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(Abstract: A solution, solid-state, and computational study is
reported of polycyclic aromatic hydrocarbon PAH/PAH(CF,),
donor/acceptor (D/A) charge-transfer complexes that involve
six PAH(CF;),, acceptors with known gas-phase electron affin-
ities that range from 2.11(2) to 2.805(15) eV and four PAH
donors, including seven CT co-crystal X-ray structures that
exhibit hexagonal arrays of mixed m-stacks with 1/1, 1/2, or
2/1 D/A stoichiometries (PAH=anthracene, azulene, coro-
nene, perylene, pyrene, triphenylene; n=>5, 6). These are the
first D/A CT complexes with PAH(CF,), acceptors to be stud-
ied in detail. The nine D/A combinations were chosen to
allow several structural and electronic comparisons to be
made, providing new insights about controlling D/A interac-
tions and the structures of CT co-crystals. The comparisons

N

\

include, among others, CT complexes of the same PAH(CF,),
acceptor with four PAH donors and CT complexes of the
same donor with four PAH(CF,), acceptors. All nine CT com-
plexes exhibit charge-transfer bands in solution with A,,,, be-
tween 467 and 600 nm. A plot of E(4,,) versus [IE(do-
nor)—EA(acceptor)] for the nine CT complexes studied is
linear with a slope of 0.72+0.03 eV eV . This plot is the first
of its kind for CT complexes with structurally related donors
and acceptors for which precise experimental gas-phase [Es
and EAs are known. It demonstrates that conclusions based
on the common assumption that the slope of a CT E(A,,,)
versus [[E—EA] plot is unity may be incorrect in at least some
cases and should be reconsidered.

/

Introduction

Organic co-crystalline materials containing electronically- and
structurally-tuneable aromatic donors and acceptors exhibit a
wide range of physicochemical properties that have found, or
are expected to find, use in molecular electronic applica-
tions." "% Of particular interest are the ways that strong elec-
tron-withdrawing groups can affect not only the electronic
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coupling of donors and acceptors but the degree of m—mt over-
lap and one-dimensional stacking.""™ In particular, F
atoms ' and perfluoroalkyl (R;) groups® ¥ can have desir-
able electronic and structural effects. For example, R¢ substitu-
tion can raise the electron affinities (EAs) of polycyclic aromatic
hydrocarbons (PAHs) by 0.3-0.5eV per R: group®?2% and
strengthen parallel m-m interactions while suppressing T-
shaped C—H--m interactions.””-?® Fluorination, even partial fluo-
rination, can also increase PAH electron affinities, > improve
air stability,®***? affect PAH charge mobility®™® and
photophysics,® convert p-type into n-type semiconduc-
tors?*33235 (e g., perfluoropentacene®*”), and convert PAH
herringbone structures (e.g., anthracene (ANTH)®®) into -
stacked structures (e.g., 1,2,3,4-ANTH(F),").5%39 However, CF,
is @ much stronger electron-withdrawing group (EWG) than
Fl22404 Eor example, the DFT-predicted EAs of perfluoroan-
thracene (ANTH(F),;) and ANTH(CF;),, are 1.84**3% and
4,01 eV respectively. With only six CF; groups, the experi-
mental EA of 2,3,6,7,9,10-ANTH(CF;); (ANTH-6-1), at
2.81(2) eV,* is more than 1 eV higher than ANTH(F),, and is
the same as the 2.78(6) eV EA of the common charge-transfer
electron acceptor chloranil (2,3,4,5-tetrachlorobenzoquinone;
Cl,BQ).*? Another difference between CF; and F substituents
on PAHs is exemplified by the order of photostability of 9,10-
ANTH(X), derivatives in aerated cyclohexane: CF;>H>F"J Al-
though PAH/PAH(F), co-crystals have been studied for many
years (e.g., co-crystals of perfluoronaphthalene with pyrene™”

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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and fluorene™), to our knowledge there are no reports of
PAH/PAH(CF,), co-crystals other than our brief communication
of the structures of co-crystals containing pyrene and either
1,2,3,5,7-azulene(CF;)s (AZUL-5-1)*" or ANTH-6-1%" (both of
which will be discussed in greater detail in this paper) and the
co-crystal structure of two complementary m-bowls, corannu-
lene/1,3,5,7,9-corannulene(CF,);.“®

We have studied the synthesis and physicochemical proper-
ties of 53 PAH(CF,), derivatives prepared by substituting H
atoms in twelve unsubstituted PAHs using CF; radicals generat-
ed from CF;l at high temperature (n=1-8).2>232526:46:4951 |
addition to their spectroscopic and electrochemical characteri-
zation, nearly two-thirds of them have also been studied by
single-crystal X-ray diffraction and have had their EAs deter-
mined by low-temperature gas-phase photoelectron spectros-
copy. These strong electron acceptors, with EAs that range
from 1.8 to 3.2eV, are listed in Supporting Information
Table S1. This table also includes information about the 16
other PAH(CF;), derivatives reported by others that were pre-

pared by more conventional, multi-step synthetic meth-
OdS [28,52-63]

We herein report a solution, solid-state, and computational
study of nine (PAH),/(PAH(CF,),), donor/acceptor (D/A) charge-
transfer (CT) complexes that involve the four PAH donors and
six PAH(CF;), acceptors shown in Figure 1 and Figure 2, respec-
ionization energies

tively. Their abbreviations, (IEs), EAs,
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Figure 1. Drawings of the five polycyclic aromatic hydrocarbons (PAHs) used
in this work: anthracene (ANTH); azulene (AZUL); coronene (CORO); pery-
lene (PERY); pyrene (PYRN).

E,»(+/0) or E,,(0/—) electrochemical potentials, and longest
wavelength CT A,.., values are listed in Table 1.%4% These are
the first D/A CT complexes with PAH(CF;), acceptors to be
studied in detail. The nine D/A combinations were chosen to
allow several comparisons to be made in order to provide new
insights about controlling PAH D/A interactions and the struc-
tures of CT co-crystals. The comparisons include combinations
of the same PAH(CF;), acceptor (ANTH-6-1) with four different
PAH donors (ANTH, CORO, PERY, and PYRN), the same PAH
donor (ANTH) with three structurally-similar PAH(CF;), accept-
ors (ANTH-5-1, ANTH-6-1, and ANTH-6-2), and the same PAH

ANTH-6-2

Figure 2. Drawings of the six PAH(CF,), electron acceptors used in this work: 1,3,6,8,10-anthracene(CF;); (ANTH-5-1); 2,3,6,7,9,10-anthracene(CF;); (ANTH-6-1);
1,2,3,6,8,10-anthracene(CF), (ANTH-6-2); 1,2,3,5,7-azulene(CF;)s (AZUL-5-1); 1,2,4,6,8,9-pyrene(CF;), (PYRN-6-2); and 1,3,6,7,10,11-triphenylene(CF;); (TRPH-6-1).
Thermal ellipsoid plots of charge-transfer co-crystal X-ray structures are shown in the Supporting Information.
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Table 1. Electron Affinity (EA), lonization Energy (IE), Electrochemical, and Spectroscopic Data.”!
compound, solution, mixture in  abbr. gas-phase gas-phase E.,, [V vs. Fe(Cp), "] gas-phase longest wavelength 1, value, nm [eV]*

A(IE/EA)
solution, thin film or co-crystal IE [eV]®'  EA [eV]™ +/0 couple  0/— couple® [eV]® 1,2-C,H,Cl, thin film
solution

anthracene (C,,H,,) ANTH 7.439(6)  0.53(2) 0.71;9 0.909"  —252 - <400 [>3.11] <400 [>3.11]
azulene (CyoHs) AZUL 7.42(2) 0.790(8) 0.33 —2.14 - 579 [2.14] -
coronene (C,,H,,) CORO 7.26(5) 0.47(9) 0.85!" —2619 - 451 [2.75] -
perylene (CyH;,) PERY 6.960(1)  0.973(5) 047905991 223 - 523 [2.37] 467 [2.67]
pyrene (Cy,H o) PYRN 7.426(1)  0.41(1) 0.78;70.879" 265 - <400 [>3.11] <400 [>3.11]
1,3,6,8,10-ANTH(CF;); ANTH-5-1 - 2.40(2)* - —1.24 - <400 [>3.11] <400 [>3.11]
2,3,6,7,9,10-ANTH(CF,), ANTH-6-1 - 2.81(2)¢ - —0.92 - <400 [>3.11] <400 [>3.11]
1,2,3,6,8,10-ANTH(CF,)s ANTH-6-2 - 2682 - —0.98 - <400 [>3.11] -
1,2,3,5,7-AZUL(CF;), AZUL-5-1 - 2.850(15))  — —0.73 - 536 [2.31] -
1,3,4,6,8,9-PYRN(CF), PYRN-6-1 - 2.71(2) -1.01 - <400 [>3.11] -
1,2,4,6,8,9-PYRN(CF,), PYRN-6-2 - 2.6-2.71 —1.059 - <400 [>3.11] -
1,3,6,7,10,11-TRPH(CF3), TRPH-6-1 - 2.11(2) —-1.73 - <400 [>3.11] -
ANTH/ANTH-5-1 - - - - - 5.04(2) 466 [2.66] 456 [2.72]
ANTH/ANTH-6-1 - - - - - 4.63(2) 523 [2.37] 530 [2.34]
ANTH/ANTH-6-2 - - - - - 4.76(2) 506 [2.45] -
CORO/ANTH-6-1 - - - - - 4.45(5) 554 [2.24]% -
PERY/ANTH-6-1 - - - - - 4.15(2) 600 [2.07]" 655 [1.90]
PYRN/ANTH-6-1 - - - - - 4.63(2) 510 [2.43]"™ 494 [2.51]
PYRN/AZUL-5-1 - - - - - 4.58(2) 510-540 [2.43-2.30] -
PYRN/PRYN-6-2 - - - - - 4.73-4.83  450-500 [2.76-2.48] -
PYRN/TRPH-6-1 - - - - - 5.32(2) 400-450 [3.10-2.76] -
[a] Least significant digit uncertainties shown in parentheses. E,,, uncertainties are +0.01 V. [b] Adiabatic values from NIST Webbook (ref.[64]) unless other-
wise indicated. [c] A(IE/EA)=IE(PAH)—EA(PAH(CF,),. [d] This work. [e] From ref.[26] unless otherwise indicated; E;, measured in DME/0.1m TBATCIO, .
[f] Ref. [65]; in CH,CN/2m NaClO, at 25.0(1)°. [g] Ref. [66]. [h] In liquid SO, at —51°C. [i] In CH,Cl, at —40°C. [j] Erroneously reported as 2.890(15) in ref.[26].
[k] Corrected from 532 nm [2.33 eV] in toluene; see text. [I] Longest wavelength CT band 4,,,, value. [m] Most intense CT band A,,,, value.

donor (PYRN) with four structurally-different PAH(CF;), accept-
ors (AZUL-5-1, ANTH-6-1, PYRN-6-2, and TRPH-6-1). Five of the
nine CT co-crystals exhibit hexagonal arrays of alternating D/A/
D/A m-stacks, one exhibits D/D/A/D/D/A m-stacks, two exhibit
D/A/A/D/A/A m-stacks, and one co-crystal structure has discrete
ni-stacked A/D/A triplets that are not stacked parallel to their
nearest neighbour triplets. The D/A interplanar separation in
all nine structures, 3.55+0.06 A, is highly unusual for mixed-
stack CT complexes of donors and acceptors that have planar
aromatic cores and comparable /Es and EAs, respectively (these
typically have D/A interplanar separations of 332+
0.06 A3 Thus, our study has afforded the rare opportuni-
ty to determine, both experimentally and with DFT theory, the
effect of significantly increasing D/A interplanar separation on
the degree of D/A m-m overlap, D/A relative orientations, and
D/A CT energies.

Experimental Section
Materials

See Table 1 for a list of abbreviations for the PAH and PAH(CF,),
compounds studied in this work. The generic abbreviation
PAH(CF,), denotes a compound with n H atoms replaced by n CF,
groups (e.g., the composition of ANTH(CF,); is Ci4H,(CF5)s, not
Cy4H1(CF5)s). The PAH electron donors ANTH (TCl America, 94 %),
CORO (TCl America, 95.0%), PERY (Sigma-Aldrich, 99%), and PYRN
(Alfa Aesar, 98 %) were used as received. Spectroscopy grade tolu-
ene (Burdick & Jackson) and ethyl acetate (Sigma-Aldrich), ACS
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grade dichloromethane (CH,Cl,) and 1,2-dichloroethane (1,2-
C,H,Cl,, Fisher Scientific), HPLC grade heptane, acetonitrile
(CH4CN), and methanol (Fisher Scientific), anhydrous dimethoxy-
ethane (DME, Sigma-Aldrich, inhibitor free), NMR grade hexafluoro-
benzene (C¢Fs, Sigma-Aldrich, 99.5+ %), trifluoroiodomethane
(CFsl, Synquest Laboratories, 99%), chloroform-d (CDCl;, Cambridge
Isotopes), and ferrocene (Fe(Cp),, Strem Chemical) were used as re-
ceived. Electrochemical analysis grade tetrabutylammonium per-
chlorate (N(nBu),ClO,, Sigma-Aldrich, 99+ %) was recrystallized
from ethyl acetate. The PAH(CF;), electron acceptors ANTH-5-1,
ANTH-6-1, AZUL-5-1, and TRPH-6-1 were prepared as previously de-
scribed.”?5:49

Synthesis of new compounds

ANTH-6-2: A mixture of ANTH (178 mg; 1.00 mmol) and CF;l
(2.35g; 120 mmol) at —196°C were sealed under vacuum in a
thick-walled glass ampoule (internal volume 250 mL) and heated at
360°C for 24 h as previously described.”™ [CAUTION: The pressure
in the ampoule was ca. 2.5 atm at 360°C; the burst pressure for a
glass ampoule of this type is determined in part by the quality of
seal, so care must be taken during the sealing step. Safety shields,
face shields, and heavy-duty personal protection clothing must be
used at all times, and only experienced personnel should perform
this operation.] The ampoule was cooled to 22°C and opened, and
the soluble contents were removed using CH,Cl,. Rotary evapora-
tion of the CH,Cl, rinses also removed the |, by-product and left a
white residue. The compounds ANTH-5-1 and ANTH-6-1 were sepa-
rated by HPLC as previously described, using a Shimadzu Promi-
nence HPLC system.”’ A fraction that eluted between 8.6 and
10.0 min on a Cosmosil Buckyprep preparative column (Nacalai

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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USA; 20 mm i.d.x200 mm; 100% CH,CN eluent; 20 mLmin~' flow
rate) contained ANTH-6-2 and an unidentified ANTH(CF), com-
pound. Further purification was performed using a FluoroFlash
column (Fluorous Technologies, 4.6 mm i.d.x150 mm; in 95:5
CH;CN:H,0 eluent; 2 mLmin™" flow rate). The compound ANTH-6-
2 was collected in a fraction between 15.2 and 16.8 min, which
was dried to a white powder by rotary evaporation. Yield: ca.
20mg (3.5% based on ANTH). The 'H and 'F NMR spectra of
ANTH-6-2 (Figure S1 in Supporting Information) demonstrated that
the purity of ANTH-6-2 was 98 + mol %.

PYRN-6-2: A mixture of PYRN (20 mg, 0.10 mmol) and CF;l (5.9 g,
3.0 mmol) at —196°C were sealed under vacuum in a thick-walled
glass ampoule (internal volume 50 mL) and heated at 360°C for
24 h as previously described.”® The ampoule was cooled to 22°C
and opened, and the soluble contents were removed using CH,Cl,.
Rotary evaporation of the CH,Cl, rinses also removed the |, by-
product and left a yellow residue. The compound PYRN-6-2 was
separated by three stages of HPLC purification. The first stage in-
volved a Cosmosil Buckyprep preparative column (see above;
100% CH,CN eluent; 20 mLmin~' flow rate). The fraction that
eluted between 28.2 and 34.6 min was reduced in volume and in-
jected onto a FluoroFlash column (see above; 100% CH5CN eluent;
2mLmin~" flow rate). The fraction that eluted between 6.1 and
6.7 min was dried to a yellow residue by rotary evaporation, re-dis-
solved in toluene, and injected onto a Cosmosil Buckyprep semi-
preparative column (Nacalai USA, 10 mm i.d.x200 mm; 60:40 tol-
uene:heptane eluent; 5 mLmin~' flow rate). The compound PYRN-
6-2 was collected in a fraction that eluted between 3.5 and
3.8 min, which was dried to a yellow powder by rotary evapora-
tion. Yield: ca. 6 mg (10% based on PYRN). The 'H and '°F NMR
spectra (Figure S2) demonstrated that the purity of PYRN-6-2 was
98 + mol %.

Electrochemical and spectroscopic measurements

Cyclic voltammograms were recorded with a three-electrode cell in
a purified dinitrogen-filled glovebox at Colorado State University
(CSU) as previously described.” The solutions were ca. 1-2 mm an-
alyte in deoxygenated DME containing 0.10m N(nBu),ClO,. The H
(400 MHz) and 'F (376 MHz) NMR spectra of CDCl; solutions of
ANTH-6-2 and PYRN-6-2 were recorded using a Varian Inova 400
spectrometer. Chemical shifts were referenced to internal residual
CHCl; (0=7.27) or added CiF, (0=-164.9). UV/Vis spectra of
CH,Cl,, 1,2-C;H,Cl,, or toluene solutions of PAH and PAH(CF,),, com-
pounds and PAH/PAH(CF), mixtures were recorded using a Cary
500 spectrophotometer. Equimolar solutions of various PAH/
PAH(CF;), combinations were drop-cast onto quartz microscope
slides in order to record solid-state thin-film UV/Vis spectra. The
adiabatic electron affinity (EA) of ANTH-6-2 was determined at Pa-
cific Northwest National Laboratory as previously described,*
using a low temperature (10-12 K) apparatus that couples an elec-
trospray ionization source and a temperature-controlled ion trap to
a magnetic-bottle time-of-flight photoelectron spectrometer previ-
ously described in detail.”®

Single-crystal X-ray diffraction

The nine (PAH),/(PAH(CF;),), CT complex co-crystals discussed in
detail in this work were grown by slow evaporation of CH,Cl, solu-
tions (the structures of PYRN/AZUL-5-1“ and PYRN/(ANTH-6-1),”
were reported previously, but were not described in detail). Diffrac-
tion data were collected at Colorado State University using a
Bruker APEX-Il CCD diffractometer with a Moy, X-ray tube source
and graphite monochromator (1=0.71073 A) or on beamline 15ID-
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B at the Advanced Photon Source at Argonne National Laboratory,
Argonne IL, using synchrotron radiation with a diamond (111) or
graphite monochromator (A1=0.41328 A). Unit cell parameters
were obtained from least-squares fits to the angular coordinates of
all reflections, and intensities were integrated from a series of
frames (w and ¢ rotation) covering more than a hemisphere of re-
ciprocal space. Absorption and other corrections were applied
using SADABS.”” Each structure was solved using direct methods
and refined (on F?, using all data) by a full-matrix, weighted least-
squares process. Standard Bruker control and integration software
(APEX Il) was employed,”® and Bruker SHELXTL software was used
with Olex 2 for structure solution, refinement, and molecular
graphics.”#8

CCDC 1922642, 1922643, 1922644, 1922645, 19226469, 1922647,
and 1922648 contain the supplementary crystallographic data for
this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centre.

DFT calculations

The atomic coordinates of all studied PAH, PAH(CF;),, and PAH/
PAH(CF;), charge-transfer complexes were optimized at the B3LYP-
D3/def2-TZVPP level®® using the NWChem code (version 6.5).
Starting coordinates for D/A complexes were taken from the
single-crystal X-ray structures. Solvation energies were computed
with the COSMO solvation model®® as implemented in
NWChem. CT excitation energies were computed using a constrain-
ed DFT (C-DFT) approach,®” which enables calculation of the
energy of a state in which the net Mulliken charges of the acceptor
and donor are fixed to —1 and + 1, respectively. The energies of
such CT states were then compared to the ground-state energies
of the same complexes obtained by conventional DFT calculations
with the same functional and basis set. As C-DFT calculations expe-
rienced convergence problems when using the def2-TZVPP basis
set, the values reported in this manuscript were computed with
the less extended 6-311G* basis. Comparison with def2-TZVPP re-
sults (when the latter did converge) showed that the CT energies
vary with the change of basis set by 0.12-0.29 eV (the 6-311G*
values were systematically higher than their def2-TZVPP counter-
parts).

Results
General comments

The crystal structures of the recently reported donor/acceptor
(D/A) co-crystals of PYRN with AZUL-5-1" and PYRN with
ANTH-6-1 (the 1/2 structure PYRN/(ANTH-6-1),),"” and the
seven X-ray D/A co-crystal structures we report here represent
combinations of four PAH donors, ANTH, CORO, PERY, and
PYRN, and six PAH(CF,), acceptors, ANTH-5-1, ANTH-6-1, ANTH-
6-2, AZUL-5-1, PYRN-6-2, and TRPH-6-1. Table 1 lists their for-
mulas (with IUPAC locants), ionization energies (/Es) and/or
electron affinities (EAs), E,,(+/0) and/or E,,(0/—) values, and,
for D/A mixtures, charge-transfer (CT) 4., and E(1..,) values.
Table S1 in Supporting Information lists all PAH(CF;), com-
pounds reported in the literature to date (i.e., compounds
with at least two fused aromatic rings with 0, 1, or 2 N atoms,
one or more CF; groups, and no other substituents), including
the new electron acceptors ANTH-6-2 and PYRN-6-2 reported
here for the first time. The 'H and "°F NMR spectra of ANTH-6-2

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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and PYRN-6-2 are shown in Figures S1 and S2, respectively. The
cyclic voltammograms of ANTH-6-2, PYRN-6-2, and CORO are
shown in Figure S3. The recently published UV spectra of
ANTH and ANTH-6-1 are shown in Figure $4.%” The similarity in
Amax Values for ANTH and ANTH-6-1 shows that the HOMO-
LUMO gaps for these two compounds must be similar, even
though they have EAs that differ by nearly 2.3 eV (0.53(2) eV
for ANTH®® and 2.81(2) eV for ANTH-6-129),

Spectroscopic characterization of PAH/PAH(CF;), CT com-
plexes

Solution and thin-film electronic spectra of the ANTH/ANTH-5-
1, ANTH/ANTH-6-1, PYRN/ANTH-6-1, and PERY/ANTH-6-1 CT
complexes are shown in Figures 3 and Figure 4. Solutions, thin-
films, and crystals of the mixtures of PAH donors and PAH(CF,),
acceptors studied in this work were highly coloured. Photo-
graphs of CH,Cl, solutions of ANTH/ANTH-5-1 and ANTH/
ANTH-6-1 are shown in Figure S5. Photographs of crystalline
ANTH/ANTH-6-1, PERY/ANTH-6-1, and PERY are also shown in
Figure S5. Some colours appeared to be different for the CT
complexes in solution and in the solid state. Solutions of
ANTH/ANTH-5-1 were golden yellow, whereas crystals isolated
from these solutions were orange. Solutions of ANTH/ANTH-6-
1 and ANTH/ANTH-6-2 were pink, whereas the crystals were
red-orange and red, respectively. Solutions of CORO/ANTH-6-1
were red-orange, whereas the crystals were violet. The D/A
combinations PYRN/ANTH-6-1 and PYRN/(TRPH-6-1), were pink
both in solution and as crystals, and the D/A complex PYRN/
PYRN-6-2 was orange both in solution and as crystals. The
most pronounced colour change was for a mixture of PERY
and ANTH-6-1, which was yellow-green in solution, similar to
the colour of PERY, and blue-green as a solid. A mixture of
PYRN and AZUL-5-1 formed red-purple crystals.“®

Solution and thin-film electronic spectra of four of the nine
D/A combinations studied in 1,2-dichloroethane solution and
as evaporated drop-cast thin-films are shown in Figures 3 and
4. The four combinations are ANTH/ANTH-5-1, ANTH/ANTH-6-
1, PYRN/ANTH-6-1, and PERY/ANTH-6-1. They are superim-
posed on the spectra of the individual components. The thin-
film spectra are clearly more complicated, have broader peaks,
and in general have different A, values than the solution
spectra, behaviour that is similar to other PAH CT complexes
with acceptors such as 4-nitrobenzodifuroxan (NBDF) and tet-
racyanoethylene (TCNE), as shown in Figure S6. Job plots®® for
these four combinations of PAH and PAH(CF;), are shown in
Figure 5, demonstrating that all four combinations formed 1/1
D/A CT complexes in solution. Scott plots® and Seal plots®”
for titrations of 5.0 mm 1,2-C,H,Cl, solutions of ANTH-5-1 and
ANTH-6-1 with concentrations of ANTH that varied from 10 to
70 mm are shown in Figure S7. The CT complex K., and CT
band 4., extinction coefficients (determined from the slopes
of these plots) and the CT band A, values (see also Table 1)
are: 1.7(1) M™', 7.7(4) x 10°cm "™, and 467 nm, respectively,
for ANTH/ANTH-5-1; and 2.8(1) M, 6.3(3) x 10*cm '™, and
523 nm, respectively, for ANTH/ANTH-6-1. Solution electronic
spectra of the ANTH/ANTH-6-2, CORO/ANTH-6-1, PYRN/AZUL-
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Figure 3. Solution and solid-state (thin film) electronic spectra of ANTH,
ANTH-6-1, and a mixture of them containing the 1/1 ANTH/ANTH-6-1 CT
complex (top two panels) and ANTH, ANTH-5-1, and a mixture of them con-
taining the 1/1 ANTH/ANTH-5-1 CT complex (bottom two panels). See

Table 1 for A, values. The concentrations of samples for the solution spec-
tra were ca. 5 mm.

5-1, PYRN/PYRN-6-2, and PYRN/TRPH-6-1 CT complexes are
shown in Figure S8. All of the solution electronic spectra were
recorded out to 1200 nm. They are shown plotted out to
800 nm in Figures 3, 4, and Figure S8 for simplicity, because no
bands were observed between 800 and 1200 nm. As examples,
the spectra of PERY/ANTH-6-1 and PYRN/ANTH-6-1 are also
plotted out to 1200 nm in Figure S8.

The CT bands for PYRN/AZUL-5-1 and PYRN/PYRN-6-2 were
masked to a significant extent by other spectral bands, and
consequently their 1., values are only known approximately
(510-540 nm for PYRN/AZUL-5-1 and 450-500 nm for PYRN/
PYRN-6-2; see Table 1). The absence of an obvious charge-
transfer band has also been observed with other azulene
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Figure 4. Solution and solid-state (thin film) electronic spectra of PYRN,
ANTH-6-1, and a mixture of them containing the 1/1 PYRN/ANTH-6-1 CT
complex (top two panels) and PERY, ANTH-6-1, and a mixture of them con-
taining the 1/1 PERY/ANTH-6-1 CT complex (bottom two panels). Part of the
solution difference spectrum (PERY/ANTH-6-1 minus PERY) is also shown,
with 4,,.,,=600 nm. The absorbance of the difference spectrum is not to
scale. See Table 1 for 4, values. The concentrations of samples for the solu-
tion spectra were ca. 5 mm.

charge-transfer complexes.”” In addition to the CT band A,
values for all nine (PAH),/(PAH(CF;),), CT complexes, the energy
changes that correspond to the A4,,, values (i.e., E(4,.)) are
also listed in Table 1. The electronic spectrum of CORO/ANTH-
6-1 was recorded in toluene because of the limited solubility
of CORO in CH,Cl, and 1,2-C,H,Cl,. Based on the CT band 4,,,,
value solvent effect for piperidine/chloranil and PYRN/chloranil
(see Tables S2 and S3),*¥ the values listed in Table 1 for
CORO/ANTH-6-1 are adjusted to 554 nm/2.24 eV instead of the
experimental toluene values of 532 nm/2.33 eV in Figure S8.
DFT calculations were performed to gauge the differences
between gas-phase and solution energy changes for the fol-
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Figure 5. Job plots of percent PAH donor vs. PAH/ANTH(CF;), charge-transfer
band 4, absorbance for 1,2-C,H,Cl, solutions containing mixtures of ANTH,
PERY, or PYRN with ANTH-6-1 or ANTH-5-1. The plots indicate the formation
of 1/1 donor/acceptor CT complexes in all four cases under the conditions of
the experiments (22 °C; [PAH] + [ANTH(CF)ss] = 10 mm). See Table 1 for 4.,
values.

lowing transformations (D=PAH; A=PAH(CF;),; DA=PAH/
PAH(CF,),): D+A—DA; DA—D"A~; D—Dyn; A—Asmn; Do+
Ay —(DA)oin; and (DA — (DA ). A dielectric continuum
equivalent to the 10.4 dielectric constant of 1,2-C,H,Cl, was
used (the dielectric constant of CH,Cl, is similar, 9.08). These
and additional computational results are listed in Table S4 for
all nine PAH/PAH(CF;), CT complexes and are shown graphical-
ly for ANTH/ANTH-6-1 in Figure 6. Similar figures for the other
PAH/PAH(CF;), CT complexes are shown in Figure S9. A subset
of the calculations for all nine CT complexes are listed in
Table 2.

ANTH/ANTH-6-1

IE-EA=4.26
-2.56
D* + A
7.07 -2.81 1
[7.14] [-2.65]
-0.79 2.43
D + A D/A D*/A
-0.19 -0.27 1—0.40 1—0. 92
-0.67 1.91
Dsuln x Asoln (DIA)soIn (D+IA_)soIn
5.44 =3.77
-0.42
D+soln o A_soln

(IE - EA)p = 1.67

Figure 6. Graphical representation of DFT-predicted energy changes (eV) for
reactions of the ANTH electron donor (D) and ANTH-6-1 electron acceptor
(A) and their D/A CT complex. The species are either in the gas-phase (not
labelled) or in solution (labelled soln) with a dielectric continuum equivalent
to 1,2-dichloroethane (¢ =10.4). All calculations were B3LYP-D3/def2-TZVPP
except D/A—D*/A™ and (D/A)s,—(D /A )so1n, Which were B3LYP-D3/6-
311G* because of convergence problems when using the def2-TZVPP basis
set. The /E and EA values in square brackets are for vertical processes.
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Table 2. Selected DFT Computational Results.”!

CT complex D+A—D/A D/A—D*A D—Dqyn A—Agn Dsoin + Asoin — (D/A)soin (D/A)soin =D /A g
ANTH/ANTH-5-1 —-0.74 2.70%! —0.19 -0.27 —0.63 2.16"
ANTH/ANTH-6-1 —-0.79 2430 —-0.19 -0.33 —-0.67 1.91®!
ANTH/ANTH-6-2 —0.82 2,52 —-0.19 -0.29 —0.72 1.96"!
CORO/ANTH-6-1 -1.03 2.57" —-0.25 -033 —-0.87 2,11
PERY/ANTH-6-1 -0.97 2.09" —-0.26 -0.33 —-0.79 1.59®
PYRN/ANTH-6-1 —-0.83 2,541 —0.20 —0.33 —0.67 2.03%
PYRN/AZUL-5-1 —-0.78 2.68" —-0.20 —-0.29 —0.68 2.15"
PYRN/PYRN-6-2 —-0.82 2.73%! —-0.20 —-0.30 —0.69 2.20"
PYRN/TRPH-6-1 —0.91 3.30" —0.20 —041 —-0.78 2.82"

[a] All energies in eV. All calculations at the B3LYP-D3/def2-TZVPP level of theory unless otherwise indicated. [b] Calculations at the B3LYP-D3/6-311G* level
of theory because of convergence problems when using the def2-TZVPP basis set. All of the DFT results are listed in Table S4 (in which the generic acro-
nyms D/A and D*/A are abbreviated DA and D*A).

Structures of (PAH),/(PAH(CF;),), CT complex co-crystals

Data collection and final refinement parameters for the single-
crystal X-ray structures of the seven (PAH),/(PAH(CF;),), CT com-
plex co-crystals reported in this work are listed in Table 3. The
ratio of donors to acceptors, x/y, is 1/1 for four of the struc-
tures, 1/2 for two structures, and 2/1 for one structure. Rele-
vant geometric parameters for the D,/A, structures are listed in
Table 4, including, for comparison, the corresponding parame-
ters for the previously reported 1/1 structures of PYRN/AZUL-5-
14 and ANTH/NAPH(F),“? and the 1/2 structure of PYRN/
(ANTH-6-1),.17

Thermal ellipsoid plots for one D/A pair in ANTH/ANTH-6-2
and PYRN/PYRN-6-2, the CT complex co-crystal structures with
the two new PAH(CF;), acceptors, are shown in Figure 7. Ther-

mal ellipsoid plots for the other structures are shown in Fig-
ures S10-S12. All of the structures exhibit nearly-parallel donor
and acceptor nearest neighbours with significant -t overlap.
This is shown for ANTH/(ANTH-5-1),, ANTH/ANTH-6-1, PYRN/
(ANTH-6-1),, and (CORO),/ANTH-6-1 in Figure 8. Similar draw-
ings for the other five (PAH),/(PAH(CF;),), co-crystal structures
are shown in Figure S13.

Eight of the nine (PAH),/(PAH(CF;),), structures consist of
hexagonal arrays of infinite stacks of nearly-parallel donors and
acceptors (the largest dihedral angle between the donor and
acceptor least-squares planes of C(sp?) atoms is 4.9° in
(CORO),/ANTH-6-1 and the smallest is 0.8° in PYRN/AZUL-5-1).
Two perpendicular views of this packing motif for PERY/ANTH-
6-1 are shown in Figure 9. Similar pairs of drawings for the
seven other structures with this packing motif are shown in

Table 3. Crystal Data and Final Refinement Parameters for the (PAH),/(PAH(CFs),), Co-crystal X-ray Diffraction Structures.

compound® ANTH/(ANTH-5-1), ANTH/ANTH-6-1 ANTH/ANTH-6-2 PERY/ANTH-6-1 PYRN/(TRPH-6-1), PYRN/PYRN-6-2 (CORO),/ANTH-6-1
formula CaeHioFss CaaHisFig CaaHisFig CaoHiF1s CoHyFog CagHiaF s CesHasFis

formula wt. [gmol™'] 607.34 764.45 764.45 838.53 737.41 812.49 1186.90

colour orange red-orange red blue-green pink orange violet

X-ray wavelength [Al 0.71073 0.71073 0.41328 0.41328 0.41328 0.71073 0.41328

crystal system triclinic triclinic monoclinic monoclinic triclinic monoclinic triclinic

space group, Z P1,2 P1,1 P2,/n, 4 P2,/n, 2 P1,2 P2,/n, 8 P11

a[Al 10.4208(8) 7.3205(3) 7.3334(4) 7.5458(3) 10.5246(3) 14.2327(6) 10.6233(6)

b [A] 11.2016(9) 9.5075(3) 22.6954(11) 9.9934(3) 11.6583(4) 18.7253(8) 10.6247(6)

c A 12.4222(10) 10.6112(4) 17.674(1) 20.5503(7) 11.9258(4) 23.9391(11) 11.5482(7)

a[’] 91.813(4) 80.751(2) 90 920 95.673(1) 90 96.506(1)

B ] 114.299(4) 88.391(2) 101.947(1) 94.108(1) 93.026(1) 107.200 (2) 109.548(1)

v [] 117.018(4) 78.520(2) 90 90 113.015(1) 920 101.923(1)

VA% 1133.89(17) 714.35(5) 2877.9(3) 1545.68(9) 1333.52(8) 6094.7(5) 1178.05(12)

Peac [gem ] 1.779 1.777 1.764 1.802 1.836 1.771 1673

T [K] 120(1) 120(1) 100(1) 100(1) 100(1) 120(1) 100(1)

min/max e density [e~ A3 —0.447/0511 —0.266/0.524 —0.259/0.351 —0.232/0.374  —0.246/0.390 —0.300/0.374 —0.281/0.416
total/unique reflections 4903/3725 5364/4350 6448/4487 3670/3204 7403/6394 14327/9377 8309/6936
parameters/restraints 370/0 235/0 469/444 262/210 507/66 1125/72 388/375

R(F) (1> 20(1)® 0.0532 0.0417 0.0570 0.0359 0.0359 0.0423 0.0378

WR(F?) [all data]" 0.1382 0.1181 0.1373 0.1108 0.1016 0.1036 0.1143

GOF 1.030 1.048 0.995 1.102 1.023 1.013 1.031

CCDC number 1922642 1922643 1922648 1922645 1922647 1922646 1922644

[a] Abbreviations: ANTH =anthracene; CORO=coronene; PERY=perylene; PYRN=pyrene; ANTH-5-1=1,3,6,8,10-ANTH(CF;);; ANTH-6-1=2,3,6,7,9,10-
ANTH(CF,)g; ANTH-6-2=1,2,3,6,8,10- ANTH(CF.)s; PYRN-6-2=1,2,4,6,8,9-PYRN(CF;);; TRPH-6-1=1,3,6,7,10,11-TRPH(CF,). [b] RIA=Z|F,|—|F.||/ Z|F,|;
WR(F) = (SIw(F,’—F 2 ZIw(F,)")"
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Table 4. Crystal Structure Geometric Parameters for (PAH),/(PAH(CF5),), Co-crystal X-ray Diffraction Structures.?!
structure major axis, A; minor axis, A; D/A LSP A—D(LSP) OOPs rotation of D/A D major axis D minor axis
£ 10 ©=0O £ 10 @06 dihedral X (i.e., m-m overlap), A®! major axes slip, A [%] slip, A [%]
ANTH/(ANTH-5-1), D:7.296; 14.8° D:2.784; 7.6° 2.2° 3.43-3.54 [7: 3.49] 17.1° 242 [33] 1.07 [38]
A:7.301; 13.4° A:2.800; 11.2°
ANTH/ANTH-6-1 D:7.296; 17.5° D: 2.809; 3.0° 24° 3.47-3.66 [5: 3.55] 20.7° 2.20 [30] 0.44 [16]
A:7.344;16.2° A:2.832;5.9°
ANTH/ANTH-6-2 D:7.301;17.7° D: 2.804; 3.6° 1.9° 3.45-3.69 [6: 3.52] 14.8° 2.24 [31] 0.49 [18]
A:7.342;16.2° A: 2.806; 0.7° 3.49-3.62 [6: 3.54]
(CORO),/ANTH-6-1 D:7.354;3.5° D:5.682; 22.4° 4.9° 3.43-3.75[11: 3.61] 2.6° 0.10 [1.3]¢ 3.09 [54]“
A:7.353;22° A:2.844;21.8° 0.81 [11]@ 1.17 [21]@
PERY/ANTH-6-1 D:5.727;7.2° D:2.493; 18.9° 1.0° 3.48-3.66 [9: 3.55] 23.2° 0.89 [16] 2.42[97]
A:7.353;0.7° A:2.849;15.1°
PYRN/(ANTH-6-1),¢ D: 7.006; 6.7° D: 4.919; 3.4° 1.6° 3.36-3.73 [10: 3.56] 33.0° L -t
A:7.300; 11.6° A:2.816; 0.5°
PYRN/AZUL-5-11 D:7.027; 2.3° D:4917;3.9° 0.8° 3.58-3.65 [7: 3.61] 3.9° 0.29 [4.1] 0.50 [10]
A:5.236; 2.3° A:3.164; 4.4°
PYRN/PYRN-6-2 D: 7.009; 0.1° D: 4.904; 0.6° 3.1°; 3.41-3.59 [10: 3.50] 22.8%; - -
A:7.041;0.2° A:4.900; 4.4° 3.1° 3.47-3.71 [9: 3.58] 85.2°
PYRN/(TRPH-6-1), D:7.020; 3.7° D: 4.914; 29.9° 4.5° 3.37-3.73 [8: 3.54] ! 0.78 [11] 5.96 [121]
[h] h]
ANTH/NAPH(F)g' D:7.296; 14.8° D:2.784; 7.6° 2.7° 3.31-3.40 [6: 3.35] 19.9° D: 0.26 [3.5] D: 1.07 [38]
A:7.301;9.3° A:2.800; 12.9° A:0.12 [2.5] A: 1.08 [26]
[a] All data from this work unless otherwise indicated. [b] The range of out-of-plane displacements (OOPs), the number of OOPs, and average OOP for ac-
ceptor C(sp?) atoms from the least-squares plane of donor C(sp?) atoms. [c] For CORO molecules on either side of the ANTH-6-1 acceptor. [d] For the CORO
pair between two ANTH-6-1 acceptors. [e] Ref. [47]. Structure contains acceptor-donor-acceptor isolated triads; donor-to-donor major/minor axis slips are
not defined. [f] Ref. [46]. The AZUL-5-1 acceptor minor axis is taken as longest distance across 7-membered ring perpendicular to major axis. [g] Major and
minor axis slip dimensions are not defined in this case because the PYRN donor molecules on either side of the acceptor are rotated so that their major
axes are almost perpendicular (86.1°). [h] The TRPH-6-1 acceptor does not have clearly-defined major and minor axes. [i] Ref. [44].

Figure 7. Thermal ellipsoid plots of a single donor/acceptor pair in the CT
complex co-crystal structures of ANTH/ANTH-6-2 (top) and PYRN/PYRN-6-2
(bottom; 50% probability ellipsoids except for H atoms; F atoms shaded
yellow). Both structures exhibit hexagonal arrays of infinite alternating D/A/
D/A. stacks of nearly-parallel donors and acceptors.

Figures S14-S20. In all but one of these eight structures, mole-
cules in neighbouring stacks are parallel (i.e., the least-squares
planes of the PAH donors in all neighbouring stacks are parallel
to one another, as are the least-squares planes of the
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PAH(CF;), acceptors in all neighbouring stacks). The one depar-
ture from this motif is the structure of ANTH/ANTH-6-2, in
which molecules in half of the stacks are tilted 34.6° relative to
the molecules in the other stacks. The stacking direction is the
crystallographic ag-axis in ANTH/ANTH-6-1, ANTH/ANTH-6-2,
PERY/ANTH-6-1, PYRN/AZUL-5-1, and PYRN/PYRN-6-2, the crys-
tallographic c-axis in (CORO),/ANTH-6-1 and PYRN(TRPH-6-1),,
and the (110) direction in ANTH/(ANTH-5-1),. The donor and
acceptor C(sp?) least-squares planes in the eight structures are
not perpendicular to the stacking direction. Instead, both the
major and minor axes of the donors and the acceptors are
tilted with respect to the stacking direction, by as little as 0.1°
or as much as 29.9°. These angles are listed in Table 4.

One of the nine (PAH),/(PAH(CF;),), structures, PYRN/(ANTH-
6-1)," consists of discrete, centrosymmetric {ANTH-6-1/PYRN/
ANTH-6-1} ({A/D/A}) triplet complexes of nearly parallel mole-
cules (the donor/acceptor least-squares-planes dihedral angle
is 1.6°). The {A/D/A} complex is shown in Figure 8 and will be
compared to the other structures in a later section.

There is significant -t overlap between the nearly-parallel
PAH donors and PAH(CF;), acceptors in each stack, as well as
between the three molecules in the {ANTH-6-1/PYRN/ANTH-6-
1} triplet complexes, the CORO/CORO nearest neighbours in
(CORO),/ANTH-6-1, the ANTH-5-1/ANTH-5-1 nearest neighbours
in ANTH/(ANTH-5-1),, and the TRPH-6-1/TRPH-6-1 nearest
neighbours in PYRN/(TRPH-6-1),. This is shown in Figure 10 for
one D/A nearest-neighbour pair in the crystal structures of
ANTH/ANTH-6-1, (CORO),/ANTH-6-1, PERY/ANTH-6-1, and
PYRN/(ANTH-6-1),. Similar drawings for the other CT complex

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

CHEMISTRY

A European Journal

Full Paper

Figure 8. Drawings of portions of the structures of (clockwise from top left) ANTH/ANTH-6-1, PYRN/(ANTH-6-1), (first reported in ref.[47]), ANTH/(ANTH-5-1),,
and (CORO),/ANTH-6-1 showing the nearly-parallel donors and acceptors (H atoms omitted for clarity; F atoms shaded yellow). The smallest circles represent
either bond or hexagon centroids. The dihedral angles between the least-squares planes of the aromatic cores of each donor/acceptor pair of molecules are
2.4°,1.6° 2.2°, and 4.9°, respectively. The major and minor axes are shown as dashed lines. The rotations of the donor major axes with respect to the acceptor

major axes are 20.7°, 33.0°, 17.1°, and 2.6°, respectively.

-
/S
QQ -

Figure 9. Two perpendicular views of the hexagonal array of infinite alternat-
ing D/A/D/A. stacks of PERY (D) and ANTH-6-1 (A) molecules in the CT com-
plex co-crystal structure of PERY/ANTH-6-1 (H atoms omitted for clarity; the
larger spheres in both drawings are F atoms).
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co-crystal structures are shown in Figures S21-524. A compari-
son of the D/A ni—-rt overlap for the four structures with PYRN
as the donor is shown in Figure S25. A comparison of the A/A
ni-7t overlap for the (TRPH-6-1), pairs in the structure of PYRN/
(TRPH-6-1), and in the structure of TRPH-6-1% is shown in Fig-
ure S26.

Discussion
Synthesis and characterization of ANTH-6-2 and PYRN-6-2

The new PAH(CF;)¢ derivatives were prepared by heating ANTH
or PYRN in a sealed glass ampoule in the presence of CF; radi-
cals, formed by dissociation of gaseous CF;l at 360 °C. This pro-
cedure results in a mixture of ANTH(CF;), or PYRN(CF;), deriva-
tives in which the predominant products are isomers with n=
5 and 6 that can be separated by HPLC.”®

The purity of the samples of ANTH-6-2 and PYRN-6-2 used in
this work were judged to be 98 + mol% based on their 'H and
"FNMR spectra. The 16+ 1 Hz °J;: and ®J; quartets or quar-
tets-of-quartets observed in the 'F spectra are due to
through-space Fermi contact coupling of proximate, rapidly ro-
tating CF, groups with F--F distances <3 A®>7% There are sev-
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PYRN/(ANTH-6-1)2

(CORO),/ANTH-6-1

Figure 10. Parallel projection drawings of the mt—m overlap (shaded magenta)
of neighbouring pairs of PAH donors and an ANTH-6-1 acceptor in the co-
crystal structures of (clockwise from upper left) ANTH/ANTH-6-1, PERY/
ANTH-6-1, (CORO),/ANTH-6-1, and PYRN/(ANTH-6-1),. In all drawings F
atoms are shaded yellow, ANTH-6-1 C(sp®) atoms are shaded grey, PAH
donor C(sp? atoms are shaded blue, and the least squares planes of the
PAH donor C(sp? atoms are in the plane of the page. Integers 1-11 in the
(CORO),/ANTH-6-1 drawing indicate the C(sp?) locants (C12 is blocked from
view).

eral 2.5-2.8 A F--F distances between the CF; groups attached
to C1, C2, and C3 in the crystal structure of ANTH/ANTH-6-2
and between the CF; groups attached to C1 and C2 and at-
tached to C8 and C9 in the crystal structure of PYRN/PYRN-6-2
(see Figure 1 for locant positions).

Of particular importance in the discussion that follows are
IEs and E,(+/0) values of PAH electron donors, EAs and
E,,(0/—) values of PAH(CF;), and other electron acceptors, the
energies of D/A complex charge transfer in solution (i.e., the
energy of the electronic spectrum CT band A,,, which is ab-
breviated E(1..)), and the quantity [/E(donor)—EA(acceptor)],
which is abbreviated A(/E/EA). Cyclic voltammetry E,,(0/—)
values were determined for the new acceptors ANTH-6-2 and
PYRN-6-2 (—0.98 and —1.05V vs. Fe(Cp),*”° respectively). The
EA of ANTH-6-2 was determined by LT-PES to be 2.68(2) eV, but
technical difficulties prevented the determination of the EA of
PYRN-6-2. Based on the differences between the EAs of ANTH-
6-1 and ANTH-6-2 and their E,,(0/—) values, as well as the EAs
and E,,(0/— values for other PAH(CF,), isomers listed in
Table S1, we estimate, with a generous margin of uncertainty,
that the EA of PYRN-6-2 is between 2.6 and 2.7 eV, and this is
the EA range listed for PYRN-6-2 in Table 1.

Correlations of IEs and EAs with E;,, values

Table S5 lists the most recent and most precise EAs and IEs for
12 PAHs (including the ones that are also listed in Table 1). The
upper part of Figure 11 is a plot of the polarographic E,,(+/0)
values in CH;CN reported by Pysh and Yang in their classic
1963 study™ versus the PAH IEs listed in Table S5. A linear
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Figure 11. Top: Plot of the E,,(+/0) values for PAHs reported in ref.[65]
(CHRY =chrysene; PICE = picene) vs. the most recent and most reliable PAH
IEs (see Table S5 for references). Bottom: Plot of PAH and PAH(CF;), experi-
mental EA vs. E,,(0/—) values. Both plots show that differences in gas-phase
one-electron reductions or gas-phase one-electron oxidations for these sets
of compounds are attenuated in solution, on average, by 27-35%. Note that
the lengths and ranges of values on both axes in both plots are equal (i.e.,
these are square plots), to show visually and unambiguously that the slopes
are significantly less than unity).

least-square fit to the data has a slope of 0.65+0.08 VeV
(the slope in Pysh and Yang's original plot, which did not in-
clude the PAHs in Figure 11 other than NAPH, ANTH, and
phenanthrene (PHEN), and which used photoionization ener-
gies available at that time, had a slope of 0.68+0.01 VeV ). A
similar plot of E,,(+/0) values in CH;CN for 9-ANTH(X) and
9,10-ANTH(X), derivatives versus their photoionization ener-
gies, shown in Figure S27, has a slope of 0.73+0.07 VeV~ '.1'%"
A related plot for alkyl-substituted benzenes (not shown) has a
slope of 0.71 VeV~'.'% A plot of electrochemical oxidation po-
tentials versus IEs for eight PAHs published by Savéant et al.
has a slope of 0.85 VeV |t is clear that differences in gas
phase IEs for PAHs are significantly attenuated in solution
when measured by electrochemical oxidation. Nevertheless, it
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is possible to find papers in which a 1:1 correlation was as-
sumed and/or was found for other compounds, possibly be-
cause electrochemical oxidation peak potentials were used
when quasi-reversible E;,(+/0) values were not available.!*'%
The bottom line is that solvation not only determines the inter-
cepts of linear fits to E,,(+/0) versus IE plots, it also reduces,
or attenuates, the intrinsic differences in PAH /E or E(HOMO)
values. For any pair of compounds, the difference in their
E,»(+/0) values should not be assumed to be equal to the dif-
ference in their /Es.

A similar attenuation of solution versus gas-phase energy
changes is expected, and has been found, for reductions of
PAHs, that is, for plots of E,,(0/—) versus EAs. However, it is
rare to find experimental EAs and the corresponding experi-
mental E,,(0/—) values for the same set of PAHs, and it is rarer
still to find sets of data that were measured with the same in-
strumentation and under the same conditions in the same lab-
oratory. For that reason, calculated EAs and either calculated or
“corrected” experimental E,,(0/—) values are often used, and it
is not uncommon to find plots with slopes of 0.9-
1.0 VeV 1712 | contrast, a recent paper by Calbo, Arago,
et al. reported calculated EAs for a variety of aromatic mole-
cules and strong electron acceptors, and a plot (prepared for
this work) of experimental E,,(0/—) values versus their
G3(MP2) EAs has a slope of 0.7540.04 VeV, as shown in Fig-
ure S28 (neither the plot nor the magnitude of the slope of
the linear correlation was included in their paper).""*! They re-
ported that their calculated EAs and the experimental E,,(0/—)
values are related by an additive correction equal to the differ-
ence in the free energy of solvation between the neutral and
anionic species (AAG,,,). However, they also showed that
AAG,,, is not a constant even for a family of related com-
pounds.

The lower part of Figure 11 is a plot of experimental
E,;,(0/—) values for PAH compounds measured at CSU using
the same solvent, electrolyte salt, electrode array, electrochemi-
cal internal standard, and potentiostat versus experimental
PAH EAs from the literature and PAH(CF;), EAs measured with
the same LT-PES instrumentation at Pacific Northwest National
Laboratory. There are 38 data points in the plot, 10 for PAHs
and 28 for PAH(CF,),, compounds with n=2-6 (most of the in-
dividual values are listed in Tables S5 and S6?%2>26:46.49-51.114))
The ranges of E,,(0/—) values and EAs are 2.64V and 3.58 eV,
respectively. The slope of the linear least-squares fit is 0.73 +
0.02 VeV™'. The maximum deviation from the regression line is
032V (for TRPH-6-1), and the average deviation is 0.10 V. To
our knowledge, there are no comparable sets of experimental
EAs and E,,(0/—) values in the literature, let alone for a struc-
turally similar set of compounds (in this case PAHs and aza-
PAHs with only H and CF; substituents). As in the case for solu-
tion versus gas-phase oxidations, there is no doubt that differ-
ences in gas phase EAs for PAHs and PAH(CF,), derivatives are
significantly attenuated, in this case by ca. 27%, when mea-
sured in solution by electrochemical reduction (i.e., for any
pair of these compounds, the difference in their electron-ac-
ceptor ability in solution is, on average, only 73 % of the differ-
ence in their electron-acceptor ability in the gas phase).
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PAH/PAH(CF;), CT complexes in solution

Donor/acceptor complex stoichiometry and equilibrium con-
stants

The results plotted in Figure 5 demonstrate that four of the
nine PAH/PAH(CF,), combinations studied in this work formed
1/1 CT complexes in 1,2-C,H,Cl, solution; even the two combi-
nations that formed 1/2 co-crystals, ANTH/(ANTH-5-1), and
PYRN/(ANTH-6-1),. It is likely that the other five combinations
also form 1/1 CT complexes in solution, but this was not specif-
ically investigated. The EAs for ANTH-5-1 and ANTH-6-1 are
2.40(2) and 2.81(2) eV, respectively. The K., values for the
ANTH/ANTH-5-1 and ANTH/ANTH-6-1 CT complexes in
1,2,G,H,Cl, are 1.7(1) m~' and 2.8(1) M, respectively. These CT
equilibrium constants can be compared with the following
data from the literature: the EA of chloroanil is 2.78(6) eV,"*?
and the K, reported for the ANTH/chloroanil CT complex in
CH,Cl, is 1.0m™" (in CHCl; and CCl, the values are 1.7 and
3.1m 7', respectively);""™ the EA of NBDF was estimated to be
245eV (but see Table S6),"Y and the K., reported for the
ANTH/NBDF CT complex in CHCl; is 5.5(3) m~";"# the EA of tet-
rachlorophthalic anhydride (TCPA) is 1.95(9) eV, and the K.,
reported for the ANTH/TCPA CT complex in CCl, is
8.75m P These data are listed in Tables S6 and S7. There
is no correlation between K., and EA. In fact, the K,, values
differ by only a factor of 8.8, which is equivalent to a AAG
value of 0.08 eV, while the range of EA values is 0.86 eV (If the
factor of 3 solvent effect for CH,Cl, vs. CCl, reported by Lofti
and Roberts is taken into account, the intrinsic K, values only
differ by a factor of 2.9). However, differences in acceptor EA
would not be expected to affect the energy of association for
D/A complexes with a common donor if there is negligible
charge transfer in the D/A complex ground state. On the other
hand, given the differences in size and shape of the m-systems
of the five acceptors in this comparison, it is noteworthy that
the K, values are so similar.

As far as the K., factor of ca. 2 for the formation of ANTH/
ANTH-6-1 versus the formation of ANTH/ANTH-5-1, note that
the difference in DFT AE,,, values for the D/A complex forma-
tion equilibria is 0.04 eV in favour of ANTH/ANTH-6-1. The DFT
results, listed in Table 2 and Table S4 and shown graphically in
Figure 6 and Figure S9, also show the expected results with re-
spect to donor and acceptor solvation energies as a function
of molecular size in a dielectric continuum equivalent to 1,2-
C,H,Cl,. The smaller donors, ANTH and PYRN, have solvation
energies of —0.19 or —0.20 eV, and the larger donors, PERY
and CORO, have solvation energies of —0.26 or —0.25 eV. The
smaller acceptors, AZUL-5-1 and ANTH-5-1, have solvation en-
ergies of —0.29 or —0.27 eV, and the largest acceptor, TRPH-6-
1, has a solvation energy of —0.41eV. For the four donors
ANTH, PYRN, PERY, and CORO and the common acceptor
ANTH-6-1, the D4+ A—D/A energy change increases as the size
of the donor increases, from ANTH (—0.79¢eV) to PYRN
(—0.83 eV) to PERY (—0.97 eV) to CORO (—1.03 eV), and not as
a monotonic function of donor IE. Similarly, for the four accept-
ors AZUL-5-1, ANTH-6-1, PYRN-6-2, and TRPH-6-1 and the
common donor PYRN, the D+ A—D/A energy change increas-
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es as the size of the acceptor increases, from AZUL-5-1
(—0.78 eV) to ANTH-6-1 (—0.83 eV) and PYRN-6-2 (—0.82 eV) to
TRPH-6-1 (—0.91 eV), and not as a monotonic function of ac-
ceptor EA. These results indicate that the PAH/PAH(CF,;), CT
complexes studied in this work have negligible charge-transfer
character in their electronic ground states.

Correlations of IEs and EAs with E(A,,,) values

It has been known since Mulliken’s seminal work on CT com-
plexes of neutral donors and acceptors that the energy of the
CT transition in solution (E(4,,,,)) is proportional to 1) the verti-
cal IE of the donor for CT complexes with a given acceptor,
2) the vertical EA of the acceptor for CT complexes with a
given donor, and, consequently, 3) the difference between the
donor IE and the acceptor EA."®'%3 (Few vertical IEs and EAs
are known relative to the greater number of precise adiabatic
IEs and EAs; fortunately, as far as this work is concerned, the
vertical and adiabatic /Es for PAHs are generally the same to
within 0.1 or 0.2 eV.'*) What has not always been appreciat-
ed,P¥171257128 aven in the 21st century,”*""12 130 js that in
general the proportionality constants are not 1.0.

When actual E(4,,,) versus IE data from the literature are
plotted, especially with the most recent and most precise /Es,
the slopes of the linear regressions are all significantly less
than 1.0 (e.g., 0.64,7 0.79,*Y 0.80,"*¥ 0.82,'*? 0.86,"** and
0.87 eV eV ™M), Figure S29 shows two E(,.,) versus IE plots
for CT complexes of TCPA with PAHs and other aromatic hydro-
carbons. Both plots were prepared for this work using data re-
ported by Chowdhury and Basu in 1960.""” In that work, the
authors used pre-1960 LCAO MO energies for the donors in
place of ionization energies. They claimed that the slope of
their plot (which was not shown in their paper) was 1.0 (“unit
slope”), but in fact the plot on the left in Figure S29 shows
that the slope is actually 0.86+0.17 eV eV~". When their E(1,,,,)
values are used with the most recent adiabatic /Es for the
donors, the plot on the right in Figure S29 shows that the
slope is 0.64+0.13 eVeV'. As another example, when E(4,..,)
versus IE data for PAH complexes with 1,2,4,5-C,H,(CN), (pyro-
mellitonitrile, hereinafter TCNB) are plotted using modern [Es
and the CT E(4,.,,) values reported by Foster and Thompson in
1963,1*? the slope of the plot is 0.80+£0.04 eV eV~', as shown
in Figure S30. As a third example, when E(4,,,,) versus IE data
for PAH complexes of chloranil are plotted using modern [Es
and the CT E(4,,,,) values reported by Briegleb and Czekalla in
1960,*% the slope of the plot is 0.86+0.10eVeV’, as also
shown in Figure S30. Two additional plots are shown in Fig-
ure 530, with slopes of 0.87+0.10 and 0.80+0.05 eV eV '[!
In the present work, we determined E(4,,,) for CT complexes
of ANTH, CORO, PERY, and PYRN with the electron acceptor
ANTH-6-1. The plot of E(4,,,) versus PAH |E, shown at the top
of Figure 12, has a slope of 0.70+£0.11eVeV™". In summary,
these plots show that E(4,,,) values for CT complexes with the
same acceptor are proportional to the /E of the donor, but the
differences in E(1,,,,) values are attenuated by a multiplicative
factor relative to the differences in IEs. The multiplicative factor
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Figure 12. Plots of the solution E(4,,,) values for PAH/PAH(CF;), CT com-
plexes vs. PAH donor [E (top), PAH(CF,), acceptor EA (middle), and /E(do-
nor)—EA(acceptor) (bottom; abbreviated A(/E/EA) in Table 1 and elsewhere).
The uncertainties for E(4,,.,) values are equivalent to +2 nm in 4,,,, values
except for PYRN/AZUL-5-1(4 15 nm), PYRN/PYRN-6-2(+ 25 nm), and PYRN/
TRPH-6-1(4 25 nm). The uncertainties for IEs and EAs are listed in Table 1.
Note that the lengths and ranges of values on both axes in each plot are
equal (i.e., these are square plots), to show visually and unambiguously that
the slopes of the linear least-squares line fits to the data in each plot are sig-
nificantly less than unity.
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ranges from 0.64 to 0.87, depending on the system (i.e., the at-
tenuation ranges from 13 to 36 %).

There are fewer plots of E(4,,,) versus acceptor EA for CT
complexes with a single donor and a set of structurally-similar
electron acceptors, because there are fewer reliable EAs of
strong acceptors commonly used for CT complexes. One such
correlation was published by Farragher and Page in 1967 for
PYRN CT complexes using magnetron electron affinities (the
solvent that they used to measure the 4, values was not
specified).'” When we plotted their £(4,,,,) values versus the
present day EAs of five of the acceptors that they used, the
linear fit had a slope of 0.80+0.03 eVeV ' and an R value of
0.998, as shown in Figure S31. In the present work, we deter-
mined E(4,,,,) for CT complexes of ANTH with the three accept-
ors ANTH-5-1, ANTH-6-1, and ANTH-6-2. The plot of E(4,.,)
versus ANTH(CF;)s¢ EA, shown in the middle part of Figure 12,
has a slope of 0.71+0.03 eVeV~". As with the more numerous
E(1,..,) versus IE, correlations, differences in gas-phase electron-
acceptor abilities are attenuated, by 20-30%, when measured
in solution.

It is probably the case that differences in gas-phase elec-
tron-acceptor abilities are similarly attenuated when measured
in the solid state. Two studies, by Akutagawa, Nakamura, et al.
in 2003™% and by Yoshida etal. in 2013,"* reported solid-
state E(4,,,,) values for CT complexes of a common donor with
a set of tetracyanoquinodimethane (TCNQ) derivatives. The EAs
of the TCNQ derivatives were not known (except for TCNQ
itself, 3.383(1) eV"®), so the solid-state E(l,,,) values could
only be compared with solution E,,(0/—) values. A plot of
E(Amay) for 20-layer Langmuir-Blodgett films of monopyrrolo-
TTF CT complexes with the TCNQ acceptors versus CH,Cl,
E,,(0/—) values, made for this work from the data in the Akuta-
gawa, Nakamura, et al. paper,*” and shown in Figure S32, has
a slope of 1.064+0.06 eV V™" (only CT complexes with negligi-
ble ground-state electron transfer were used to make this
plot). A plot of E(1..,) for KBr pellets of crystalline CORO CT
complexes with a set of TCNQ acceptors versus CH,CN
E,,(0/—) values, made for this work from the data in the Yoshi-
da et al. paper™ and also shown in Figure S32, has a slope of
0.984+0.05 eV V™", These plots show that the attenuation of
gas-phase EAs for these TCNQ acceptors is the same whether
it is measured in solution (E,,(0/—)) or in the solid state
(E(Amay)). The 1:1 correlations were not obvious in these two
papers because the E,,(0/—) values were plotted against the
energy of the charge-transfer band in cm™', not against the
energy of the charge-transfer band in eV.

When the top and middle plots of Figure 12 are combined
along with the E(1..,,) values for PYRN/AZUL-5-1, PYRN/PYRN-6-
2, and PYRN/TRPH-6-1, the result is a plot of E(4..) versus
A(IE/EA), which is shown at the bottom of Figure 12. The
ranges of IEs and EAs are 0.48 and 0.75 eV, respectively, and
the range of A(IE/EA) values is more than 1.1 eV. The slope of
this essentially linear plot is 0.70+0.08 eV eV~', showing that
the solution phase attenuation is approximately the same for
all nine PAH/PAH(CF;), CT complexes studied in this work. This
is true even though the donors vary in size by 71%, from
ANTH, with 14 C(sp? atoms, to CORO, with 24 C(sp? atoms,
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and the acceptors vary in size by 33%, from AZUL-5-1, with 30
non-hydrogen atoms, to PYRN-6-2 and TRPH-6-1, with 40 and
42 non-hydrogen atoms, respectively. In addition, the formula
unit volume (FUV) of crystalline PYRN/PYRN-6-2 (761.8 A) is
22% larger than the FUV of crystalline PYRN/AZUL-5-1
(622.7 A3 #9 As far as we are aware, the bottom plot in
Figure 12 is unprecedented for CT complexes with structurally-
related donors and acceptors for which experimental /Es and
EAs are known.

PAH(CF;),, versus TCNB, TCNE, TCNQ, and chloranil as CT com-
plex acceptors

In general, the nine CT complexes we studied in this work do
not appear to behave differently in solution relative to the
many CT complexes with PAH donors and strong electron ac-
ceptors based on planar delocalized m-systems studied since
the 1960s. However, there is an important, consistent, and puz-
zling difference. As a class of CT complexes, the PAH/PAH(CF,),
E(Ama) Values are all significantly higher than one would
expect if one compares them to CT complexes of the same
donor with acceptors having comparable EAs. For example,
the EAs of ANTH-5-1 and TCNB are 2.40(2)®® and 2.2(2) eV,"*”
respectively (the latter experimental value, with a relatively
large uncertainty, was recently calculated and predicted to be
219 eV The difference between the E(l.,) values for
ANTH/ANTH-5-1 and ANTH/TCNB is 0.22 eV, but it is the ANTH-
5-1 complex that has the higher CT energy: 2.66 eV (466 nm)
for ANTH/ANTH-5-1 in 1,2-C,H,Cl, versus 2.44 eV (508 nm) for
ANTH/TCNB in CHCI,."3" According to Table S2, the difference
in solvent could conceivably result in a A,,, value of 501 nm
(2.47 eV) for ANTH/TCNB in CH,Cl, or 1,2-C,H,Cl,, but even in
that case the ca. 0.4 eV discrepancy is essentially the same:
E(Amay) for ANTH/ANTH-5-1 is not lower than E(4,,,) for ANTH/
TCNB by 0.2 eV, it is higher than E(4,.,) for ANTH/TCNB by
0.2 eV. Another example is a comparison of PYRN/TCNB (A=
497" or 500 nm™? in CHCl, (2.4940.1eV)) versus PYRN/
ANTH-6-1 (1,.x=510nm in 1,2-C,H,Cl, (243 eV)). The A
values, even after adjusting for CHCl; versus 1,2-C,H,Cl,, indi-
cate that ANTH-6-1 is the stronger acceptor in solution by ca.
0.1 eV, but their EAs show that ANTH-6-1 is the stronger ac-
ceptor in the gas phase by 0.6+0.2 eV, a discrepancy of 0.5 eV.
As a third example, the EAs of ANTH-6-1 and chloranil are the
same to within the uncertainties of the measurements,
2.81(2)% and 2.78(6) eV,*? respectively. However, the E(1,.,)
value for the PYRN/ANTH-6-1 CT complex in 1,2-CH,Cl, is
0.40 eV higher than the value for the PYRN/chloranil CT com-
plex in CH,Cl, (243 eV (510 nm) for PYRN/ANTH-6-1 versus
2.03 eV (610 nm) for PYRN/chloranil®¥). A solid-state manifesta-
tion of this discrepancy is that PYRN/(ANTH-6-1), crystals are
red,””” and PYRN/chloranil crystals are dark green."*

A fourth example is the difference in 4., values for PERY/
ANTH-6-1 (1,2-C,H,Cl,) and PERY/TCNE (CH,Cl,),"*" which are
600 and 900 nm, respectively (2.07 and 1.38 eV, respectively).
The difference in ANTH-6-1 and TCNE EAs is 0.35eV (see
Table S6), but the difference in E(1,,,,) values is 0.69 eV, nearly
twice as large. In addition, the difference in E(4,,,,) values for
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ANTH/ANTH-6-1 (1,2-C,H,Cl,) and ANTH/TCNE (CH,Cl,) s
0.64 eV (Apax and E(4,,,) for ANTH/TCNE in CH,Cl, are 717 nm
and 1.73 eV, respectively"), consistent with the large discrep-
ancy for the PERY CT complexes. As a final example, the E(4,,,,)
value for ANTH/TCNQ in CH,Cl, is 1.64 eV (757 nm; the spec-
trum, recorded for this work, is shown in Figure S33). The dif-
ference in ANTH-6-1 and TCNQ EAs is 0.57 eV (see Table S7),
but the difference in E(4,,,) values is 0.73 eV. The expectation
based on the linear fit in the middle plot in Figure 12 is that
the difference in E(4,,,) values would be ca. 30% lower than
the difference in EAs, not 30% higher. These six examples con-
sistently show that PAH(CF;), acceptors are weaker electron ac-
ceptors in CT complexes in solution than the common aromat-
ic CT complex acceptors TCNB, TCNE, TCNQ, and chloranil,
even after accounting for differences in gas-phase EAs and
even after adjusting for the ca. 30% attenuation of PAH(CF,),
acceptor ability in solution demonstrated by the plots in
Figure 12. Possible reasons for these significant differences will
be considered after the following discussion of the nine
(PAH),/(PAH(CF3),)), structures.

(PAH),/(PAH(CF;),), CT complexes in the solid state
General comments

Geometric parameters for D/A co-crystal structures with stacks
of alternating parallel donors and acceptors can be defined in
a number of ways, sometimes differing mathematically and
sometimes differing only in terminology. The parameters listed
in Table 4 were chosen to facilitate the discussion below. The
most important structural parameters are those that describe
the nearly-parallel donor/acceptor pair with the greatest
amount of overlap of their respective m-systems. These are
1) the dihedral angle between the least-squares planes of the
C(sp? atoms of the donor and acceptor (D/A LSP dihedral x.),
2) the rotation of the donor and acceptor major axes when
viewed as a parallel projection with the donor LSP in the plane
of the page, 3) the number of acceptor C(sp?) atoms that over-
lap the m-system of the donor, and 4) the perpendicular out-
of-plane (OOP) displacements of those acceptor C(sp?) atoms
from the LSP of the donor (A—D(LSP) OOPs). The first three of
these are evident in the drawings in Figure 10 and Figures
S21-S25. The fourth is listed in Table 4 as the range of A—
D(LSP) OOPs and as the average A—D(LSP) OOP.

A fifth parameter, the D/A interplanar separation, can be de-
fined as half the perpendicular distance between the LSPs of
the PAH donors on either side of a PAH(CF;), acceptor or, in
the structures of ANTH/(ANTH-5-1), and PYRN/(TRPH-6-1),, half
the perpendicular distance between the LSPs of the acceptors
on either side of the donor. However, the fourth and fifth pa-
rameters are virtually the same for the (PAH)/(PAH(CF;),),
structures: they differ by only 0.01 or 0.02 A for five of the
structures and by no more than 0.07 A for any of the struc-
tures, as shown by the values listed in Table S8. In our opinion,
the average A—D(LSP) OOP is a more relevant measure of the
D/A interplanar separation because it is based on the region of
ni-1t overlap and avoids the ambiguity due to a non-zero D/A
LSP dihedral X..
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Stoichiometry, stacking, packing, and bending

The CT complexes ANTH/ANTH-5-1 and PYRN/ANTH-6-1 were
found to have 1/1 stoichiometry in solution but formed 1/2
co-crystals. In contrast, the solution and solid-state stoichiome-
tries were 1/1 for ANTH/ANTH-6-1 and PERY/ANTH-6-1. Howev-
er, it is possible that different crystalline phases of (PAH),/
(PAH(CF;),), with different x/y stoichiometries could exist if the
crystals were grown under different conditions. This is a
known phenomenon for some D/A co-crystal combinations.
For example, the crystallization of CORO with 7,7,8,8-tetrafluo-
ro(tetracyanoquinodimethane) (F,TCNQ) from CH.Cl,/pentane
produced 1/1 CT co-crystals, CORO/F,TCNQ,*” whereas co-sub-
limation produced 2/1 CT co-crystals, (CORO),/F,TCNQ.®%7*

Eight of the nine (PAH),/(PAH(CF;),), structures consist of
hexagonal arrays of stacks of nearly parallel PAH donors and
PAH(CF;), acceptors with significant -7t overlap and average
A—D(LSP) OOPs that span a narrow range, from 3.49 in ANTH/
(ANTH-5-1), to 3.61 A in PYRN/AZUL-5-1 and (CORO),/ANTH-6-
1. Two of them, ANTH/(ANTH-5-1), and PYRN/(TRPH-6-1),, con-
tain pairs of acceptors with s-m overlap. This was not surpris-
ing because the individual structures of ANTH-5-1 and TRPH-6-
1 contain stacks of molecules with -t overlap similar to that
for the acceptor pairs in ANTH/(ANTH-5-1), and PYRN/(TRPH-6-
1), (see Figures S21 and $25).” Many structural investigations
have shown that partial fluorination, trifluoromethylation, and
or n-perfluoroalkylation tend to overcome herringbone crystal
packing in PAH derivatives 2283736014042l Nevertheless, the
structure of PYRN/(ANTH-6-1), does not consist of stacks. In-
stead, discrete ANTH-6-1/PYRN/ANTH-6-1 ({A/D/A}) complexes
are packed in herringbone sandwich layers in crystallographic
ac-planes, such that the PYRN centroids are rigorously co-
planar. The {A/D/A} complexes in each layer form a pseudo-
square net depicted with dashed lines in Figure S34. The rela-
tive areas of m-m overlap for the (PAH),/(PAH(CF,),), complexes
are listed in Table 5.

Figure S25 shows the m-m overlap for the four co-crystal
structures with PYRN as the donor. The area of overlap de-
pends on the size and shape of the acceptor m-system. The ac-
ceptors AZUL-5-1 and ANTH-6-1 have 10 and 14 C(sp? atoms,
respectively. However, the areas of m-m overlap are virtually
identical in PYRN/AZUL-5-1" and PYRN/(ANTH-6-1),.*” The ac-
ceptors PYRN-6-2 and TRPH-6-1, have 16 and 18 C(sp? atoms,
respectively, and both have four aromatic hexagons. However,
the area of m—m overlap in PYRN/PYRN-6-2 is 26 % larger than
in PYRN/(TRPH-6-1), and 43 % larger than in PYRN/AZUL-5-1 or
PYRN/ANTH-6-1 because of the better match of the donor and
acceptor shapes in PYRN/PYRN-6-2. Nevertheless the greater
ni—7t overlap does not lead to a lower-than-expected CT E(4,,,,)
for PYRN/PYRN-6-2 relative to the other PYRN/PAH(CF,), CT
complexes. The E(Am.,) Vversus A(IE/EA) plot in Figure 12 shows
that, if anything, the point for PYRN/PYRN-6-2 is not displaced
from the linear regression line to a lower E(4,,,,) value (in fact,
it may be displaced to a higher E(4,,,,) value). The acceptor EA,
not the area of D/A mt—7mt overlap, is proportional to E(4,,,,). A
plot of E(1,.,) versus A(IE/EA) for just the four PYRN/PAH(CF,),
CT complexes is shown in Figure S35. The slope of that plot,
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Table 5. Relative Areas of mi—m Overlap for D,/A, Co-crystals.

[a]

number of hexagons in donor

number of hexagons in acceptor

structure relative area of m-m overlap
ANTH/(ANTH-5-1), 1.00

ANTH/ANTH-6-1 1.02

ANTH/ANTH-6-2 1.02

(CORO),/ANTH-6-1 1.24

PERY/ANTH-6-1 1.03

PYRN/(ANTH-6-1), 1.12

PYRN/AZUL-5-1 1.10

PYRN/PYRN-6-2 1.57,1.62

PYRN/(TRPH-6-1), 1.26

AP NWWW

b]

A AN WWWWWW

overlap. [b] One pentagon and one heptagon, not two hexagons.

[a] The relative areas were measured by printing each complex at the same scale in parallel perspective, and cutting out and weighing the area of mt-x

0.7340.09eVeV, is the same as the slope for the plot in
Figure 12 for all nine PAH/PAH(CF;), CT complexes, 0.72+
0.03 eV eV, and the point for PYRN/PYRN-6-2 is slightly above
the line in that plot as well.

Figure S36 shows the four co-crystal structures with PYRN as
the donor, oriented so that the PYRN aromatic core is perpen-
dicular to the plane of the page. The planarity of the aromatic
core in AZUL-5-1 and the nonplanarity of the aromatic cores in
PYRN-6-2 and TRPH-6-1 are readily apparent. The structure of
the ANTH-6-1 acceptor in PYRN/(ANTH-6-1), is nonplanar in a
particularly distinctive way. The two halves of the ANTH core
have been bent away from planarity by 13.4° at the ANTH
C9--C10 hinge (the bend angle, 6, is defined in Figure $37).”!
Significantly, the CF; groups on C9 and C10 are eclipsed.

We recently reported that ANTH derivatives with CF; or n-Rq
groups on C9 and C10, including ANTH-6-1, are more stable
when they are bent in this way and have eclipsed central CF;
groups, than when they are planar with staggered central CF;
groups. The DFT optimized structure of ANTH-6-1 is bent by
17.5° and is 5.7 kJmol™" more stable than the DFT structure
with a planar core.””? (Similarly, the DFT structure of 6,13-penta-
cene(CF;), with eclipsed CF; groups and 6#=19.1° was found
to be 9.0 kkmol™" more stable than the structure with stag-
gered CF; groups and 0=0.0°%") The crystal structure of
ANTH-6-1 is also bent, with 6 =7.4° and partially eclipsed cen-
tral CF; groups. In contrast, the ANTH-6-1 molecule in the
structures of ANTH/ANTH-6-1, (CORO),/ANTH-6-1, and PERY/
ANTH-6-1 have planar cores (§=0.0°) and staggered CF;
groups, as shown in Figure S37.

Comparisons with DFT PAH/PAH(CF;), structures

DFT optimization of a single D/A complex in each of the nine
X-ray structures afforded the opportunity to observe the inher-
ent structures of the complexes without the influence of
neighbouring molecules. In particular, we were interested in
comparing the planar versus bent conformation of ANTH-6-1
in the four D/A complexes PYRN/ANTH-6-1, ANTH/ANTH-6-1,
CORO/ANTH-6-1, and PYRN/ANTH-6-1. These results are shown
in Figures S38-S41. The ANTH-6-1 molecule is bent, with
eclipsed or partially eclipsed central CF; groups, in all four DFT
optimized complexes, with 6 angles of 15.1° in PYRN/ANTH-6-
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1, 10.9° in ANTH/ANTH-6-1, 11.4° in CORO/ANTH-6-1, and 9.0°
in PERY/ANTH-6-1. Since the lowest-energy DFT structure of an
isolated ANTH-6-1 molecule has §=17.5°, interactions with the
donors ANTH, CORO, and PERY reduce the bend to 9.0-11.4°.
The other relevant structural parameters for the four DFT opti-
mized ANTH-6-1 complexes, including the LSP tilt angles, -t
OOPs, and rotation of the D/A major axes, are essentially the
same as in the crystal structures. The reason that 6=0.0° for
the ANTH-6-1 molecules in the crystal structures of ANTH/
ANTH-6-1, (CORO),/ANTH-6-1, and PERY/ANTH-6-1 is presum-
ably because the ANTH-6-1 acceptor in those three structures
has a nearly parallel donor molecule on either side.

The other DFT optimized D/A structures are also similar to
the crystal structures as far as LSP tilt angles, m-mt A—D(LSP)
OOPs, and rotations of the D/A major axes are concerned.
However, the bend angle of the acceptor ANTH-5-1, which has
only one, not two, central CF; groups, is essentially the same
in the crystal structure of ANTH/(ANTH-5-1), (5.0°), in DFT opti-
mized ANTH/ANTH-5-1 (5.3°), and in the crystal structure of
ANTH-5-1 (4.7 and 5.7° for two independent molecules).”® The
structures of the DFT optimized and crystal structures of
ANTH/ANTH-5-1 are compared in Figure S42.

Comparisons with literature co-crystal structures of PAHs and
common strong acceptors

With one important difference, the D/A complexes in the crys-
tal structures of ANTH/(ANTH-5-1), and ANTH/NAPH(F)*”
share many similarities, as shown in Figure S43 (see also
Table 4). Both structures consist of hexagonal arrays of stacks
of nearly-parallel donors and acceptors. (In spite of the differ-
ent donor/acceptor stoichiometries, the ANTH donors in both
structures have acceptors on both sides in the stacks.) The ro-
tations of the major axes of ANTH donors and the acceptors
with respect to one another, listed in Table 4, are 17.1 and
19.9% respectively, in ANTH/(ANTH-5-1), and ANTH/NAPH(F)g.
The D/A LSP dihedral angles are 2.2 and 2.7°, respectively, and
the major and minor axis angles to the ANTH--ANTH (i.e.,
D--D) centroid vector are identical in the two structures, 14.8
and 7.6°, respectively. Although the smaller m-system of
NAPH(F); results in a smaller region of m—m overlap in ANTH/
NAPH(F);, the numbers of acceptor C(sp? atoms situated
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within the boundary of the donor mt-system in the parallel pro-
jections shown in Figure S43 only differ by one atom (7 in
ANTH/(ANTH-5-1), and 6 in ANTH/NAPH(F)s). The one impor-
tant difference is that the perpendicular D/A interplanar sepa-
rations are 3.49 and 3.35 A, respectively. The separation of the
nearly parallel donor and acceptor m-systems in ANTH/
NAPH(F)g is graphite-like, while the separation in ANTH/(ANTH-
5-1), is 0.14 A larger. The difference cannot be due to a
ground-state charge-transfer electrostatic attraction in ANTH/
NAPH(F),, because NAPH(F); does not form charge-transfer
complexes with planar aromatic compounds, including tetra-
thiafulvalene" (presumably because the estimated EA of
NAPH(F), is only ca. 1 eV®®),

The graphite-like D/A separation in ANTH/NAPH(F); is com-
monly observed in D/A co-crystals involving PAH donors and
aromatic acceptors with electron-withdrawing groups, such as
(see Table S6 for abbreviations) ANTH/TCNB (3.37 A),”*) CORO/
(Me0),TCNQ (3.37 A),*”7 9-ANTH(Me)/TCNB (3.34 A),”" ANTH/
NBDF (3.32A),"Y PERY/Br,BQ (3.31 A),"*¥ CORO/TCNQ
(326 &), PYRN/F,BQ (3.24 A)" and ANTH/F,ANTH(O),
(3.38 A)."* Some related structures have intermediate D/A in-
terplanar separations (i.e., 3.4-3.5A), including TETR/TCNQ
(3.44 A" and PYRN/chloranil (3.47 A)."*® These structures are
shown in Figures S44 and S45.

The average A—D(LSP) -t OOP displacement distance for
PYRN/ANTH-6-1 is 3.55 A, with 10 overlapped C(sp?) atoms.
The average A—D(LSP) OOP distance for PYRN/chloranil, at
3.47 A, is shorter by ca. 0.1 A. Returning to a question posed in
an earlier section, why is E(4,,,,) 0.4 eV smaller for PYRN/chlor-
anil if ANTH-6-1 and chloranil have the same EA? In an effort
to gauge whether a difference of 0.1 or 0.2 A in - interpla-
nar separation could have an appreciable effect on E(4,,,,), we
used DFT to predict AE. for PYRN/chloranil at various separa-
tions starting with the crystal structure coordinates. A plot of
the results of these calculations is shown in Figure S46. Increas-
ing the chloranil =PYRN m—m separation by 0.1 and 0.2 A only
increased AEq by 0.016 and 0.035 eV, respectively. Therefore,
the majority of the 0.4 eV difference in E(4,,,) cannot be attrib-
uted to the m—m interplanar separation difference. Perhaps the
two E(,.) are so different because much of the negative
charge on the ANTH-6-1" radical anion in the CT excited state
is spread out on the 18 F atoms instead of localized in the
C(sp?) m-system? Perhaps the negative charge is not as spread
out on the two O and four Cl atoms in the chloranil™ radical
anion. Another possibility is that different solvation energies
attenuate the gas-phase EAs of ANTH-6-1 and chloranil to sig-
nificantly different extents.

The average A—D(LSP) OOP distance in ANTH/(ANTH-5-1),
is 3.49 A, with 7 overlapped C(sp?) atoms. The average A—
D(LSP) OOP distance for ANTH/TCNB, at 3.37 A,"% is shorter by
0.12 A, and the average A—D(LSP) OOP distance for the relat-
ed CT complex 9-ANTH(Me)/TCNB, at 3.34 A"V is shorter by
0.15 A. As discussed above, it is puzzling why E(,,,,) is 0.2 eV
lower for ANTH/TCNB™" than for ANTH/ANTH-5-1 even
though the gas-phase EA of ANTH-5-1 is ca. 0.2 eV higher than
the EA of TCNB. This E(1,.,) anomaly, ca. 0.4 €V, is as large as
the anomaly discussed in the previous paragraph. We also
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used DFT to predict AE. for ANTH/TCNB at various separa-
tions, starting with the crystal structure coordinates. A plot of
the calculated results is also shown in Figure S46. In this case,
increasing the TCNB—ANTH mi—m separation by 0.1 and 0.2 A
increased AE by 0.041 and 0.075 eV, respectively. Therefore,
as in the previous comparison, only 10-15% of the 0.4 eV
E(Ama) @anomaly can be attributed to the m—m interplanar sepa-
ration difference. The majority must be due to factors that
remain to be investigated and identified.

Comparison of the structure of (CORO),/ANTH-6-1 with
(CORO),/F,TCNQ

The different CORO/CORO m-mt overlaps in the crystal struc-
tures of (CORO),/ANTH-6-1, (CORO),/F,TCNQ),®*”® and pure
CORO at 100 K are shown in Figure S47, and the different mo-
lecular stackings and packings in these three structures are
shown in Figure S48. The (CORO), pair in (CORO),/ANTH-6-1 ex-
hibits both major (11%) and minor (21 %) axis slippage and a
greater number of m-overlapped C atoms (15) than the
(CORO), pair in (CORO),/F,TCNQ (12), which exhibits almost no
major axis slippage and 30% minor axis slippage, although the
areas of overlap are approximately the same. The neighbour-
ing parallel molecules in the structure of pure CORO are on
average closer together than in the other two cases (3.40 A vs.
3.45 A) but with a much greater minor axis slippage (51%),
fewer C atom overlaps, and a much smaller area of n—w over-

lap.

Summary and Conclusions

This is the first study of CT complexes of a set of structurally-
similar aromatic acceptors that 1) have five or six of the same
electron-withdrawing substituent and no other substituents,
2) have precise experimental gas-phase EAs (+0.02 eV) mea-
sured with the same instrumentation in the same laboratory
(all except PYRN-6-2), 3) have precise experimental E,,(0/—)
values (+0.01V) measured in the same electrolyte solution
with the same instrumentation in the same laboratory, 4) have
E(A...,) values determined in the same solvent for CT complexes
with a common donor (ANTH with ANTH-5-1, ANTH-6-1, and
ANTH-6-2, and PYRN with ANTH-6-1, AZUL-5-1, PYRN-6-2, and
TRPH-6-1), and 5) have nine X-ray diffraction co-crystal struc-
tures to analyse.
Our findings include the following:

1) With one exception, the co-crystal structures share many
similarities with other aromatic D/A co-crystal structures, in-
cluding the formation of hexagonal arrays of mixed D/A
stacks with essentially co-planar donors and acceptors that
have large areas of m—mx overlap and either 1/1, 1/2, or 2/1
donor/acceptor stoichiometries. However, the exception is
that the D/A interplanar separation in the nine (PAH)/
(PAH(CF3),), structures are 3.55+0.06 A, wider by 0.1-0.2 A
than in most other aromatic D/A co-crystal structures. This
could possibly be due to the steric requirements of the CF,
substituents, but a complete understanding of this excep-
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tion remains to be determined. Our DFT calculations show
that increasing a D/A interplanar separation by 0.1 or 0.2 A
should have a relatively small effect on the CT energy (i.e.,
E(Z,2)), on the order of 0.02-0.04 eV or 0.04-0.08 eV, re-
spectively.

Four of the nine PAH/PAH(CF,), combinations form 1/1 D/A
complexes in solution. Two have formation constants of ca.
2m~', comparable to the formation constants of other aro-
matic D/A complexes. However, the E(4,,,,) values are con-
sistently higher, by as much as 0.4 eV, than expected given
the CT E(4,,,,) values and the acceptor EAs for common aro-
matic D/A complexes. For reasons that are still not clear,
the PAH(CF;), compounds are weaker electron acceptors in
solution than other aromatic acceptors with comparable
gas-phase EAs, even after adjusting for the unusual 3.55+
0.06 A PAH/PAH(CF,), interplanar separations.

A plot of E(1,.,) versus A(IE/EA) for the nine PAH/PAH(CF,),
CT complexes is linear with a slope of 0.724+0.03 eVeV .
This plot is the first of its kind for CT complexes with struc-
turally related donors and acceptors for which precise ex-
perimental gas-phase /Es and EAs are known. It demon-
strates that conclusions based on the common assumption
that the slope of a CT E(4,,,) versus A(IE/EA) plot is unity
may be incorrect in at least some cases and should be re-
considered.
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