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ABSTRACT: The synthesis of perylene 3,4:9,10-tetracar-
boxylic acid bisimides (PBIs) dendronized with first-generation
dendrons containing 0 to 4 methylenic units (m) between the
imide group and the dendron, (3,4,5)12G1-m-PBI, is reported.
Structural analysis of their self-organized arrays by DSC, X-ray
diffraction, molecular modeling, and solid-state "H NMR was
carried out on oriented samples with heating and cooling rates
of 20 to 0.2 °C/min. At high temperature, (3,4,5)12G1-m-PBI
self-assemble into 2D-hexagonal columnar phases with intraco-
lumnar order. At low temperature, they form orthorhombic

Dendronized Perylene
Bisimides

experimental =
-\‘ih\\ m=1
- q =

..\\mulamd
—

(m =0,2,3,4) and monoclinic (m = 1) columnar arrays with 3D periodicity. The orthorhombic phase has symmetry close to
hexagonal. For m = 0, 2, 3, 4 ,they consist of tetramers as basic units. The tetramers contain a pair of two molecules arranged side by
side and another pair in the next stratum of the column, turned upside-down and rotated around the column axis at different angles
for different m. In contrast, for m = 1, there is only one molecule in each stratum, with a four-strata 2, helical repeat. All molecules
face up in one column, and down in the second column, of the monoclinic cell. This allows close and extended 7t-stacking, unlike in
the disruptive up—down alteration from the case of m = 0, 2, 3, 4. Most of the 3D structures were observed only by cooling at rates of
1 °C/min or less. This complex helical self-assembly is representative for other classes of dendronized PBIs investigated for organic

electronics and solar cells.

B INTRODUCTION

Perylene 3,4:9,10-tetracarboxylic acid bisimides (PBIs) have
received considerable interest as bulldlng blocks for the design of
functional supramolecular assemblies,"* polymers™ € and complex
molecular systems.® PBIs exhibit excellent photochemical and
thermal stability and display high fluorescence quantum yields. b Ag
aconsequence, PBIs have been extenswely used in the development
of industrial dyes and plgments, xerographic photoreceptors,5
organic n-type sermconductors 13222028 o nsistors, #2292 Tight
emitting diodes, 122 oo lar cells, 13226202 fluorescent labels and
sensors in life science and biology,® and as artificial photosyn-
thetic systems.’

Recently, PBIs dendronized at the bay and/or imide positions
have started to impact almost all these areas. Site-isolation and
fluorescence quantum yields up to 100% in organic solvents and
in water were accomplished when PBIs were dendronized at
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bay-"*" and imide-"*"8 positions. An isodesmic mechanism of self-
assembly was reported for J- and H-aggregates of PBIs dendro-
nized at their imide position.® Some dendronized PBIs self-
organize in bulk in 3D and 2D columnar periodic arrays'*2*7%9
exhibiting high charge carrier mobility'*2*7%%9<=98 1% of interest
for photovoltaic and other electronic applications.'***'° When
PBIs were dendronized at the bay position, J-aggregates that self-
assemble via a cooperatlve nucleation—elongation mechanism
were observed.'" Dendronized PBIs have also been used to mimic
photosynthetic charge separation and storage.'> Amphiphilic-
Janus dendronized PBIs self-assemble in water into vesicles,"®
while dendronized strapped PBIs have been shown to exhibit
chiral self-recognition and self-discrimination.'* The solid-state
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Scheme 1. Synthesis of the First-Generation Self-Assembling Dendrons and of the Corresponding Dendronized PBI
(3,4,5)12G1-m-PBI with m = 0, 1, 2, 3, 4
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functions of supramolecular assemblies generated from dendro-
nized PBIs have been reported to be dependent on the thermal
treatment of the assembly,'**?>?8 and on their chirality.”* PBI is
a very rigid aromatic unit which exhibits strong 77— interactions
while the self-assembling dendron attached to it is flexible. 1a8-10
Therefore, self-assembling dendronized PBIs are expected to
provide a complex self-assembly process that should be strongly
affected by the nature of the interconnecting group between the
dendron and the bay or imide position of the PBL This inter-
connecting group can couple the dendron to PBI and therefore
increase the rigidity of PBI or decouple the dynamics of PBI from
that of the dendron.

In order to elucidate the structure of the supramolecular
assemblies generated from dendronized PBIs, the dynamics, the
mechanism of self-assembly, and the role of the interconnecting
group, five dendronized PBIs containing 0 to 4 methylenic units
between the imide group of PBI and the 3,4,5-tris(dodecyl-1-
oxy)phenyl group, (3,4,5)12G1-m-PBl withm =0, 1, 2, 3, and 4,

were synthesized and their self-assembly in solid state was
analyzed. The first-generation (3,4,5) 12G1 self-assembling dendron
was selected because it is the most widely used in the field of
dendronized PBIs."*””'” A combination of differential scanning
calorimetry (DSC), small- (SAXS) and wide-angle (WAXS) X-ray
diffraction (XRD) experiments performed with powder and
oriented fibers using laboratory and synchrotron X-ray sources,
together with solid-state "H NMR analysis coupled with molec-
ular modeling have been used to demonstrate that all twin-'"*'
dendronized PBIs self-assemble into helical columns exhibiting a
complex intracolumnar structure. The supramolecular helical columns
self-organize at high temperature via a fast self-assembly process
into 2D columnar lattices. At low temperatures, the columns maintain
most of their supramolecular helical structure from high tempera-
ture and self-organize in 3D lattices via a very slow self-assembly
process. The supramolecular structures of these complex helical
columns and the dynamics of self-assembly are determined by
the number of methylenic units interconnecting the dendron and
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Figure 1. DSC traces collected from (3,4,5)12G1-3-PBI with heating and cooling rates varying from 20 °C/min to 0.2 °C/min. The dotted green circles
mark the phase transitions which are strongly dependent on rate and cooling and heating cycle. Transition temperatures, associated enthalpy changes
(in brackets in kcal/mol), and corresponding lattices assigned by XRD are indicated. Phase notations: q)x , unidentified crystalline columnar; @ X
crystalline columnar simple orthorhombic; ®,°, columnar hexagonal phase with intracolumnar order; (I)h , crystalline columnar hexagonal phase and

i-isotropic.

the PBL Only for (3,4,5)12G1-4-PBI can the transition from
the 2D to the 3D lattices be detected by DSC scans performed
with 10 °C/min. Because of the very slow dynamics of (3,4,5)-
12G1-m-PBI with m = 3, 2, and 1, the transition from 2D to 3D
lattices can be detected only by DSC experiments performed with
1 °C/min. For the dendronized PBI with m = 0, the transition
from 2D to 3D periodic arrays is not observed even by DSC
experiments with 1 °C/min. However, the 2D to 3D transition for
(3/4,5)12G1-0-PBI can be detected by X-ray and solid-state 'H
NMR experiments. Because the structure of the supramolecular
columns is not significantly changed at the transition from 2D to
3D lattices, aligned crystalline domains can be obtained by the
proper cooling of oriented fiber specimens from the 2D into the
3D phase. This combination of dynamics and the complex helical
2D/3D supramolecular structures is expected to have an im-
portant impact both in the elucidation of fundamental aspects of
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self-assembly and in technological developments based on dendro-
nized PBIs, 2791012

B RESULTS AND DISCUSSION

Synthesis of Twin-Dendronized Perylene Bisimides (PBI).
A series of perylenebisimides (PBIs) dendronized with first-generation
self-assembling identical dendrons (twin- dendronized'®!?)
containing 0, 1, 2, 3, or 4 methylenic units between their branched
periphery and the PBI imide groups, (Scheme 1, structures
(3,4,5)12G1-m-PBI, where m = 0 to 4), was synthesized. All
dendronized PBIs were prepared in 60 to 99% yield through
Zn(OAc),-mediated imidization of perylenetetracarboxylic dia-
nhydride in quinoline at 180 °C with 2 equiv of the correspond-
ing dendritic amine containing 0 to 4 methylenic units between
the branched aromatic moiety and the amino group.

dx.doi.org/10.1021/ja204366b |J. Am. Chem. Soc. 2011, 133, 12197-12219
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Figure 2. DSC traces collected from (3,4,5)12G1-m-PBI with m = 0 (top) and m = 1 (bottom) with heating and cooling rates varying from 30 °C/min
to 1 °C/min. Transition temperatures, associated enthalpy chan%es (in brackets in kcal/mol), and corresponding lattices assigned by XRD are indicated.
Phase notations: ®.% unidentified crystalline columnar; @, crystalline columnar simple orthorhombic; ®,°, columnar hexagonal phase with
intracolumnar order; ®,%, crystalline columnar monoclinic phase and i- isotropic.

For m = 0, imidization was performed with 3,4,5-tris(dodecyl-
1-oxy)aniline [(3,4,5)12G1-NH,, 2] to provide (3,4,5)12G1-0-
PBI in 60% yield. Dendritic aniline 2 was prepared by the
graphite catalyzed reduction of (3,4,5)12G1-NO, (1) with
hydrazine hydrate, as described previously.le’  For m 1,
perylenetetracarboxylic dianhydride was condensed with 3,4,5-
tris(dodecyl-1-oxy)benzylamine [(3,4,5)12G1-CH,NH,, 7] to
generate (3,4,5)12G1-1-PBI in 90% yield. Dendritic benzyl-
amine 7 was prepared through the sequential LiAIH, reduction
and SOCl,-mediated chlorination of (3,4,5)12G1-CO,CH, (3)
according to established procedures.'”*® Substitution of the corre-
sponding dendritic chloride (S) with sodium azide in DMF
provided 3,4,5-tris(dodecyl-1-oxy)benzyl azide (6) in 96% yield.
Azide 6 obtained via substitution of 5 with sodium azide in DMF
was reduced with LiAlH, in THF at 0 °C to form (3,4,5)12G1-
CH,NH, (7) in 89% yield.

For m = 2, 2-[3,4,5-tris(dodecyl-1-oxy)phenyl]ethylamine
[(3/4,5)12G1-CH,CH,NH,, 10] was imidized with perylene-
tracarboxylic dianhydride to provide (3,4,5)12G1-2-PBI in 99%
yield. Previously synthesized'® (3,4,5)12G1-CH,OH (4) was
oxidized with pyridinium chlorochromate (PCC) to the corre-
sponding benzaldehyde (8)" (90% yield). 1,2-Addition of nitro-
methane through a nitroaldol reaction provided the dendronized
vinyl nitro 9 (85% yield), which was subsequently reduced with
LiAlH,4 to generate (3,4,5)12G1-CH,CH,NH, (10) in 84%
yield. For m = 3 and 4, (3,4,5)12G1-3-PBI and (3,4,5)12G1-4-
PBI were prepared through imidization with 3-[3,4,5-tris(dodecyl-
1-oxy)phenyl]propylamine [(3,4,5Pr)12G1-CH,NH,, 16] and
4-[3,4,5-tris(dodecyl-1-oxy)phenyl]butylamine [(3,4,5)12G1-
(CH,)4NH,, 18] in 83% and 96% yield, respectively. Both the
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dendritic propyl 16 and butyl 18 amines were synthesized by
similar routes. Methyl 3-(3,4,5-trihydroxyphenyl)propionate (11)
prepared as reported previously'® was tris-alkylated with n-dodecyl
bromide to provide (3,4,5Pr)12G1-CO,CH; (12). Subsequent
reduction with LiAIH, and bromination with CBr,/PPh; gener-
ated (3,4,5Pr)12G1-CH,Br (14)."” Displacement of dendritic
bromide (14) with sodium azide provided the corresponding
dendritic azide (15) in 90% yield. 15 was reduced with LiAlH, to
produce (3,4,5Pr)12G1-CH,NH, (16) in 92% vyield. Alterna-
tively the dendritic bromide (14)" was displaced with potassium
cyanide in DMSO to provide (3,4,5)12G1-CH,CH,CH,CN
(17) in 90% yield, which after reduction with LiAlH, furnished
(3,4,5)12G1-(CH,),NH, (18) in 80% yield.

Identification of Supramolecular Assemblies via DSC and
XRD Performed with Different Heating and Cooling Rates.
(3,4,5)12G1-m-PBI (19) with m = 0,°*° and m = 15" as well as
related dendronized perylene bisimides with chiral”**" or hydro-
gen-bonding promoting linker groupsﬁl’gh’8i have been investi-
gated. Previous studies on derivatives of (3,4,5)12G1-0-PBI and
(3,4,5)12G1-1-PBI were focused largely on the effect of bay-
substitution on photophysical properties.***# Nevertheless, pre-
liminary evaluation of their self-organized structures revealed what
was deemed a disordered @, liquid crystalline phase for (3,4,5) 12G1-
0-PBI and (3,4,5)12G1-1-PBI with a diffuse halo indicating
melted alkyl chains.**® It was proposed that the columnar
assembly of (3,4,5)12G1-0-PBI might display rotational offset
between layers, while analogues with bulky bay-substituents would
exhibit translational offset and more ordered columnar assemblies.**
The steady-state limited current (SCLC) technique was used
to measure the charge carrier mobility of (3,4,5)12G1-0-PBI

dx.doi.org/10.1021/ja204366b |J. Am. Chem. Soc. 2011, 133, 12197-12219
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Table 1. Thermal Transitions and Associated Enthalpy Changes of (3,4,5)12G1-m-PBI (m =0, 1, 2, 3, 4) Determined by DSC and

XRD
thermal transitions (°C) and corresponding enthalpy changes (kcal/mol)
m rate (°C/min) heating” cooling
0 30 ®,° 373 (5.84) i i365 (5.36) ®.°
®,° 371 (529) i
20 D, 372 (5.40) i i 366 (5.40) ®,°
®,° 370 (4.94) i
10 DD, D0 —372 (5.28) i364 (522) ®°— D, <°
D, -0 —367 (4.67) i
s O lo—d, - 372 (4.87) i 358 (4.85) do—d,
D —Dy° —361 (4.56) i
1 10 D10 (1.47) D249 (4.38) B 116 (29.05) P,° 224 (3.93) i i224 (4.06) ®°
@, 225 (4.03) i
1 @ —2(0.90) D 48 (3.46) P 115 (29.62) By,° 225 (4.00) i 224 (4.16) ®,°
@, 33 (1.86) @,° 225 (4.04) i
@, 13 (1.07) @536 (6.26) D, 225 (4.04) i
2 10 k; 39 (0.47) k, 65 (16.87) @, 134 (0.29) i 1130 (0.28) ®},° —27 (2.66) D~
@k —20 (4.38) ®,° 134 (03) i
1 k; 36 (0.48) k, 62 (19.93) ®,° 84 (—0.53) D, K98 (0.54) D, 134 (027)i 1131 (0.30) Dy —25 (3.56) Dy
@ —22 (3.80) @, 91 (—0.18) D, * 101 (0.20) P, 134 (0.28) i
3 10 @580 (28.91) ®,* 125 (0.55) i i121 (0.62) ®° —23 (3.96) D~
D —17 (4.44) DL° 73 (—0.25) P, * 84 (0.46) Dy 125 (0.59) i
1 D78 (26.75) D~ 84 (0.37) Dy 125 (0.54) i 123 (0.55) ®,° 67 (0.2) D~ —22 (0.76)° D, *
D, K —20 (4.63) © D <85 (0.97) Dy 125 (0.55) i
4 10 @, N 51(2.27) D, 69 (4.62) Py 113 (0.65) i i109 (0.68) @}, 83 (0.1) P, < —21 (4.98)° P~

D, —15 (6.43) © D <87 (0.14) P, 113 (0.66) i
D, 46 (2.45) D, 68 (5.39) P, <86 (0.08) P, 113 (0.66) i
D, K —14 (5.48) € D <86 (0.12) Dy 113 (0.68) i

i111 (0.66) @, 84 (0.1) P < —17 (5.85)° P

“First heating data on the first line and second heating data on the second line. ®The crystalline d,k phase of m = 0 was observed only in XRD
experiments. * This first-order transition between ®, " phases is associated with the crystallization of the alkyl chains; XRD data indicate no change in
lattice symmetry (Supporting Information section 4.2). ¢ Second heating data collected after 3 h annealing at 24 °C. Note: i- isotropic; quantitative

uncertainties are =1 °C for thermal transition temperatures and ~2% for the associated enthalpy changes reported in kcal/mol.

(m =0) and (3,4,5)12G1-1-PBI (m = 1).” SCLC revealed that
the disordered @}, LC-phase for m = 0 exhibited a maximum
charge carrier mobility of 0.2 cm® V™' s~ whereas for m = 1
mobilities even higher than amorphous silicon, 1.3 cm® V™' s~
was observed.” The structural origin for the enhancement of the
mobility of m = 1 is not known because the DSC and XRD
analysis reported previously for (3,4,5)12G1-m-PBI with m = 0
and 1 showed only one phase for each compound.**®¢ These
results demonstrate the promise of dendronized PBIs in molec-
ular electronics. However, to fully empower the use of dendro-
nized and similar substituted PBIs in tailored optoelectronic
materials, the understanding of the interplay between the den-
dritic periphery unit, thermal history, and the detailed structure
of the supramolecular assembly must be elucidated.
Self-organized systems often exhibit polymorphism that
requires combined analysis by DSC and XRD with various
heating and cooling rates. When subunits are connected through
conformationally rigid tethers, slower heating and cooling rates
may be required to resolve otherwise kinetically inaccessible
supramolecular structures. In considering the library of dendro-
nized PBIs described herein, (3,4,5)12G1-m-PBI (m = 0 to 4),
we expect a transition from reduced conformational mobility for
m = 0, 1, which could be due to restricted phenyl imide and

20,21
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benzyl imide linkers, to more significant conformational freedom
for m = 2, 3, 4, which is facilitated by the more flexible ethyl,
propyl, and butyl imide linkers. The importance of conducting
DSC studies with slow heating rate is exemplified by the analysis of
(3/4,5)12G1-3-PBI (Figure 1). As expected, the propyl imide
linkage between the polyaromatic PBI core and the dendritic
periphery provides substantial conformational freedom. Both
during first and second heating and first cooling scans, the
transition from the high-temperature thermodynamically stable
columnar hexagonal 2D phase with intracolumnar order”” (@)
to the isotropic melt (i) and its corresponding enthalpy change
exhibits very little dependence on rate (Figure 1). This demon-
strates that, at high temperature, the ®,° is the thermodynami-
cally controlled product of self-assembly. However, the transition
from the crystalline columnar simple orthorhombic phase, q)s_ok,
to @},"° and the reverse transition show a much stronger depen-
dence on rate. Cooling rates with 20 °C/min and 10 °C/min do
not detect this transition (see green circles in Figure 1). In addition,
the enthalpy change associated with this transition is strongly rate
dependent, increasing with the decrease in rate. At low tempera-
ture, the thermodynamic product is the 3D assembly while the
kinetic one is the 2D structure.

dx.doi.org/10.1021/ja204366b |J. Am. Chem. Soc. 2011, 133, 12197-12219
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Figure 3. DSC traces collected from (3,4,5)12G1-m-PBI with m = 2, 3, and 4 with 10 °C/min (blue colored traces) and 1 °C/min (red colored traces).
Transition temperatures, associated enthalpy changes (in brackets in kcal/mol), and corresponding lattlces assigned by XRD are indicated. Phase
notations: k; and k,, unidentified crystalline phases; ® % unidentified crystalline columnar phase; D,k crystalline columnar simple orthorhombic;
®,°, columnar hexagonal phase with intracolumnar order; CI)h , crystalline columnar hexagonal phase and i- isotropic.

(3,4,5)12G1-0-PBI and (3,4,5)12G1-1-PBI possess restricted
phenyl imide and benzyl imide linkages. Therefore, the dynamics
of (3,4,5)12G1-0-PBI is so slow that DSC experiments with rates
between 10 °C/min and 1 °C/min are not able to detect a
crystalline phase that was observed only by XRD experiments
(top of Figure 2). The enthalpy change associated with the @,
isotropic transition, indicated on the top of Figure 2 for m = 0,
exhibits a small rate dependence. The slight decrease of this trans-
ition temperature and of its associated enthalpy change (Table 1
and Figure 2) was observed in subsequent heating and cooling
cycles and upon reducing the rate (Table 1). These data suggest
that a very small extent of thermal decomposition may occur at
very high temperatures only for m = 0. For (3,4,5)12G1-1-PB],
the first heating and cooling DSC scans carried with 10 °C/min
and 1 °C/min are similar (bottom of Figure 2). However, during
the second heating and cooling scans, the DSC experiments
carried out with 1 °C/ min revealed a crystalline columnar
monoclinic phase, CDm , formed at low temperatures. At 33 °C,
on the second heatmg scan with 1 °C/min, a trans1t10n from the

®,,* phase to a @, phase is observed. The ®,,*—®, phase

12202

transition is not detected in the second heating DSC experiments
performed with 10 °C/min (bottom of Figure 2).

For (3,4,5)12G1-1-PBJ, XRD experiments revealed that the
formation of the crystalline @,,* phase is slow, requiring anneal-
ing of 3h at 24 °C. Subsequent second heating DSC experiments,
carried out after 3 h annealmg at 24 °C, revealed an additional
transition @, ki d)m at 13°C and a 51§n1ﬁcant increase of the
enthalpy change associated with the ®@,*—®,” phase transition
from 1.86 kcal/mol before annealing to 6.26 kcal/mol after
annealing (Table 1 and Figure 2).

Pronounced changes are observed between the DSC traces
obtained with these two rates for (3,4,5)12G1-m-PBI with m = 2
and 3 (Figure 3). (3,4,5)12G1-2-PBI behaves similarly with
(3,4,5)12G1-1-PBL Only a @, ° phase is observed on first heating
and cooling, on heating scans carried out with 10 °C/min, and on
the first cooling scan with 1 °C/min. However, first and second
heating DSC scans w1th 1 °C/min demonstrate the very slow
formation of a @, phase on heating (exotherm at 91 °C) and
its meltmg into a @;,"° phase at 101 °C. Therefore, the formation
of the @ * phase is kinetically controlled. The @ array is the
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Table 2. Structural Analysis of (3,4,5)12G1-m-PBI (m = 0, 1, 2, 3, and 4) by XRD

dio dui, dao (A)
d2007 dllOr dOZO} d400; d1301 dsoo; dZOL' dlll/ d?.ll; dOOly dOOZr d003 (A) &
ler dzo; d30; d]lr d40; dSO; d41r dSL' dﬁl! d70 (A)h
d1001 dOZO! dlzo; dl-ZO; d200r dOll! dZ—ZOJ lel’ dllll dOer d040’ d240; dOOZr d022 (A)l
dZOO’ d201: dzn; dOOZI d3101 dOlZl dZOZ) d400! d401’ d312) d402 (A))
vy, dar, dosy daa, dao, dsy (A)F
dOOlr dllO/ dOlL' dlll; dOOZ; d210; d2]17 d112; dOZO (A)I

R \m
dlZO; d212r d220’ d013) d113) d022f d410; d2131 d4021 d130; d330r d040r d240 (A)

compound T (OC) phase“ a,b,c (A)b Doy (A)C t (A)d/,“e dyo0r doroy d111, G200 d211, doosy oo 14) doo 15 doo 16 (A)n

(34,5)12G1-0-PBI 25 @ 335 335 4.8/2 289, 16.7

280 @ 351 35.1 30.4,17.5

25 D, 569,335,193 335 4.8/2 28.5,28.9, 16.8, 14.2, 10.8, 9.5, 16.0, 16.1, 14.4, 19.3,9.7, 6.4 €
(34,5)12G1-1-PBI  —15  ®X° 467,124 46.8,23.4,15.5, —, 11.7,9.3,8.5,7.5, —, 6.7"

20 dF° 463,123 46.5,232,154,11.9,11.6,9.3, 8.4, 7.4, —, 6.6"

60 dF° 457,128 45.9,23.0,15.3,12.3, —, —, 7.4, 6.5"

140 @)° 317 317 3.5/1 27.5,15.9, 13.7

25 D5 325,469,142 325 3.5/1 32.5,234,19.3, —, 162, 13.6,13.2, 13.0, 12.6, 12.1, 11.7, 9.6, 7.1, 6.8'

—40 @ P 321,478,140 31.9,23.8,19.9, 183, 15.9, 13.4, —, 12.8, 12.5, 12.1, 11.9, 9.9, 7.0, 6.7'
(34,5)12G1-2-PBI 20 k.° 2.7

50 k" 41.9

97 @5 702,411,455 405 35.3,27.9,23.1, 22.8, 20.5, 20.0, 19.2, 17.7, 16.5, 15.2, 13.9/

130 @° 391 39.1 33.8,19.5,169

30 O° 417 417 37/2 36.1,20.8, 18.0/
(34,5)12G1-3-PBI 20 dr° 769,718 52.6,33.9,23.9, 20.9, 20.5, 17.0, 15.0°

80 D, 5 744,432,606 429 37/2 60.5,37.2, 35.1, 31.7, 30.3, 28.3, 25.6, 23.5, 21.6'

20.7,20.6, 18.5, 183, 17.7, 17.5, 17.0, 16.4, 15.9™

110 ®° 400 40.0 34.7,20.0,17.3
(34,5)12G1-4-PBI 20 D 408,34.0,57.1 40.8, 34.0, 23.8"

60 D, 749,343,63.1 —, 343, —, 37.5,23.5,7.9, 45,42, 3.9"

80 D, K 745,430,402 430 3.8/2 —, 369,293, —, —, —, 23.1, —, 2.5

- —, 186, —, —, —, —, —, —, 14.1, 12.4,10.7, 10.3"
90 D 49 429 372

“d,°: columnar hexagonal phase with intracolumnar order; D,k crystalline columnar simple orthorhombic phase; Dk crystalline columnar
hexagonal phase; ® X unidentified crystalline columnar phase; D,k crystalline columnar monoclinic phase; k; and k,: unidentified crystalline phases.
? Lattice parameters (with uncertainty of ~1%) calculated using: dj = 1/(4(W* + K2 + hk)/(3a)*)"* for hexagonal, dy. = 1/((h/a)* + (k/b)*)"* for the
indexing of the equatorial peaks of DK dy = 1/((h/a)?* + (k/b)* + (l/c)z)l/2 for orthorhombic lattices, and dy = 1/((h/a sin y)* + (k/b sin y)* +
(1/¢)* — (2kh cos y/ab sin® y))l/ ? for monoclinic phases with y = 91.8° and 95.1° for @ _*and ®, ", respectively. ° Column diameter calculated using:
D1 = afor ®,/°, and D, = a/3"? for @~ dAverage column stratum thickness calculated from the meridional axis features of the WAXS fiber patterns.
¢ Average number of dendrimers forming the supramolecular column stratum with thickness f, calculated using: u = N, WDeo2(372)tp/ (2M,).
Na=6.022 % 102 mol ' = Avogadro’s number. p and M, are the density and molecular weight. The values for m = 0, 1, 2, 3, and 4 are, respectively,
p =106, 1.02, 1.02, 1.03, and 1.02 g/ em®, and M., = 1648, 1676, 1704, 1732, and 1760.7 Experimental diffraction peak d-spacing for the D, ° phase.
¢ Experimental diffraction peak d-spacing for the ®}," phase. ** Experimental diffraction peak d-spacing for the ®,* phase. ' Experimental diffraction peak
d-spacing for the ®,* phase. """ Experimental diffraction peak d-spacing for the @, ,* phase. ° Phases observed only in the first heating of the
as-prepared compound. ¥ @, phase observed in the second heating after 3 h annealing at 24 °C.

thermodynamic product at high temperature and the kinetic one
at low temperature.

A faster dynamics is seen in the DSC scans of (3,4,5)12G1-3-
PBI. No crystallization is observed during the cooling scan with
10 °C/min for this compound, while a transition from @, to
D, Fis already observed on cooling with 1 °C/min. On the
second heating scan performed with 10 °C/min, a crystallization
exotherm is observed at 73 °C, followed by melting into a @
phase at 84 °C. The second heating scan with 1 °C/min does not
exhibit the crystallization exotherm but only the melting at 85 °C.
This melting is accompanied by an enthalpy change of 0.97 kcal/
mol that is more than twice larger than the enthalpy change of the
melting calculated with 10 °C/min (0.46 kcal/mol).

12203

The transition from (3,4,5)12G1-3-PBI to (3,4,5)12G1-4-PBI
eliminates almost completely the difference between the DSC
traces recorded with 10 °C/min and 1 °C/min. The faster dynamics
of (3,4,5)12G1-4-PBI allows the formation of the @, phase
both on heating and cooling with 10 °C/min and with 1 °C/min
(Figure 3). Therefore, while in the case of (3,4,5)12G1-m-PBI
with m = 0, 1, 2, and 3 the crystalline 3D assembly is the
thermodynamic product that is formed by a slow self-assembly
process from the 2D kinetic product, in the case of m = 4 the
assembly of the 3D structure is very fast. The high-temperature
@, is the thermodynamic product in all dendronized PBI and
forms very fast. The low-temperature crystalline phases observed
only in the first heating scans but not in subsequent heating and

dx.doi.org/10.1021/ja204366b |J. Am. Chem. Soc. 2011, 133, 12197-12219
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Figure 4. Wide-angle XRD patterns collected from the oriented fiber of (3,4,5)12G1-0-PBI prepared by extrusion at 25 °C from the as-prepared sample
indicating the gradual development of crystalline order only upon heating and annealing at various temperatures (a), and the corresponding meridional
plots at the indicated temperatures (b, c). In ¢, the dotted vertical line indicates the expected position of the 77— stacking features, and & = correlation
length along the column axis was calculated from the full width at the half- maxunum (fwhm) of the indicated diffraction feature. The yellow arrows from
a and b indicate the off-meridional features observed on L = 4 only in the P,k phase.

cooling scans are detailed in section 4.1 of the Supporting
Information.

Table 1 summarizes all phase transitions obtained with 10 °C/min
and 1 °C/min together with their enthalpy changes. The detailed
phase assignment and structural analysis of all the structures are
reported in Table 2. The next subchapters present and discuss
this analysis in increasing order of m.

Analysis and Simulation of SAXS and WAXS Patterns
Recorded from Oriented Fibers of (3,4,5)12G1-0-PBIl. The
XRD patterns collected from the oriented fiber of (3,4,5)12G1-
0-PBI, prepared by extrusion at 20 °C, are shown in Figure 4. In
the first heating of the as-prepared fiber, a @}, phase is observed
from 20 to 135 °C. Upon heating from 135 to 200 °C, additional
sharp off-meridional features are observed (Figure 4a, b). The
WAXS fiber pattern obtained at 20 °C was indexed to 2 d
phase (Figure Sb, Table 2). Interestingly, a ®,°— P, " transi-
tion was not detected in DSC experiments performed with rates
between 30 °C/min and 1 °C/min (Flgure 2). XRD experiments
showed that at around 250 °C, the @, * transforms into a @},
phase (Figure 4). Upon cooling from 250 to 20 °C with rates
lower than 20 °C/min, the ®_* phase, identified in the first
heating in the temperature range from 135 to 200 °C, is observed
again at 20 °C. These results indicate a very low rate of crystal-
lization from the ®;° phase.

The 7r-stacking correlations of the PBI core are expected to be
around values of 3.5 A.5*%¢ In the case of (3,4,5)12G1-0-PBI
(m = 0), two stacking features are observed on the meridional
axis of the oriented fiber XRD pattern at 9.7 A (L =2),and 4.8 A

(L =4), respectively (Figures 4 and S). These values indicate that
t = 4.8 A stacking distance between the PBI units along the
column axis is significantly larger than the expected value of
about 3.5 A indicated in Figure 4c.5%#

Note from Table 2 that the diameter of the supramolecular
column (D) remains almost unchanged at the transition from
the 2D to the 3D lattice. Calculations based on the experimental
density (Table 2) of (3,4,5)12G1-0-PBI indicate that within a 4.8
A column stratum () there are on average two dendronized PBIs
(u =2). The features observed in the XRD fiber pattern suggest
that the (3,4,5)12G1-0-PBI forms a supramolecular tetramer
repeat unit with a thickness of 9.7 A. This tetramer is generated
from two pairs of side by side dendronized PBI stacked on top
of each other and rotated with a constant angle 0 (Figure 6).
Therefore, along the c-axis of 19.3 A of the unit cell there are two
supramolecular tetramers with a helical parameter ¢ = 90°. The
helical parameter ¢ characterizes the rotation of adjacent tetra-
mers within the supramolecular column (Figure 6). This para-
meter was calculated by taking into account the 2-fold symmetry
of the dendronized PBI that translates into a 2-fold symmetry for
the supramolecular tetramer. The 2-fold symmetry of the tetra-
mer demonstrates that after two consecutive rotations of ¢ =90°,
the structure repeats itself. Therefore, it appears that two stacked
tetramers form the unit cell along the c-axis. The average corre-
lation length along the axis of the supramolecular columns, &,
spans in average through about 28 column strata, or equivalently
28/4 =7 unit cells. The average correlation length was calculated
from the width of the 9.7 A tetramer stacking feature using the

12204 dx.doi.org/10.1021/ja204366b |J. Am. Chem. Soc. 2011, 133, 1219712219
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Figure S. Wide-angle XRD patterns collected from the oriented fiber of (3,4,5)12G1-0-PBI (a, b), simulation of the WAXS fiber pattern and molecular
model of the supramolecular column (c). For clarity, the pattern from b is shown with higher contrast. In a and c, the vertical arrows indicate the layer line
principal maxima identified in the high-temperature D, phase. Color code used in the molecular model from c: O atoms, red; H atoms, white; N atoms,
blue; C atoms of the PBI, green; C atoms of the dendron phenyl, orange and light blue (Figure 6); all other C atoms, gray.
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Figure 6. Schematic of the supramolecular dimers and tetramers
assembled from dendronized PBI and of their self-assembly into supra-
molecular helical columns. For clarity, the alkyl chains of the dendron are
not shown. The aromatic part of the dendrons is schematically illustrated
by the light blue and orange rectangles, and the aromatic PBI core is
illustrated by the green rectangles.

azimuthal integration of the XRD fiber pattern (& ~ fwhm ™'
indicated in Figure 4c). This method was preferred to the
horizontal or vertical line profile due to the fact that this diffrac-
tion feature is broad.

Figure Sc shows the simulation of the WAXS fiber pattern
collected from (3,4,5)12G1-0-PBI. The simulation was calcu-
lated from the molecular model presented in Figure Sc. The
agreement between the experimental and simulated position of
the layer line principal maxima is indicated by the vertical arrows
in Figure Sa,c. This simulation suggests that the rotation around
the column axis of adjacent tetramers is ¢ = 90° and that the
intratetramer rotation is O = 65°. At the transition ®,°—®__k,
the features observed in WAXS fiber pattern collected in the
high-temperature ®},'® phase are preserved, indicating that the
supramolecular columns have similar helical organizations. The

similarity of the WAXS fiber patterns of the @, and D,k
phases compared in Figure Sa suggests that the majority of the
diffraction features of the ®,_,* phase are generated by intraco-
lumnar correlations. Nevertheless, the additional meridional diffrac-
tion features observed on the first and third layer lines and off-
meridional features on the fourth layer line observed in the P K
phase (indicated by the yellow arrows in Figure 4a,b), as well as
the significant sharpening of the features observed on the fourth
layer line (Figures 4a and Sa) indicate an increase of the degree of
intra- and intercolumnar order at the (I)hio—CI)S_ok transition.

Analysis and Simulation of SAXS and WAXS Patterns
Recorded from Oriented Fibers of (3,4,5)12G1-1-PBI. A com-
bination of XRD analysis and molecular modeling demonstrated
that the change from m = 0 to m = 1 induces a tilted conformation
of the dendron in (3,4,5)12G1-1-PBI (Figure 7e). This is in
agreement with the change from a phenyl ring axis coplanar with
the perylene to one highly inclined to the perylene plane. The
presence of strong and sharp meridional features at 3.5 A in the
XRD fiber patterns (4th layer line in Figures 7f and 8a) indicates
that the stacking distance of the PBI core is reduced from t = 4.8 A
for (3,4,5)12G1-0-PBI (Figures 4 and S) to t = 3.5 A for (3,4,5)12G1-
1-PBL Calculations based on the experimental density (Table 2)
demonstrated that within every t = 3.5 A column stratum there is
one (3,4,5)12G1-1-PBI unit (u = 1).

The WAXS fiber pattern collected from (3,4,5)12G1-1-PBl in
the @, phase exhibits a weak meridional maximum on the L = 4
(7.0 A, Figure 7d,f) at double value of the 3.5 A r— stacking
distance of the PBI core. Additional off-meridional weak and
broad features were observed on the second and third layer lines.
The two simulations of the WAXS fiber pattern collected in the
@, phase presented in Figure 7d were based on the two mol-
ecular models shown in Figure 7e. The simulation based on these
two alternative models for the supramolecular columns of the
m = 1 fit the intensity profiles of the L = 2, 3, and 8 layer lines.
However, only the simulation based on the molecular model 1
shown in Figure 7e fits the weak meridional maxima observed on
L = 4. Therefore, the supramolecular helical columns forming the
P, ° phase are generated by a statistical mixture of the con-
formations proposed in Figure 7e for the dimers formed by m =1
compound. These simulations suggest that the dimer rotation ¢
is 45° and that the intradimer rotation 0 is 60° (Figure 7e). The
average correlation length & of the diffuse off-meridional features
observed on the L = 2 and 3 is ~10 strata. This indicates that the
average correlation length of the helical order is about one third
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Figure 7. Wide- (a, d) and small-angle (b) X-ray diffraction patterns collected from the oriented sample of (3,4,5)12G1-1-PBI at the indicated
temperatures, corresponding plot, and diffraction peaks of the @,,," phase (c), molecular models used in the fiber pattern simulations shown in d (e), and
the meridional plots of the patterns collected in the @, Fand ®,° phases (f). Color code used in the model from e: O atoms, red; H atoms, white;
N atoms, blue; C atoms of the PBI, green; C atoms of the dendron phenyl, orange and light blue; all other C atoms, gray.
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The patterns were collected on second heating with 10 °C/min that followed a first cooling with 10 °C/min from the high-temperature ®;,"* phases.

of the & ~34 strata corresponding to the 3.5 A 71— stacking
features (Figure 7f). Therefore, it is most probably that the
conformation proposed in model 1 from Figure 7e disrupts the
helical packing of model 2 by acting as a structural “defect” that
generates the weak feature observed on the fourth layer line.

Figure 8 details the simulation of the WAXS fiber pattern
collected in the low-temperature ®_* phase with P2;/b sym-
metry. Four (3,4,5)12G1-1-PBI molecules stack at 3.5 A spacing
along the column axis to form a column repeat c. The criss-cross-
like packing of the dendronized PBIs within the supramolecular
column with 2, helical symmetry, provided by the simulation of
the XRD data, is shown in Figure 8b. In order to minimize the
intracolumnar steric constrains, each (3,4,5)12G1-1-PBI from
the supramolecular column is shifted in the a—b plane of the ®,,,
unit cell with respect to the center of the column, as shown in the
top view of the unit cell from Figure 8c. Along the c-axis, the
helical symmetry is generated via rotation by ¢ = 180° of pairs of
stacked (3,4,5)12G1-1-PBI (each pair forming a dimer-like struc-
ture with 0 ~ 80°, Figure 6) as detaﬂed in Figure 8b. Further-
more, along the b axis of the o phase, the P2,/b symmetry
translates into alternate rows of respectively left- and right-handed
supramolecular helical columns, as indicated in the side Vlew
along the b-axis from Figure 8c. Therefore, upon the @} — k
transition the dendronized PBIs conserve their 3.5 A 71—
stacking distance (Figure 7f) but undergo significant changes
in respect to their helical packing and centering within the
column, as well as in respect to the 3D organization of the helical
supramolecular columns (“ trlangular "like packing in @, and

“rectangular”-like packing in @, X). These differences in the

arrangement within the column and of the 3D packing of the
supramolecular columns forming the 2D columnar hexagonal
array with intracolumnar order ( CDh , Figure 7d) and of the 3D
columnar monoclinic phase (®,.", Figure 8) are resp0n51ble for
the extremely slow kinetic observed at the ®;°—®__* transition
(Figure 2).

Analysis and Simulation of SAXS and WAXS Patterns
Recorded from Oriented Fibers of (3,4,5)12G1-2-PBI. SAXS
fiber patterns collected during second heating with 10 °C/min
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from (3,4,5)12G1-2-PBI and (3,4,5)12G1-3-PBI (Figure 9) de-
monstrate that the formation of the 3D column-to-column
correlations requires annealing at high temperature. Combined
DSC and variable temperature XRD experiments demonstrated a
significant dependence between the kinetics of crystallization
and the value of m (Figure 3 and section 4.2 of the Supporting
Information). In the case of m = 2, a CI)S_Ok phase with P2,2,2,;
symmetry forms only upon slow heating above the 91 °C exother-
mic transition (AH = —0.18 kcal/mol, Figure 3). In addition,
independent of the cooling rate, this phase does not form upon
cooling from the isotropic melt (Supportmg Information Figure
SF7). In the case of m = 3, a @~ phase with P2,2,2 symmetry
forms upon heating with fast rates above the exothermic transi-
tion from 73 °C (AH = —0.25 kcal/mol, second heating DSC
trace with 10°/min shown in Figure 3). In contrast to m = 2, the
@, .~ phase formed by m = 3 is observed also upon slow cooling
from the isotropic melt (Supporting Figures SF8 and SF9) The
WAXS fiber patterns collected from m = 2 in the @, Kand @, °
phases are shown in Flgure 10a and 10c, respectively.

The indexing of the @, phase of (3,4,5)12G1-2-PBI with a
lattice symmetry consistent with the P2,2,2; chiral space group
is shown in Figure 11. Interestingly, t = 3.6 A T— stacking
correlation features of the PBI core are seen in the high-
temperature ®,*° phase (Figure 10d), but not in the low-tempera-
ture @, ,* phase (Figure 10c). As in (3,4,5)12G1-m-PBI with
m=0and 1, (3,4,5)12G1-2-PBI also exhibits a meridional maxi-
mum at 7.6 A on the L = 6 in the P2,2,2; low-temperature (I)S_Ok
phase, and at 7.2 A in the ®, phase at high temperature
(Figure 10). These features, combined with the experimental
density demonstrate that (3,4,5)12G1—2-PBI self-assemble in a
supramolecular tetramer (Table 2). Remarkably, the presence of
the tetramer stacking features observed at 7.2 Ain the ®,° high-
temperature phase suggests that the tetramer packmg is preserved
both below and above the first-order transition @~ to ®;,°. The
short-range order within the inner aromatic region, jacketed by a
liquid-like aliphatic sheath, is preserved due to the strong aromatic
71— interactions between the PBI units.

dx.doi.org/10.1021/ja204366b |J. Am. Chem. Soc. 2011, 133, 12197-12219
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Figure 10. Wide-angle X-ray diffraction patterns collected from an oriented fiber of (3,4,5)12G1-2-PBI at the indicated temperatures (a, c) and the

corresponding meridional plots (b, d).

Simulation of the orlented fiber XRD pattern collected in the
low-temperature @~ phase with P2,2,2, symmetry based on
the molecular model of (3,4,5)12G1-2-PBI is presented in
Figure 12. The fiber pattern from Figure 12, collected on a syn-
chrotron, also demonstrates the formation of large well- ahgned
domains by cooling the oriented fiber obtained in the D phase,
from 95 °C, which is above the temperature of the monotropic
transition @, °—®_ *at 91 °C (indicated in Figure 3), to 25 °C.
The molecular model of the supramolecular columns produced
by (3,4,5)12G1-2-PBI consists of undulated distorted 6, helical
columns generated by supramolecular tetramers with their
centers positioned at a radius of 2.7 A from the center of the
supramolecular columns. The molecular model as well as the
electron density distribution that provided the helix radius of
2.7 A will be detailed in a later section. Figure 12 illustrates the
good agreement between the experimental XRD fiber pattern
collected in the @ phase with P2,2,2; symmetry and the fiber
pattern calculated from this model. There are several differences
between the intensity of the experimental and simulated diffrac-
tion features. For example, the (211) diffraction peak was
observed experimentally but is weak or absent in the simulated
fiber pattern presented in Figure 12. The other main discrepancy
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between model and experiment in Figure 12 is that the intensity
on higher layer lines in the experimental pattern are weaker than
those in the simulated one. The reason is that we have not included
the Debye—Waller factor (thermal disorder) in the simulation.
The effect of this factor is a reduced diffraction intensity at increas-
ing angles. Further refinement of this model will be reported in a
more specialized publication.

It is important to notice that the absence of 3.5 A 7—x
stacking and the presence of the 7.5 A tetramer features in the
fiber pattern of the @~ phase indicate that the PBI cores are
stacked at 4.0 A within tetramer and at 3.5 A between tetramers.
On the other hand, the presence of 7.2 A tetramer and 3.6 A 7—7
stacking features in the fiber pattern of the ®,'® phase indicate
that the PBI cores within and between tetramers are equally
spaced at 3.6 A along the column axis, suggesting a self-repairing
process.”> The broad intensity profile of the 7.2 A features
(Figure 10d) also suggest that this strict 3.5 A and 4.0 A stacking
alteration, demonstrated for the @, phase, is relaxed above the
@, *—®,° transition. This indicates that most probably a
significant stacking alteration is still preserved in the P phase
and that the self-repairing process is only partial.

dx.doi.org/10.1021/ja204366b |J. Am. Chem. Soc. 2011, 133, 12197-12219
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Figure 11. SAXS pattern collected from an oriented fiber of (3,4,5)12G1-2-PBI with the diffraction peaks indexed (left) and the corresponding
diffraction plot, indicating the agreement between the position of the calculated and experimental diffraction peaks (right). Fiber axis, temperature,

lattice symmetry, and parameters are indicated.
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Figure 12. Comparison of the simulated and experlmenta] fiber pat-
terns of (3,4,5)12G1-2-PBI collected at 80 °C in the @~ phase.

Analysis and Simulation of SAXS and WAXS Patterns
Recorded from Oriented Fibers of (3,4,5)12G1-3-PBI.
(3,4,5)12G1-3-PBI self-assemble in a supramolecular column
similar to that generated by (3,4,5)12G1-2-PBI. At low tempera-
ture, (3,4,5)12G1-3-PBI exhibits a columnar crystal phase with
intra- and intercolumnar correlations (Figure 13a) and at high
temperature the ®;° phase (Figure 13c). Indexing of the low-
temperature phase (Figure 14) is consistent with a @, " phase
with P2,2,2 symmetry. It seems that the helicity from the
aromatic core of (3,4,5)12G1-3-PBI generated by the intrinsic
2-fold symmetry is transferred to the aliphatic periphery. Com-
bination of this transfer of helical information with the subse-
quent strong couphng of undulated helical columns induces the
formation of the ®, .~ phase. This mechanism was previously
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established in other classes of self-assembling dendron®**® and

dendrimers.”® Similar to the structures generated from (3,4,5)12G1-
m-PBI with m = 0 and 2, (3,4,5)12G1-3-PBI also forms a
supramolecular tetramer (Table 2). Furthermore, the wide angle
meridional feature observed at 7.6 A in the high-temperature
®,° phase indicates that the packmg of the supramolecular
tetramer is preserved upon the @ *—®,, " transition (Figure 13
and Supporting Information Figure SF9). It is important to
notice that while (3,4,5)12G1-2-PBI exhibits the 3.6 A 7—x
stacking features in the high-temperature P, phase (Figure 10c,d),
(3,4,5)12G1-3-PBI does not exhibit significant 77— stacking
features (Figure 13c,d). This difference suggests that the increase
of the number of methylenic units m from 2 to 3 provided add-
itional steric constrains which inhibit the self-repairing process
observed for m = 2.

Figure 15 details the comparison of the experimental and
simulated fiber patterns of m = 3 collected in small- and wide-
angle in the CI)S o phase. The detailed molecular model used in
the simulation will be presented and discussed in a later section.
The simulation shown in Figure 15 reveals that similarly with the
columns formed by m = 2, the columns of m = 3 are generated via
helical packing of supramolecular tetramers. The thickness of
the tetramers slightly increases from 7.5 A for m = 2 to 7.6 A for
m = 3. However, the helical parameter ¢ is significantly reduced
from 60° for m = 2 to 22.5° for m = 3. This significant dlﬁerence
can be attributed to the change in the symmetry of the ®*
phases from P2,2,2; for m =2 to P2,2,2 proposed for m = 3. It is
most probable that the 2.7 A shift in the a—b plane of the center
of the tetramers formed by m = 2 in respect with the column
center, which is a direct consequence of the P2,2,2; symmetry, is
smeared out by the increased conformational freedom of the
dendron-PBI linker for m = 3. This partial “decoupling” of the
transfer of structural information from the PBI core to the dendritic
part of m = 3 can explain this significant reduction of the helical
parameter .

Analysis and Simulation of SAXS and WAXS Patterns Re-
corded from Oriented Fibers of (3,4,5)12G1-4-PBIl. The WAXS
fiber patterns collected from the oriented fiber of (3,4,5)12G1-4-PBI

dx.doi.org/10.1021/ja204366b |J. Am. Chem. Soc. 2011, 133, 12197-12219
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Figure 13. Wide-angle X-ray diffraction patterns collected from the oriented sample of (3,4,5)12G1-3-PBI at the indicated temperatures (a, c) and the

corresponding meridional plots (b, d).

in the ®_* (Figure 16b) and ®,° (Figure 16¢) phases exhibit a
strong meridional maximum on the L = § at ~7.9 A. This feature
combined with the experimental density and lattice dimensions
indicates that (3,4,5)12G1-4-PBI also forms a supramolecular
tetramer repeat unit (Table 2). Indexing of the SAXS fiber pattem
(Figure 16a,c), allowed for the assignment of the phase as @, kand
suggested aP2,2,2 symmetry. The reduction of the c-axis of the @
o phases formed by the dendronized PBIs with m = 3 and 4 from
60.6 A for m = 3 to 40.2 A for m= 4 suggests a change of their helical
packing. Interestingly, the @ .* phase formed by (3,4,5)12G1-4-
PBI is the only crystalline high-temperature phase from the entire
series with m = 0, 1, 2, 3, and 4, that forms regardless of the heating
and cooling rate (Figure 3 and Supporting Information Figure
SF10). The absence of ~3.5 A 71— stacking and the presence of
the ~7.9 A tetramer stacking features in both @, Kand ®,° phases
indicate that the columns generated by m = 4 are formed via stacking
of tetramers with the PBI cores spaced at ~4.4 A within the tetramer
and ~3.6 A between tetramers.

Figure 17 details the simulation of the SAXS and WAXS fiber
patterns collected from m = 4 in the low-temperature ®, *
phase. The molecular model used in the simulation is similar with
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the m = 3 and will be detailed in a later section. The simulation
suggests that as in the m = 2 and 3 compounds, the columns of
m = 4 are generated via helical packing of supramolecular
tetramers. The helical parameter ¢ slightly increases from 22.5°
for m = 3 to 36° for m = 4. Furthermore, the m = 4 continues the
trend of a gradual increase of the intra- and intertetramer stacking
distance. The tetramer thickness increases from 7.5 A for m = 2
to ~7.6 A for m = 3, and to ~7.9 A for m = 4. However, the
simulated fiber pattern of m = 4, presented in Figure 17, exhibits a
number of diffraction peaks larger than that of the experimental
pattern. This difference can be explained by a significantly larger
conformational freedom of the supramolecular columns than
those that can be accounted for by the Cerius2 simulation.
Both the experimental and simulated fiber patterns presented
in Figure 17 exhibit a similar number of sharp hkO reflections.
However, in the case of Kkl reflections with I # O there are more
diffraction peaks in the simulated pattern than in the experi-
mental fiber pattern. This suggests that although the columns
generated by m = 4 are helical, their 3D column-to-column
correlations are subject to a larger degree of conformational
freedom. This is generated in part by the increased liquid-like

dx.doi.org/10.1021/ja204366b |J. Am. Chem. Soc. 2011, 133, 12197-12219
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Figure 14. SAXS pattern collected from the oriented sample of (3,4,5)12G1-3-PBI with the diffraction peaks indexed (left) and the corresponding
diffraction plot indicating the agreement between the calculated and experimental diffraction peaks position (right). Fiber axis, temperature, lattice
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Figure 15. Comparison of the simulated and experimental fiber pat-
terns of (3,4,5)12G1-3-PBI collected at 80 °C in the ®_ < phase.

character of the aliphatic jacket, which is characteristic also for m = 3,
and by the significantly diminished transfer of structural information
via the more flexible dendron—PBI core linkage of the 1 = 4 structure.
This combination explains the significant reduction of the number /kl
reflections with [ # 0 observed experimentally in the ®,.* phase of
m=4in comparison with m = 3. For example, the hkI diffraction features
observed experimentally with [ = 3, 4, or S are much broader than the
features provided by the simulation shown in Figure 17 demonstrating
the increased liquid-like character of the periphery of the columns.

In summary, all (3,4,5)12G1-m-PBI investigated exhibit a
high-temperature 2D @, phase as well as a 3D columnar phase
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at lower temperature. The high-temperature ®,° phase is
generated from uncorrelated helical columns, while the low-
temperature 3D phases are generated from coupled helical
columns.***® The helical supramolecular columns forming the
@, phases and various crystalline 3D phases are self-assembled
from supramolecular dimers for m = 1 and tetramers for m =0, 2,
3, and 4 (Figure 6). The diameter and intracolumnar structure
are almost identical in the high-temperature 2D and low-
temperature 3D periodic arrays generated by m = 0, 2, 3, 4.
However, the supramolecular column changes at the transition
from the 2D to the 3D phase when m = 1. The rate of formation
of the crystalline phases decreases with the decrease of m from 4
to 0. Therefore, the rate of formation of long-range intra- and
intercolumnar correlations is gradually facilitated by the increase of
temperature and conformational freedom of (3,4,5)12G1-m-PBL
This conformational freedom increases from m = 0 to m = 4.
Electron Density Distribution of the Low-Temperature 3D
and High-Temperature 2D Periodic Arrays of (3,4,5)12G1-m-
PBI. Figure 18a,b provides a side-by-side comparison of the
reconstructed relative electron density distribution of the low-
temperature 3D arrays of the five (3,4,5)12G1-m-PBL, m =0to 4,
investigated. Figure 18c details their corresponding relative electron
density maps reconstructed for the high-temperature @, 2D
phases. The electron density distributions from Figure 18a indicate
that the aromatic—aliphatic interface of the supramolecular
columns is undulated. This suggests that the 3D column-to-column
correlations are due to coupling of undulated columns.***°
Figure 18b shows the electron density distribution of the cross-
section of the supramolecular columns. The cross-sections presented
in Figure 18b indicate the pseudohexagonal close-packing of
the columns for (3,4,5)12G1-m-PBI with m = 0, 2, 3, and 4. The
small deviation of the packing of the (I)s_ok phases relative to the
hexagonal packing of the high-temperature @, phases are
indicated by the angles marked in yellow in Figure 18b. Inter-
estingly, the reconstructed electron density distribution of the

dx.doi.org/10.1021/ja204366b |J. Am. Chem. Soc. 2011, 133, 12197-12219
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Figure 16. Small- (a) and wide- (b, c) angle X-ray diffraction patterns collected from the oriented fiber of (3,4,5)12G1-4-PBI at the indicated
temperatures and the corresponding diffraction plots demonstrating the agreement between the position of the calculated and experimental diffraction

peaks (d, e).

(3,4,5)12G1-2-PBI (Figure 18a) also demonstrates that the
supramolecular columns are helical. The electron density distribu-
tion provided that the helix has a radius of 2.7 A.

As indicated in Table 2, the diameter of the supramolecular
columns exhibits a very small change at the transition from 3D to
2D lattices. The to-scale comparison of the electron density maps
presented in Figure 18b for the 3D lattices and Figure 18c¢ for the
2D lattices indicates that the centers of the columns, that corre-
spond to the centers of the high electron density regions, are
almost unchanged with the exception of m = 1. This suggests that
within the resolution of the experiment, the inner parts of the
columns are identical in the 3D and 2D periodic arrays. The only
significant change occurring at the transition from 3D to 2D
lattices is the smearing out of the variations of the electron density
shown in Figure 18a, which were generated by the strong
coupling of helical supramolecular columns in the low-temperature
crystalline phases.

Molecular Structure of Helical Supramolecular Columns
Self-Organized from Supramolecular Dimers and Tetramers
of (3,4,5)12G1-m-PBI. The molecular models of the supramo-
lecular columns assembled from (3,4,5)12G1-m-PBI with m = 0,
1, 2, 3, and 4 are presented in Figures 19 and 20. They were
constructed using the analysis and simulation of the XRD data
discussed in the previous sections. Figure 19a illustrates the
molecular model of the aromatic core region after geometry
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optimization (section 2, Supporting Information). Figure 19b
details the structure of the supramolecular tetramers formed by
(3,4,5)12G1-m-PBI with m = 0, 2, 3, and 4, and of the supra-
molecular dimer formed by (3,4,5)12G1-1-PBL

The supramolecular structures and the dynamics of self-
organization of (3,4,5)12G1-m-PBI are profoundly influenced
by the value of m. The diversity of the pathways of self-assembly
followed by the five (3,4,5)12-m-PBI withm =0, 1,2, 3, and 4 are
exemplified by the conformations of (3,4,5)12G1-m-PBI obtained
from the retrostructural analysis of their supramolecular columns.
The formation of a tetramer by (3,4,5)12G1-0-PBI can be attri-
buted to the tendency of the supramolecular assemblies to
maximize their strong 77— PBI interactions. The conformations
presented in Figure 19a demonstrate that the phenyl groups of
the dendron (colored in orange and light blue in Figures 19 and
20) generate steric constraints that increase the PBI core stacking
distance from the typical value of 3.5 A, to approximately t = 4.8 A
for (3,4,5)12G1-0-PBL. At the transition from m = 0 to 1, the size
of the aromatic core region is reduced (Figure 19). This shorter
distance between the aromatic side groups of the dendrimer restricts
the formation of supramolecular tetramers for (3,4,5)12G1-1-PBL
Therefore, (3,4,5)12G1-1-PBI forms a supramolecular dimer
structure characterized by strong t = 3.5 A 71— stacking corre-
lations. From the structures summarized in Figure 19, the 3.5 A

dx.doi.org/10.1021/ja204366b |J. Am. Chem. Soc. 2011, 133, 12197-12219
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close-packing of the PBI cores in the case of the m = 1 structure is
most probably more suitable for applications based on organic
electronic materials. Upon subsequent increase of m from 1 to 2,
3, and 4, the distance between the aromatic side groups of the
dendrons is sufficiently large to accommodate the formation of
the supramolecular tetramers presented in Figure 19. At the same

(34,5)12614-P8I

Figure 17. Comparison of the simulated and experrmental fiber pat-
terns of (3,4,5)12G1-4-PBI collected at 80 °C in the @, phase

time, the average 71— stacking distance of the PBI core is
slightly increased from the 3.5 A close-packed distance of the
m = 1, to an intratetramer stacking distance of 4.0—4.4 A for
m = 2, 3, and 4 (Figure 19c). Simultaneously, the column
diameter decreases with 9% upon the change from the supra-
molecular tetramers of (3,4,5)12G1-0-PBI to the supramolecular
dimers of (3,4,5)12G1-1-PBI (Figures 18¢c, 19). The change
from supramolecular dimers for (3,4,5)12G1-1-PBI to supramo-
lecular tetramers for (3,4,5)12G1-2-PBI, increases the column
diameter by 24% from that of (3,4,5)12G1-1-PBL The increase
of m from 2 to 3 and 4, respectively, does not dramatically affect
the column diameter (AD,,; < 7%, Figure 18c). Such a small
change is in fact expected considering that (3,4,5)12G1-2-PB],
(3,4,5)12G1-3-PBI, and (3,4,5)12G1-4-PBI followed the same
pathway of self-assembly into supramolecular tetramers.

The helical parameter ¢, that corresponds to the rotation of
adjacent supramolecular dimers (for m = 1) and tetramers (for
m=0,2,3,and 4) within the helical column, is determined by the
orientation of the dendron phenyl group (Figures 19 and 20) due
to the difference in m.

Figure 21 summarizes the structure of the helical supramole-
cular columns self-assembled from (3,4,5)12G1-m-PBI forming
the 3D and 2D columnar phases.

Analysis of the Molecular Dynamics of the Supramolecu-
lar Dlmers and Tetramers by Variable Temperature Solid-
State 'H NMR Experiments. Sohd state "H magic angle-spin-
ning (MAS) NMR experiments>’ performed at low temperature
(Figure 22a) yield a broad distribution of aromatic 'H signals
observed in the 6.5—9.0 ppm region. For (3,4,5)12G1-m-PBI
with m = 0, 2, 3, and 4, that form supramolecular tetramers, a
separate nomenclature is required to describe the protons in the
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Figure 18. Reconstructed relative electron density distributions of the low-temperature crystalline phases shown in 3D view (a) and 2D maps (b).
(c) 2D electron density maps of the high-temperature @, phases. The structure of (3,4,5)12G1-m-PBI, crystalline phase symmetry, and lattice
parameters are indicated in a, b. In b, ¢, the unit cells are indicated by the white lines. The angles marked in yellow in b for the @, _* phases indicate a very

small deviation of their packing relative to the high-temperature @, phase.
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Figure 19. The influence of m on the architecture of the supramolecular columns self-assembled from (3,4,5)12G1-m-PBIL. Molecular models of the
aromatic core region (a), top (b) and side (c, d) views of the supramolecular structures determined from the analysis and simulation of the WAXS fiber
patterns (e). In e, the stacking features are indicated for the corresponding dimer for (3,4,5)12G1-1-PBI and tetramer for (3,4,5)12G1-m-PBIwith m =0,
2,3,and 4. Color code used in a—d: O atoms, red; H atoms, white; N atoms, blue; C atoms of the PBI, green; C atoms of the dendron phenyl, orange and

light blue; all other C atoms, gray.

solid-state NMR assignment (Figure 22a). All four inner protons
are chemically equivalent when considering a single molecule but
become spectroscopically inequivalent when the (3,4,5)12G1-m-
PBI form the supramolecular tetramers (Figure 19). Clear diffe-
rences could be observed in the NMR spectra as a function of m,
most notably in the aromatic region (Figure 22). The proton
resonances of the outer phenyl ring, observed at ~6.5 ppm, and
of the PBI ring proton resonances are spectrally resolved and can
easily be distinguished.

The liquid-state NMR resonances of the PBI protons have
very similar chemical shifts. The peaks are separated from each
other by ~0.1 ppm and are located at ~8.6 ppm, slightly
changing for different samples (Supporting Information, Figures
SF16—SF20). In the solid state, either a very broad line for m = 2,
3, and 4, or a set of signals, which are distinct but poorly resolved,
for m = 0 and 1 are observed in the region around 6.5—9 ppm.
The existence of different NMR resonances is a sign of packing
effects and indicates that the chemically equivalent protons have
different chemical environments which make them spectrosco-
pically inequivalent.”® In the case of the m = 1 dendronized PBI
that forms a supramolecular dimer (Figure 19), the proton of the
dendron—PBI spacer appears at 5.5 ppm, whereas in all other

compounds with m values generating supramolecular tetramers,
these resonances are appearing at ~3—4 ppm.

Variable temperature 'H MAS experiments were performed in
order to understand the nature of dynamic processes within the
PBI stacks (Figure 22b—d). For (3,4,5)12G1-0-PBl and (3,4,5)12G1-
1-PBI, the aromatic region of the spectra showed no changes
upon heating up to 132 °C. For m = 2, 3, and 4, however, a
significant line narrowing was observed, in particular for the
aromatic NMR resonances (red lines in Figure 22¢,d, regions
7—9 ppm). This line narrowing suggests that hydrogen atoms
which previously were spectroscopically inequivalent, because of
different local environments due to the pairwise packing, have
become equivalent. This can be explained by an exchange process
between the different chemical environments, which in turn means
that the PBI molecules must be able to leave the column’s stack
temporarily, flip around the molecular axis, and reinsert them-
selves into the column. Alternatively, a change in the morphology
of the samples could be occurring, which could lead to a genuine
spectroscopic equivalence between the core and periphery sides.
While this process cannot be ruled out completely, it is unlikely,
considering that the m = 2, 3, and 4 compounds preserve their
packing into supramolecular tetramers upon the transition from
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Figure 20. Molecular models of the supramolecular columns self-assembled from (3,4,5)12G1-m-PBI forming the D, * (m=0,2, 3 4) and
@, (m=1) columnar phases. In all structures, the lattice parameter ¢ and the helical parameter ¢ are indicated. For clarity, only the aromatic core region
of the supramolecular column is shown. Color code used: O atoms, red; H atoms, white; N atoms, blue; C atoms of the PBI, green; C atoms of the

dendron phenyl, orange and light blue; all other C atoms, gray.

(a ){3.4.5)11:{61 -D;P Bl (b) [3.4.5)126: -1-PBI (C) (3,4,5)12G1-1-PBI

¢s—c ' q)h ¢m q:'h"n

(d) (45N2612PBI (o) (345)12612PBI (f) (3.4,5)12G13-PBI
Pso Py

(3,4,5)12G1-4-PBI
Deo”, Dp°

76A 41A

Figure 21. Schematic of the supramolecular columns self-assembled from (3,4,5)12G1-m-PBI (m =0, 1,2, 3, 4). In ¢, the supramolecular columns of the
high-temperature @, phase are generated by a statistical mixture of the indicated conformations.

3D phase, formed by strong coupled helical columns, to the @
high-temperature phase, formed by uncoupled or weakly corre-
lated columns (Figures 4, 10, 13, and 16).

Additionally, the narrowed NMR line appears precisely at the
average position between the values observed for the core and
periphery hydrogen atoms. The averaged chemical shifts (e.g., at
7.2 ppm for m = 2) is still shifted by ~1.4 ppm compared to the

liquid-state chemical shift value. This 7z-shift is unchanged with
respect to the tetramer-packed column, which shows that there
is still the same or a very similar packing effect. Furthermore,
a simple rotation of the PBI pairs around the central column axis
(i.e., liquid crystalline behavior) would not yield the observed
narrowing. Instead, it would simply make the individual lines
sharper.
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Figure 23. Structure of the two model systems. Tetramer packing motif
for the supramolecular column (left) and defective stack (right), created
by removal of one of the (3,4,5)12G1-m-PBL

Ab Initio NMR Chemical Shift Calculations. For quantitative
analysis, the spectroscopic results have to be quantified with the
aid of ab initio calculations for the specific packing.”” We have
constructed a simplified model of the supramolecular tetramers
(Figure 23). A reasonable degree of disorder was added by means
of Car—Parrinello Molecular Dynamics (CPMD) simulations.
The columns are modeled via an infinite stack under periodic
boundary conditions, with four molecules per unit cell forming
the supramolecular tetramer. A few configurations were extracted,
and NMR chemical shifts were computed for all protons (Table 3.

The packing effects (77-shifts) with respect to the liquid-state
NMR are well reproduced by the ab initio calculations and reflect
the packing effects in the columns. The chemical shifts of inner
and outer hydrogen atoms are almost equal. It only matters
whether they are at core or periphery positions. The different
chemical shifts explain the broad NMR line. The core and periphery
averaged NMR values almost coincide. Therefore, an exchange

12216

Table 3. Ab Initio Calculations of the Solid-State NMR
Chemical Shifts for (3,4,5)12G1-2-PBI

assigned proton average O (ppm) standard deviation (ppm)

outer periphery 6.18 0.42
inner periphery 6.20 0.33
outer core 442 0.30
inner core 4.48 0.31
outer averaged 5.30 0.26
inner averaged 5.34 0.31

process wherein a (3,4,5)12G1-2-PBI (1) leaves the column, (2)
flips, and (3) returns into the column is plausible and can explain the
narrow NMR lines in the high-temperature 2D @} phase.

Ab Initio Molecular Dynamics Study of the Stability of a
Defect. Itis possible that the suggested exchange process (Figure 24)
could lead to instability of the columnar structure. To gauge whether
instability might be generated, CPMD simulations were performed
on a periodic perylene stack in which one of the perylenes of the pair
has been removed. The MD simulations showed no sign of instability.
The now-isolated perylene moves somewhat toward the center of the
stack, so that a return of the flipped perylene to its old position
remains possible. No signs of collapse are observed in the time frame
of the simulation. This implies that the helical columns not only allow
for a remarkable dynamics of the PBI moieties but also offer a route to
‘self-repair’ defects.

B CONCLUSIONS

Dendronized PBIs, (3,4,5)12G1-m-PBI, with m = 0, 2, 3, 4,
self-assemble into complex helical columns generated from
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Journal of the American Chemical Society

outer-periphery

¥ . outer
inner-periphery

inner-core

i I

10 8 ] 4 2 0 10 8 L] 4 2 a
chemical shift (ppm) chemical shift (ppm)

Figure 24. Calculated chemical shift distribution for (3,4,5)12G1-2-
PBI along an ab initio molecular dynamics trajectory (left). The indivi-
dual NMR chemical shifts were convoluted with Gaussians to yield a
continuous spectrum. Prior to the convolution, all inner and all outer
hydrogen atoms were averaged, which corresponds to the effects of a
flip-exchange process (right).

tetramers of PBL. When m = 1, the dendronized PBI self-assemble
in helical columns produced from dimers of PBL At high temp-
erature, all helical columns self-organize in thermodynamically
stable 2D columnar hexagonal lattices with intracolumnar order
via a fast self-assembly process. At low temperatures, dendronized
PBI self-organize in the thermodynamically stable 3D columnar
simple orthorhombic (for m = 0, 2, 3, 4) and in 3D columnar
monoclinic (for m = 1) lattices via a very slow self-assembly
process that takes place from the closely related kinetic 2D
product. Only for (3,4,5)12G1-4-PBI is the self-assembly of the
3D structure from the 2D structure fast enough that both the 3D
and 2D structures can be detected by DSC and XRD with heating
and cooling rates of 10 °C/min. The 3D lattices of dendronized
PBIs with m = 1, 2, 3 can be observed by DSC and XRD only if
cooled from the 2D columnar arrays at rates of 1 °C/min or
lower. In the case of (3,4,5)12G1-0-PBI a first-order transition
from the high-temperature 2D to the low-temperature 3D phase
could not be detected by DSC even with a rate of 1 °C/min.
However, this 3D phase could be observed by XRD experiments
performed with 1 °C/min. The structures of the helical columns
self-assembled from dendronized PBIs with m = 0, 2, 3, 4 retain
many common features at the transition from the 2D to the 3D
arrays. However, the dendronized PBI with m = 1 undergoes a
substantial change in the architecture of its supramolecular column
at the 2D to 3D periodic array transition. As a consequence,
cooling oriented samples of (3,4,5)12G1-m-PBI (withm =0, 1,2,
3, 4) only with a rate of 1 °C/min provides a mechanism to gen-
erate highly oriented 3D samples that are required for structural
analysis and electronic application experiments. Analysis of the
phases in as-prepared dendronized PBI compounds with m = 1,
2, 3, 4 showed them to be crystalline, but although they are
formed from supramolecular columns, their internal architecture
differs significantly from the 3D structures formed in subsequent
heating and cooling experiments. These as-prepared 3D struc-
tures do not exhibit any strong 7t— stacking correlations in the
range of 3.5—3.9 A. The lower degree of intracolumnar order in
these as-prepared samples is expected because they are produced
by precipitation with methanol. Therefore, it is very important to
investigate and elucidate the supramolecular structures generated
from films produced from solvophobic and from good solvents.
These experiments are in progress. Dimerization”**? and
even pentamerization'* of related dendronized PBIs were observed

in solution. Dimerization was also predicted by computation studies.™
However, this report demonstrates for the first time the self-
assembly of complex helical columns generated from dimers and
tetramers of dendronized PBIs that are persistent in 2D and 3D
lattices formed in solid state. In the 2D columnar hexagonal
phase with intracolumnar order, the dendronized PBI displays a
remarkable dynamics able to leave the columns without disrup-
tion thereby offering a mechanism to self-repair architectural
defects. These complex helical columnar 2D and 3D periodic
arrays are unprecedented for self-assembling dendritic structures.'®
However, these supramolecular structures are encountered in
many other self-assembling dendronized PBIs. The general self-
assembly processes reported here are expected to be important in
the elucidation of the mechanism of charge carriers transport and
in the design of efficient supramolecular electronic materials based
on PBI and other electron-deficient structures that are funda-
mental building blocks for solar cells and other optoelectronic
applications. The complex helical columns reported here are
racemic. However, it is important to understand the role of
nonracemic chirality on the self-assembly’' and electronic prop-
erties of dendronized PBI, considering the strong influence of the
molecular structure on their kinetic vs thermodynamic supra-
molecular products.’” These investigations are in progress.
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