
Au(111)-E,TCNQ phase.” The origin of this effect is unclear.
Of course, the DFT calculations simulate the bulk crystal and
its surface by a very thin slab of metal atoms, so this could lead
to a quantitative discrepancy in this parameter, but it seems
unlikely that this would account for a discrepancy of a factor of
2. We also note that DFT calculations represent the 0 K
structure and take no account of possible anharmonicity at
higher temperatures. We have been unable to identify any
alternative feature of the SXRD analysis that could account for
this effect, so we conclude that a larger amplitude outer layer
rumpling is indeed a necessary parameter of the interfacial
model.

B CONCLUSIONS

In summary, in agreement with previous indirect evidence
from a combined NIXSW/DFT investigation,7 our SXRD

structure determination of the Ag(lll)(% %)-TCNqurface

phase provides direct evidence of incorporation of Ag adatoms
to form a 2D-MOEF. We also show the relative lateral registry of
the Ag adatoms, which is consistent with the results of the later
DFT 2020 investigation rather than that of the original DFT
2018 study. More generally, our results for this Ag(111)-
TCNQ surface reinforce the conclusions of our earlier study of
the Au(111)-F,TCNQ_surface, namely, that SXRD offers a
means to demonstrate directly the incorporations of metal
adatoms into certain molecular adsorption phases. Of course,
insofar as the method exploits the high atomic numbers of the
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Table 1. Comparison of the Main Structural Parameter Values of the DFT 2020 Model and the Best-Fit SXRD Structure”

rumpling amplitude of ~ rumpling amplitude of

average molecule height—

average adatom heiiht— height range of height range of
)

model top layer (A) second layer (A) top layer height(A) top layer height( molecules (A) adatoms (A)
DFT 0.20 0.11 2.89 2.41 0.035 0.033

2020
SXRD 040 + 0.10 0.0 (fixed) 3.06 + 0.01 2.56 + 0.01 0.07 + 0.01 0.033 (fixed)

“The internal conformation of the TCNQ molecules was fixed to that from the DFT 2020 study, and the height of each molecule is the mean

height of the six carbon atoms of the quinoid ring.

“heavy” adatoms, the first example of Au adatoms was an
especially favorable test case. Here, we show that Ag atoms are
also sufficiently “heavy” for successful application of the
method.
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