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Introduction

Diketopyrrolopyrrole derivatives (DPPs) are an increasingly
important family of organic semiconductors,
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The solid state supramolecular interactions of diketopyrrolopyrrole derivatives (DPPs) and their correlation
with thin film optical properties are of particular interest because of the applications of these materials in
organic electronics. In this study, we report the single crystal X-ray structures of several phenyl DPP
derivatives, containing 4-methoxyphenyl, 4-hydroxyphenyl and 4-((tetrahydro-2H-pyran-2-yl)oxy)phenyl
aryl units, and show how subtle changes in the substituent chains at side or end positions of the
chromophore can lead to very different packing. They are compared to their phenyl counterpart to explore
how the nature of both the alkyl chain and the aryl unit influence the optical properties that have been
measured in solid and solution states. Importantly, for the three families of N-substituted compounds
studied, the structures are changed by the conformation of the molecules and are apparently dominated
by crystal packing effects where edge-to-face interactions are favoured rather than = stacking, with only
one of the compounds showing a flat form, promoted by intermolecular contacts between the aromatic
regions. It is therefore possible that the twist between DPP and phenyl units in crystals of DPPs results from
edge-to-face interactions (rather than steric interactions between the N-substituent and the protons
attached to the aromatic ring) that might be overcome in more extended structures. Hydrogen bonding
dominates the packing to generate chains of DPP units for phenol derivatives. Remote bulky groups do
affect the core conformation. The emission of the materials as thin films is dominated by local effects in
the packing of the materials that are unique for each case as the structures are distinct from one another.
Charge mobility (as calculated from the crystal structures) is not favoured because of twisted
conformations and large displacement, but the sometimes high emission and large Stokes shift could make
the materials interesting for other purposes, such as light emitters.

because of the synthetic possibilities through which their
molecular properties can be modified to produce materials
with distinct functionality. Ciba-Geigy first developed their
synthesis and commercialised the materials as pigments for
the automotive industry,””® owing to the high thermal
stability and low solubility of the unsubstituted lactam
materials (R=H in Fig. 1). These properties arise from

6 in part

b School of Chemistry, University of Nottingham, Nottingham NG7 2RD, UK.

E-mail: David.Amabilino@nottingham.ac.uk

“ MacDiarmid Institute for Advanced Materials and Nanotechnology and School of
Chemical and Physical Sciences, Victoria University of Wellington, Wellington

6010, New Zealand

t Electronic supplementary information (ESI) available: Synthetic procedures,
other experimental details, separation distances and electronic coupling for
unique neighbouring molecules. CCDC 2005924-2005930. For ESI and
crystallographic data in CIF or other electronic format see DOIL 10.1039/
d1ce00039j

i Current address MOLTECH-Anjou, UMR 6200, CNRS, Univ. Angers, 2bd
Lavoisier, 49045 Angers, France.

§ Current address Chemistry Building, The University of Sydney, Eastern Avenue
NSW 2006, Australia.

1796 | CrystEngComm, 2021, 23, 1796-1814

intermolecular interactions in the solid state, principally
hydrogen bonding between the lactam units, and 7w
stacking between the largely planar chromophores.>**®
More recent work has attempted to modify these
intermolecular interactions in order to alter solubility, crystal
packing and optoelectronic properties.'"®" Therefore it is
surprising that a correlation between their solid state
conformations and supramolecular arrangements and optical
properties remains largely unexplored.

DPP-derived materials have found use in a plethora of
applications,® most notably organic electronics, sensing
and bio-imaging, owing to their high absorption and

This journal is © The Royal Society of Chemistry 2021


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ce00039j&domain=pdf&date_stamp=2021-02-23
http://orcid.org/0000-0003-3524-9781
http://orcid.org/0000-0002-7582-7155
http://orcid.org/0000-0001-7103-6981
http://orcid.org/0000-0002-3461-9675
http://orcid.org/0000-0003-1674-8462
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ce00039j
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE023008

Open Access Article. Published on 04 February 2021. Downloaded on 12/3/2025 3:10:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CrystEngComm

View Article Online

Paper

Increasing _)_/ Increasing
volume ]:; flexibility
of R' of R
= =
PhOHDPP N-2MB R = \\/k/ R'= OH
PhDPP N-Hex R =n-hexyl R'=H
PhOMeDPP N-2MB R = \/k/ R'=OMe
PhOHDPP N-Hex R = n-hexyl R'=OH o
PhOMeDPP N-Boc R = __< R'=H
PhOMeDPP N-Hex R = n-hexyl = OMe o
PhOMeDPP N-Boc R= __ O é = OMe

PhOTHPDPP N-Hex R = n-hexyl

.0
e ) R
PhOBocDPP N-Boc R = ——~< R = --o—<

Fig. 1 Chemical structures of the DPP compounds that are the subject of this paper.

emission across the visible spectrum.”?*>* As components in

organic electronics, DPPs are most often incorporated as
donor materials in organic photovoltaic devices,>> '
although examples that are electron deficient are under
development to rival “Y6” and related non-fullerene
acceptors,”?*3273¢

The most widely investigated derivatives of DPP contain
thiophene (ThDPP),***'*773° because of their efficient
synthesis and ready polymerisation. In contrast, phenyl based
materials (PhDPP, Fig. 1) have received less attention,>” partly
because the N-alkylation of the lactam core causes a twist of
the aryl rings out of DPP plane, thus interrupting extended
conjugation. This twisting arises from steric interactions
between the hydrogen atoms at the 2-position of the phenyl
ring with the N-substituent on the DPP, leading to less
favourable intermolecular interactions when compared to
thiophene and furan based materials, whose planarity is
retained after alkylation.”’ Whilst twisting in the PhDPPs is
unfavourable for applications that require highly conjugated
molecules it does lead to molecules with relatively wide band
gaps (>1.9 €V)," and as such these materials have other
potential  applications, namely = morphological and
optoelectronic additives in materials for devices.**™**

Generally, solutions of PhDPPs show improved quantum
yields when compared with thiophene and furan variants,
attributed to the heavy atom effect quenching fluorescence in
the latter pair.>' Despite this feature, DPPs find little use in
lighting applications, a result of the strong intermolecular
interactions quenching emission in the solid-state.*> However
N-alkylation of PhDPP derivatives breaks the hydrogen
bonding and modulates the m---m stacking interactions,
leading to emission in the solid state. This behaviour opens
up new potential applications for these materials as exciplex

This journal is © The Royal Society of Chemistry 2021

emitters in organic light emitting diodies,*® in addition to

their existing use as biological imaging agents in two photon
fluorescence microscopy and optical analyte sensing
applications.™*"~%°

In this study, we investigate the solid state packing and
optical properties of three families of PhDPPs (Fig. 1) that are
distinguished by the nature of the N-substituent on the
heterocycle, where it is either the n-hexyl chain (Hex),*®
branched (S)-2-methyl-butyl (2-MB)** or tert-butyloxycarbonyl
(Boc) group.”” These lateral groups have varying degrees of
conformational space available to them, as well as differing
orientational flexibility with respect to the DPP core because
of their varying volume and branched nature. The hexyl chain
can adopt orientations defined by the torsion around bond
that unites it to the lactam nitrogen atom. On the other
hand, the all-trans conformation expected for the hexyl unit
affords the possibility of van der Waals interactions between
the chains, an interaction that would be expected to be less
dominant for the other substituents.

In addition, the bulk at the 4-position of the phenyl ring
was changed, from a proton in 4-hydroxyphenyl variants
(PhOHDPP) where hydrogen bonding can also play a role, to
the 4-methoxyphenyl wunit (PhOMeDPP), the 4-(tert-
butyloxycarbonyl)phenyl (PhOBocDPP) and the 4-((tetrahydro-
2H-pyran-2-yl)oxy)phenyl unit (PhOTHPDPP). We anticipated
that this group could also affect the stacking of the DPP
units.

Of the compounds in these series that were prepared,
seven crystallised and had their structures solved, and they
are reported here and compared with the known PhDPP
N-Hex*"® and PhDPP N-Boc™®! in order to understand the
influence of the nature of the alkyl chain and the aryl unit on
the solid-state packing and optical properties.

CrystEngComm, 2021, 23,1796-1814 | 1797
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Results and discussion
Synthesis

The parent PhDPP compounds were synthesised using the
established succinate method from their aryl carbonitrile
precursor (see ESIf for full details).”?"°*%* Reaction of the
lactam to give the N-alkylated derivatives for the phenyl,
4-methoxyphenyl and 4-((tetrahydro-2H-pyran-2-yl)oxy)phenyl
materials employed basic substitution at the lactam unit to
increase solubility of the material using a metal carbonate
and an appropriate alkyl halide in a polar solvent at high
temperature.”*>>% Access to the 4-hydroxyl materials was
through deprotection of their methoxy counterparts with
BBr;.>® The Boc decorated materials were synthesised from
PhOMeDPP N-H and PhOHDPP N-H utilising standard Boc
protection conditions.®*

The PhDPP, PhOMeDPP and PhOTHPDPP
exhibit high solubility in a range of solvents including
toluene, tetrahydrofuran, dichloromethane and acetone. The
demethylation of the alkylated PhOMeDPPs to give the
alkylated PhOHDPPs led to a decrease in solubility,
presumably as a result of the hydrogen bonding between the
molecules. However, these materials maintained high
solubility in THF as well as more polar solvents such as DMF
and DMSO and were also more soluble than PhOHDPP N-H.
The branched chain derivative, PhOHDPP N-2MB, displays
excellent solubility in acetone, unlike its hexyl counterpart.
However, when compared with PhOMeDPP N-Boc, the
introduction of two additional Boc units on the aryl ring of
PhOBocDPP N-Boc leads to a loss of solubility in many
common organic solvents, with significant solubility only
observed in dichloromethane and chloroform.

materials

Single crystal structure analysis

Single crystals of the new compounds were obtained through
slow evaporation of concentrated solutions. The structural
data and crystallisation conditions for the new compounds
are shown in Table 1. In the discussion that follows, the

Table 1 Crystallisation conditions and structural data for PhRDPP N-Hex,
PhOHDPP N-Hex, PhOMeDPP N-Hex, PhOTHPDPP N-Hex, PhOHDPP
N-2MB, PhOMeDPP N-2MB, PhOMeDPP N-Boc and PhOBocDPP N-Boc

Compound Crystallisation conditions ~ Space group Z'

PhOHDPP N-Hex THF P1 0.5
Slow evaporation

PhOMeDPP N-Hex Xylene P24/c 0.5
Slow evaporation

PhOTHPDPP N-Hex DCM P24/c 0.5
Slow evaporation

PhOHDPP N-2MB Acetone P2, 1
Low temperature

PhOMeDPP N-2MB  THF P2, 1
Slow evaporation

PhOMeDPP N-Boc Toluene P2,/n 0.5
Slow evaporation

PhOBocDPP N-Boc DCM 2/a 0.5

Slow evaporation
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structures and packing parameters are compared to the
known PhDPP N-Hex and PhDPP N-Boc crystals.>>8761:6>

The shapes of the PhDPP molecules can be defined by
three angles around the core (Fig. 2, see also ESIT Fig. S1 and
S2) that characterise the conformations of the compounds.
These correspond to the dihedral angle formed by the twist
of the plane of phenyl ring out of the plane of the DPP core,
the torsion angle between the N-substituent and the lactam
moiety (C(O)-N-C-C/O) and the angle of the a-carbon atom
in the N-substituting chain with respect to the plane of the
DPP core (Fig. 2).

Generally, the molecules have a twist between the
aromatic planes, often assigned to the modest steric clash
between the o-methylene groups of the alkyl chain and the
C-H at the 2-position of the aryl ring with respect to the DPP
core. An exception is PhOMeDPP N-Boc that shows an
essentially planar DPP-phenyl core. The generally large
dihedral angles between the rings range from 31 to 52°
(Table 2). There is no apparent correlation between the
choice of aryl substituent or alkyl chain and the dihedral
angle in this data set (see ESIf for graphs), indicating that
the general crystal packing forces are the major driving force
behind this conformational feature, and most of the
compounds have edge-to-face type interactions that are
apparently preferred and could favour this packing of the
molecules, although there are generally multiple apparently
weak interactions (ESI{ Tables S1-S10).

The aryl substituent does influence the overall shape in
the crystals. The conformation of PhOHDPP N-2MB in its
crystals displays the largest dihedral angles between DPP and
phenyl moieties in the series, of 44.5°and 51.8° for the two
symmetry independent units (the latter being the highest
reported to date for PhDPP derivatives). PhnOHDPP N-Hex has
a considerably smaller dihedral angle (31.3°). The methoxy
analogues show the opposite trend, the dihedral angles for
both derivatives are closer in magnitude (40.8° for the N-Hex
derivative and 36.0° and 37.4° for N-2MB). PhOTHPDPP
N-Hex displays a dihedral of 48.7°, large in comparison to
the other hexyl substituted species, which could be attributed
to the volume of the OTHP unit placing constraints on
packing.

DPP-Alkyl Torsion Angle

Q= DPP-Aryl Dihedral Angle

DPP-Alkyl Dihedral Angle R
Fig. 2 Two key dihedral angles that define the conformation of the
PhDPP molecules. Highlighted areas indicate the atoms selected to
define the planes between which the dihedral angles are measured.
Green and purple planes DPP-alkyl, red and blue planes DPP-aryl.

This journal is © The Royal Society of Chemistry 2021
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The N-Hex series show an increase in the magnitude of
the aryl dihedral as the volume of the R’ group increases,
with the exception of PhOHDPP N-Hex, presumably owing to
the hydrogen bonding present in that compound. The
increased magnitude of the aryl dihedral for the PhOMe
derivatives correlates with increase in volume of the
alkylating group at the lactam nitrogen. The magnitude of
the intramolecular C-H (6-position of the phenyl ring)
carbonyl distance correlates well with the dihedral angle in
all cases, giving confidence in the measurement (Table 2). In
terms of the magnitude of the N-R angle for the alkyl species,
most display a moderate twisting of the chain out of the
plane. Interestingly PhOMeDPP N-Hex displays a gauche
conformation in the hexyl chain and a much larger deviation
out of the plane (16.4°) pointing almost vertically.

We showed that ThDPP N-alkylated derivatives had
correlations between molecular displacement and angles of
aryl rings and N-R bonds out of the plane.” The relative
magnitude of displacement between neighbouring molecules
for these phenyl derivatives can be appreciated by comparing
the structures shown in Fig. 3-5 and the trends in molecular
displacement rationalised by consideration of the m--m
stacking interactions in these materials (Fig. 6-8), where the
nature of the substituents have a large influence.

PhDPP N-Hex and PhOHDPP N-Hex both display moderate
displacement vertically, longitudinally and laterally. In terms
stacking interactions, PhDPP N-Hex displays
T-shaped interactions between neighbouring columns and
these occur between adjacent phenyl rings (2.90 A) and also
between phenyl (donor) and neighbouring lactam (acceptor)
units (3.04 A).>® These interactions are not perpendicular
(131.4° and 122.8°), because of the twisting of the phenyl

of mm

PhDPP N-Hex

3.27A
g L.
_ = :
e \ 1.71A '_gAQf(
\ "(,—<

PhOHDPP N-Hex

3.01A

Fig. 3
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rings out of the plane. The n---n phenyl-phenyl distance is
5.54 A with no overlap (ESIf Fig. $3).>* PhOHDPP N-Hex also
displays a long C-H--'m interaction between the phenyl
system and lactam core (3.05 A) and the rings are also not
perpendicular (119.1°). In addition, there are no significant
n---m contacts, the distance is 5.28 A between the two phenyl
ring centroids (ESIt Fig. S4).

The larger the volume of R’ apparently leads to increased
displacement but the presence of the phenol motifs hydrogen
bond network results in reduced dihedral angles, smaller
molecular displacement and a single marginally elongated n
stacking interaction compared with PhDPP N-Hex (which
possesses two shorter C-H--m interactions), suggesting
hydrogen bonding is the dominant intermolecular
interaction for this species.

The additional C-H---n (Ph-Ph) interaction of PhDPP
N-Hex is the likely cause of slightly larger dihedral angle and
molecular displacement. PhOMeDPP N-Hex displays the
largest longitudinal displacement and subsequently overall
displacement. This larger displacement allows for a short
(2.83 A), almost perpendicular (171.8°), CH-n interaction
between the lactam core and two adjacent PhOMe rings. In
addition, the larger displacement affords an additional
parallel displaced (Ph-Ph) interaction of 4.22 A, a much
closer m-n contact than observed for PhDPP N-Hex or

PhOHDPP N-Hex. Face-centred = -1 stacking is disfavoured
between the phenyl rings, and hence a displaced sandwich
interaction®® is observed. PhOTHPDPP N-Hex, with its larger
dihedral of 48.7°, also displays a relative large longitudinal
displacement (8.80 A). In contrast to the other hexyl species
there are no CH-m interactions and instead a parallel
displaced (Ph-Ph) n—r interaction (3.81 A) is observed.

The longitudinal, lateral and vertical displacement of PhDPP N-Hex, PhOMeDPP N-Hex, PhOHDPP N-Hex, and PROTHPDPP N-Hex.

This journal is © The Royal Society of Chemistry 2021
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PhOHDPP N-2MB

10.35A
-=

PhOMeDPP N-2MB

10.384A

Fig. 4 The longitudinal, lateral and vertical displacement of PhOMeDPP N-2MB, and PhOHDPP N-2MB.

PhDPP N-Boc

3

PhOMeDPP N-Boc

5.35A

\ l 3.59A
o

fedct

Fig. 5 The longitudinal, lateral and vertical displacement of PhDPP N-Boc, PhOMeDPP N-Boc and PhOBocDPP N-Boc.

Turning to the packing of the chiral 2MB derivatives, these
are especially relevant because they have very similar
topology to the 2-ethyl hexyl unit that is widely used for
N-alkylation of DPPs for optoelectronic applications.®®™*® For
PhOMeDPP N-2MB an edge to face interaction (3.20 A)
between the phenyl (donor) and lactam core (acceptor) is
observed that is close to perpendicular (167.7°) (similar to
PhOMeDPP N-Hex). A long parallel displaced (Ph-Ph) n-n
interaction is observed (4.07 A), which could result from the
greater bulk of the 2MB chain compared to the hexyl
counterpart (Fig. 4). The displacement is dominated by a
longitudinal shift giving a value like the hexyl species, with
the lateral displacement reduced. The hydrogen bond-
containing PhOHDPP N-2MB gives similar longitudinal and

This journal is © The Royal Society of Chemistry 2021

lateral displacement to its methoxy counterpart, and larger
than PhOHDPP N-Hex. PhOHDPP N-2MB has a CH-n
interaction between two aryl rings and a parallel displaced
(Ph-Ph) contact. As with PhOHDPP N-Hex, this interaction is
angled (134.1°) and elongated compared with the methoxy
analogue (3.21 A). Moreover, the parallel displaced
interaction is also at greater distance than the methoxy
analogue with a large centroid—centroid distance (4.79 A) and
less overlap of aryl units. This less significant = interaction as
seen for PhDPP N-Hex (5.54 A) and PhOHDPP N-Hex (5.28 A)
correlates with a larger vertical displacement (>4 A) (see
Fig. 9 for a correlation, vide infra).

For the N-Boc family of compounds PhOMeDPP N-Boc is
essentially planar (the DPP-aryl twist angle is 1.46°) in the

CrystEngComm, 2021, 23,1796-1814 | 1801
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T

s
!
I v L p—.’h

T a4
o

N
PhOTHPDPP N-Hex
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Fig. 6 Views of the principle n---n stacking interactions of PhDPP N-Hex, PhOMeDPP N-Hex, PhOHDPP N-Hex, and PhROTHPDPP N-Hex.

resolved structure. In other DPP systems containing this unit
polymorphism has been observed,’”® and we also saw
evidence of this phenomenon. Crystals of PhOMeDPP N-Boc
grown from a dichloromethane solution had a different space
group, that was similar to systems with dihedral angles of
over 30°, although crystal quality did not allow precise
resolution of the structure. This observation confirms the
polymorphic behaviour of derivatives of DPP containing this
unit, but no interconversion was observed that might have
provided a clue as to the most stable form. PhOBocDPP
N-Boc displays larger dihedral angles (31.5°), akin to the alkyl
systems, possibly as a result of the large total volume of

PhOMeDPP N-2MB

PR g
2R e O
wi;:*-;"—}/\ _/;f\r\/: R
¥ o

Fig. 7 Views of the principle n---n stacking interactions of PhOMeDPP
N-2MB and PhOHDPP N-2MB.
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substituent groups around the core. The two polymorphs of
PhDPP N-Boc also have dihedral angles of this order between
the aromatic rings.

For PhDPP N-Boc, the [ form possesses a small
longitudinal displacement (0.54 A) and more substantial
lateral displacement (5.59 A), that has not been observed in
the previously discussed structures. This results in a parallel
displaced interaction between phenyl rings (4.42 A) along
with a C-H---r interaction between phenyl rings of 4.35 A,
significantly larger than is seen for PhDPP N-Hex. For the a
form a similar vertical displacement to the § form is present
with an increase in longitudinal displacement and reduction
of lateral displacement for both molecules in the unit cell. As
with the B form both molecules display a parallel displaced
interaction between phenyl rings (4.14 A) and C-H--'m
interaction between phenyl rings of 2.86 A, both shorter than
the B form. For the unit with smaller displacement an
additional shorter C-H--x interaction (2.73 A) is also present.
In contrast, PhOMeDPP N-Boc possesses the shortest vertical
(3.31 A) and lateral (0.10 A) displacement of this series and
displays a parallel displaced phenyl-lactam interaction at
much shorter distances (3.43 A) and greater overlap
compared to its phenyl analogue and the alkyl variants, with
an absence of C-H--'n interactions. This closer packing can
be attributed to the planarity of the system allowing
proximity of neighbouring chromophores and hence smaller
displacement. PhOBocDPP N-Boc also displays a parallel
displaced interaction (3.72 A) but in contrast to PhOMeDPP
N-Boc it is between phenyl rings, akin to the previously
described  N-alkyl suggesting the increased
distortion prevents closer packing.

Despite having similar magnitude of aryl and alkyl
dihedral angles, there are large differences in the n contacts

variants,

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Plots of cumulative vertical and lateral displacement vs. the parallel displaced © n centroid-centroid distance and torsional angle vs.

longitudinal displacement for the subjects of this paper.

of PhDPP N-Boc and PhOBocDPP N-Boc with the large lateral
slip in the former seemingly contributing to the less
substantial interactions, indicated by the o form possessing
shorter interactions in comparison to the f. Our group
previously showed that the thiophene equivalent ThDPP
N-Boc possessed similar attributes to its phenyl counterpart
with the N-R bond being twisted out of the plane by 25.0°
and lateral displacement dominating (4.77 A), with a parallel
displaced slipped stacking of 4.14 A.%°

All N-alkyl species in this study, except PhOTHPDPP
N-Hex, display a C-H---m interaction of some kind.
PhOMeDPP N-2MB and PhOMeDPP N-Hex possess short
vertical displacement and large longitudinal displacement
resulting in short CH-n interactions close to a perpendicular
orientation of the interaction between the two m systems.
Their phenol counterparts display increased vertical

This journal is © The Royal Society of Chemistry 2021

displacement attributed to the introduction of hydrogen
bonding and hence elongated CH-= interactions twisted from
ideal orientation, suggesting hydrogen bonding dominates
over 7 interactions in these systems. This is seen most
evidently for PhOMeDPP N-2MB and PhOHDPP N-2MB where
the latter has a large dihedral angle and the C-H:'&
interaction not only distorts but is no longer between donor
and acceptor moiety's (Ph-Lac) but between adjacent aryl
rings.

Overall, our analyses show that the introduction of an
auxochrome reduces the vertical and lateral displacement in
this series of compounds, the exception being the PhOHDPP
derivatives ~ which  display relatively large vertical
displacement, ascribed to the presence of the hydrogen bond
network aiding in-plane proximity where the non-covalent
network exists with less proximal packing between these

CrystEngComm, 2021, 23,1796-1814 | 1803
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sheets. It has been seen previous that for ThDPP longitudinal
displacement is affected by donor-acceptor intermolecular
interactions and aryl twisting, whereas lateral displacement
correlates with distortion of the N-R bond out of the plane.?’
The subjects of this paper however display no such trends,
but there is a clear influence of the terminal groups on the
packing in each family of laterally substituted DPPs.

There is a strong correlation between cumulative vertical
and lateral displacement and the parallel displaced n-n
centroid-centroid distance (Fig. 9). In addition, a moderate
positive correlation is observed between longitudinal
displacement and torsion angle. However, no significant
correlation was found for displacement against DPP-aryl
dihedral, DPP-alkyl dihedral and alkyl torsion angles for any
of the sub-families (see ESIf Fig. S5-19 for all plots). Outliers
arise where specific intermolecular interactions modify
packing. For instance, hydrogen bonding means that
PhOHDPP N-2MB has a smaller displacement than expected
for the size of the dihedral angle.

Considering the known PhDPP N-Hex further, the parent
system PhDPP NH’® (DPP-aryl dihedral 6.73°) displays a
displaced sandwich interaction between lactam units and
also between phenyl units. Upon mono alkylation, the aryl
dihedral increases to 21.31° resulting in an interaction
between the phenyl ring and lactam unit being somewhere
between a phenyl lactam sandwich and a CH rn interaction
(2.92 A, 96.9°). The disubstituted compound, has increased
distortion of the DPP-aryl angle with a further twisting to a
CH-7 interaction (122.0°). PhDPP N-Me’® has a slightly less
distorted DPP-aryl dihedral (30.5°), resulting in greater
overlap of the phenyl unit with lactam core. The correlation
between dihedral angle and volume of the alkylating group is
witnessed for the PhOMeDPP family. N-Alkyl systems in the
most part seem to be dominated by edge to face interactions
accompanying aryl twist.

Other PhDPP derivative structures show that the
substituent at the 4-position of the phenyl ring dictates
greatly the crystal packing. For example, 4-chlorophenyl DPP
shows a displaced sandwich interaction”’ as do the 2,4
fluorobromo and the 3,4 fluorobromo derivatives.”?
Incorporation of benzyl units (N-Bz) with 4-substituted
halides’*”® results in an interaction similar to that seen for
PhDPP N-Hex and PhOHDPP N-Hex, with greater overlap
between phenyl and lactam units, less twisting present,
and an interaction closer to a classic co-facial slipped
structure rather than the observed distorted interaction
observed for the latter pair. This is also observed for N-
Bz with phenyl,”® 4-butoxybiphenyl,”” pentafluorobenzyl”®
and 4-(((dimethylamino)phenyl)ethynyl)phenyl”® aryl units
amongst others and, coupled with the additional interactions
of the benzyl group, gives rise to high mobility materials.
Regarding PhOTHPDPP N-Hex, para substitution of the
phenyl with pinacol boronate’” and morpholin-4-yl,*
although electron withdrawing, results in a similar
interaction with the lactam unit as seen for OTHP, suggesting
the conformational flexibility is the reason.

1804 | CrystEngComm, 2021, 23,1796-1814
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In all cases, there are interactions in addition to 7%
stacking and hydrogen bonding that contribute to the crystal
packing. PhDPP N-Hex possesses no apparent short
intermolecular interactions arising from the hexyl chain, only
carbonyl-aryl C-H interactions. In PhOMeDPP N-Hex,
interactions occur between the oxygen of the methoxy unit
and phenyl C-Hs and between the carbonyl and the C-Hs of
the hexyl chain and between hexyl chains on adjacent
molecules. Interdigitation of the hexyl chains results in the
aforementioned increase in longitudinal displacement but
serves as to reduce the vertical displacement, manifesting in
shorter and more perpendicular CH-n interactions owing to
the large twist of the chain out of the plane. PhOHDPP N-Hex
possesses similar interactions; short contacts between the
hexyl unit and hydroxyl oxygen replace those between the
carbonyl and hexyl chain found in the methoxy analogue
since the carbonyl is engaged in hydrogen bonding to the
phenol but an absence of interactions between hexyl chains,
as was the case for PhDPP N-Hex also, results in increased
inter-planar distance preventing close packing and an
absence of © contacts for both. For PhnOTHPDPP N-Hex, there
are interactions between the carbonyl unit and C-H's of the
phenyl ring, in addition to interactions between the phenyl
ring and hexyl chain, carbonyl oxygen and hexyl chain and
the pyran oxygen and hexyl chain. PhDPP N-Hex and
PhOHDPP N-Hex display similar layered structures (Fig. 10)
plausible from the similarity in displacement and =
interactions, with the chromophores situated quite far apart
preventing close packed m stacks. The interactions of the
hexyl chain of PhOMeDPP N-Hex result in a layered structure
and substantial CH-rn interaction of the phenyl ring and
lactam core. The interaction of the hexyl chain with the
oxygen of the OTHP ring in PhOTHPDPP N-Hex results in a
bending of the hexyl chain resulting in the layered structure
(Fig. 10). This suggests that the R’ group has a substantial
influence on the packing and additional intermolecular
interactions of N-hexyl variants. It is noted that interactions
of the hexyl chain vary considerably between the four
structures described here.

In PhOMeDPP N-2MB, interactions occur between the
oxygen of the methoxy unit and phenyl C-H's, between the
carbonyl and the C-H's of the 2MB chain, between the
carbonyl and the C-H's of the phenyl and between the CH of
the methoxy group and carbonyl. Unlike its hexyl variant,
there is no interaction between 2MB chains on adjacent
molecules. This results in the layered structure as seen in
Fig. 10. For PhOHDPP N-2MB in addition to the hydrogen
bonding and m interactions, the structure also possesses
interaction of the carbonyl to aryl CH and interaction of the
2MB with the oxygen of the phenol and 2MB with lactam
unit. As with PhOHDPP N-Hex, hydrogen bonding is
influential, resulting in different interlayer packing (Fig. 10).

For the Boc series the a form of PhDPP N-Boc has
interactions between the carbonyl and the aryl CH, the Boc
CH and aryl and Boc carbonyl and CH of Boc. Both the o
form and ThDPP N-Boc show interactions between the N-Boc

This journal is © The Royal Society of Chemistry 2021
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PhOMeDPP N-Hex

Fig. 10 Views down the crystallographic axes of PhDPP N-Hex (b axis), PhOHDPP N-Hex (a axis), PhOMeDPP N-Hex (b axis)) PhOTHPDPP N-Hex
(c axis), PhOHDPP N-2MB (b axis), PhOMeDPP N-2MB (b axis) showing the alternate layers comprising the DPP core and the aliphatic regions.

units on adjacent molecules giving them the zig zag packing
observed (Fig. 11). The B form has interactions between the
carbonyl and the aryl CH, the Boc CH and aryl, and Boc
carbonyl and aryl CH and there is an absence of interactions
between Boc units giving rise to the lamellar packing. For
PhOMeDPP N-Boc interactions between the carbonyl oxygen
and C-H of the ¢butyl unit, as well as interactions between
the C-H's of the aryl unit with the methoxy unit are noted.
For PhOBocDPP N-Boc interactions between the carbonyl
oxygen and C-H of the N-t-butyl unit as well as additional
interactions between the carbonyl of the N-Boc unit with C-H
of the aryl unit, the carbonyl of the OBoc unit with C-H of
the aryl unit and interaction of the OBoc and N-Boc units
gives a cross shaped packing structure, previously seen for
PhOMeDPP N-PMB®' and attributed to the twisting of the
flanking phenyls.

All these crystals comprise infinite stacks, most with a
herringbone type arrangement (Fig. 11),>' except PhOHDPP
N-Hex that has a lamellar 1D stacking arrangement. It has

This journal is © The Royal Society of Chemistry 2021

been previously shown that for DPP systems with this classic
herringbone arrangement the experimental hole mobilities
produced are moderate,** whereas functionalisation to
produce other packing motifs, such as co-facial, results in a
marked increase in mobility. Therefore, the herringbone
arrangement in this study are expected to have lower mobility
than their lamellar packing counterparts, because of edge to
face rather than face to face packing. The face to face =«
stacking of PhOMeDPP N-Boc makes it more interesting in
this regard.

The chiral 2MB chain is structurally similar to 2-ethyl
hexyl, one of the most widely investigated sidechains for
N-alkylation of DPPs for optoelectronic applications.®®®® For
small molecule derivatives, it has been shown that the
mesomorph form has higher mobility versus the enantiopure
forms and this is attributed to co-planarity and closer =«
stacks in the former.””®® In oligothiophene variants, it has
been shown that the enantiopure form has a small influence
on photovoltaic performance and the largest influence on

CrystEngComm, 2021, 23,1796-1814 | 1805
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Fig. 11 The infinite stacks for PhDPP N-Hex (herringbone), PhOMeDPP N-Hex (herringbone), PhOHDPP N-Hex (lamellar), PhOTHPDPP N-Hex
(herringbone)., PhAOHDPP N-2MB (herringbone), PhOMeDPP N-2MB (herringbone), PhDPP N-Boc (lamellar), PhDPP N-Boc (herringbone),
PhOMeDPP N-Boc (herringbone) and PhOBocDPP N-Boc (herringbone) hydrogen atoms omitted for clarity.

thin film morphology and solid state absorption.*® These
findings all suggest that it is the branched nature of the
chain that is responsible for the enhancement relative to
linear N-alkyl chains.

Calculated electronic properties

Distortion of peripheral substituents from planarity is
observed in the majority of systems in this study and is also
seen in top performing organic semiconductors, most
notably the acenes.** ®* Tetracene is planar in structure and
displays moderate charge mobility, packing in a classic
herringbone fashion.®®*” Introduction of peripheral phenyl
groups results in twisting of the rings to minimise steric
clashing and a slipped-co-facial packing of the n-conjugated
tetracene backbone. This introduction of side peripheral
groups, as observed for rubrene, results in closer mn--m
interactions and columnar stacks in two directions.®® The
additional pathway results in a large improvement in

1806 | CrystEngComm, 2021, 23, 1796-1814

mobility to give one of the highest performing p-type
materials, with hole mobilities of up to 40 cm® V™' s7*,8%84

Co-facial =n---m stacking is thought to have the largest
contribution to charge mobility in DPP derivatives, with
lesser contributions from hydrogen bonding. PhDPP N-Hex,
which exhibits a classic herringbone edge to face packing,
has an experimentally determined charge mobility in the
region of 2 x 10™* em® V' s7* for holes (3 x 107 em* V' 57"
best reported).'” PhDPP N-MonoHex and the parent PhDPP
N-H (ESIT Fig. S20), both of which exhibit co-facial =
stacking, have mobilities of the order 1.0-1.5 x 107> cm® V"
s> For PhDPP N-Hex one charge pathway (n stack) is
present, whereas PhDPP N-MonoHex has three charge
pathways, with hydrogen bonding having little contribution.
The exception is PhDPP NH, in which hydrogen bonding has
been postulated as the largest single contribution to charge
mobility.*

Careful choice of N-aryl-containing substituents gives
PhDPP single crystals that can exhibit comparable or even
greater charge transport values to rubrene.*®*° In particular,

This journal is © The Royal Society of Chemistry 2021
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introducing benzyl derivatives at the lactam position results
in co-facial n---m stacking and good potential for hole
transport.*> Table 3 gives the experimentally determined
frontier orbital energy levels obtained through -cyclic
voltammetry measurements (ESI}) as well as the optical band
gap from the solid-state absorption edge. Good agreement
between electrochemical and solid-state data is observed,
with the increase for PhOHDPP N-2MB attributed to stronger
excitonic coupling in the solid state arising from the
hydrogen bonded network. Table 3 also displays theoretical
hole mobilities based on the crystal 90-92
(separation distances and electronic couplings for unique
neighbouring molecules are in the ESIt). While data for
PhDPP N-Boc was from the literature,” the mobility value of
PhDPP N-Hex is close to that obtained experimentally,"
providing validation for the calculated values.

The derivatives with smaller dihedral angles and relatively
moderate molecular displacement displayed the highest
theoretical mobilities. PhOMeDPP N-Boc is virtually planar
and gives the highest value for hole mobility, 1.9 x 10~ ¢cm”
v' s7'. PhOHDPP N-Hex has a small dihedral angle and the
second highest mobility, 2.6 x 10 cm® V™' s™*. This value is
significantly higher than its methoxy counterpart PhOMeDPP
N-Hex, which exhibits a larger dihedral and considerably
larger molecular displacement, therefore PhOHDPP N-Hex is
expected to be the better performing material regardless of
contributions from hydrogen bonding. PhOHDPP N-2MB
illustrates the influence of hydrogen bonding on charge
mobility with a moderate improvement versus PhOMeDPP
N-2MB, despite the larger dihedral angles and increased
displacement. However, the introduction of the hydrogen
bonding groups does not give the substantial improvement
in charge mobilities expected for these compounds. As
discussed above, the influence of hydrogen bonding appears
to have a larger contribution in NH unfunctionalized planar
systems, whereby a synergistic relationship with m-w

structures
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stacking maximises charge transfer integrals between
neighbours. For N-alkylated derivatives the dominant charge
transport pathway is likely to occur through = stacks and by
increasing the dihedral angle the influence of hydrogen
bonding appears reduced. This suggests that a combination
of relatively planar chromophores and hydrogen bonding is
therefore desired in future materials to strengthen nearest
neighbour interactions. The other derivatives fit into a trend
that larger dihedrals and displacement between
neighbouring chromophores result in weaker intermolecular
interactions and lower mobility.

Mobility of these systems follows a general trend with
molecular overlap. The highest is the planar PhOMeDPP
N-Boc with a slipped cofacial stacking, PhOHDPP N-Hex and
PhDPP N-Hex display an interaction somewhere between an
edge to face and face to face but have appreciable overlap of
the phenyl rings with the lactam unit. PhOBocDPP N-Boc also
possesses a parallel displaced interaction and hence
moderate mobility. PhOMeDPP N-Hex and PhOMeDPP
N-2MB have much lower mobility owing to the fact the
interaction is truer to a CH-=n interaction so overlap between
7 systems is lessened and hence mobility is low.

Hydrogen bonding interactions affect charge mobility. For
PhOHDPP N-Hex, the phenol hydrogen atoms form hydrogen
bonds with the carbonyl oxygen atom of the lactam core
(H---O distance 1.863 A, ESIt Fig. $21). This leads to one
molecule of PhOHDPP N-Hex hydrogen bonding to two
adjacent molecules. This double hydrogen bonding
interaction results in  stronger coupling between
neighbouring chromophores and contributes to a relatively
higher calculated charge mobility. For PhOHDPP N-2MB,
each molecule hydrogen bonds to four adjacent molecules,
with slightly longer carbonyl-phenol distances (1.918 and
1.910 A, respectively) compared with the achiral compound,
suggesting  a interaction with neighbouring
chromophores and this results in lower charge mobility.

weaker

Table 3 Experimental frontier orbital energy levels determined through cyclic voltammetry measurements in solution, optical band gap from thin film
absorption edge and calculated hole mobilities based on the crystal structure for PhDPP N-Hex, PhOMeDPP N-Hex, PhOMeDPP N-2MB, PhOHDPP
N-Hex, PhOHDPP N-2MB, PhDPP N-Boc, PhOMeDPP N-Boc, PhOBocDPP N-Boc and PhOTHPDPP N-Hex (parentheses indicate computational

calculated values)

Electronic Eg  Optical Eg LUMO (optical) Reorganisation Calc. hole mobility

Compound HOMO [eV] LUMO [eV] [eV] [ev] [eV] energy [eV] [em® Vs
PhDPP N-Hex*' -5.40 (ref. 21) -3.10 (ref. 21)  2.30 (ref. 21)  2.27/ -3.13/ 0.40 2.16 X107
PhOHDPP N-Hex -4.98%° (-5.24)°  -3.04“¢ 1.94%¢ n/a n/a” 0.47 2.60 x 107
PhOMeDPP N-Hex  -5.25%” (-5.21)° -3.11%" 2.14%° 2.20" -3.05/ 0.47 2.10 x 1074
PhOTHPDPP N-Hex -5.36"7 (-5.17)° -3.18%" 2.18%" 2.20" -3.16/ 0.35 8.60 x 10"
PhOHDPP N-2MB  -4.93 (-5.24)° -3.07 1.86%¢ 2.10/ -2.83/ 0.47 8.50 x 10"
PhOMeDPP N-2MB  -5.27%" (-5.21°)  -3.10%" 2.17%° 2.23" -3.04/ 0.47 5.80 x 107
PhDPP N-Boc’® -5.49 (ref. 95) -3.20 (ref. 95)  2.29 (ref. 95) n/a n/a n/a n/a
PhOMeDPP N-Boc  -5.54%% (-5.44)° -3.21%¢ 2.33%4 2.39/ -3.15/ 0.54 1.91 x 1072
PhOBocDPP N-Boc  -5.82%7 (-5.72)° -3.50%¢ 2.32%4 2.34% -3.48°% 0.60 2.20 x 107

“ Determined from cyclic voltammetry measurements in solution of compound (1 mmol), of supporting electrolyte (tetrabutylammonium
hexafluorophosphate, 0.1 M). Values referenced against the ferrocenium-ferrocene redox couple. ? Acetonitrile solvent. * DMF solvent.
4 Dichloromethane solvent. ¢ Computationally calculated values. / Thin films were formed on glass slides by drop casting of a concentrated
THF solution (0.5 mg ml ™). ¢ Thin films were formed on glass slides by drop casting of a concentrated DCM solution (0.5 mg ml™). ” Thin

films of sufficient quality were not formed.

This journal is © The Royal Society of Chemistry 2021
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From the experimentally determined frontier orbital
energy levels it can be observed that there is little difference
in terms of energy levels of the incorporation of a 2MB chain
or hexyl, whereas incorporation of the electron deficient Boc
group results in more substantial lowering of the frontier
orbital energies. The deeper HOMO-LUMO levels scale with
decreasing electron richness (PhDPP < PhOTHP < PhOMe <
PhOH) of the phenyl ring.

Spectroscopic properties: absorption and emission in
solution and solid state

PhDPP derivatives typically give two band absorption spectra,
a common feature for D-A systems,”® with an absorption
range extending across the visible spectrum, an advantage for
light harvesting applications. The low energy band is
attributed to a charge transfer transition with the ground
state density localised on the DPP core (HOMO-LUMO) and
the high energy band is attributed to delocalised n-m*
transitions along the backbone.”*>°® The N-alkyl
compounds possess a featureless low energy band in solution
that is believed to result from the loss of vibronic structure
arising from distortion of the molecule from planarity
because of the substituent.>*°” In the solid state broadening
of the absorption profile is observed owing to excitonic
coupling between neighbouring chromophores, a feature that
is substantially less than their thiophene counterparts.>’

The thin film absorption spectrum of PhDPP N-Hex
(Fig. 12), shows broadening of the low energy absorption
band®'*'*?® with a blue shift in the absorption maxima
compared with solution, indicating a contribution of H-type
aggregation. In addition the band also shows bathochromic
broadening, suggesting oblique stacking and indicating
contributions from both transition dipole orientations, as
shown by Davydov splitting of the absorption band.>*3%997101
When there 1is larger molecular overlap, a greater
hypsochromic shift of the solid state absorption band is
observed, indicating H-type aggregation, with less molecular
overlap indicating J-type aggregation and a bathochromic
shift of the band.'**° PhOHDPP N-2MB (Fig. 12) also displays
Davydov splitting®*?®?°*°* and a substantial bathochromic
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shift of the absorption maxima resulting from hydrogen
bonding interactions.>'* Hence, the nature of the shift is a
balance between the hydrogen bonding and stacking
contributions. The significant bathochromic shift suggests
J-aggregation and that head to tail stacking dominates. This
hypothesis is supported by the large molecular displacement
found in the crystal structure for this compound.

Films of PhOMeDPP N-Hex (ESIf Fig. S22), display a
bathochromic shift of the absorption band suggesting that
J-type aggregation dominates and this correlates with the
solid state structure which shows large displacement and a
lack of molecular overlap, coupled with head to tail stacking.
This stacking motif has previously shown favourable
performance in photovoltaics, owing to faster charge
transfer.** For PhOHDPP N-Hex, films of sufficient quality for
analysis were not obtained.

PhOMeDPP N-2MB (ESIf Fig. S23) displays similar
behaviour to its hexyl analogue in THF and the bathochromic
shift of the absorption band is attributed to J-type
aggregation. In CH,Cl,, a shoulder appears on the absorption
band and this is attributed to Davydov splitting,*>°° arising
from excitonic coupling  between neighbouring
chromophores. In this scenario, there are contributions to
the transition dipole moment from the stacking motif and
aggregation,*”'°*'%! leading to two transitions of different
intensity. The spectra are apparently dominated by J-
aggregation, consistent with a bathochromic shift in the
position of the absorption maximum. This large contribution
from J-aggregation to the absorption band maximum in
PhOMeDPP derivatives correlates well with literature.®'

For PhOMeDPP N-Boc (ESIf Fig. S24), the absorption
band is split and is either blue shifted (THF) or red
shifted (CH,Cl,) depending on the solvent. This band
splitting is characteristic of oblique stacking and suggests
that both transition dipole orientations contribute to the
absorption band. PhOTHPDPP N-Hex and PhOBocDPP
N-Boc (ESIT Fig. S25 and S26) each display a
bathochromic shift in absorption maxima, indicative of
J-type aggregation, together with hypsochromic broadening
of the band, suggesting a contribution from H-type
aggregates in each.

PhOHDPP N-2MB Film

~—— PhOHDPP N-2MB Solution

0.2

300 400 500 600 700
Wavelength/ nm

Fig. 12 Solution (in THF) and solid-state absorption (normalised to maximum intensity) of PhDPP N-Hex and PhOHDPP N-2MB. The solid spectra
are from thin films formed through drop casting of 0.5 mg ml™* solution onto glass slide.
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The presence of auxochromes results in a bathochromic
shift of the absorption band and the dominance of J-
aggregation; a consequence of lone pair involvement in the
conjugation. The polymorphic behaviour of PhOMeDPP
N-Boc makes this the exception; in THF a larger contribution
from a planar stacked polymorph is expected whilst CH,Cl,
should favour the twisted form.

Table 4 displays the optical properties of the materials.
The high molar absorptivity in solution can be modulated by
choice of solvent. The subjects of this paper display negative
solvatochromism with increasing solvent polarity, correlating
with the observed frontier orbitals electronic distribution
which indicates a more polarised ground state. The optical
band gap, determined from the position of the solid-state
absorption edge, confirms that alkylation leads to breaking
of effective conjugation. These band gaps are wider than
ideal for incorporation into organic solar cells as donor
species*®'%* however this may be rectified in future by
extending the conjugated backbone. Plots comparing the
absorption maxima in the solid state with the DPP-aryl angle,
vertical displacement and overall displacement display no
prominent trends (ESIT Fig. S27-S34).

As well as potential for light harvesting, phenyl DPPs
display excellent emissive behaviour in solution (Table 5),
indicated by the high fluorescence quantum yields,
suggesting good viability for bioimaging and sensing
applications. For PhDPP derivatives, solid state emission
results from N-alkylation disrupting the intermolecular
aromatic interactions that can lead to fluorescence
quenching. This feature makes them promising candidates
for solid state lighting applications. By contrast PhOHDPP
materials are non-emissive in the solid state, a difference
attributed to the hydrogen bond formed through the phenol
motif to the DPP core.

For PhDPP N-Hex (ESIt Fig. S35) there is a bathochromic
shift in the position of the emission band between solution
and solid state, which results from excitonic coupling
between neighbouring chromophores®'* together with a large
Stokes shift. The latter hinders exciton mobility but is of
interest for luminescent solar concentrators,'*>™'% as well as

View Article Online
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biological imaging applications since crossover between
excitation and emission wavelengths is avoided.'® The solid
state absorption profile is the mirror image of the emission
spectrum suggesting that little structural change occurs
between ground and excited states. The solid-state emission
profile shows an intensity switch between the 0-1 and 0-0
bands compared with solution, with the 0-1 band the most
intense. For PhOMeDPP N-2MB the solid state emission
spectrum (Fig. 13) is similar to that in solution, albeit with
increased vibronic character, as indicated by a growth in the
0-1 band, and this feature is attributed to increased
planarization in the excited solid state.*® Given the similarity
between the solid state and solution emission spectra then
any differences in planarization between the two phases are
expected to be small. In contrast, the lack of vibronic
structure in the solid-state absorption profile, compared with
emission, indicates a large difference in planarization
between the ground and excited states. The solution and
solid state emission spectra of PhOMeDPP N-Hex are very
similar (ESIf Fig. S36). Interestingly, there is a loss in the
intensity of the 0-0 band and an increase in intensity of the
0-1 band in the solid state, leading to a bathochromic shift
in the emission maxima. A similar result was observed for
PhDPP N-Hex suggesting that the chain has an influence over
this behaviour and this switch of vibronic band intensity has
been observed previously for ThDPP N-alkyl derivatives.'"”
PhOMeDPP N-Hex and N-2MB give similar Stokes shifts in
both solid state and solution, with peaks in the solid state
spectrum showing a bathochromic shift indicative of stronger
intermolecular interactions and excitonic coupling.® For
PhOMeDPP N-Boc the solution emission profile is solvent
dependent (ESIT Fig. S37) and the solid emission depends on
the depositing solvent. The solid from CH,Cl, has an
emission spectrum with vibronic structure and a shoulder at
higher energy. The largest peak is attributed to the 0-1
vibronic transition whilst as a solution in CH,CI, this is
reversed, and the 0-0 band is larger, suggesting a

redistribution of the vibronic energy levels. When grown
from THF, there is a single broad band in the solid-state

emission

spectrum with a

slight

bathochromic

shift

Table 4 Solution and solid state absorption properties of PhDPP N-Hex, PhOMeDPP N-Hex, PhOMeDPP N-2MB, PhOHDPP N-Hex, PhOHDPP N-2MB,
PhOMeDPP N-Boc, and PhROTHPDPP N-Hex all in THF, PhOBocDPP N-Boc in CH,Cl, and PhDPP N-Boc in DMF

Absorption A, solution & [dm® mol™

Absorption Anmax film

Absorption edge onset film

Optical Eg film

Compound [nm] em™] [nm] [nm] [eV]

PhDPP N-Hex 470 28200 465° 547% 2.27°
PhOHDPP N-Hex 481 22000 n/a n/a n/a

PhOMeDPP N-Hex 481 20600 494° 553¢ 2.25%
PhOTHPDPP N-Hex 481 20300 498P 5587 2.23°
PhOHDPP N-2MB 476 20700 501¢ 592¢ 2.10%
PhOMeDPP N-2MB 479 30400 493 553 2.25%
PhDPP N-Boc’® 490 (ref. 95) n/a n/a n/a n/a

PhOMeDPP N-Boc 460 24 800 446° 519% 2.39¢
PhOBocDPP N-Boc 436 19900 457° 5314 2.34%

“ Thin films were formed on glass slides via drop casting of a concentrated THF solution (0.5 mg ml ™). ? Thin films were formed on glass

slides via drop casting of a concentrated DCM solution (0.5 mg mI™).
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Table 5 Solution and solid state emissive properties of PhDPP N-Hex, PhOMeDPP N-Hex, PhOMeDPP N-2MB, PhOHDPP N-Hex, PhOHDPP N-2MB,
PhOMeDPP N-Boc, and PROTHPDPP N-Hex in THF, PhOBocDPP N-Boc in DCM and PhDPP N-Boc in DMF

Absorption Ay, Emission Agax

Absorption Ay

Emission A,.c  Stokes shift Stokes shift

Compound solution [nm]| solution [nm|  solid [nm] solid [nm] solution [nm|  solid [nm] @°

PhDPP N-Hex 470 529 465° 612¢ 59 147¢ 0.85 (ref. 21)
PhOHDPP N-Hex 481 532 n/a n/a 51 n/a 0.79
PhOMeDPP N-Hex 481 535 494° 560 (524)" 55 66° 0.90
PhOTHPDPP N-Hex 481 531 498" 619” 50 121? 0.84
PhOMeDPP N-2MB 479 534 493 5374 55 44° 0.89
PhOHDPP N-2MB 476 533 501° n/a 57 n/a 0.82

PhDPP N-Boc”® 490 (ref. 95) 542 (ref. 95) n/a n/a 52 (ref. 95) n/a 0.99 (ref. 95)
PhOMeDPP N-Boc 460 517 446° 539¢ 57 93¢ 0.93
PhOBocDPP N-Boc 436 510 457° 545° 75 88“ 0.84

“ Thin films were formed on glass slides via drop casting of a concentrated THF solution (0.5 mg ml ™). ” Thin films were formed on glass
slides by drop casting of a concentrated DCM solution (0.5 mg ml ™). © Quantum yields were calculated by comparison with the fluorescence
observed for fluorescein (F = 91 in NaOH) under identical conditions of irradiation."®

12

4
®

Normalised Intensity
=) =)
S (2]

o
[N

300 400 500

Wavelength/ nm

PhOMeDPP N-2MB Emission Film

PhOMeDPP N-2MB Emission Solution

PhOMeDPP N-2MB Absorbance Film

600 700

Fig. 13 Solution (in THF) and solid-state emission and solid state absorption (normalised to maximum intensity) of PhOMeDPP N-2MB.

compared to that in solution, indicative of stronger
intermolecular interactions. The solid-state emission
spectrum of a PhOMeDPP N-Boc layer formed from THF
shows little vibronic structure, suggesting that the system is
more twisted when compared to the solution spectrum. The
corresponding absorption spectrum displayed a greater
contribution of H-type aggregation than that of a film formed
from CH,Cl,. It is known that H-type aggregation leads to a
quenching of fluorescence, with J-type resulting in an
enhancement'® and this could explain the observed
behaviour, with a greater contribution of H-type aggregation
in the THF sample leading to reduction in 0-0 band in
emission. The presence polymorphs for PhOMeDPP N-Boc
will influence the emission properties.

The solution and solid-state emission spectra of
PhOBocDPP N-Boc are similar to one another (ESIT Fig. S38),
albeit with a small bathochromic shift in the solid state
attributed to the intermolecular interactions between
chromophores. In the solid film, PhOTHPDPP N-Hex
possesses a broad featureless emission band that shows a
significant bathochromic shift compared with the solution
spectrum of the compound, with a large Stokes shift (ESIY
Fig. S37), again interesting for biological imaging. This

1810 | CrystEngComm, 2021, 23, 1796-1814

suggests that the excited state structure shows much greater
distortion from planarity in the solid state.
There appears to be little correlation between the

emission maxima and the DPP-aryl angle, overall
displacement and vertical displacement (ESIT Fig. S40-S42),
therefore the nature of the unique intermolecular

interactions for each species are the biggest contributor to
the observed solid state emissive behaviour.

Discussion

PhDPP N-alkyl derivatives possess large dihedral angles
compared with other DPPs as a result of steric impediments
that generally prevent the close packing observed for their
thiophene counterparts.”® This twisting generally results in
larger than expected values for molecular displacement in
the solid state compared with other DPPs. However, the
nature of the chain and aryl substituent also contribute and
modulate this displacement. In certain cases, aromatic
stacking is not in ideal positions to accommodate the close
packing of molecules, suggesting other intermolecular
interactions dominate in these instances. This case is
observed most evidently for PhOHDPP N-Hex and PhDPP

This journal is © The Royal Society of Chemistry 2021
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N-Hex, in which the edge to face interaction between the
phenyl units and the lactam rings is twisted to accommodate
additional intermolecular interactions, specifically hydrogen
bonding in the former. This distortion results in a reduced
dihedral angle and smaller displacement but also less
substantial © overlap between neighbouring molecules. This
feature results in these materials having better calculated
charge mobility when compared with PhOMeDPP N-Hex. For
PhOMeDPP N-Hex the edge to face m interaction is close to
perpendicular resulting in larger dihedral angles and large
molecular displacement hence low calculated charge mobility
as the unit is forced to accommodate this interaction. Similar
behaviour is seen for PhOHDPP N-2MB and PhOMeDPP
N-2MB, where the edge to face m interactions are close to
perpendicular and this interaction is accompanied by
increased displacement, larger dihedral angles and reduced
calculated mobilities versus analogues in which the
interaction is distorted. For N-2MB containing species,
aromatic interactions seemingly dominate over hydrogen
bonding interactions as was inferred from the increased
hydrogen bonding distance versus their PhOHDPP N-Hex
analogues. The similarity between the 7 stacking interactions
of PhOHDPP N-2MB and PhOMeDPP N-2MB suggest that
these interactions are conserved across this series. The
introduction of the hydroxy auxochrome does however
modulate this interaction from a phenyl-lactam to phenyl-
phenyl interaction. Although the major charge transport
pathway is likely to be along 7 stacks, these systems are, in
general, quite distorted. This prevents close packing,
resulting in systems with shorter distances to neighbouring
chromophores possessing improved theoretical charge
mobility regardless of the extent of the m stacking
interactions.

PhOHDPP N-Hex displays a lamellar 1D chain structure,
and is the only compound of those studied here that deviates
from a herringbone-type stack.

The size of the end group R” on the aryl ring does
influence the conformation despite its distant location from
the core. PhOHDPP N-Hex has the smallest dihedral angle
between the aromatic rings for the N-hexyl series. It is further
enforced by analysing the PhOMe analogues in which the
interactions are closer to true edge to face and parallel
displaced interactions for alkyl and Boc respectively rather
than a distorted product of aryl twisting as is the case for
others. Although known previously, Boc substitution is a
curious case. Preferential formation of the planar structure is
ideal for a multitude of applications by providing solubility
and substantial © contacts. Substitution of the phenyl ring
leads to strong parallel displaced interactions and improved
mobility. Polymorph screening of other PhDPP derivatives
with this unit could provide other planar systems, where
electron mobility would be favourable.

The biggest contributor to the modulation of the optical
properties of the materials reported here is their electronic
nature rather than structural factors, such as the nature of
the alkyl chain.’® The optical properties vary little from case

This journal is © The Royal Society of Chemistry 2021
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to case because of the electron rich nature of the dominant
phenyl substituent. The only substantial change is observed
for the Boc substituted variant, where its electron
withdrawing nature hypsochromically shifts the absorption
and emission spectra, whilst maintaining similar magnitudes
of absorptivity and fluorescence. In the solid state, the
methoxy and hydroxy auxochromes display predominantly
J-type aggregation in their absorption spectra when
substituted with alkyl chains, whereas a more oblique
stacking case is observed for the ¢Boc substituted variant
with its tendency to form polymorphs in certain solvents.
The introduction of hydrogen bonding modulates solubility
and the solid-state absorption profile, as a result of excitonic
coupling, whilst also quenching emission in the solid state.
The PhOMeDPP N-alkyls show similar behaviour in both
solution and the solid state, whereas PhOTHPDPP N-Hex
displays similar solid state absorption behaviour to the
methoxy and hydroxyl variants but a vast difference in
emission maxima. This is also observed for PhDPP N-Hex.
Thiophene DPP saw substantial effect of hexyl chain on J
aggregation,”® which was not observed to the same extent
with the subjects of this paper.

Through simple synthetic transformations the materials
produced in this study display favourable optical properties
for light harvesting and emitting applications. The twist of
the phenyl rings out of the DPP plane, arising from
N-alkylation of the lactam core, leads to materials with larger
than ideal band gaps for application as donor materials in
photovoltaics*® however they have potential as additives for
this application,*" especially the chiral derivatives, which
could induce a degree of control over the active layer
morphology. The emissive properties of the PhOHDPP N-alkyl
species in solution suggest potential as sensing materials,
because of their ionisable hydroxyl group, whilst the solid-
state emission of PhOMeDPP N-Alk derivatives makes them
candidates for imaging or lighting applications.

Conclusions

The solid state studies we have performed on three series of
PhDPPs reveals that edge-to-face interactions (rather than
steric interactions between the N-substituent and the protons
attached to the aromatic ring) are responsible for the twisting
between the phenyl ring and the DPP core in the solid state.
This effect can be overcome when the interaction between
the aromatic rings is favoured, as in the stacking seen in
PhOMeDPP N-Boc shown here. Therefore, it is possible that
stacking of PhDPPs in might be overcome in more extended
structures where stacking is favoured.

Remote bulky groups at either side or end positions do
affect the core conformation through packing effects. Unlike
N-benzyl derivatives, in which the m interactions remain
largely the same regardless of the 4-substituent, both the
4-phenyl substituent and N-alkyl chain have a competing
influence on the crystal packing of the materials in this
study. This effect is most evident for the hexyl species with a

CrystEngComm, 2021, 23,1796-1814 | 1811
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large variation in their packing with variation of R’
Interestingly, the conformation of the hexyl chain is different
in all these structures, showing that the alkyl group can
adapt to other packing forces in the solids.

Thin solid films of the materials show emission
dominated by local packing effects, that are unique for each
compound. The calculated charge mobility of the materials is
low, as a result of the twisted conformations of the molecules
and their large relative displacement. However, these
materials could be useful as light emitters given their large
Stokes shift and high emission.
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