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Room-Temperature Near-Infrared Phosphorescence from Cg,
Nanographene Tetraimide by n-Stacking Complexation with Platinum

Porphyrin
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Abstract: Near-Infrared (NIR) phosphorescence at
room temperature is challenging to achieve for organic
molecules due to negligible spin—orbit coupling and a
low energy gap leading to fast non-radiative transitions.
Here, we show a supramolecular host—guest strategy to
harvest the energy from the low-lying triplet state of Cg,
nanographene tetraimide 1. '"H NMR and X-ray analysis
confirmed the 1:2 stoichiometric binding of a Pt(II)
porphyrin on the two n-surfaces of 1. While the free 1
does not show emission in the NIR, the host-guest
complex solution shows NIR phosphorescence at 77 K.
Further, between 860-1100 nm, room temperature NIR
phosphorescence (A, =900 nm, 7,,,=142 ps) was ob-
served for a solid-state sample drop-casted from a
preformed complex in solution. Theoretical calculations
reveal a non-zero spin—orbit coupling between isoener-
getic S; and T; of mn-stacked [1-Pt(II) porphyrin]
complex. External heavy-atom-induced spin-orbit cou-
pling along with rigidification and protection from oxy-
gen in the solid-state promotes both the intersystem
crossing from the first excited singlet state into the
triplet manifold and the NIR phosphorescence from the
lowest triplet state of 1. )

Achieving room temperature phosphorescence (RTP) is
challenging for organic molecules due to negligible spin—
orbit coupling (SOC).M Strategies such as heavy-atom-
effect,’” crystallization,”! and rigidification in a solid-state
matrix® have been applied to harvest the triplet state of
organic molecules in the visible region of the electro-
magnetic spectrum. However, RTP in the near-infrared
region (NIR, 750-1700 nm) is still underexplored for organic
molecules.”) Owing to its applications in bioimaging,”! night
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vision cameras and sensors,” NIR RTP is a highly sought
after functional property. RTP in the NIR-II (1000-
1700 nm) region is particularly suitable for bioimaging due
to its low background autofluorescence, high spatial reso-
lution, and deep tissue penetration.® Although large n-
conjugated polycyclic aromatic hydrocarbons (PAHs), i.e.
nanographenes, have low-lying triplet energy levels, radia-
tive NIR RTP has been barely observed for organic
molecules.” This might be due to the lack of strategies to
control intersystem crossing (ISC) and the radiative versus
nonradiative decays of such molecules. Thus, the reported
NIR phosphorescent emitters are almost exclusively coordi-
nation complexes of heavy-metals.!'”) Motivated by previous
reports on triplet harvesting through supramolecular
interactions,”<**! and by our recent success in enhancing
the fluorescence of a Cs, nanographene tris(dicarboximide)
by sequestration with hexabenzocoronene,'!! we hypothe-
sized that large two-dimensional n-scaffolds with low-lying
triplet states might also be sensitized for phosphorescence
by means of the heavy-atom-effect exerted by neighbouring
n-stacked platinum complexes that support the population
of triplet states by interactions between Pt d-orbitals and n-
orbitals of the nanographene, thereby promoting the
radiative decay, i.e. NIR RTP, from the lowest triplet state
of the nanographene. <3041

Here we demonstrate such a supramolecular strategy for
Ces nanographene tetraimide 1 (Figure 1a) being embedded
between platinum complexes. Time dependent density func-
tional theory (TDDFT) calculations suggest that 1 has a T,
state at 938 nm which is spin forbidden and thus not
emitting. However, as shown by 'NMR and X-ray crystallo-
graphic analyses, 1 forms tightly stacked complex with
platinum(II) 5,15-diphenylporphyrin PtPor (Figure 1b)
which induces sufficient SOC to promote the desired NIR
RTP of 1 with the help of molecular isolation and rigid-
ification in the solid-state (Figure 1c).

Css nanographene tetraimide 1 was synthesized by a
cascade annulation reaction between pyrene tetraboronic
acid pinacol tetraester and dibromonaphthalimide following
our previously reported protocol.! Owing to its large n-
surface, 1 can bind a variety of PAHs as well as
phthalocyanines on both n-surfaces to give 1:2 complexes.['”
Here we selected PtPor as the guest for stacking to 1 and
inducing SOC by Pt-n interaction. Concentration-depend-
ent UV/Vis spectra (Figure 2a) as well as '"H NMR titrations
(Figure S3) of PtPor with 1 in CDCI, showed changes in the
absorption bands as well as the chemical shift in aromatic
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Figure 1. Chemical structures of (a) Cq, nanographene tetraimide 1 and
(b) porphyrin derivatives PtPor and H,Por. (c) Graphical representation
of our strategy to achieve NIR RTP. A preformed complex of 1 and
PtPor is drop-casted on a quartz substrate and further coated with a
transparent oxygen barrier layer to obtain NIR RTP.

protons of 1 indicating complexation. To understand the
stoichiometry and mechanism of complexation, we per-
formed an NMR titration at low temperature (195K,
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CD,Cl,) to reach the regime of slow guest-exchange on the
'"HNMR time-scale. Slow exchange titration revealed a
stepwise complexation from 1:1 to 1:2 stoichiometric
complexes of 1 and PtPor (Figure S2). Further, X-ray
crystallographic analysis of single crystals confirmed the
thermodynamically favoured 1:2 stoichiometric complex of
[1-2(PtPor)] (Figure 2b-d, Figure S1, Table S1). In this
complex two equivalents of PtPor molecules are stacked on
both sides of the m-surface of 1 aligned in a cross
architecture with respect to each other. Pt(II) atoms are
located in close van der Waals interaction range with the n-
surface of 1 (dp,.,=3.4-3.5 A). Interactions between Pt and
n-surface of 1 were also identified by observed electron
density in the crystal structure indicating significant inter-
action in the crystalline state (Figure Slc). Once the
structure was unambiguously confirmed, we went on to
evaluate the association constants of PtPor and H,Por with
1 from our '"H NMR titration data at 295 K in CDCI,. These
binding constants and related Gibbs binding energies reveal
a modest anti-cooperativity for binding of the two guests
and, more importantly, a significantly higher binding con-
stant for PtPor in comparison to H,Por (Table 1). The
former could be due to the structural change associated with
first binding that leads to different orientation for the first
and second binding as observed in X-ray crystal structure of
[1-2(PtPor)] (Figure 2c,d). The latter we attribute to inter-
actions between Pt d-orbitals and the n-cloud of 1 in
addition to the n—n-interactions (mostly London dispersion)
between the m-scaffolds of 1 and porphyrin in the [1-2
(PtPor)] complex.

Nanographene 1 shows fluorescence in toluene between
600-850 nm with an emission maximum at 603 nm. 1 exhibits
a fluorescence quantum yield of 71 % in toluene (Figure S5,
Table S2). Change in photoluminescence due to
supramolecular complexation was assessed by a fluorescence
titration of 1 with PtPor at low concentration (c(1)=10~"
M) in CCl, owing to the higher binding constants in this
solvent (K;~10°M™', K,~10*M™). Titration of 8 equiv-

(c)

' PtPor-a

Top view from PtPor-b

Figure 2. (a) Concentration-dependent UV/Vis absorption spectra of the 1:2 stoichiometric [1-2(PtPor)] complex in toluene (red and black lines for
the indicated concentrations). The changes in absorbance on increasing concentration show the complexation. Magenta dotted spectra
corresponds to monomeric 1 in toluene (¢(1) =1x107° M) and blue dotted spectra corresponds to monomeric PtPor in toluene (c(PtPor) -
=2x10"°M). (b) X-ray crystal structure of [1-2(PtPor)] supramolecular complex. Two PtPor molecules are n-stacked in different orientations with
respect to each other in the crystalline state. Top view from (c) PtPor-a and (d) PtPor-b are shown.
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Table 1: Association parameters for the complexation of 1 with PtPor  (a)
and H,Por in CDCl; at 295 K. 104 ——1-2(PtPor) solid (295 K)
Guest Ky (M) K, (M@ AG®! AG,"
(kjmol™) (k) mol™)

208
PtPor  1.2x10° 1.4x10° 288 -17.8 g
H,Por 1.9x10* 1.2x10° —24.2 —17.4 E

506
[a] Association constants K; and K, determined from "H NMR titration 3
data with the program bindfit!""! for a 1:2 binding model in CDCl,. [b] 5
Gibbs free energies AG, and AG, (295 K) calculated from K; and K, §0_4_ :
according to AG(295 K) =—RTIn(K). Experimental details, fitting plots, T 00 05 10 15
and errors are given in the Supporting Information. § HmeHms

z

0.2 4

alents (affording 90 % complexation) of PtPor showed a
decrease of the fluorescence quantum yield from 53 % to
26% in CCl, and no additional phosphorescence was
observed at longer wavelengths (Figure S6). Similar to CCl,,
no emission at the NIR range was observed for a complex
solution in toluene at 295K (c(1)=1.5x10"* M, c(PtPor) =
2xc(1), Figure S7). However, when we froze the solution to
77 K, we observed a new band between 860-1100 nm (Fig-
ure S7). With a lifetime of z,,,=439 ps (Table S3) this new
band can be assigned as phosphorescence. No such long-
lived NIR emission was observed when we measured a
frozen glass of corresponding free base (without platinum)
derivative, [1-2(H,Por)], in toluene. As PtPor by itself does
not emit above 850 nm, we attribute the new band to the
triplet emission of 1. For further clarification whether the
phosphorescence band in the NIR originates from the triplet
state of 1 or from a charge transfer state involving both
PtPor and 1 we prepared a solution of 1 with excess of
platinum (II) acetylacetonate (Pt(acac),). Indeed, a large
excess of Pt(acac), with 1 afforded the same emission in
frozen glass between 850-1100 nm (4,,,,=880 nm) with a
microsecond lifetime (z,,,=407 ps, Figure S8, Table S4).
This verifies that the structured emission observed between
860-1100 nm is phosphorescence from the triplet state of 1.

RTP is a highly sought after functional property which is
rarely observed for NIR emitters. Reducing the access of
oxygen and ISC-promoting molecular vibrations of the
triplet excited emitter molecule by solidification is a
common strategy to achieve RTP. Once we knew that the T,
state of 1 could be activated to give phosphorescence by
complexation in frozen solution, we hypothesized that a
preformed complex in solution could be solidified to make
an NIR RTP material. Thus, we prepared a 1:2 stoichio-
metric solution of 1 and PtPor in 0.2 mL CH,CL, (¢(1)=
6x10™* M) and drop-casted it on a quartz substrate and
allowed to dry. Upon excitation at 550 nm, we observed an
emission of very low intensity at 900 nm (Figure S9). We
then coated the drop-casted substrate with a layer of
polyvinyl alcohol (PVA) as an oxygen barrier material to
improve the emission intensity. PVA is water soluble and
does not interact with the drop-casted complexes as both 1
and PtPor are insoluble in water. After coating with PVA,
the emission intensity increased almost 20 times and dis-
played a structured band (860-1100 nm) with a maximum at
900 nm and a shoulder at 1030 nm (4., =550 nm, Figure 3a,
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Figure 3. (a) Emission spectra (=550 nm) showing NIR RTP from a
drop-casted solid-state sample of [1-2(PtPor)] coated with PVA oxygen
barrier layer. Inset shows the lifetime decay of the phosphorescence.
(b) Excited states energy level diagram showing the excited state
dynamics leading to NIR phosphorescence in [1-2(PtPor)] complex.
Solidification leads to a reduced non-radiative rate (k,) and the barrier
layer suppresses the triplet quenching (k;) by oxygen.

Figure S9). Lifetime analysis confirmed that the emission in
the NIR range originated from a triplet state (z,,,= 142 s,
Table S5). With an integrating sphere an absolute quantum
yield of (0.124+0.02) % was determined for the NIR RTP
(Figure S12). Furthermore, upon cooling the solid sample
down to 77 K, an increase in intensity and lifetime of the
NIR emission was observed (Figure S10). Choosing rigid
side chains on both 1 and Pt(I) porphyrin guest or by
choosing a Pt(I) complex with higher association strength
could improve the quantum yield for NIR RTP.

Efficient population of the triplet manifold typically
requires triplet states that are energetically close to the S,
state and that are coupled by sufficiently large spin—orbit
coupling matrix elements (SOCME).!'"""*! To get insight into
the mechanistic pathway for the [1-2(PtPor)] complex, we
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performed TDDFT and SOCME calculations for the excited
states (details of theoretical methods are given in the
Supporting Information). Based on these calculations we
propose a pathway of initial fast relaxation of the excited
complex to the lowest energy S, state via internal conversion
(Kasha’s rule).”! Due to the significant charge transfer
character of S; with PtPor acting as a donor and 1 as an
acceptor, there is non-zero SOCME to the triplet states that
are energetically below this singlet state (Figure 3b, Fig-
ure S13). Calculated SOCMEs between S,/T;, S,/T, and S,/
T; are indeed all around 20-30 cm™" due to a similar impact
of the co-facially stacked Pt on the various n-orbitals of 1
(Table S6). The SOCME values realised by the intermolec-
ular contact in the n-stack are not particularly high but agree
well with the observed low NIR RTP quantum yield. Non-
radiative decay rate (k,) and triplet quenching (k,) are
partially suppressed by the rigidification in the solid-state
and oxygen barrier layer, respectively. This nevertheless
demonstrates the general applicability of our approach of
utilizing n-stacked complexes of heavy-metal containing
molecules for the sensitization of phosphorescence of
aromatic dicarboximides in the solid-state.”*! Visualizing the
natural transition orbitals (NTOs) further reveals that the
ISC between S, and T; involves a change in Pt d-orbital
character which is required for efficient ISC according to El-
Sayed’s rule!"® (Figure S13b). Thus, considering the require-
ment of isoenergetic states and El-Sayed’s rule, we propose
that in our complex the ISC proceeds from S; to Tj; state,
followed by a fast internal conversion (IC) to T,. Because T}
(different from S;) has a local excitation character, the
following radiative transition (phosphorescence) from T; to
S, originates from the heavy-metal-free nanographene
tetraimide 1 (Figure S13a). Thus, via a supramolecular
interaction between PtPor and 1 in a tightly stacked
complex, the phosphorescence of 1 in the NIR region could
be sensitized in the solid-state.

In conclusion, we demonstrated how an RTP emission in
the NIR region can be sensitized for nanographene
tetraimide 1 by a tailored supramolecular matrix consisting
of co-facially stacked Pt complexes such as PtPor or
Pt(acac),. To demonstrate this concept, the large n-surface
of 1 was crucial as it provides a sufficiently large surface for
binding PtPor molecules in a 1:2 stoichiometric
supramolecular complex already in dilute solution. Upon
drop-casting this pre-assembled complex onto a quartz
substrate and coating it with an oxygen barrier layer, NIR
RTP could be realised. This result could be explained by the
external heavy-atom-induced SOC originating from the
interaction of Pt with n-orbitals of 1, leading to ISC and
phosphorescence assisted by isolation from triplet quenching
by oxygen and rigidification in the solid-state. Due to the
large two-dimensional n-system of 1, NIR RTP extends into
the NIR-II region (860-1010 nm) with an average lifetime of
142 ps. Our work shows that supramolecular matrices can be
tailored to exert desirable external heavy-atom-effects. We
expect that any square planar Pt(II) salt or Pt(II) complex
that forms n-stacked complex with Cg nanographene would
sensitize the triplet state via external heavy-atom-induced
ISC. We consider this approach to be quite general and
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envision a plethora of recently synthesized nanographenes!"”
and molecular carbon multiimides™™ to be applicable as
visible/NIR phosphorescent emitters upon n-stacking com-
plexation with suitable square-planar platinum compounds.
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