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Herein the solid state structure and crystalline orbital hierarchy of a new extended-ligand platinum(i)
bis(1,2-dioximato) complex is evaluated. The lack of direct stacking of Pt centres in the solid state, caused
by the steric bulk on the exterior of the ligand, results in highly localised frontier bands, and thus minimal

band gap compression upon the application of pressure. This is in contrast to its parent complex [Pt(bgd),]
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Over recent decades, interest has grown in molecular-based
materials as conducting components in electronic devices.
These aptly-named molecular conductors can be comprised
of purely organic or organometallic components,' with
notable examples including tetrathiafulvalene (TTF) and
Bechgaard charge transfer salts,”” dithiolene complexes,®*?
Magnus green salts and other analogous complexes,** " and
bis(1,2-dioximato) complexes.”2° While these materials may
still be insulators at ambient conditions, conductivity can be
enhanced under application of pressure; decreasing
intermolecular separation results in enhanced orbital overlap
which in turn results in band broadening and a narrowing of
the electronic band gap. Evaluating how the behaviour of
these complexes can be tuned by ligand design is necessary
for identifying suitable candidate materials for applications
such as field-effect transistors and charge-transport materials
in solar cells.”' >

Previous work has evaluated and compared the structural
and electronic responses to pressure of two members of the
aforementioned bis(1,2-dioximato) family of platinum(n)
complexes:>**  platinum  bis(1,2-benzoquinonedioximato),
hereafter referred to as [Pt(bqd),],>® and platinum bis(1,2-
dimethylglyoximato), hereafter [Pt(dmg),].>® Both have been
shown to exhibit solid state packing that permits columnar
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which undergoes a semiconductor-to-metal transition by 1 GPa.

stacking of the Pt metal centres, which results in short Pt---Pt
distances (<3.3 A) and direct orbital overlap. Upon
application of pressure, anisotropic compression of the unit
cells results in direct Pt---Pt contraction. The effect is more
pronounced for [Pt(bqd),], which can be attributed to the
greater planarity of the ligand system. The nature of the band
gaps and their response to pressure was also evaluated. The
ambient-pressure band gap for [Pt(bqd),] (0.52 eV) is notably
smaller than for [Pt(dmg),] (1.44 eV) and, due to the faster
rate of Pt---Pt compression, closed much faster than Pt(dmg),
under the application of pressure, such that the metallic state
was reached by 1 GPa.** This work also highlighted the
importance of the role played by the ligands in the
construction of the frontier orbitals, which had previously
thought to be benign. Stronger interlayer ligand---ligand
interactions increased the amount of dispersion in the
conduction band, which facilitated a much faster band gap
narrowing in these compounds than in, for example, the
Magnus green salts, where much flatter ligand-based
conduction bands were exhibited.””

As part of a wider study comparing the structural and
property responses of pressure-responsive platinum-containing
complexes, we have prepared a derivative complex of [Pt(bqd),],
in which two hydrogen atoms on each phenyl ring of the
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Fig. 1 Schematic diagrams of [Pt(bqd),] (left) and [Pt(bqd-dibutyl),]
(right). The label Bu refers to the n-butyl chains.
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1,2-dioximato ligand are replaced by n-butyl chains (Fig. 1,
hereafter [Pt(bqd-dibutyl),]). These modifications
undertaken to enhance the solubility of the complex and thus
improve its processability to be applied as a thin film in
transistors or other molecular-electronic devices. The effect of
the ligand modification must be considered in its own right,
however, as it may affect the ability of the Pt centres to stack in
an idealised one-dimensional chain arrangement, and may
alter the nature of the inter-ligand interactions. Herein we
report the crystal structure of [Pt(bqd-dibutyl),] and deduce
how the molecular orbitals are recast as crystalline orbitals. We
also report on the structural response and simulated electronic
band gap response to pressure and compare with the parent
complex [Pt(bqd),].

were

Results and discussion

The synthesis of [Pt(bqd-dibutyl),] is shown in Scheme 1. The
butyl groups were introduced via Ag(i) assisted Suzuki
coupling between butylboronic acid and 1,2-dibromo-4,5-
dinitrobenzene, which proceeded in good yield (78%).>® An
azide group was introduced via a nucleophilic aromatic
substitution reaction, and the resulting ortho-nitro-azide was
then cyclised to give the furoxan (56% - two steps). The
dioxime ligand was then synthesised by reduction of the
furoxan with diphenylhydrazine (65%). Treatment of a
solution of the ligand (acetone) with an aqueous solution of
K,[PtCl,] gave a dark brown precipitate, [Pt(bqd-dibutyl),].
Unlike the parent complex [Pt(bqd),], [Pt(bqd-dibutyl),] was
highly soluble in 1,2-dichlorobenzene at room temperature
due to the inclusion of the long alkyl chains, allowing growth
of single crystals via diffusion of hexane into a
1,2-dichlorobenzene solution.

The structure of [Pt(bqd-dibutyl),] was characterised by
single-crystal X-ray diffraction (see Fig. 2 and Table 1), and
found to crystallise in the orthorhombic space group Pna2,
with four crystallographically-independent molecules per unit
cell. It is readily apparent that the ligand modification has
had a substantial impact on the nature of the crystal packing,
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with the columnar stacking of the Pt centres present in the
parent [Pt(bqd),] complex now completely disrupted.

Instead, the structure adopts a herringbone arrangement,
and the Pt---Pt separation, which lies along the b-axis
direction, has expanded to 4.9051(2) A (Fig. 2B), compared to
3.1764(2) A for [Pt(bqd),].>*

The ordering of isolated molecular orbitals (MO), obtained
from Gaussian09 calculations,?® and crystalline orbitals (CO),
obtained from hybrid density functional theory (DFT)
calculations using the CRYSTAL17 package,® for [Pt(bqd-
dibutyl),] are presented in Fig. 3, alongside those for
[Pt(bqd),] for comparison.*® Further details of the
computational methodology can be found in the ESLf

Given that the modification was made to the extremity of
the ligand, and thus the ligand backbone was untouched, the
ordering of the molecular orbitals for [Pt(bqd-dibutyl),] are very
similar to those calculated for [Pt(bqd),]. Three key molecular
orbitals are highlighted in Fig. 3 to account for the differences
in electronic behaviour between the two compounds, namely
the LUMO, the HOMO and the HOMO-3.

Firstly, the LUMO sits at ca. —3.5 €V for both molecules, and
mainly consists of n* interactions across the ligand backbone
and the Pt centre (via the P, orbital). As previously discussed
for [Pt(bqd),],** in the crystal structure the LUMOs of
neighbouring molecules interact along the stacking direction
in a bonding and anti-bonding fashion, resulting in the
formation of the LUCO (ca. —4.5 eV) and LUCO+1 (ca. —3.0 eV)
bands, respectively. In [Pt(bqd-dibutyl),], the absence of Pt---Pt
interactions along the b-axis means this splitting is not
observed, and therefore the LUCO (ca. —4.0 eV) essentially
mirrors the LUMO. The HOMO for both complexes, present at
ca. —5.3 eV, shows similar ©* interactions to the LUMO,
although the contributing orbital on the Pt centre has switched
to the d,,, orbital. The crystal stacking in [Pt(bqd),] causes
the HOMO to split into the HOCO-1 (ca. -5.0 eV) and the
HOCO-2 (ca. —5.3 eV), while again the absence of Pt---Pt
interactions in [Pt(bqd-dibutyl),] renders the HOCO as
essentially a duplicate of the HOMO. Lastly, the HOMO-3 for
both compounds is dominated by contribution from the Pt d,.
atomic orbital and resides at ca. -7.5 eV. As discussed
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Scheme 1 Synthesis of [Pt(bqd-dibutyl),].
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Fig. 2 Unit cell of [Pt(bqd-dibutyl),] illustrating the herringbone arrangement of molecules in the crystal lattice (A) and slipped stacking of
[Pt(bgd-dibutyl),] complexes along the b-axis direction (B), generated using Mercury.?® Pt, N, O, C and H atoms are coloured grey, blue, red, black

and light grey respectively.

previously,® the crystal packing in [Pt(bqd),] results in a very
large energy splitting in the bonding and anti-bonding
combinations of the HOMO-3 orbital between neighbouring
molecules, to generate the HOCO-25 (below -9 eV) and HOCO
(-5 eV) bands. In [Pt(bqd-dibutyl),] the much weaker
interaction between neighbouring HOMO-3 orbitals down the
b-axis results in a much smaller energy splitting, and these MO
contributions can be mapped onto the HOCO-2 and HOCO—4
bands. Taken together, these three orbital interactions, which
in turn can be attributed solely to crystal packing effects,
account for the narrow electronic band gap observed for
[Pt(bqd),] and the much wider gap for [Pt(bqd-dibutyl),].

The full electronic band structure for the ambient
pressure structure of [Pt(bqd-dibutyl),], obtained from hybrid
DFT calculations, is shown in Fig. 4. The bands are extremely
flat (k-invariant), which confirms that the interactions
between neighbouring molecules are weak. The band gap
was calculated as 1.17 eV, considerably wider than the 0.52
eV obtained for [Pt(bqd),] using the same level of theory.>*
Noticeable, although weak, dispersion (k-variance) is
observed for the LUCO, HOCO-2 and HOCO-4 bands along
the Brillouin zone k-point path Y — S, which confirms
intermolecular interactions, albeit fairly weak, must exist

Table 1 Crystallographic information regarding the ambient pressure
structure of [Pt(bqd-dibutyl),]

Formula C,sH4,N,O,Pt
Crystal system Orthorhombic
Space group Pna2,

a(A) 20.7074(11)

b (A) 4.9052(2)

c(d) 28.1381(14)
Volume (A% 2850.10(14)

z 4

Wavelength (A) 0.71073 (Mo Ka)
Rint 0.042

Omax (°) 28.5

(Sin /) max (A™) 0.672

R[F? > 20(F)] 0.044

WR(F?) 0.107

s 1.17

This journal is © The Royal Society of Chemistry 2021

along the b-axis direction as a result of the molecular
stacking. The limited and weak interactions are in keeping
with our observation that [Pt(bqd-dibutyl),] was found to
have ambient-pressure resistance higher than could be
measured in our equipment (>200 TQ) even at elevated
temperature up to the 353 K.

The structural response of [Pt(bqd-dibutyl),] to the
application of pressure was investigated using single crystal
X-ray diffraction; further details of the methodology and results
obtained from these experiments can be found in the ESL}

Structure solutions were obtained successfully up to 1.43
GPa, after which point no meaningful diffraction data could
be collected; the compression curves for each of the unit cell
parameters as a ratio of those obtained at ambient
conditions is presented in Fig. 5. While only three non-
ambient pressure points are reported, they still give a good
sense of the structural response of [Pt(bqd-dibutyl),] to
pressure. The overall degree of anisotropic volumetric
compression by 1.43 GPa (ca. 10%) is comparable to that
observed for [Pt(bqd),],>* with the majority contribution
attributed to the b-axis direction which corresponds to the
molecular stacking direction; the ag-axis and c-axis directions
are hindered by steric clashing of the n-butyl chains. Across
the pressure series, the Pt---Pt stacking distance decreased
from 4.9051(2) A to 4.6778(3) A. The experimental rate of
compression can be compared to a simulated pressure series
on [Pt(bqd-dibutyl),] undertaken using the CASTEP
simulation package,** with the atomic positions and unit cell
parameters optimised between ambient pressure and 1.50
GPa (also shown in Fig. 5). The calculated pressure series
revealed a slightly reduced rate of volumetric compression,
mostly stemming from the lower rates of compression along
the a and ¢ axis directions. However, using the smoother
volumetric compression curve determined by the simulation,
a bulk modulus of 7.5(8) GPa was determined (see ESI}),
which was significantly lower (to 30) than that determined
for [Pt(bqd),] (11.7(7) GPa) from experimental data.>*

The electronic band gap for the 1.43 GPa structure of
[Pt(bqd-dibutyl),] was calculated at 1.05 eV (see ESIf), a drop

CrystEngComm, 2021, 23, 6359-6364 | 6361
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Fig. 3 Construction of crystalline orbitals (COs) from molecular orbitals for [Pt(bqd),l, as previously published,?* and [Pt(bgd-dibutyl),], as defined
at the gamma point. Blue and red lines indicate occupied and unoccupied orbitals respectively. The COs from HOCO-7 to HOCO-24 inclusive for

[Pt(bqd),] have been removed for simplicity.

of slightly more than 0.1 eV across the pressure series. To
provide some context, the calculated electronic band gap for
[Pt(bqd),] decreased from 0.5 eV to 0.0 eV by 1 GPa.**

To summarise, this investigation has highlighted how
ligand modifications can have drastic effects on structure/
property relationships, even when the modification is made
far away from the electronically-delocalised metal-ligand
centre. The addition of alkyl chains to assist the
processability of the platinum bis(1,2-
benzoquinonedioximato) system has completely changed the
crystal packing arrangement, such that the Pt---Pt separation
increases by ca. 1.7 A. The resulting weakening of inter-layer
interactions across the compressible b-axis direction acts to
widen the electronic band gap, which could not be closed on
application of pressure. This is in-stark contrast to the parent
complex [Pt(bqd),], which exhibits short Pt---Pt stacking and
correspondingly stronger interlayer interactions facilitating a
small ambient pressure band gap and an accessible
conductive state upon application of 1 GPa external
pressure.”’ The alteration of the electronic structure was not
apparent in the derivation of the molecular orbitals, which
suggested that the two compounds should exhibit similar
behaviour. This study therefore provides a precautionary note
to material researchers on the effect of seemingly benign
ligand modifications. Obtaining the desired solid-state

E-Eremi (€V)

-1

2

rz Ty s X U R

Fig. 4 Electronic band structure (left) and Brillouin zone k-point path
(right) of the ambient pressure structure of [Pt(bqd-dibutyl),]. Erermi =
-4.99 eV.
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packing is a crucial factor in material design to facilitate
more rapid identification of candidate materials for desired
electronic and optoelectronic applications. Furthermore,
these findings emphasise the unusual character of the [Pt(u)
bis(1,2-dioximato)] complex family in their tendency to show
strong Pt---Pt interactions. This contrasts with the large
majority of conducting molecular and organic materials that
show weaker slipped plane-to-plane n-stacking. By adding the
butyl groups to [Pt(bqd-dibutyl),], any potential Pt---Pt
interaction is prevented, and the behaviour reverts to the
more common n-stacking.

Experimental data

Materials, synthesis and characterisation

1,2-Dibromo-3,4-dinitrobenzene. Br, (0.92 ml, 17.85
mmol) was added to a mixture of 1,2-dinitrobenzene (1.00 g,
5.95 mmol) and Ag,SO, (3.72 g, 11.90 mmol) in conc. H,SO,

1.00

0.99 4 Y,
0.98 |
0.97
0.96 |
0.95
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0914 A/A @ Tl
®/® b T
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H/® Volume

0.89 T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50

Pressure (GPa)

Fig. 5 Compression curves for the unit cell parameters of [Pt(bqd-
dibutyl),] up to 1.50 GPa, as fraction of those recorded at ambient-
pressure, determined from experiment (black) and a simulated
pressure series using the CASTEP simulation package (orange). Error
bars on the experimental data points are smaller than symbols used.
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(10 ml) and the mixture was heated to 155 °C slowly. The
temperature was maintained for 10 min before being cooled
to RT. The reaction mixture was then poured over ice, and
the solution filtered. The solid was washed with EtOAc (100
ml). The filtrate was then dried over MgSO, and the solvent
removed in vacuo. The residue was purified by column
chromatography (10% EtOAc in hexane) to give the product
as a pale-yellow solid, 1,2-dibromo-3,4-dinitrobenzene (790
mg, 41%); NMR consistent with that of the literature.*®
1,2-Dinitro-3,4-dibutylbenzene. A solution of 1,2-dibromo-
3,4-dinitrobenzene (690 mg, 2.12 mmol), n-butylboronic acid
(647 mg, 6.35 mmol) and [Pd(dppf)Cl,] (154 mg, 0.21 mmol)
in THF (10 ml) was degassed with bubbling N, for 10 min
before Ag,0 (1.23 g, 5.29 mmol) and K,CO; (877 mg, 6.35
mmol) were added. The solution was heated to reflux
overnight before being cooled to RT. The solution was filtered
through celite to remove the silver salts, and the solvent was
removed in vacuo. The residue was then purified by column
chromatography (10% EtOAc in hexane) to give the product
as a pale yellow oil, 1,2-dinitro-3,4-dibutylbenzene (460 mg,
78%); dy (500 MHz; CDCly; Me,Si) 7.67 (2H, s), 2.74-2.70
(4H, m), 1.64-1.58 (4H, m), 1.44 (4H, h, J 7.3), 0.98 (6H, t, J
7.3); dc (151 MHz; CDCly; Me,Si) 147.73, 140.87, 125.46,
32.62, 32.37, 22.75, 13.97; HRMS (FTMS + ESI): caled for
[C14HN,0, + H]": 281.14958. Found: 281.14770.
4,5-Dibutyl-2,1-3-benzoxadiazole 1-oxide. Sodium azide
(390 mg, 5.99 mmol) was added to a stirred solution of
1,2-dinitro-3,4-dibutylbenzene (460 mg, 142 mmol) in DMSO
(5 ml) and the solution was stirred at RT overnight. Water (20
mL) and toluene (20 ml) were then added, and the layers
separated. The organic phase was dried over MgSO,, filtered,
and the solution was then heated to reflux overnight. The
solution was then cooled, the solvent removed in vacuo, and
an attempt was made to purify the residue by column
chromatography (5% EtOAc in hexane) to give the product as
a yellow oil, 4,5-dibutyl-2,1-3-benzoxadiazole 1-oxide (200 mg,
56%); oy (500 MHz; C¢Dg; Me,Si) 6.72 (2H, s), 2.10-2.02 (4H,
m), 1.20-1.09 (8H, m), 0.82 (6H, t, J 6.9); 5 (126 MHz; CeDg;
Me,Si) 32.59, 31.76, 22.75, 14.03; HRMS (FTMS + ESI): calcd
for [C14H,0N,0, + H]™: 249.15975. Found: 249.15980, caled
for [C14H,0N,0, + Na]': 271.14170. Found: 271.14160.
4,5-Dibutyl-benzoquinone dioxime. Diphenylhydrazine
(134 mg, 0.73 mmol) was added to a solution of 4,5-dibutyl-
2,1-3-benzoxadiazole 1-oxide (crude, ~200 mg) in benzene (7
ml) and the solution was left to stand at RT over the
weekend. The off-white solid formed was collected via
filtration and washed with hexane to give the product,
4,5-dibutyl-benzoquinone dioxime (130 mg, 65%); Jy (500
MHz; acetone-ds; Me,Si) 14.06 (1H, br s), 11.34 (1H, br s),
7.06 (1H, br s), 6.58 (1H, br s) 2.52-2.39 (4H, br m), 1.60-1.50
(4H, br m), 1.49-1.39 (4H, br m), 0.96 (6H, br t); dc (126
MHz; CDCl;; Me,Si); 149.43, 147.09, 145.23, 138.80, 124.74,
112.36, 32.10, 31.54, 31.22, 22.30, 13.28; HRMS (FTMS + ESI):
caled for [C14H,,N,0, + H]'": 251.17540. Found: 251.17620.
Pt(Bu-bqd),. A solution of K,[PtCl,] (108 mg, 0.26 mmol)
in water (5 ml) was added to a stirred solution of 4,5-dibutyl-

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

benzoquinone dioxime (130 mg, 0.46 mmol) in hot acetone
(5 ml). The mixture was heated to reflux overnight before
being cooled to RT. The precipitate was collected via filtration
and washed with water and acetone to give a brown, Pt(Bu-
bqd), (103 mg, 57%); anal. calcd. for C,sH,,N,O,Pt: C, 48.48;
H, 6.10; N, 8.08. Found: C, 48.59; H, 6.13; N, 7.97. Single
crystals were grown via diffusion of hexane into a solution of
the complex in 1,2-dichlorobenzene.
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