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Nitronyl nitroxides with thiol groups, NitRs, provide exciting opportunities for investigating the
properties of magnetic SAMs on gold surfaces. Here we have employed periodic/molecular DFT
calculations to study the energetics, structure, bonding and magnetic exchange of SAMs of nitronyl
nitroxide radical thiols on Au(111). Two structures 4-(methylthio)phenyl nitronyl nitroxide (NitR-A-
SCH3;), A = phenyl, and 4-(methylthio)methyl phenyl nitronyl nitroxide (NitR-B-SCHj3), B = phenyl-
CH,;, have been chosen. The radical species of type NitR-B-Se is found to be energetically favourable
with the reconstructed 1 : 2 Auyg/thiols ratio model being the most favored structure. The computed
structures are consistent with the experimental data (STM, ToF-SIMS and EPR) reported earlier. The
computed magnetic exchange interactions in the SAMs of nitronyl nitroxide radicals reveal a stronger
than expected intramolecular coupling, revealing the non-innocent nature of the gold surface.

1. Introduction

Self-assembled monolayers (SAMs) of functionalized organic/
inorganic moieties have a great potential for applications in
nanoproduction, spintronics, biological sensoring, ezc.*™” Single
atoms or molecules once grafted onto a metal surface can keep
their peculiar behaviour as in the isolated phase and/or can
exhibit different and unprecedented properties from the bulk/
isolated ones. Such properties can range from the coupling of the
SAMs with the electronic and optical properties of a metallic
surface to the linking of macroscopic interfacial phenomena to
molecular-level structures.?

Magnetic properties have long been neglected but recently
several attempts have been made to assemble layers of Single
Molecule Magnets (SMMs) with alkylthiol groups in a bottom up
approach to explore the possibility of using them to build magnetic
memory banks.®' SMMs are molecules whose magnetization
relaxes so slowly to present magnetic hysteresis associated to the
individual molecules. It is therefore possible to store information in
one molecule. In order to have the SMM addressable, one possi-
bility is to organize them in SAMs using thiol derivatives for
grafting them on gold surfaces. In one case it was shown that SMM
behaviour can be observed in SAM at low temperature.*

Exciting as these systems can be, they are rather complex and
a deep understanding of the substrate-magnetic molecule inter-
action is still very difficult. In order to gain deeper insight SAMs
of simpler magnetic molecules, like nitronyl nitroxide radicals
(NitRs), on gold were reported.'*° The advantage of the NitR is
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that the R groups are easily varied and the radical moiety is
a sensitive probe of redox processes occurring on the metal
surface. Among several derivatives studied the 4-(methyl-
thio)phenyl nitronyl nitroxide (A) and 4-(methylthio)methyl
phenyl nitronyl nitroxide (B) (see Scheme 1) form stable and
ordered SAMs' which keep the radical nature on the gold
surface. The use of a stable radical can not only provide infor-
mation on the structural arrangement of the thiols on the metal
surface but also on the dynamics of the organized molecules. We
decided to tackle the problem with a state-of-the-art theoretical
treatment in order to rationalize a large number of experimental
data available on SAM of thiols.

This work focuses on the studies on the nitronyl nitroxide
radical thiols grafted on Au(111). Here we have employed the
theoretical tools to gain in-depth understanding on the structure
and magnetic properties of these systems. The knowledge gained
from the studies on the methyl and higher alkyl thiols*! have been
utilised to get to the structure of the SAMs of NitR. The obtained
structure of SAMs was then employed for the calculation of
magnetic properties. We would like to note here that under-
standing the magnetic properties of SAMs, particularly how the
electronic spin of the radical moiety is delocalised on Au(111), is
very important if one wants to develop spintronics devices based
on the NitRs.

NitR-A-SCH, NitR-B-SCH;
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2. Computational details

All calculations have been performed with DFT implemented in
CP2K program package*>* unless otherwise stated. The CP2K
package adopts a hybrid basis set formalism known as Gaussian
and Plane Wave Method** (GPW) where the Kohn-Sham
orbitals are expanded in terms of contracted Gaussian type
orbitals (GTOs), while an auxiliary plane wave basis set is used to
expand the electronic charge density. A double-{ GTH basis set
and their relativistic norm-conserving pseudo potentials (Goe-
decker, Teter, and Hutter)** optimized for BLYP were used in
addition to a plane wave basis set with an energy cut-off of 350
Ry. The cut-off value has been estimated by performing a series
of single point calculations on a 36 atom gold cell comprising 12
gold atoms in each layer, with different cut-off values until no
significant variation in the computed energy were observed. A
study on the adsorption of amine compounds on a Au(l11)
revealed that a basis set with the similar quality to ours intro-
duces only a minimal BSSE errors and therefore here we have not
attempted to perform counterpoise corrections.*

TPSS?¢ functional has been used throughout the calculations
preformed with CP2K package.

The validity of the CP2K package as accurate I'-point only
approach has been validated through a systematic supercell
approach for the calculation of transition metal surface proper-
ties.?”*® Three different unit cells comprising 36, 56 and 90 gold
atoms have been built and employed throughout the study. The
unit cells were shaped to obtain in all cases three layers of
Au(111) surface when the period boundary conditions are
imposed over an orthorhombic simulation cell. The reconstruc-
tion of the Au(111) surface®! has been simulated by positioning
one or two adatoms on the top of the first layer and in all cases
the adatoms positions are relaxed without any constraints to
their positions. The convergence criteria of 1 x 107 Hartree for
the SCF energy and 9 x 10~* Hartree A (Hartree per Radians)
for the energy gradient had been employed throughout.*®?* The
simulation cell has been defined with x and y axes on the surface
plane as the reference axis. The cell size along the z axis was
chosen to be 40 A compared to an inter-layer distance of 2.35 A.
An empty space of ca. 20 A is therefore left to prevent spurious
inter cells polarization effects. Unless otherwise stated in all
calculations the gold layer has been kept frozen. The binding
energies were computed according to the following expression:*®

AE‘ddS = [E(nR|RsznAuadAu(111)) *E(Au(lll))-f—

nSRle
(— I’lSR]Rz) X E(SR]RQ) — nAuad X E(Aubulk)]

where nSR| R, is the number of adsorbed alkanethiols, E(R;R»S-
Au(111)) is the energy of chemisorbed species on the Au(111),
E(Au(111)) is the energy of clean Au(111) surface, E(SR|R») is
the energy of unadsorbed alkanethiols and E(Auyyy) is the total
energy of one gold atom in the bulk phase and the AE,q4 being
the formation energy for the adsorption process. nAu,q are the
number of gold adatoms considered in the cell. By this definition,
negative AE, 4 values indicate an exothermic process. The three-
layer thickness of the model has been justified by calculating the
enthalpy of formation of one adatom and a vacancy with respect
to three, four and five layers on the 36 gold atom cell. The choice
of the model with three layers vs. five layers introduces ca. 5 kcal

mol ' error on adatom energy formation and 0.2 kcal mol ' error
on vacancy formation. Considering a large gain in the compu-
tational cost, the obtained differences are modest. Moreover the
differences observed are expected to be nearly constant for the
calculation of reaction energies for the current studied system.
Therefore here we have chosen to study the system with three
layer models.

The calculation of magnetic exchange on the NitR on the gold
surface has been computed using Jaguar®! suits of packages with
a hybrid B3LYP?? functional together with a LACVP* basis set
on the CP2K computed geometries. The LACVP* basis set
comprise LanL2DZ*33 basis set for gold and 6-31G* basis set for
other atoms.** Single point calculations have been performed
with a very tight energy cut-off of 5 x 10~* as required for such
calculations.®

3. Results and discussion

We have previously reported experimental studies on the NitRs
on Au(111). In this report as an initial step for understanding
the properties of organized magnetic molecules SAMs of several
NitR compounds have been prepared, functionalised with thiol
at their tails,"*?° and thoroughly characterised using several
experimental  techniques'®  (ToF-SIMS  (Time-of-Flight
Secondary Ion Mass Spectrometry), STM and EPR).

The ToF-SIMS spectra of the SAMs of two nitronyl nitroxide
species (NitR-A-SCH; and NitR-B-SCH3;, see Scheme 1 for the
structures) reveal a lower order in the former. This is related to
the stability and the formation energies of the two species
adsorbed on the Au(111). The STM images confirm the ToF-
SIMS data, while the EPR data of the SAM undoubtedly
confirm that the species is intact and NitR radical nature is
retained as the hyperfine and g-tensor of the species are only
slightly perturbed upon adsorption.

We have now performed calculations on these two species to
understand the structure and magnetic properties and to verify if
the experimental ordering of the stabilisation could also be
reproduced in order to validate the computational approach
employed.

Unreconstructed surface

The first question to answer is the nature of the interaction, i.e.,
whether the S-CHj3 bond undergoes a homolytic cleavage leaving
an energetically favourable radical species or undergoes no
changes and adsorbs as such (uncleaved). The idea of cleavage
stems from the cleavage of S-H bonds in CH;SH thiol on
Au(111). Many theoretical and experimental evidence support
a homolytic cleavage.?’* A very recent experimental evidence
based on X-ray photoelectron spectroscopy on the SAMs of
some nitroaromatic thiols prepared by vacuum vapour deposi-
tion technique conclusively reveals the S-H cleavage and the
reaction of the hydrogen with one of the nitro groups.3® Likewise
the S—H bonds and the S—C bonds of the thiols are also expected
to cleave. This is expected as the bond dissociation energy (BDE)
of the S—-C bonds (S—CH3) is much lower than that of the S-H
bonds in methyl thiols. This idea has been extensively tested with
several dialkyl thiols and a favourable dissociation of S—C bond
had been discovered.?! Our preliminary kinetic studies also reveal
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a comparable barrier heights’” on both cases. Additionally,
Surface Enhanced Raman Spectroscopy (SERS) studies for the
dimethyl sulfide on gold reveal that the S-C bonds upon
adsorption are found to be weaken upon adsorption while on
silver surface even the S—C cleavage have been detected.?®

Our initial calculations on the isolated species NitR-A-SCH;
yield a formation energy of +5.3 kcal mol~! for the undissociated
species while for the dissociated radical the formation energy is
—17.0 kcal mol™!' (singlet state, see below). The formation of
a diradical species NitR-A-Se is also supported by experiments
on the SAMs from a disulfide precursor.?**°

The unpaired electron on the sulfur head group resulting from
the homolytic cleavage of the S—C bond can couple with the one
delocalized on the N-O NitR orbitals giving rise to triplet and
singlet (*'NitR-A-Se) states. In NitR-A-Se, the singlet state is
found to be the ground state with the triplet lying only 0.7 kcal
mol~' above in energy. The optimised structure of the singlet
species is shown in Fig. S11 with the selected structural param-
eters given in Table 1. Both the singlet and triplet structures
adopt a fcc bridge configuration with a short and a long Au-S
bond of 2.49 A and 3.25 A, respectively (see Table 1).

The NitR-B-SCH; has the formation energy of —4.1 kcal
mol~! whereas the dissociated radical species has the formation
energy of —22.6 kcal mol~' (for 'NitR-B-Se, see Fig. S17 for the
optimised structures). The singlet—triplet energy difference here is
1.6 kcal mol™', the singlet being the ground state. For species A
the same gap is lower. Both '*NitR-B-Se species adopt a fcc
bridge configuration with two Au—S bonds of ~2.58 and ~2.79 A
long (see Table 1). The bond lengths are significantly different
from those of the corresponding species of A and this is essen-
tially due to the additional CH, spacer group available on B
which adds extra flexibility to the molecule and enhances the
adsorption. The computed structure and energetics indicate that
absorption of the species B is thermodynamically favoured over
A, in agreement with the experimental findings.'®

The computed spin density plots for the NitR-A-SCH; and
*NitR-A-Se are shown in Fig. 1 and the spin densities of the
selected atoms are collected in Table 2. The spin densities of
*NitR-A-Se are extensively delocalised on the surface gold
atoms. The unadsorbed *NitR-A-S" species has the spin densities

Fig. 1 The PDFT-TPSS computed spin density plots of (a) *NitR-A-Se
and (b) NitR-A-SCHj;. The blue colour represents positive spin density
while the red represent negative spin densities.

of 0.761 on the sulfur atom and 0.260 and 0.270 on the two
nitrogen atoms and 0.350 and 0.370 on the two oxygen atoms.
The spin density on the NitR centre is extensively delocalised to
both the N-O units with a significant negative spin density
(—0.180) on the spacer carbon atom. This is the typical spin
distribution observed in the NitR radicals.’ The spin density on
the sulfur atom dramatically diminishes on adsorption just to
0.223. On the other hand the spin densities on the NitR moiety
are only slightly perturbed with 0.234 and 0.249 on the nitrogen
atoms and 0.345 and 0.249 on the oxygen atoms. The difference
in the spin densities between the two N-O groups is due to the
small difference in N-O bond lengths (1.28 vs. 1.29 A) arising due
to the tilting of the molecule towards the Au(111) surface (see
Fig. 1). The N-O group closer to the surface has shorter N-O
bond length and larger spin densities. The decrease of the spin
density on the sulfur atom reveals an extensive delocalisation of
the spin densities to the Au(111) as it is apparent from Fig. 1. The
gold atom with the shortest Au-S contact has in fact negative
spin density (—0.011, see Table 2) indicating a predominant spin
polarisation mechanism for the spin distribution to the Au(111).

Table1 DFT computed energetic and structural information for the NitR-A-SCH; and NitR-B-SCHj species on Au(111). D is for S-Au(111) distance;
Au-S is for the S distances from the closest Au atoms; and { is for the supplementary angle of C-S—Au(111) angle

Species Position D/A Au-S/A ¢re AE"kcal mol™!
2Auz6-Nit-A-SCH; Quasi-atop 2.71 2.80 129.1 5.3
'Auz¢-Nit-A-Se Quasi-atop 2.37 2.49 134.4 —17.0
3Ause-Nit-A-Se 2.37 2.49 1339 —16.3
2Ausz6-Nit-B-SCHj3 Atop 2.31 2.31 105.0 —4.1
'Ausz6-Nit-B-Se fec-bridge 2.20 2.56; 2.76 132.3 —22.6
3Auze-Nit-B-Se fec-bridge 2.24 2.59; 2.80 131.0 =21.1
*Auzg-Auyg-Nit-A-SCH3 (fec) Atop 2.45 2.45 113.2 -21.4
3Auze-Augg-Nit-A-S— Atop 2.37 2.37 112.8 —27.6
2Ause-Augg-Nit-A-Se Atop 2.35 2.35 112.0 —41.1
4Ausg-Au,g-Nit-A-Se Atop 2.35 2.35 112.5 —41.6
*Ausy-(Au,g-Nit-B-S CH3), Atop 2.54 2.54 1104 —6.8
Atop 2.52 2.52 108.5
*Ausy-(Au,g-Nit-B-Se), Atop 2.36 2.36 110.9 —34.2
Atop 2.34 2.34 109.4
2Ausys-Nit-B-Se—Au,4-Nit-B-Se Atop-atop 2.73,2.71 2.37, 2.55; 2.36, 2.61 113.7,103.4 -37.7
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Table 2 The PDFT (TPSS) computed Mulliken spin densities of selected atoms in NitR-A-SCHj3 and NitR-B-SCHj species. For the radical species the values given in the parenthesis is for the singlet
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“ The spin density belongs to the low energy fcc structure.

Auad

The other longer Au-S contacts on the first layers have all
positive spin density in the range of 0.07 to 0.004. The bond
lengths given in parenthesis are for the triplet state of the cor-
responding species. For the undissociated species, the spin
density on the sulfur is very small as one could expect while on
the N-O’s of the NitR group is relatively larger (see Table 2) than
that of the radical species, revealing a less extent of delocalisa-
tion. The spin densities on the species B resemble the ones
computed for A with the additional CH, group on the A having
a spin density of ~0.01 in the dissociated as well as the undis-
sociated species.

Reconstructed surface

In order to gain understanding on the surface reconstruction
energetics for the NitR species, calculations have been performed
for NitR-B-SCH; with 1 : 1 Au,y4/NitR-B-SCH3; models. As with
simple thiols, the presence of Au,y substantially lowers the
formation energies with the NitR-B-SCHj; species having the
formation energies of —21.4 kcal mol~! with the Au,q on the fcc
site and —14.8 kcal mol~' with the Au,q placed on the hcp site.
The adsorption of dissociated species is much more favourable
with the heterolytically cleaved *NitR-B-S— species having the
formation energy of —27.6 kcal mol™".

The homolytic cleavage leads to two different spin states, since
the Au,q also possesses an unpaired spin and the NitR-B-Se
possesses two unpaired electrons: an all spin-up state leads to
a quartet (*Au,g-NitR-B-Se) while alternating spin down leads to
a doublet (*Au,y-NitR-B-Se) state. The formation energies are
found to be —41.1 and —41.7 kcal mol~! for the doublet and
quartet states respectively, the quartet being the ground state.
Selected structural parameters are given in Table 1. The Au,g—S
bond distances in the undissociated species are 2.44 and 2.49 A
for the fcc and hcp site, respectively, while the NitR-B-S~ has
2.36 A and the NitR-B-Se species have 2.348 and 2.349 A for the
quartet and doublet, respectively. This indicates that the
formation energies are related to the strength of the Au,4—S bond
with the following pattern *Au,y-NitR-B-SCHj3 < *Au,4-NitR-B-
S~ < 2Au,¢-NitR-B-Se <*Au,4-NitR-B-Se. The computed spin
densities (Table 2) here reveal similar pattern to that of the
unreconstructed surface. Due to short and strong Au,4—S bond,
the spin density on the sulfur head diminished compared to that
of the unreconstructed surface (0.223 vs. 0.196).

SAM structures

In order to shed some lights on the geometry of the SAM
arrangements on the Au(111) surface, we focused our attention
on newly collected STM images of Nit-B-S-CHj3 species (see
ESI+, Fig. 2a and b), which is supposed to give the most ordered
and stable experimental SAM.'®

Considering the results obtained for simple thiols*! and NitRs,
we chose to concentrate our attention only on the reconstructed
Au(111) surface. Fig. 2¢ gives basically the following informa-
tion: (1) the Nit-B-Se is attached orthogonally with respect to the
Au(111) surface and (2) a hexagonal-like lattice is present (see
Fig. 2b). Considering the sampling of the distances of lengths 4,
B, and C reported in Fig. 2a as limits for the symmetry and the
dimension of the possible cell to be used in the calculations we
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Fig. 2 (a) Experimental STM image (see ESIt). (b) Zoomed experi-
mental STM image. 4 and B are the intermolecular distances between the
spots. C is the measure of the wideness of the spots. 4 = 9.6(10) A; B =
8.1(10) A; and C = 3.3-54 A. (c) Calculated STM images for the 1: 1
Au,g/thiol ratio model of NitR-B-S" species. 4 = 8.95 A, B=28.66 ;A, and
C=470A.
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Fig.3 The DFT computed structures for Ausg (a) and Augg model (b) of
the NitR-B species.

converged onto the two cells reported in Fig. 3: the 1 : 1 (a) and
1:2 (b) Auyg/thiol model cells, respectively. In both cases, the
calculations have been performed on the high spin state. For the
1 : 1 model the formation energy is —34.2 kcal mol~'. The Au,q
occupies a hep site and the *NitR-B-Se species adopt a quasi-atop
configuration with the Au-S bond length of 2.35 A. Likewise in
the simple thiol radical species, the *°NitR-B-Se has short (slightly
longer: ~0.05 A) and strong Au-S bond leading to very
exothermic formation energies. The 1:2 model yields the
formation energy of —37.7 kcal mol~! for the *NitR-B-Se species
having the NitR groups in the cis configuration. The structures
resemble those of the simple thiols'*** with the quasi-atop
configuration respect to the gold atoms on the Au(111) surface
(in this case a hexagonal Aug cell has to be used to reproduce the
hexagonal lattice of adatoms). The surface structure of 1 : 1 and
1:2 Au,g4/thiol models is shown in Fig. 4. Since the structural

(a)

: ‘-:é;‘“-"l‘ = 'l:\fl;l’— .‘__‘.IIJ ‘))f JI
P> DA D AP Y

I AL IF I AP

Fig.4 A larger cell structure revealing the intermolecular distance in the
(a)1:1 (3 x 3)and (b) 1 : 2 Auyg/thiol ratio models (6 x 4).

data given by the experimental STM image (see Fig. 2b) seem to
be consistent with the 1 : 1 Au,g/thiol model, we calculated STM
images considering states between 0.2 eV and the Fermi energy.
The bias employed here is in good agreement with the bias
employed in the experimental STM measurement (see ESIT). The
computed STM image for this structure reveals a regular pattern
as observed in the experiment and suggests that spots can be
originated by the NitRs N-O group electron densities. This is not
surprising given the fact that the unpaired electron of the NitR
resides in the partly occupied bands across the Fermi energy.
Additionally, from the experimental STM images of NitR-B
species, we have computed the radius of the oval shaped spots in
the range of ~4.5 A that agrees with the O---O distance between
the two nitronyl NO groups (distance A in Fig. 2b) of the
computed structures (averaged 4.7 A). Additionally there are two
intermolecular distances, one corresponding to the distance
between the spot centers of NitR group facing each other
(distance B in Fig. 2b) and another corresponding to NitR group
lying adjacent to each other: 8.93 A (computed) vs. 9.6(10) A
(experimental) and 8.61 A (computed) vs. 8.1(10) A (experi-
mental). The agreement is evident.

Magnetic properties of SAM structure

Although the magnetic properties of the isolated NitR are well
understood,*® the magnetic properties of these species on the

This journal is © The Royal Society of Chemistry 2010
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Au(111) are still elusive. Experimentally EPR spectroscopy has
been employed to probe its magnetic properties. However, the
extremely small quantity of sample in the SAM (often close to
the sensitivity limit of the EPR) makes the interpretation of the
spectra a challenging task. For species A, clean EPR spectra were
recorded® which indicate that the radical centres are intact. The
sample prepared by drop casting and successive evaporation of
the solvents gives different EPR spectra where the hyperfine
structure of nitrogens is lost indicating a strong intermolecular
interaction. Further the SAMs prepared from a disulfur NitR-A-
S-S-A-NitR precursor result in the adsorption of NitR-A-Se
species and an anisotropic g was found indicating a vertical
adsorption on the surface.'” Some DFT calculations have been
reported for this structure to compute the intramolecular
magnetic exchange interaction on a very simple gold layer model,
and these calculations also indicate a very strong ferromagnetic
exchange between the two radical centres.*®*® The structure
employed for the calculation of exchange interaction is, however,
unrealistic.

From our calculations on different model structures, it is clear
that there is residual spin density on the sulfur atom, especially
for the dissociated radical species. The spin density on the sulfur
atom, however, diminishes upon adsorption and the spin density
is thus largely delocalised on the Au(111). This is true more for
the reconstructed than for the unreconstructed surfaces. An
extensive delocalisation of the spin density on the gold surface is
present even at large intermolecular distances. Therefore, the
NitRs are expected to be coupled through magnetic exchange
interactions.

The magnetic exchange interaction is very sensitive to the
exchange-correlation functional, and in several instances we have
demonstrated that in general hybrid functionals such as B3LYP3?
provide good estimates of the J values. Therefore, here we
perform calculations using B3LYP functional on the TPSS
computed geometries with Jaguar suite of programmes and our
calculations are limited to species B ("*NitR-B-Se).

Our initial focus is to calculate the intramolecular exchange
interaction (Jina) between the NitR moiety and the sulfur
radicals in NitR-B-Se species. Therefore, we have chosen two
pOSSible Carfcarfcalfs (Car:Cammalic and Cal:Caliphatic) dihe-
dral angles, NitR-B1-Se and NitR-B2-Se (see Fig. 5). Therefore,
we have computed the Ji . for both the species. The exact
technical details of the calculation of the magnetic exchange are

) by (5] idy

PPy

8 .,
L B L 2
[ . ] 0' o
q. g’.
NitR-B1-5» NitR-B2-5+ NilR-B2-5+ NilR-B2-5+

Fig.5 The structure of (a) NitR-B1-Se and (b) NitR-B2-Se species with
different C,,—C,,—C,—S dihedral angle together with the (c) triplet and (d)
singlet spin density plots of NitR-B2-Se species.

described elsewhere® with some details relevant to the present
systems provided in the ESIf.

The calculations on B1 and B2 without any gold atoms give
a ferromagnetic Ji,¢a With —246.6 cm™! for B1 and —69.0 cm™!
for B2 (using H = JS;eS, formalism). A large Ji, . observed is
due to the presence of unpaired electrons on the orthogonal -
type orbitals in both centres (see Fig. 5). The large difference in
the strength of the magnetic exchange between B1 and B2 arises
essentially due to the dihedral angle as revealed by the plot of
Jinta V. the dihedral angle for B2 species. This plot gives a sin?
shaped curve with Ji,., increases with increasing the dihedral
angle and reaches a maximum at 90° with the Ji. of
—348.9 cm~'. The spin density plots of single and triplet state
shown in Fig. 5 reveal that the predominant mechanism of spin
distribution is spin polarisation as the spacer atoms have alter-
nating signs. To understand the effect of gold layer on the Jiya,
calculations have been performed on both B1 and B2 with single
gold layer having 20 gold atoms with no adatoms. This yields the
magnetic exchange of —311.3 cm~! and —32.8 cm ™' for B1 and
B2, respectively. These numbers are different from those of the
free fragments and the difference is due to the delocalisation of
the spin density of sulfur atoms to the gold layer. The decrease in
the magnitude of spin density on the sulfur atom (0.548 vs. 0.966
for adsorbed and unadsorbed sulfur atom) upon adsorption
raises the ferromagnetic Ji,, only for B1, yet the trend of larger
Jintra for large dihedral remains. The large Ji, ., observed in the
gas phase is maintained even after NitR is adsorbed on the gold
surface This has also been previously reported for the radical
species type A (NitR-A-Se) but on unrealistic models containing
only a few gold atoms.?**°

In the next step we have computed the intermolecular
exchange interaction between the NitR-B-Se units in the gold
lattice. The chosen molecular arrangement was one of the 1 : 1
Au,4/NitR-B-Se ratio model. Due to the large size of the mole-
cule and possible SCF convergence problems due to the extensive
delocalisation of unpaired electrons to the gold atoms, calcula-
tions have been performed within the dimer approximation®® to
compute the exchange interactions reported in Fig. 4a in addition
to the Jiyua. The calculations performed on a dimer model on
1:1 Au,y/NitR-B-Se ratio model reveal a ferromagnetic Jiyyq =
—108.7 cm™' in line with what found with the clean surface.
Regarding the Jj,, three possible different short magnetic
exchange interactions depending on the orientation and Au,g—
Au,qy distance are possible (see Fig. 4a). The calculation yields
Jinter1 = —16.7 em™!, Jigero = 5.7 ecm™!, and Jipers = 23.0 cm ™.
Only the Jiyr is ferromagnetic while the other two are antifer-
romagnetic. Ji,or; Which is the exchange between the two NitR
next to each other with a short O---O (matching oxygens of the
two distinct NitRs) distance is ferromagnetic while other two
interactions with relatively longer O---O distance are antiferro-
magnetic. The large computed exchange interactions indicate
that the gold layer in fact acts as a super-exchange medium.
Efficient spin delocalisation on the gold layer can, therefore, be
the reason of a stronger intermolecular coupling. The strength
and the nature of this three intermolecular interactions essen-
tially lead to a ferromagnetic coupling between the very first-
neighbors versus an antiferromagnetic coupling between next
nearest-neighbors NitRs (see Fig. 4a) with an S = 0 as the spin
ground state for this tetramer. The sensitivity of the magnetic
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properties of the organic moieties to spin delocalization in the
metal is extremely exciting for molecular spintronics develop-
ments. Experimental checks are needed.

For 1 : 2 Au,4/NitR-B-Se ratio model we have computed only
the Jiyr molecular exchange within the dimeric unit which
resulted to be antiferromagnetic with Jiyer = 2.4 cm™'. This
interaction is weaker compared to the Ji,.;; computed for the
1:1 Au,g/NitR-B-Se ratio model.

4. Conclusions

The design and realization of ordered systems of magnetic
molecules are one of the challenges of molecular nano-
magnetism. The self-assembled monolayers offer many oppor-
tunities to organize different types of magnetic molecules on
different substrates.

Likewise in the alkylthiols, the NitR radical species are found
to be energetically favourable. The formation of radical centre
here presents an unexpected twist as the two radical centres, NitR
and S° could be coupled leading to different spin states. The
computed spin densities on this species reveal an extensive
delocalisation of electrons to the Au(111) much larger in
magnitude than that of the alkylthiols for apparent reasons. This
spin distribution can be addressed for the strong intermolecular
coupling. The reconstructed surface with Au,q leads to addi-
tional spin states and *NitR-B-Se-Au-*NitR-B-Se type species is
found to be energetically favourable. The magnetic exchange
interactions present in the SAMs were evaluated for intra- and
inter-molecular couplings. Such magnetic characterization we
presented in the paper does not have any precedent at this level of
approximations for SAM of NitR’s to our knowledge.

The next step on the use of NitR as models of the behaviour of
organized magnetic molecules will be addressed to the structural
and magnetic dynamics with experiments with pulsed EPR to
monitor the spin dynamics and DFT calculations investigating
the restricted molecular motion responsible of the observed
behaviour.
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