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ABSTRACT: Cyano-substituted tetracenes (5,11-dicyano-6,12-diphenylte-
tracene, Tet) undergo exoergic singléssion (SF), a spin-allowed
photophysical process that generates a pair of triplet excitons from one
singlet exciton. To elucidate substituefitexts on SF, we have measured
the SF dynamics and triplet yields of tHilms, formed by Tet bearing
and trimethylsilyl TMS)
substituents on thp-phenyl positions and on the 3 and 9 positions of tf
tetracene core, by time-resolved spectroscopy in the vis-NIR and
regions. The H-Me-, and F-Tet display strong intramolecular electro
coupling (- distances <4 A), and SF gives high triplet exciton yields Ug
to 200% (quantitative). In addition, a charge-transfer state mediates SF in
F-Tet films, while H-Tet andMe-Tet show no evidence for such a state.

hydrogen (H), methyl Me), fluoro (F),

Correlations between the SF yields and the crystal struct

ure show that

chromophore slippage along both their short and long axes alffiovsra
SF and that a large degreemtontact between the chromophores is not necessary for rapidfiaigheSF in the solid
state. As expected, the large interchromophore distance in TMS-Tet (edutes its SF triplet yield to about 60%.

. INTRODUCTION

Singletfission (SF), a process that converts one singlet exciton

(S1) to a pair of triplet excitons ) on coupled chromophores,
offers a potential route to increase tliiciency of solar cells.
Analogous to multiple exciton generation (MEG) in inorganic
nanocrystals, the carrier multiplicatioffarded by SF can be
used in conjunction with a conventional absorber leading to a

maximum theoretical devicefieiency of 4!%,1'2 much higher
than the 33% Shockley-Queisser lidiThe SF mechanism
couples thel(Slso) state to thel(TlTl) triplet-pair state that

has overall singlet character, thus allowing for spin
conservation, which may result in ultrafast and higlffigient

SF wherE(Sy) = 2E(T1).

SF necessitates the transfer of two electf‘omhich may be
achieved by one of two mechanisms: either directly through a
two-electron proces]s?"7 or by two one-electron charge transfer

are much larger than that of a two-electron process, often by
up to 2 orders of magnitu&é, and it is unlikely that the
coupling for the direct two-electron process idfisient to
produce the ultrafast SF rates obser‘\lldaecently, SF has
been proposed to occur by a superexchange mechanism
involving a virtual CT staté,mum like many electron transfer
processes in donor-bridge-acceptor molectfes? Coupling

the 1(8150) and CT states allows for an overall electronic
coupling matrix element that is a function of both the one- and
two-electron matrix elements, resulting in a coupling value
large enough for SF to occur on an ultrafast time scale.
Originally discovered in acenes through the observation of
unexpected delayedluorescence phenome?w%f,17 SF has
subsequently been observed in a much broader range of
chromophores  including polyeng%,?° rylenes?* ™23 semi-
conducting polymers and oligomgr‘é,25 and other aromatic

(CT) processes. The exact mechanism remains unclear, but bo“&hromophoreg.G_ZS Due to their early discovery and largely

mechanisms may be at play to varying degrees and the state

involved may be of mixed natufe’! For SF to proceed
efficiently by the sequential one-electron CT mechanism, the CT

state energy must lie between that of ﬁ@Slso) and l(T1T1)

states; however, this is rarely the case, as CT energies are

generally well above theiSenergy. Alternatively, the electronic
coupling matrixI elements for a one-electron process

Suitable energetics, the acene family continues to serve as a

benchmark for SF investigationi@ﬁsg.’zg_39 For example,
pentacene safiss the energetic requirements for SF leading to
exoergic SF, whereas tetracene has slightly endoergic SF,




partially due to strong intermolecular coupling in solids that (R) of the thinfilm samplesA = -log(T + R). FTIR spectra were

lowers the $ energy, leading to a much slower SF rate than Measured on a Shimadzu IRAity-1 spectrophotometer.
pentacene. Substitution on the 5 and 12 positions of tetracene Transient Optical Characterization. Femtosecond- and
with phenyl groups was found to reduce such coupling, nanosecond transient absorption (fSTA and nsTA, respectively)
evident by the similar solution and solid phase absorption measurements were performed using previously described
spectra, which allows for rapid singléission even in the instrumentatiot**? For the_ thinfilm samples, the loviluence
largely amorphous aggregaf’ées.Additionally, we recently (100 kHz, 20 nJ~10"" cm™ excitation density) measurements
demonstra-ted that the tetracene packing and energetics can begrovided transient spectra and kinetics in the-&820 nm range
altered further by synthetic mdidiations, resulting inféicient free from signgletsinglet annihilation, while higfiuence (1 kHz,

SF in 5,11-dicyano-6,12-diphenyltetracéfeAn increase in 1 WJ, ~10" cn™® excitation density) experiments were also
diradical character induced by the cyano and phenyl conducted to cover the wider 450600 nm range. Femtosecond
substituents leads to a stabilized triplet state and rapid SF. ~ transient IR (fsIR) spectra were collected with 550 or 570 nm (2
pJ/pulse) excitation using an instrument described elseifere.
Films for fsIR were vapor-deposited on GaBlides (2 mm
thickness, Red Optronics) and stored in the dark under an inert
atmosphere prior to measurement. All fsIR spectra were collected
under N by enclosing the samples in a high-temperature solid
cell with NaCl windows (Harrick Sciefiit). Global analysis of
each transient data set was performed according to methods
described in th&l.

M resuLTs
Tet, R = H, Me, TMS, F Dimer Pair Geometry. Since SF is assumed to primarily
involve nearest-neighbor chromophore pair interact?&nﬂne
In this report, we examine how methylM¢-Tet), relative geometry of this interaction in the crystal structure is
trimethylsilyl (TMS-Tet), andfluoro (F-Tet) substitution of the  analyzed to identify important dimer interactions. Wil that all
tetracene core at positions 3 and 9, as well as gt-fiteenyl derivatives pack in ar-stacked motif unlike the herringbone

positions of 5,11-dicyano-6,12-diphenyltetracenfeets SF structure observed in tetraceheThis diference, attributed to the

in thin film samples of these molecules. In this series, H-, Me- disruption of favorable CH interactions by functionaliza-tion
and TMS-Tet have similar electronic properties and thus allow of the tetracene edge positio‘}?sr,esults in a higher degree of

for structural Comparisons. The relationship of molecular over|ap between neighboring Chromophores_ S|n'm58‘tack|ng
structure measured by Single Crystal and fHm- grazing geometry was also found in h|gh|yffe|ent SF 5,12-
incidence X-ray dfraction (GIXRD) to the SF rate and diphenyltetracene, where neighboring tetracenes slip slightly

efficiency measured by transient optical spectroscopy revealsajong the molecular long axis3-4 benzene-ring overlap) with
the importance of intermolecular electronic coupling and CT -1 spacing~3.8 A36 Functionalization of the phenyl groups

character in the tetracene SF process. and the 3 and 9 positions of the tetracene core results in alteration
. of the crystal structures thaff acts interactions within the dimers.
EXPERIMENTAL SECTION These dimer pairs and their relative geometries are depicted in

Sample Preparation. The synthesis and crystal structuis Figure land summarized ifiable 1
the functionalized cyano-substituted diaryltetracenes H-Tet and Notably, the unfunctionalized H-Tet derivative has a crystal
Me-Tet were described previous‘ﬂnwhile those of TMS-Tet, and  structure with partially intercalated-stacks. This results in two
F-Tet are reported in tHeupporting InformatiorfSI), Section S1 different mr-stacking interactions labeled and B. Within one
All derivatives were further puied by gradient sublimation stack (thex interaction), that-contact is relatively poor with a

(250-320°C, 10°° Torr) prior to thinfilm preparation. Thirfilm
samples were prepared by therreahporation onto glass (Arraylt
SuperClean 2) or polished sapphire substrates (25.4 mm diameter
x 1 mm thickness, Ted Pella, Inc. Redding, CA) using an
Angstrom Engineering Covap

Il system. Thinfilm samples were solvent-vapor annealed by
exposure to CbLCl2 vapor for up to 2 h to increase crystallinity.

Film Characterization. Film thicknesses were determined
using a Veeco Dektak 150 surface fjaoneter equipped with
a 25 ym diameter stylus. GIXRD measurements were
performed using a Rigaku SmartLab XRD system with & 0.2
incident angle. The resultindiffractograms were manually
background subtracted using PDXL software.

Steady-State Optical Characterization. Solution UV/vis
absorption spectra were acquired using a Shimadzu 1800
spectrophotometer. Scatter-corrected absorption spectra of the
thin film samples were acquired using a PerkinElmer TMS-Tet
LAMBDA 1050 UV/vis/NIR spectrophotometer equipped with

an integrating sphere (150 mm). The scatter-free absorbancgigure 1. Top-down view of the dimer pair geometry in thetaly
(A) was calculated using the transmittantegnd rélectance structure of H-Me-, TMS-, and F-Tet.

H-Tet-a
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Table 1. Summary of the Moleculaff@ets Exhibited in vibronic progression and relative band intensities, with a slight
Pairs of Molecules in the H-, Me-, TMS-, and F-Tet Crystal substituent shift (<50 meV) in the; ®nergy across the series.
Structues These chromophores all have a clearly resolved and strong singlet

excited state absorption (ESA) feature in the NIR regici2$0

long axis (A) short axis (A) - (A) nm). This feature is unique to tha State, and absent in the T

H-Tef a %‘2; g'fz g'g? state, which will be discussed later. The excited-state ydeca
B ' ' ' kinetics indicate that the substituents do not greatly alter the
Me-Tet 1.43 3.55 3.94 - . . .
nature or lifetime of the excited state relative to H-Tet. Following
TMS-Tet 2.34 3.50 417 o . . .
excitation near 500 nm, there is an initial, rapi#d ps decay
F-Tef v 6.06 0.71 3.46 .
5 821 017 347 across the spectrum, followed by a slower, tens of ps relaxation,

and then the terminat1l0 ns decay of the entire spectrum. At
early times, the ground state bleach (GSB) near 545 nm appears to
diminish, however, the stimulated emission (SE) in the 600 nm

4.06 A spacing between adjacent chromophores. The secono‘,egion remains intense in each case. The shape of the ESA feature
B, interaction is highly slipped, with a 7.88 Afset in the in the NIR region also remains unchanged. Global analysis using
tetracene long axis, which results in less than one benzene ring Sequential decay model (s&, Section Spshows that the

of each tetracene experiencingoverlap. This interaction,  Spectral changes are limitedtte region near the GSB signal. We
however, has a much closerT distance of 3.31 A. Thele- attribute the~2 ps process to intramolecular vibrational relaxation
Tet derivative has an interaction resembling ¢himteraction (IVR) along the $ surface owing to excitation above the optical

of H-Tet, but with a slightly smaller slip distance in the long bandgap. As in our previous study, the slow&0s of ps process
and short axes and a slightly closert distance of 3.94 A. is assigned to a rotation of the phenyl substituents to adopt a more
The bulky TMS substituent ifMS-Tet greatly disrupts the- stable geometry in the singlet excited sﬁ%e/vhich alters the
stacking and results in an interaction also similar to the H-Tet excited state oscillator strength. The substitution also has little
a interaction, but with a larga—Tr distance of 4.17 A. The  effect on the excited state lifetime with all derivatives exhibiting a
smaller atomic radius of thiguorine atom in F-Tet results long S lifetime of T ~ 10 ns.

in shorttr—1r contacts 0f3.46 A for two similar long-axis
slipped dimer pairs.

Excited-State Dynamics of Monomeric Tetracenes. To
evaluate the excited state dynamics of the monomeric Tet
derivatives, fsTA spectroscopy was performed on the three
compounds in CPLCl2 solution Eigure 3. For reference, the
absorption spectra ofe-, TMS-, and F-Tet solutions are
shown inFigure 4 where they are compared with those of the
thin films. The steady-state spectra are nearly identical in

aSeeFigure 1for thea, B andy, & geometries.

Film Structural Analysis. The crystallinity of thefilm
samples was evaluated using GIXRBgure 3. Wefind that
vapor deposition oMe-Tet on room-temperature substrates
results in a relatively crystallifdm that changes only slightly
upon solvent-vapor annealing. The peak shape, especially at
small angles, is likely iftuenced by the slight preferred
orientation of the [1 O 2] direction and small crystallite-caused
line broadening. Owing to a much poorer association of
chromophores in the crystal structure, TMS-Tiehs begin
highly amorphous with very little ffiraction. Solvent-vapor

Me-Tet annealing produces large changes in théralition pattern,
0.01 // i yielding a strongly dfractingfilm with clear peaks due to the
== ) (100) and (101) planes, which is consistent with a tilted long
3 000 Err———— axis end-on alignment of the tetracene relative to the plane of
——30ps——30ns the substrate. Solvent-vapor annealing of F-Tet produces a
0.01 o highly orientedfilm. The unannealediim exhibits a strong

diffraction peak from the (001) plane as well as the (0 1 1) and
(2 1 0)/(101) planes in addition to some amorphous scatter

TMS-Tet around 28. Annealing greatly reduces the intensity of the
S (1) diffraction peak and enhances the (0 1 1) and (1 1 0)/
> — (101) peaks, which indicates a shift to a more orieffiled
1 —().5 ps 10ns . . .
g —s e with more long axis end-on packing on the substrate.
-0.01 o Thin-Film Optical Characterization. Scatter-corrected
ground state absorption spectra of the three filmn samples
are shown irFigure 4 Films of Me-Tet and F-Tet show clear
signs of aggregation with a veryffirent absorption spectrum
:g;ggz o Gl relative to their solution spectra. Both compounds exhibit a
0.01 10 ps ——7.0ns P strong enhancement of the blue region of their absorption

" spectra as well as a red shift of their absorption maxima in the

solid state. ThéMe-Tet film exhibits a larger enhancement of
the 0-1 and 62 bands than the enhancement observed in H-

Tet, relative to the €0 peatkA.'0 This difference is likely due in
600 700 900 1000 1100 1200 1300 1400 1500 part to the nature of the interaction between neighboring
Wavelength (nm) chromophores in the two crystal structures. With the transition

dipole oriented along the tetracene short ‘algjd's,is expected

Figure 2. Solution fSTA spectra bfe-, TMS-, and F-Tet in that shifts in this direction would most si§ioantly dfect the

CH2Cl2 excited at 500 nm (0.6J/pulse). dipolar coupling and thus the absorption spectfdm.


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b07870/suppl_file/jp7b07870_si_001.pdf

10000
2000 —— DCM SVA ——DCM SVA
Me-Tet —— Unannealed TMS-Tet —— Unannealed
7500
T 1500 o
S &3
> 1000- e
D @
c &
L 500 L 2500
£ £ ’
0 0 97, O G
5 10 15 20 25 30 5 10 15 20 25 30
26 (degrees) 20 (degrees)
5000
——DCM SVA
—— Unannealed
w0l F-Tet

3000+

2000

Intensity (cps)

1000

04

5 10 15 20 75 30
20 (degrees)

Figure 3. Grazing incidenceftiiactograms of unannealed (red) and2Ch solvent-vapor annealed (DCM SVA, bld#ns of Me-, TMS-
, and F-Tet. Powder patterns simulated from the respective crystalsdiare shown in black.

—— Unannealed 2t —— Unannealed
= 101 __pcmsva Me-Tet S 45/ ——DCMSVA TMS-Tet
Q (0] x
N N
© ©
E £
o (o]
= 2
8 3
5 5
£ £
(o] (o]
2 2
< o0 : . - < oof : ; y
400 500 600 400 500 600
Wavelength (nm Wavelength (nm
g g
Unannealed
o —— DCM SVA F-Tet
©
Q
N
©
E
o
<
8
C
©
Ke)
[
o
[%2]
fe)
< o0

400 500 600
Wavelength (nm)

Figure 4. Normalized solution (dashed) dihmh (black) absorption spectra bfe-, TMS-, and F-Tet. The absorption spectra of the solvent
vapor annealefilms (blue) are normalized using the unannealed spectra.

Comparing the dimer pair dfle-Tet to thea dimer pair é H-Tet, GIXRD. End-on orientation increases the alignment of the
the short axis slip distance is smaller Nfe-Tet and therr—1r short axis and, thus, the transition dipole, with the elefitid
distance is closer giving rise to theséfeiiences. Annealinthe of the light oriented perpendicular to the substrate. This results

F-Tet film signficantly increases the intensity of the overall in increased light absorption by the orientim.
absorption spectrum, which is consistent with the increased long Owing to much weaker intermolecular coupling, the absorption
axis end-on alignment observed in the annefilledby spectra of the TMS-Tdilms more closely resemble



—0.2ps 0.104 5 —0.2ps
034 Me-Tet ——1.0ps TMS-Tet e
5.0 ps 5.0 ps
0.24 20 ps i 20 ps
100 ps 0.05+ 100 ps
500 ps 500 ps
% 0.14, —5.0ns 5 —5.0ns
0.0\ —-— — ]
0.1 -0.05
600 700 800 600 700 800
Wavelength (nm) Wavelength (nm)

0.2+

0.1

0.0+

-0.1-

-0.2+

600 700 800
Wavelength (nm)

Figure 5. Lowfluence fsTA spectra of annealgi@-, TMS-, and F-Tet thifilms following 510 hm excitatiorrﬂ017 cm_e').

the solution spectrum. The unannealétin exhibits an a)

absorption spectrum nearly identical to that of the compound 2

in solution except for a 15 nm red shift and a general __ %

broadening characteristic of gaserystal éfects in the solid 8 0 ' e

state. However, there are no clear signs of strong coupling E i -
between the molecular transition dipoles, which depends on 1/ g -2 — 30 gs S0e
r, in concert with the longer distance between the molecules . m— - M
enforced by the steric bulk of the TMS group. Interestingly, i

annealing reduces this red shift and sharpens the absorption 400 600 800 1000 1200 1400 1600
bands. This change implies that packing of the TMS-Tet Wavelength (nm)

compound is closer, on average, in the amorphous

arrangement than the 4.17 A distance exhibited in the b) sy L) K

o

crystalline morphology. Annealing also greatly enhances the

absorption intensity by roughly a factor of 1.5. This is in Ly
agreement with the GIXRD measurements, which indicate a 3 o-=
tilted long axis end-on arrangement of the chromophore on the %1_ i

Model Population =
g o

)

101 10 100 1000 10000

substrate in the annealed sample. < d) Time (55)

Thin Film Transient Absorption Measurements. Given the < . A:m
higher crystallinity of the CbClz-vapor annealed thirfilms F | gt Gasstmapy’ A0 1B

) . 14 K, =(20£0.1 ps) 582 nm s
compared to the as-deposited ones, we focus the time-resolved SF -4 &\ "_ /0 0 2000 Soma )
studies on the annealddms. Figure 5shows the lovfluence, 5] 8 kf:f(ﬁ,“o,gmoms)*—1200nm 0004 =
i i ihi i = ) y 4 2 000355 680 8% 1000 1200 1400 1600

smglet—smglt_et annihilation-free fs_TA spectra after g s £ R e MR
photoexcitation of the annealdde-Tet film (Aexc = 510 nmar, Time (ps)
which are similar to those of the parent chromophore, HSet.
High fluence transient spectra are showrrigures 6andS9. At Figure 6. (a) Visible and near-infrared fsSTA spectra of s &vent-

short time delays after the pump pulse, fivel a characteristic ~ vapgr annealed F-Tetim following 510 nm excitation 1
singlet spectrum with broad ESA having a maximum at 525 nm ¢m ). (b) Globalfits toeq S3 (c) Solutions to the kinetic model.
and a broad feature out to 800 nm. The ESA signal overlaps theld) Reconstructed —species-associated spectra. The analysis

. L . indicates that the 2 ps loss of the singlet state2Q0 nm) is
negative SE feature resulting in a minimum at 610 nm, most of concomitant with the growth of the NIR feature (895 and 1010

e Snm) and that the-200 ps decay of this species is associated with
the ESA and has a clearly resolved minimum380 nm. These e growth of a triplet absorption feature at 560 nm.

S1 features decay over time to produce the characteristic triplet
spectrum with maxima adjacent to the GSB in the visible and no

NIR absorption. The small amount of residual stimulated emission M at longer times-G ns) may be due to triptetriplet fusion
observed at 610 occurring at defect sites within tfiem, where the rapidly
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Table 2. Kinetic Parameters for Thin Film Samples Obtained from Global Analysis

Trelax(ps) 1CT (PS) TSF (pS) ktTa (molt %)
€ (cmd) ~10t7 ~10° ~107 ~1019 ~10Y7 ~10%° ~10%7 ~1010
Me-Tet 1.2 +03 22 £0.1 18+ 1 1921 1.3 x 10 1.7x 10
TMS-Tet 0.8 £0.3 1.3 £0.3 200 + 6C 150 +30 8.2 x 108 1.6x 108
F-Tet 2.0+0.1 2.0£0.1 160 + 1C 210 +10 1.¢ x 10 8.6 x 10’
(a) (b) 3
1.0

= —Me 24

2 0.8 —TMS
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< o
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.g X ; —2ps

o =14 20 ps

@ J

e 0.2 i 50 ps

5 24 —— 100 ps

Z 0.0 ——1ns

2220 2205 2190 2175 2160 2235 2220 2205 2190 2175

Wavenumber (cm™)

Wavenumber (cm™)

() 21 Me

21TMS

o
8 0 ==
= 21 \/ —,
g -4 —
S o ' |
i, S
0

-2

——Int
T(

2220 2205

2190 2175

Wavenumber (cm™)

Figure 7. Data foMe-Tet, TMS-Tet, and F-Tet. (a) Ground-state FT-IR absorptidhar2200 ot region. (b) Time-evolution of the CN

stretch in F-Tefilm on CaB. The substrate response and coherence artifacts give rise tfsbts between the spectra at the early times.
(c) Species associated singlet and triplet IR spectra corresponding to tHdigtolihe kinetic model.

formed triplets are trapped. The error bars on the triplet yields triplet population in around 200 ps. The kinetic models applied

measured in these systems are too large to permit a quantitativgo the data are simfiled in the sense that alternative decay

estimate of the triplet trappindfieiency (see below). pathways back to the ground state are neglected, as they are
We applied global kinetic analysis to the fSTA data obtained presumed to be out-competed by the faster SF process. This

for eachfilm using a sequential decay model. Details & th
modeling are given in th&l, Section S5and the kinetic
parameters are shown irable 2 It is worth noting that the

approximation is reasonable given th&0 ns § lifetime of
the monomeric tetracene chromophores in solution and the
agreement between the model populations fronfith@nd the

rates will actually be distributed to some degree in the realindependently calculated triplet yields discussed below.

system owing to the intrinsic heterogeneity of filen; by

Unlike in the other derivatives, the fsTA data for the F-Tet

using a single value, we are assuming that the distribution offilms indicate that the singlet population relaxes through an
rates in the system is narrow. The good agreement with theintermediate electronic state that mediates the siriigigibn

relatively simple kinetic model and the
uncertainties of the values extracted from fite support our
assumptions for this system.

The results of the global analysis of thike-Tet and TMS-
Tet films (Figures S15 and S)6show a similar~1-2 ps
relaxation for eacHilm, where the spectra of the initial and

reasonable process Figure §. The spectra show the formation in 2 ps of

new absorption bands at 895 and 1010 nm concomitant with
an apparent redshift of the band at 540 nm and the loss of the

S feature at 1200 nm. The rate of this initial decay is similar
to the relaxation times observed in other derivatives. However,

since the relaxation process is along the samel&ctronic

relaxed excited states are highly similar. The inclusion of state surface, there is minimal population loss preceding the

singlet-singlet annihilation in the higluence data yields
rates that are in good agreement with the flmence data,

formation of the intermediate state. Following the decay of
such an intermediate, SF occurg | 210 ps to give the triplet

suggesting that early dynamics are well accounted for. Singletof F-Tet indicated by the growth of the absorption feature at

fission proceeds from the relaxed state in dédwch In Me-Tet,

SF is highly éficient and occurs with an 18 ps time constant,

while SF inTMS-Tet is signficantly slower, producing the

560 nm.
The spectral evolution and kinetics for F-Tet on glass were
similarly observed for the F-Tet thfitm on a sapphire disk
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(Figures S20 and S21 Given the higher thermal either the singlet or intermediate states and suggest that the

conductivity of the latter substraté*® as well as the ~ model populations are reasonable surrogates for the triplet

similar kinetics indicated by both high- and Iélwence ~ Yields in this case. For TMS-Tet, we observe marginal

fsTA spectroscopy, thermalffects on SF in thesBims triplet yields (p1 = 60+ 25%), again consistent with the

caused by laser irradiation are negligible. transient absorption data. This implies that the unfavorable
Thefilms were also studied with femtosecond transient infrared interchro-mophore distances determined by the steric bulk

(fsIR) spectroscopy, where the cyano group provides a vibrationalof the TMS group has a dramatiif @ct on the SFféiciency

tag that allows us to probe the sindission dynamics in the IR in the crystallindilms.

region around 2200 ¢m. The ground-state cyano stretch was

observed at 2199, 2201, and 2204 tror theMe-Tet, TMS-Tet, M oiscussion

and F-Tet thirfilms, respectively, following the trend accordingto ~ Singlet Fission Efficiency and m Contact. The geometry

the electron-donating power of the substituenEguyre 7. of the SF-active dimer pair in H-Tet was previously
Representative fsIR spectra are also giveRigure 7 in addition unresolved due to the presence of two closely interacting
to the results of a global spectral analysis. This analysis permitteddimer pair interactions in the crystal structuféig@re J.

the extraction of the species-associated spectra for the singleClose similarities between the H-Tat interaction and the
excited and triplet states for each derivative; further details aredimer pair in the Me-Tet crystal structure allow for

given in theSI. Upon photoexcitation at the-0 band (556570 comparison of the SF kinetics and thus the structural origin of
nm, 2pJ/ pulse), in addition to the GSB peaks, an ESA band atthe SF dynamics in this series of molecules.
lower frequency was observed at early times at 2L8%Tet) and Given the highly &icient SF observed in both H- ai-

2196 cni® (F-Tet), although the low optical density of the TMS- Tet films, the a interaction (short axis slip) can provide
Tet film prevented a peak assignment at early times. Thesesufficiently good coupling for SF. However, since the slippage
features subsequently shift to slightly higher frequencies at 2183and - distance for thex interaction is larger in H-Tet than
(Me-Tet), 2194 (TMS-Tet), and 2198 ér]n(F-Tet). The extent of  those inMe-Tet (Table 1, yet faster overall SF~(3 psﬁ10 is
peak separation between the GSB and ESA follows, once againpbserved for H-Tet, SF is likely moré ectively driven by the
the electron-donating power of the substituents, suggestingcloselyt-stacked (3.31 A), but less well overlappifglimer
charge-transfer character in the excited states. The ESA signapair (long axis slip). Thidinding also suggests that a large
shows biexponential decays with time constants similar to thosedegree ofm contact or small lateral displacement is not
observed by fsTA. As the remaining signal persists for much necessary for rapid andfieient SF in the solid state.

Ionger than 8 ns, we conclude that this shift corresponds to the The observation of slower SF in TMS-Tet points to the
formation of the triplet state by SF. These data suggest that themportance of them—m distance in enabling the coupling
singlet and triplet states are structurally similar, leading to only a necessary for SF. The large steric bulk of the TMS group results
small shift between thei®and Ti spectra. However, for F-Tet the in a very longm—1 distance of 4.17 A. Because of this long

T1 species-associated spectrum shows a sharpening of the ESAiStance between neighboring chromophores, SF is highly
band compared to its precursor spectrum; ffitting the spectra  inefficient in the annealed TMS-T&Im (1 = 60%; nearly 0% in
to the sum of two Lorentzian$[, Section Sp the full width at unannealedfilm, data not shown). Kinetic analysis of the SF
half-maximum (fwhm) is reduced by 4R0%. The much lower  dynamics in TMS-Tet also point to much poorer SF in this
signalto-noise ratio in the fsIR spectra fite-Tet and TMS-Tet derivative than in the other Tet derivatives. In the case of the
prohibits making an adequate comparison of the fwhm, butasuch annealedilm, an apparentsg = 200 ps is observed. Given that
peak sharpening may indicate that the triplet state is morethe geometry of the dimer pair in TMS-Tet is nearly identical to
localized. the Me-Tet dimer pair except for the-T distance lfle-Tet: 3.94
A, TMS-Tet: 4.17 A), we assign theffierences in SF between the

Triplet Yield Calculations. Nanosecond transient absorp-tion two compounds to the fiierence in theirr contact. The role of
(nsTA) spectroscopy was used to measure the triplet signal and tahe interchromophore distance in tuning the strength of the SF
calculate triplet quantum yields. Other methods of triplet yield coupling interaction has been previously explored in penta%Zene.
determination necessitate spectrally independeriESA signals o results indicate that the increaseria distance from 3.94 to
to kinetically or quantitatively track the triplet populati]oshi50 4.17 A is sigrficant enough to reduce dramatically the SF
Because of complicated overlap of the &d Ti ESA with the efficiency in these Tet derivatives.
GSB signals and spectral variations across the series of molecules, Singlet Fission Intermediate. The fsTA data indicate thahe
the singlet depletion method was chosen for triplet yield analysis. SF process in F-Tet involves the participation of an intermediate
This method, which has been outlined by Carmichael and5|l|ug, prior to triplet formation. Depopulation of thléslso) state, as
has been previously applied to calculate triplet yields in SF evidenced by the decay of the NIR absorption bandla00 nm,
systemsz.]”‘?z"%’37 is associated with the growth of bands at 890 and 101G iguré

For this analysis, we use a nsTA trace at a 50 ns delayg). These bands correlate well with the absorption bands for the
where only the triplet population is present, and quantitate thetetracene anion radical and radical cation, which occur in low
amount of GSB signal in the transient trace. By comparing thistemperature glasses at about 820 and
value to the predicted bleach, based on the excitation densityggo nm, respectivel§.3'54 The longer wavelengths observed for
and film absorption spectrum, we can determine the triplet F-Tet may be a result of the additional substituents conjugated to
quantum vyield. The detailed procedure of this analysis is the tetracenes used in this study. Indeed, NIR absorptior@yat
included in theSI. The results indicate thaffeient SF occurs 5,4 980 nm were observed for the cation and anion 0BtF-T
in both theMe-Tet (@1 = 195+ 30%) and F-Tet¢{T = 210+ generated electrochemically in solution (Ségures S26
42%) derivatives. Both of these values are consistent with the28 in the SI, Section )8 Furthermore, the decay of these
high yield of triplet observed in the fsTA data, and support the features is concomitant with the growth of @bsorption at
assumption that other decay processes are negligible from 560 nm, which suggests the role of an intermediate in the SF
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mechanism of F-Tet. The close resemblance of these features,

particularly the NIR bands, to the tetracene radical ions
suggests the intermediate state we are observing hacsighi
charge transfer (CT) character. Due to their ability to couple
the initial 1(Slso) state to thel(T1T1) triplet pair state, CT
states have been implicated as either real or virtual
intermediates in the SF proce4§3§3.5 A slightly modiied
kinetic scheme considering the participation of the putative
1(T1T1) state is also given in ti#&, Section S5

The observation of a CT intermediate in the SF mechanism
for F-Tet indicates that CT state formation may be
mechanistically important for SF in tetracene-based materials.
The fluorine substituents on F-Tet may position its CT state
energy close enough to that]tﬁslso) to make it an accessible
real intermediate precediné(T1T1) formation, while not
stabilizing the CT state so much that it becomes a trap state
We find that the CT state forms in~ 2 ps, and decays to the
1(T1T1) state int ~ 200 ps. The relatively slow CH 1(T1T1)

X-ray crystallographic data for intermediate
cumulene S4bQIF).
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