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Graphic Abstract:

Two families of dimers provide longer alkyl bridges between two methoxy benzene rings and
two thiophene rings (propane — butane — dodecane), while maintaining the same optical
properties and the same spectroscopy mechanisms. Single crystal structures and DFT calculations

were used to interpret their similarities and differences.
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Abstract

Two families of bis(imido) symmetrical Schiff basémsed on 4-methoxybenzaldehyde and
thiophene-2-carbaldehyde linked by three lengthallofi groups (propane» butane— dodecane) have
been prepared and characterized'Hyand *C NMR, Q-TOF mass spectroscopy, IR and elemental
analysis. The structures and conformations of &duhem have been established by X-ray single-atyst
diffraction analysis. It is interesting that diféert linking groups and different conformations Iafthve
effect on several properties. For example, theyehaearly the same melting points, the same UV-Vis
absorption spectra and the same fluorescence emispectra. Spectral interpretations were guided by
time-dependent DFT calculated transition energias @scillator strengths, which agree well with the
experimental UV-Vis spectra. TD-DFT calculationyeal that they share nearly the same transition
mechanismi. e. both bands are largely originated from the»> 1 transitions and have little or nothing
to do with the alkyl bridge. However, there areoalmportant differences based on the identity @&f th
terminal groups. For example, similar dimérand?2 crystallize in very different space groupd:2;2
(No. 96) andP2;/n (No. 14), and another set of similar dimdrand5 crystallize inP2;/n (No. 14) and
P2:2,2, (No. 16), respectively. This illustrates the flelei nature of these dimers in forming a variety of
different packing motifs. The results of this reshasuggest that the rational design and prediation
crystal structures are more difficult than optipadperties, even though similar weak interacticens loe

controlled in assembling the molecules.

1. Introduction

Symmetry plays an important role in a variety adlbgical processes and the dimer structure is
ubiquitous in natural productsl]] The dimeric molecules would be expected to stemwhanced
biological activity relative to their correspondimgonomeric counterparts2][So dimeric compounds
have been synthesized and studied for the treatofecancer, HIV, Alzheimer, malaria and various

parasitic diseases3][Besides medicinal scienceorganic dimers are also widely used in optoeleatron

ElCorresponding author. E-mail: tanxuejie@163.com,: #&6 531 89631208; fax: +86 531 89631207
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materials 4 and references therein], functional dye materifds and references therein] and
supramolecular material®][ Recently, tethering two functional headgroupgetber with various
bridging chains is being successfully used in desgy functional materials following the concept of
crystal engineeringf].

One key structural factor about dimer is the bndggroup with different size, shape, length, and
conformation. Expanded-conjugated dimers such as ethynylene-conjugatedhgan networks §],
phenyl dimers g], pentacene dimergl0] and quinoidal bithiophene moleculekl] are of particular
interest because of their excellent electronic tngpWhile n-conjugated groups linked by more than
one single bonds, by contrast, have much less $teelied on the point of optical properties, for lidek
of considerable electronic delocalization and tfeeee weakly exciton-coupling 1p]. Of equal
importance is their flexibility. Namely, as the ¢gh of the spacer increases, the more flexibleraatti
the dimer may allow it to freely bend and rotatdyicki may result in distinct structural topologies,
intriguing conformations, diverse properties andkrag structures. On one hand, the flexibility make

the rational design of clusters impossible at theant stage; on the other hand, the flexibilitioeds
enough structural adaptability for more complicadedigning. Dimers with —(Chh— (r=3) spacers are

not well understood and there is an urgent neednfme simple and flexible models without too much
bias for certain conformations, which may providiedent capacities of spatial extension and induce
the construction of diverse frameworks.

As experimental evidence, the optical propertidasted to the electronic transition are important,
useful yet simple indicator about the dimer streesu Herein, we report the synthesis, structuned, a
optical properties of two families of alkyl-linkelis(imido) symmetrical Schiff bases (can be called
“Schiff base dimers” for clarity). As new flexibl@models for better understanding of the relationship
between bridging groups, supramolecular arrangesveemd optical properties, precise crystal structure
investigations have been carried out and theotetmlgulations were used to elucidate the electroni

transition mechanisms.

2. Experimental

2.1. Materials and measurements
All chemicals were purchased from Aladdin-reagehie@icals and were used without further

purification. Elemental (C, H, N) analyses wereriear out with a Perkin—Elmer 2400 microanalyzer.
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Accurate-mass measurements were acquired on aemd§ib20 quadrupole-time of flight tandem mass
spectrometer, Q-TORH and**C NMR spectra were run on a Bruker Avance 400 Mistriments. The
chemical shifts are reported in parts per millipprf) relative to tetramethylsilane, SiM@ = 0 ppm),
referenced to the chemical shifts of residual sulyeeak [deuterated dimethyl sulfoxide (DMSO-d6)].
UV-Vis absorption spectra were recorded using ald®® spectrophotometer (Shimadzu, Japan), in
1x10°mol- ! ethanol solution. Infrared (IR) spectra were aiedias KBr pellets with a Bruker tensor
27 FT-IR spectrometer (Bruker, Germany). Ensembleréscence spectra were performed on a
HITACHI F-4600 fluorescence spectrophotometer (ehitaCo. Ltd., Japan). Melting points were
determined on a WRS-2A electrothermal digital melgpoint apparatus (Shanghai precision & scientific

instrument Co., Ltd, China).

2.2. Synthesis and crystallization

All Schiff-base dimers were readily prepared byikincondensation reaction of the corresponding
aldehydes  (4-methoxybenzaldehyde and thiophenekzdckehyde) with the  diamines
(trimethylenediamine, 1, 4-butanediamine and 1gdd@ecanediamine) by refluxing for 1-3 h in absolute
ethanol in a 2:1 mol ratio. After cooling, whit@dktulent or scale like precipitate was obtainedy(on
dimer 6 is pale yellow), which on re-crystallization froethanol gave colorless crystals suitable for
X-ray analysis. But dimers based on 1, 12-dodedanede (dimers3 and 6) have a tendency to
crystallize as fine powders. No crystal of suffiti¢hickness and quality could be obtained to perfa

single-crystal analysis. The general reactionshosvn inScheme 1
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Scheme 1Synthesis and structures of six Schiff-base dimrethis paper. Systematic names:
1, (N'*E,N°E)-N*, N3-bis(4-methoxybenzylidene)propane-1,3-diamine;
2, (N'E,N*E)-N!, N*-bis(4-methoxybenzylidene)butane-1,4-diamine;
3, (N'E,NE)-N*, N*2%-bis(4-methoxybenzylidene)dodecane-1,12-diamine;
4, (N*E,N°E)-N*, N3-bis(thiophen-2-ylmethylene)propane-1,3-diamine;
5, (N'E,N*E)-N!, N*-bis(thiophen-2-ylmethylene)butane-1,4-diamine;
6, (N'E,N’E)-N! N*2%-bis(thiophen-2-ylmethylene)dodecane-1,12-diamine.

The physico-chemical characterization results sted below. All NMR spectra are submitted as
Supporting Information, sd€igs. S1-S1ZAll “ S’ numbered tables and figures are in ESI):

1 Elemental analysis: found (calc. forgH2.N-0,): C, 61.71 (61.75%); H, 4.96 (5.03%); N, 7.62
(7.57%); HRMS (ESI)m/zcalcd for GgHN,O-+H™: 311.1760 M+H']; found: 311.1764; M.p.
76.4-77.6C [different from literatures: 79.0-79G [13], 81C [14], 81-82C [15], 74-76C [1€],
78-80C [17]], '"H NMR (DMSO):3 (ppm) 8.25 (s, 2H, imine protons, H-C=N), 7.674H, *J.; = 8.4
Hz, phenyl protons), 6.98 (d, 488, = 8.4 Hz, phenyl protons), 3.78 (s, 6H, methoxatgms, CHO-),
3.57 (t, 4H 23,4 = 6.8 Hz, methylene protons, N-GH 1.91 (m, 2H3J..4 = 6.8 Hz, central methylene
protons, -CH-). °C NMR (DMSO):8 (ppm) 161.07 (phenyl carbons linked to methoxyugs), 160.00
(imine carbons, C=N), 129.29 (phenyl carbons linteednine groups), 129.28 (phenyl carbons), 114.03
(phenyl carbons), 58.21 (methylene carbons, N-LH55.22 (methoxy carbons), 32.07 (central
methylene carbons, -GH. FT-TR (cm', KBr): 3003 (w,v C=C-H), 2945 (my C-H), 2930 (my C-H),
2833(m,v C-H), 1638 (sy C=N), 1605 (sy C=N), 1308 (vsy C-O-C); UV/Vis (CHCH,0OH) Amax/nm
(¢/L-mor*-cm?): 213.0 (1.8x19), 269.0 (2.4x1%).

2 Elemental analysis: found (calc. fop24N20,): C, 74.16 (74.04%); H, 7.53 (7.46%); N, 8.75
(8.64%); HRMS (ESIhmvzcalcd for GoHoyN,Ox+H™: 325.1916 M+H']; found: 325.1917; M.p.
76.6-77.2C[different from literatures: 108-109 [17], 105C [18], 116-117C [16], 117-118C [19] 'H
NMR (DMSO): & (ppm) 8.45 (s, 2H, imine protons, H-C=N), 7.67 4, *J.y = 8.4 Hz, phenyl
protons), 6.98 (d, 4HJ...; = 8.4 Hz, phenyl protons), 3.78 (s, 6H, methoxytens, CHO-), 3.57 (t, 4H,
%J4n = 6.8 Hz, methylene protons, N-G§f 1.91 (m, 4H3J}.4 = 6.8 Hz, central methylene protons,
-CH,-). ¥®C NMR (DMS0):§ (ppm) 161.07 (phenyl carbons linked to methoxyugs), 159.99 (imine
carbons, C=N), 129.20 (phenyl carbons linked tonengroups), 129.12 (phenyl carbons), 114.03
(phenyl carbons), 58.21 (methylene carbons, N-LH55.23 (methoxy carbons), 32.08 (central
methylene carbons, -GH. FT-TR(cm®, KBr): 3003 (w,v C=C-H), 2945 (my C-H), 2930 (my C-H),

2837 (m,v C-H), 1638 (s,v C=N), 1605 (sy C=N), 1248 (vsy C-O-C); UV/Vis (CHCH,OH)
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amax/nm €/L-mol™ cni®): 211.0 (2.1x1%), 268.0 (2.9x1%).

3 Elemental analysis: found (calc. fopd4oN20O5): C, 77.11 (77.02%); H, 9.28 (9.23%); N, 6.46
(6.42%). HRMS (ESImvzcalcd for GgHioN,Ox+H™: 436.3090 M+H']; found: 436.3091. M.p.
76.8-77.0C; 'H NMR (DMSO): & (ppm) 8.22 (s, 2H, imine protons, H-C=N), 7.64 4¢, *J,.., = 8.4
Hz, phenyl protons), 6.97 (d, 4B, = 8.4 Hz, phenyl protons), 3.77 (s, 6H, methoxatpns, CHO-),
3.48 (t, 4H 23, = 6.4 Hz, methylene protons, N-Gi 1.55 (d, 4H33,.y = 6.0 Hz, methylene protons,
-CH), 1.26-1.22 (d, 16H, methylene protons, HHC NMR (DMSO): & (ppm) 161.01(phenyl
carbons linked to methoxy groups), 159.52 (iminéboas, C=N), 129.27 (phenyl carbons linked to
imine groups), 129.04 (phenyl carbons), 113.96 rfghearbons), 60.40 (methylene carbons, N-GH
55.22 (methoxy carbons), 30.51 (methylene carbd28)93 (methylene carbons), 28.73 (methylene
carbons), 26.70 (methylene carbons). FT-TR{cKBr): 3071 (w,v C=C-H), 3003 (wy C=C-H), 2920
(vs, v C-H), 2847 (s,v C-H), 1645 (s,v C=N), 1605 (s,v C=N), 1252 (vs,v C-O-C); UV/Vis
(CH3CH,OH) Amax/nm &/L-mol™- cni®): 208.0 (2.2x18), 266.0 (3.2x19).

4 Elemental analysis: found (calc. foiH14N,S;): C, 59.66 (59.51%); H, 5.45 (5.38%); N, 10.76
(10.68%); HRMS (ESNm/zcalcd for GaH1N,S+H™ 263.0677 M+H']; found: 263.0679; M.p.
63.9-64.3C [different from literatures: 36-38 [20], 68°C [21], 40-41C[22]]. *H NMR (DMSO): 5
(ppm) 8.45 (s, 2H, imine protons, H-C=N), 7.64ZH, *J;.; = 5.2 Hz, thiophene protons), 7.44 (d, 2H,
3341 = 3.6 Hz, thiophene protons), 7.13 (t, 2B, = 4.0 Hz, thiophene protons), 3.55 (t, 8, =
6.8 Hz, methylene protons, N-Gi| 1.88 (m, 2H3J.4 = 6.8 Hz, central methylene protons, -OHC
NMR (DMSO): 6 (ppm) 154.65 (imine carbons, C=N), 142.31 (thioghearbons linked to imine
groups), 131.00 (thiophene carbons), 129.21 (tl@ophcarbons), 127.64 (thiophene carbons), 57.69
(methylene carbons, N-GH, 31.71 (central methylene carbons, HHFT-TR(cm', KBr): 3071 (w,v
C=C-H), 3022 (wy C=C-H), 2943 (my C-H), 2920 (my C-H), 2876 (my C-H), 2833 (my C-H),
1632 (vsy C=N), 1429 (sy C-S-C); UV/Vis (CHCH,OH) Amax/nm ¢/L-mol*-cmi): 261.0 (2.6x19),
281.0 (2.5%10).

5 Elemental analysis: found (calc. fogH16N>S;): C, 60.98 (60.83%); H, 5.96 (5.83%); N, 10.27
(10.13%); HRMS (EShm/zcalcd for G4HigN,S»+H™: 277.0833 M+H']; found: 277.0833; M.p.
68.9-69.6C [different from literature 21] 75°C]. '"H NMR (DMSO): 8 (ppm) 8.44 (s, 2H, imine protons,
H-C=N), 7.63 (d, 2H3},.4 = 5.2 Hz, thiophene protons), 7.42 (d, 384, = 3.2 Hz, thiophene protons),

7.12 (t, 2H,3JH_H = 4.0 Hz, thiophene protons), 3.52 (s, 4H, metiglprotons, N-CHt), 1.59 (s, 4H,




central methylene protons, -G *C NMR (DMSO):5 (ppm) 154.36 (imine carbons, C=N), 142.31
(thiophene carbons linked to imine groups), 13Qt®&phene carbons), 129.18 (thiophene carbons),
127.67 (thiophene carbons), 59.75 (methylene carbBRCH>-), 28.16 (central methylene carbons,
-CH,-). FT-TR(cm", KBr): 3078 (w,v C=C-H), 2926 (sy C-H), 2860 (my C-H), 2833 (my C-H),
1630 (vsy C=N), 1429 (sy C-S-C); UV/Vis (CHCH,OH) Amax/nm €/L-morl™-cm?): 261.0 (2.7x19),
279.0 (2.4x19).

6 Elemental analysis: found (calc. fopH3.N,S,): C, 68.05 (67.99%); H, 8.39 (8.30%); N, 7.32
(7.21%); HRMS (ESI)m/zcalcd for GHzN,S,+H": 388.2007 M+H']; found: 388.2007; M.p.
59.8-60.3C. 'H NMR (DMSO):5 (ppm) 8.42 (s, 2H, imine protons, H-C=N), 7.622H, *};.; = 5.2 Hz,
thiophene protons), 7.42 (d, 2Ry = 3.2 Hz, thiophene protons), 7.11 (t, 2,4 = 4.0 Hz,
thiophene protons), 3.47 (t, 48,4 = 6.8 Hz, methylene protons, N-Gi 1.54 (t, 4H%}. = 6.4 Hz,
methylene protons, -G#), 1.25-1.22 (d, 16H, methylene protons, -9H*C NMR (DMSO):§ (ppm)
154.12 (imine carbons, C=N), 142.39 (thiophene a@sbiinked to imine groups), 130.81 (thiophene
carbons), 129.07 (thiophene carbons), 127.61 (tigiop carbons), 59.98 (methylene carbons, N-CH
30.32 (methylene carbons), 28.92 (methylene cajb@s70 (methylene carbons), 26.66 (methylene
carbons). FT-TR(cih, KBr): 3096 (w,v C=C-H), 3073 (wy C=C-H), 2918 (vsy C-H), 2849 (sy C-H),
1632 (vsy C=N), 1429 (my C-S-C); UV/Vis (CHCH,OH) Amax/nm ¢/L- mol™ cni): 261.0 (3.0x19),

279.0 (2.7x19).

2.3 X-Ray Crystallographic Analysis

The X-ray diffraction measurements were made onraké& APEX Il CCD area detector
diffractometer at 293/298K for compounti®?2 and4, 5 (Mo Ka radiation, graphite monochromatbr:
0.71073 A). The structures were solved by SHELXL-Bie absorption correction was done using the
SADABS program. 23] Software packages APEX Il (data collection), SAIftell refinement and data
reduction), SHELXTL (data reduction, molecular dr&g and publication material), DIAMOND
(simplifying crystal packing diagram) were alsodisg4-2q All non-hydrogen atoms were refined with
anisotropic displacement parameters. Crystal dttg collection and structure refinement detaies ar

summarized irfable 1




Table 1 Crystallographic data and structure refinementsnsam for four dimers.

Compounds 1 2 4 5
Chemical formula C;gH2N,0, CooH24N50, Ci3H14NLS, Ci4H1eNLS,

Mr 310.39 324.41 262.38 276.41
Crystal habit block/colorless block/colorless bladtoriess block/colorless
Crystal system tetragonal monoclinic monoclinic orthorhombic
Space group P4;2,2 P2,/n P2,/n P2,2,2;

alA 5.823 (2) 8.061 (3) 8.425 (3) 8.0006 (5)

b /A 5.823 (2) 8.412 (3) 16.564 (6) 10.2922 (6)
c/A 51.22 (3) 13.493 (5) 10.324 (4) 17.8708 (8)
al® 90.00 90.00 90.00 90.00

BI° 90.00 90.509 (5) 111.766 (5) 90.00

yl° 90.00 90.00 90.00 90.00

VA3 1736.7 (13) 915.0 (6) 1338.1 (9) 1471.55 (14)
Z 4 2 4 4

Dcalc. /gem™ 1.187 1.178 1.302 1.248
wimnt 0.08 0.08 0.38 0.35

T/K 293 293 298 293

F(000) 664 348 552 584

Rint 0.109 0.070 0.041 0.028

Ry [1> 26(1)] 0.073 0.053 0.038 0.049
wRy/reflections 0.144/1527 0.136/1776 0.100/2620 0.134/2789
S 1.07 1.06 1.00 1.04

2.4 Computational Study

In this work, theoretical calculations were maioked to investigate UV-Vis absorption properties

of all six dimers.

In preliminary optimizations, the geometry of falimers (, 2, 4 and5) were firstextracted from

their single-crystal X-ray structures and then mopted by employing density functional theory (DFT)

method with the B3LYP exchange correlation funaioralculations 27, 28] using 6-311+G(d,p) basis

set. Geometry optimizations were computed in bbth gas phase and ethanol solution (the same

solvents as those in experiments, using conduiéempolarizable continuum model (CPCM)9. The

absence of imaginary frequency in the calculatedréguencies ensures that the optimized geometries

correspond to true energy minima. The optimizabbdimers3 and6 were carried out on the basis of

similar dimers2 and5, with bridging —(CH),— adopting all-anti conformations. All the subsague

calculations were performed based on optimized gtoes. Vertical electronic excitations based on

B3LYP/6-311+G(d,p) optimized geometries were coraguising the time-dependent density functional




theory (TD-DFT) formalism 30] at the same level. UV-Vis spectra were done onbéss of the
GaussView 5.0 packag81]]. The major contributions of the transitions weesignated with the aid of
SWizard program32] using the Gaussian distribution model with thé-bandwidth of 500 cril on the
basis of TD-DFT results.

Relative atomic orbital contributions (mainly uséd calculating alkyl C and H s/p orbital
contributions) were obtained by natural bondingitatb(NBO) analysis of each particular frontier
molecular orbital. NBO analysis was carried out the file generated from the Gaussian option
pop=NBOread, using version 5.0 of the Wisconsin NBQgram B3].

All calculations were carried out using the Gaudd& program package34] on a Sunway

BlueLight MPP supercomputer housed at the NatiSoglercomputer Center in Jinan, China.

3. Results and Discussion

3.1. NMR characterization and melting point
For all six dimers, the kinds ofH NMR resonance peaks and the integration ratiose we

completely consistent with the formulation of theogucts, which can be assigned to “half-dimer”s,
indicating that all dimers are symmetrical in tliduion species and two “half-dimer’s are chemigall
equivalent on the NMR timescale. The simpte NMR spectrdurther confirm the symmetry feature of
all dimers.

Another observed phenomenon is that the signallseoferminal groups do not seem to be affected
by alkyl bridges. For example, the resonances afdnprotons (H-C=N) are at 8.25, 8.45, 8.22, 8.45,
8.44, and 8.42 ppm for dimefisto 6, respectively. They are so close to each othdritsahard to
distinguish them just on the point of chemical st8imilarly, the resonances of the imine carbaesaa
160.00, 159.99, and 159.52 ppm for dim&r2 and3 in one same family; 154.65, 154.36 and 154.12
ppm for dimers4, 5 and6 in another same family. THevalues are almost the same if terminal groups
are the same, regardless of different length lmker

Dimers1, 2, 4 and5 have been reported beforks{22, 35], but there have been no single-crystal
structural studies of them. Much of the earlied&s on different dimers leading to various prapsrt
are based on NMR spectra, and as a result, dettilectural information is often not available. Wha
more, there are many inconsistent statements aheutame compound. As illustrative examples, the

comparisons of NMR shifts in some literature aseelil inTables. S1-S4For example, some differences
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for the imine group and two methylene groups inatiinwere observed in the absorptions of the proton
atoms which have signals at 8.22, 2.48, 1.88 ppiitérature B54 and at 8.48, 3.76, 1.22 ppm in
literature [L6]; similarly in the absorptions of the carbon atomtsich have signals at 161.6, 58.6, 32.4
ppm in literature 354 and at 158.74, 58.42, 27.63 ppm in literatur§].[

Besides NMR spectra, even the melting points agaifgiantly different in some cases. For
example, the melting point of dimdris 68C in literature R1], while 40-41IC in literature R2] and
36-38C in literature Q). The largest difference of melting point was alied in dimer2. According to
literatures 13] and [L4], the melting point should be 108-1090r 105C, whereas the melting point
should be 116-11C or 117-118C according to literatureslf] and [L9], but the result in our
measurement is only 76.6-772 very similar to (nearly the same as) that of dith€76.4-77.6C) and
dimer 3 (76.8-77.0C). Such an unusual similarity also occurs in anofamily of dimers4, 5 and6,
with melting points of 63.9-64.3, 68.9-69.6C and 59.8-60.%, respectively. It should be emphasized
that the melting point cannot be reliably used tw&rivde the molecular weight and the type of
structural complexity.

The reason of so different characterization redigdtsin the difficulties to purify, which has been
proven by two studies3pd, 354. Obviously, the quality of the data reported efdoes not allow for

extensive discussions and precise crystal struagiuvesstigations are important.

3.2 Single-crystal X-ray crystallography

3. 2. 1. Crystal structure of 1

Dimer1 was first synthesized in 19633, 35f] and thereafter it has been reported over 14 times
However the single-crystal structure has not besmibiguously determined till now. This dimer adopts
C, point-group symmetry and th@, axis is parallel to the [1 1 0] direction throu@® atom. The
asymmetric unit contains only one half-molecule #retwo halves are really identic&ig. 1a). As for
the —CH-CH,-CH,- linker, 1 prefersgauche-gauche mode (abbreviated as g-g), whichgiakest and
this mode may confer chirality to the dimer. But dimers can be classified into two kinds of
conformationsi.e. the two helical stereoisomers. So, although edéner unit is chiral, the presence of
dimer units with opposite chirality makes the caysichiral.
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Fig. 1. (a) Atom numbered molecular structure biwith displacement ellipsoids for non-H atoms draainthe 30%
probability level at 293 K. “A” represents the syeiny code of &, y, —Z'; (b) Two types of intermolecular C—Hzn- -
H-bonds (C10-H6---Cd11% 2 is shown with green dash lines and C8-H9--- &g 2 with red dash lines)c) Five
layers (parallel to the crystallographad plane) formed by intermolecular C—He-H-bonds, view along tha axis,
purposing to show the arrangement of repeateddagitending perpendicular to theaxis. The upper half is illustrated
by the simplified dimers, which are obtained bysitbtion of benzene rings with their centers @iy and omission of
all hydrogen atomgd) One layer structure on ttad plane, purposing to show the same orientatiorlafimers on the

same plane. In fact, the picture is the projectiboentral layer ir{c) on theab plane.

In the packing structure df no classical hydrogen bond and valuable stacking interaction can
be found and the dominant force is C-H-weak hydrogen bonding, which plays crucial roletie
formation of g-g conformation. The geometries ofitogen bonds are listed Tlable S5 As can be seen,
there are two kinds of C-Hs-weak hydrogen bonds ifi, one involves terminal methoxy group
(C10-H6- --Cgf* ¥ ?) and another involves linking methylene (C8-H9g1 & % ?) (Fig. 1b). Each
of the two interactions independently linksnto the same 2D planes parallel to the crystadipbicab
plane Fig. 1candd). No hydrogen bonds can be found between adjdageis and packing of these

layers in the crystal is stabilized only by van Wéxals forces.
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3. 2. 2. Crystal structure of 2
Dimer 2 contains crystallographic inversion symmei@y jpoint group) such that half molecule lies
within the asymmetric unit. The inversion centeslbetween the center two C atoms (C9-C9A). As can

be seen fronkig. 23 dimer2 maintains all-anti conformation as for the —(@:Hlinking group.

o zzION

®ee-0

Fig. 2. (a) Atom numbered molecular structure ®fwith displacement ellipsoids for non-H atoms draainthe 30%
probability level at 293 K. Symmetry code of Ax+1, -y+1, —z+2. (b) One kind ofr, = —interactions (shown with blue
dash lines) and two types of intermolecular C—H-bonds (C3-H2- - - Cg/2* V2% 22 j5 shown with green dash lines
and C9-H12...Cgf¥2* V2% 129 \ith red dash lines)(c) Two-dimensional structure formed by aforementioned
intermolecular C-H- & H-bonds and, = —interactions, view parallel to the spreading p&ne. the crystallographi¢1 0

1) (sloping) and-1 0 3)(horizontal)planes. The left half and the upper half are itatstd by the simplified structurgsl)
Three-dimensional structure formed by the aforemaet intermolecular C-Hx-H-bonds and, = —interactions, view

along thea axis. The right half is illustrated by the sim@id structures.

Similar as that in dimed, no classical hydrogen bond can be found and twd- Gt weak
hydrogen bonds play important role in the packitigcsure. Of the two C-H-x-hydrogen bonds, one
takes place between phenyl C-H and neighboring yshérg (C3-H2-: - - Cgft2x 2% 122y and another
involves linking methylene (C9-H12. - C#*12%122) (Fig. 2b). But different from that in dimet,
one kind ofn-n stacking interactions were found, which adopt efdge geometryKig. 2b). The
geometries of;, & —interactions and hydrogen bonds are listethisle S6andS7, respectively. The first

kind of C-H--m hydrogen bonds (C3-H2.--Cdg¥?* Y2% Y22) and n, n —interactions occur
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simultaneously, both link dimerinto 2D layers parallel to the crystallograpfit 0 3)plane Fig. 20).
The second kind of C-H= hydrogen bonds (C9-H12. --C§£* 2% 27} |inks 2 into another type of
2D layer framework with different orientations (pkel to the crystallographi¢l 0 1)plane) Fig. 20.

Weaving of these layers in the crystal leads tddhmation of 3D structureg. 2d).

3. 2. 3. Crystal structure of 4
X-ray structural analysis reveals that the asymimetnit of 4 comprises of one complete dimer,

and the C—C bonds in the —(g@kHlinking chain assume a gauche—anti conformatag. 3(a)).

Fig. 3. (a) Atom numbered molecular structure $fwith displacement ellipsoids for non-H atoms draainthe 30%
probability level at 298 K(b) One dimer (the highlighted red one) is surrouniofeten dimers illustrating the seven kinds
of &, m —interactions (shown with blue dash lines). Aldhygen atoms are omitted for clari(g) 2D structure formed by
three types of intermolecular C—Hz-H-bonds, view perpendicular to the lying plamne, (1 0 1) crystal face. The
highlighted red and blue dimers in the center darsta large dimer through two types of intermalac C-H- -z
H-bonds (C1-H1.--Cg8>* ¥1? is shown with red dash lines and C6-H6---EF1Y 12 with green dash lines)d)
Crystal packing diagram for dimdrviewed along3 0 -4] direction. The upper four layers contain only thtgees of
intermolecular C—H-&- H-bonds, and the lower five layers contain alldarof interactions, including three types of

intermolecular C—H-w:H-bonds and seven kindsmfr —interactions.

There are seven kinds of = —interactions in the supramolecular structure ¢fFig. 3b) and the

geometries are listed ifable S8 As we can see, six kinds of them adopt edge-f@oenetries and one
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offset mode. The geometries of three kinds of C-AHH-bonds are listed iffable SQ The first one
(C1-H1---Cg2*™¥1?) is between thiophene C-H and neighboring thiopheng, and the other two
involve alkyl bridge. Interestingly, the first arde second (C6-H6- --C¢T" ¥ *?) kinds of C-H- =«
H-bonds independently link dimet into the same large dimefFi§g. 39. Meanwhile, the third
(C7-H7- .. Cg2t/#™ 2% 1242 ind of C—H.-x H-bonds links dime# into an infinite zigzag chain
extending along the [3 0 -4] direction. If all ter€—H--x H-bonds are considered, the neighboring
dimers are connected to give 2D layers extendingga(l O 1) crystal face Fig. 3c and 3d). These
layers are further bridged hy n —interactions to afford a 3D frameworkig. 3d). It should be noted

thatn, © —interactions also exist inside the layers.

3. 2. 4. Crystal structure of 5

In dimer5, a full dimer constitutes the content of the aswrio unit, but the two center methylene
groups in the alkyl bridge exhibit conformationabatder (m = 0.53) over two sets of positions.
Interestingly, one set exhibits anti-gauche—antif@wnation Fig. 38 and another adopts all-anti
conformation, which proves that the energy basegarating these two kinds of conformations is very

low.

(c)

Fig. 4. (a) Atom numbered molecular structure ®fwith displacement ellipsoids for non-H atoms draainthe 30%

probability level at 293 K. The disordered partsGfA and C8A (i.e. C7B and C8B) have been omitted faitg. (b)
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One dimer (the highlighted red one) is surroundgdbir dimers illustrating the three kindsmafr —interactions (shown
with blue dash lines). All hydrogen atoms are ogxditfor clarity.(c) Three types of intermolecular C—He H-bonds are
illustrated with three kinds of color dash linedhigh help dimers link into chains with two orientations: one oriedt
alongb axis and two along axis, viewed along axis. (d) Crystal packing diagram for dimBrviewed along axis. The
upper half contains only three types of intermolacC—H- -z H-bonds, and the lower half contains all kinds of

interactions, including three types of intermolecuC—H- -x H-bonds and three kinds of & —interactions.

Similar as that in dimer2 and 4, =, = —interactions and C-Hgs -weak hydrogen bonds work
together to help link dimeb molecules into 3D crystal. All three kinds of = —interactions adopt
edge-face geometriebi¢. 3b andTable S1Q, leading to the formation of a 2D layer structpeeallel
to theab plane. Each kinds of these three C-rweak hydrogen bonds resulting in the formatiod Df
chains with parallel and perpendicular orientati@ffig. 3c andTable S1). Instead, all of them work
together to give a complicated 3D hydrogen-bondgdiark Fig. 3d).

In conclusion, similar dimers and2 form colorless crystals in the space groBgg2:2 (No. 96)
andP2,/n (No. 14), while another set of similar dimdrand5 form colorless crystals iR2,/n (No. 14)
and P2,2,2; (No. 16), respectively. This illustrates the flaei nature of these dimers in forming a
variety of different packing motifs. As for non-adent interactions, no classical hydrogen bondhbzan
found in these four dimers;-H- = hydrogen bonding amd—mx stacking interactions help to form

interesting 1D, 2D and even 3D supramolecular array

3.3 Comparison of UV-Vis absorption spectra of sidimers experimentally and theoretically

The observed electronic absorption spectra of sixets (10 mol-L™ solution in ethanol) are
shown inFig. 5. It can be seen that similar dimers2 and3 have nearly the same spectra, and the
phenomena also occurs in another set of similaediry 5 and6. That is to say, the lengthening of the
alkyl bridge has no effect on the UV-Vis spectraotder to further analyze the result from the poin
molecular structure, and to determine the speatmsmechanisms, theoretical calculations were

performed to make the assignment of these electtmamsitions.
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Fig. 5UV-Vis spectra of the six dimers.

The geometries of dimefls 2, 4an5 used for calculations were derived from their Ergyystal
X-ray structures. The optimized geometrical imaged their single-crystal X-ray structures have the
same conformations and the same point groups. Hguttystal structures of dimegsand6 have not
been obtained, and as a result, detailed confasnmsbf the molecules are not available. In ordeshied
more light on the precise similarities/differendasthe UV-Vis spectra between different kinds of
conformations, similar calculations (only in ethhrolution) were performed for dimefs 4 and5 in
their all-anti conformations, which are often b&sidered as the most stable kind of conformatide T
calculated UV-Vis spectra are shownFig. S19 A summary of our results as follows: 1) Comparso
of (a) and(b), (d) and(e), (f) and(g), (i) and(j) in Fig. S19show that the spectra calculated in gas phase
and ethanol solution are similar, with small deivia$ all less than 10 nm; 2) Comparisonglpfand(c),

(g) and(h), (j) and(k) in Fig. S19show that the spectra calculated in crystal mdézoronformation
and all-anti conformation are remarkably similarittwsmall deviations all less than 5 nm; 3)
Comparisons of UV-Vis spectra Fig. 5 andFig. S19show that calculated results are all in line with
experimental data for four dimmers, which represdnto different families of dimers. These results
provoked us to further calculate the UV-Vis spedirdimers3 and6, though no detailed conformations
are available.

Calculations of the UV-Vis spectra of dim&snd6 were performed only in ethanol solution with

all-anti conformations. The results are diagramnred-ig. S2Q Obviously, the calculated spectra
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correctly reproduced the experimental results &eddegree of match-up is so good that their elpictro
structures can be analyzed for in-depth understgnali their UV-Vis spectra. The following analyses
are mainly based on the ethanol solution, in wiiighlowest 60 singlet - singlet spin-allowed exaia
states (all up to an energy of ~6.9 eV or ~180 were taken into account for all calculations.

Excitation energies, oscillator strengths and @poading electronic transition compositions for the
simulated absorption bands of dimér§ are listed inTable S12 Within the near UV-Vis range, the
strongest absorption oscillator strengths are fairZ23.0 and 279.0; 223.4 and 280.0; 253.1 and295
251.9 and 285.1; 223.2 and 277.1; 251.6 and 282.4aspectively. On the basis of these calculated
match-up results, the transition mechanisms cantbgpreted.

According toTable S12 the observed bands of dimkmat 213.0 and 269.0 nm correspond to the
calculated absorption bands at 223.0 and 279.0 raspectively. The former is dominated by the
transition from HOMO-4 to LUMO+1 (75%) and the &tfs dominated by the transition from HOMO-1
to LUMO+1 (69%). Molecular orbitals (MOs) ifrigs. S21and S22 show that HOMO-4 entirely
localizes on benzene rings, while HOMO-1 and LUMQOmwdinly localize on benzene rings and imine
bonds. So the two UV-Vis absorption bands shouldcharacterized byr— #* transitions. Dimer
1 adoptsC, point-group symmetry with a twofold axis splittitige molecule into two identical halves,
so do the MOs. It should be mentioned that most KiBMind LUMOSs involved in the transitions
mainly localize on benzene rings and imine bondsjry little or nothing to do with the alkyl bridge
HOMO-2 and HOMO-3 may be two exceptions, but theyribt participate in the transitions that
contribute to the band at 223.0 nm. That’s whydbeesponding calculated absorption band move only
1.4 nm (from 223.0 to 224.4 nm) when the bridgifi©H,)s- conformations change from g-g to anti-anti
mode (abbreviated as a-a). Another band at 279.thawes to 284.7 nm when the bridge conformations
change, probably due to HOMO-2 and HOMO-3, thouggtirtcontributions are small (13% and 8%,
respectively).

Similarly, dimer2 (C; point group) has two observed bands at 211.0 &8d2im, corresponding to
the calculated absorption bands at 223.4 and 280,0espectively. The main absorptions arise frioen t
HOMOs of HOMO-5, HOMO-4, HOMO-1, HOMO, to LUMOs dfUMO, LUMO+1, LUMO+2,
LUMO+3. These MOs irFigs. S23and S24 have similar predominant character, i.e. almosiredn
localize on benzene rings and imine bonds, havitilg lor nothing to do with the alkyl bridge,

apparently indicatingt — 1* transitions.
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Dimer 3 has the same terminal groups as dindeasid2, so they have similar observed/calculated
absorption bands. The MO structures are showfRigs. S25and S26 still mainly localizing over
benzene rings mixed with C=N bonds. Therefore,téi® bands can also be assigned asrthe 1t*
transitions.

Dimers4, 5 and 6 have different terminal groups from those in disngr2 and3, so they have
another kind of UV-Vis spectra containing two stygmeaks above 200 nm, one around 261 nm and
another around 280 nm. The calculated absorptiodare between 252-253 nm and 282-295 nm,
respectively Table S13.

The band around 261.0 nm of dimdr is dominated by the electron excitations from
HOMO-3/HOMO-2 to LUMO/LUMO+1. The distributions dhe electronic states in these MOs can be
seen inFig. S27 where HOMO-3 and HOMO-2 have very similar chagactin fact, they are
quasi-degenerated orbitals with nearly the sameggniee. -0.26813 and -0.26784 a.u. respectively)
localizing over one terminal thiophene ring. Ingtirgly, LUMO and LUMO+1 also have very similar
character (in fact, they are also quasi-degeneratathls with nearly the same energg, -0.06855 and
-0.06419 a.u. respectively) mainly lie over ternhittaophene rings and C=N bonds. Apparently, this
band is originated frommt — Tt transitions. Another band at 281.0 nm uncommariges from single
electron excitations from HOMO to LUM@ig. S28and NBO analysis show that HOMO s localized
over the entire dimer, including thiophene ringeo(md 71.68%), C=N bonds (around 22.18%) and
bridging —(CH)s- groups (around 6.14%), while LUMO is localizedtbe terminal thiophene rings and
C=N bonds. To some extent, this band is largelgimaited fronTt — 1t* transitions mixed with few—

Tt* transitions.

The transition mechanism of the band around 26i0ohdimer5 is nearly the same as that in
dimer4. As the initial states, the high-lying occupiethitals (HOMO-3 and HOMO-2) are degenerated
orbitals with the same energy (-0.26794 a.u.), eorpletely contributed by thiophene rings. LUMO
and LUMO+1 orbitals (the final states of the tréiosi) are quasi-degenerated orbitals with neary th
same energy.e. -0.06616 and -0.06593 a.u. respectively, mainbaliaing over terminal thiophene
rings and C=N bondg{g. S29. Accordingly, this band represermts— 1* transitions. Another band of
dimer5 is at 279.0 nm, arising from four kinds of traiwis (Table S12andFig. S3Q. But the most
important transitions are from HOMO-1/HOMO to LUMQ@/MO+1 (41% + 41%). Both the initial

states and the final states are quasi-degenergigdlpboth mainly localize over the terminal thfeene
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rings and C=N bonds, mixed with minor parts of &ileyl bridge. So, this band is largely originated
from 11— 1* transitions mixed with some— Tt* transitions.

The transition mechanism of diméiis nearly the same as that in dirdeaind5. In brief, the band
observed at 261.0 nm, corresponding to the cakuiladnd at 251.6 nm, can be assigned ag thert*
transitions and have nothing to do with the alkydipe (Table S12andFig. S3J. The band observed at
279.0 nm, corresponding to the calculated band8at42nm, is largely originated from the— 1t*
transitions mixed with minor parts of some> T* transitions Table S12andFig. S39.

All together our data, the absorption spectra rpeced from DFT calculations fit the experimental
results well, so attempts to understand the nabéirelectronic transitions were carried out through
comparison. Two important notes: 1) This two sed&slimers provides longer alkyl bridges between
two methoxy benzene rings and two thiophene ring®pane — butane — dodecane), while
maintaining nearly the same UV-Vis spectra; 2) $ dimers have two main absorption bands, which
can be assigned as tite— 1* transitions and have little or nothing to do witte alkyl bridges, so the

lengthening and the conformations of alkyl bridgase small effect on UV-Vis spectra.

3.4 Luminescent properties of six dimers

The luminescent spectra of six dimers have beemstigated in ethanol solution at room
temperatureRig. 6). Dimersl, 2 and3 display one similar emission band around 437 nnilewdimers
4, 5 and 6 display two similar emission bands around 408 af@ #Am. Not only the emission
wavelength, but also the profiles of these speate quite similar. Our attempt to rationalize their
fluorescence mechanisms and to explain the siridarin their experimental observations by DFT
calculations failed. It is postulated that the esiois bands of the dimers should be ascribed to the
intraligandz*~z charge transfer and have little or nothing to dthwhe alkyl bridges, and the overall

n-electron densities of the electronic excited stare barely delocalized in these whole dimers.
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Fig. 6 Fluorescence emission spectra of the six dimexsl® mol-L™ solution in ethanol, room

temperaturg

4. Conclusions

We have prepared two families of alkyl-linked Sthise dimers containingconjugated terminal
groups. On the basis of both experimental results racely fitted theoretical reproduction we beéev
that the following conclusions can be made abost structure, non-covalent bonding, and optical
properties of similar dimers containing bridgingyhland aryl terminal.

Single crystal structures of four out of six dimevere determined. The results showed that no
correlation occurs between the crystal structuckthe mode of weak interaction patterns, even thoug
they have similar molecule structures. For examsimilar dimersl and 2 crystallize in the space
groupsP4;2;,2 (No. 96) andP2,/n (No. 14), while another set of similar dimérand5 form crystals in
P2i/n (No. 14) and?2,2,2, (No. 16), respectively. After all, they have sianihon-covalent interactions
(no classical hydrogen bonding, only weak C—kihydrogen bonds and-t stacking interactions) and
similar molecule structures.

The profiles of UV-Vis and luminescent spectra wérgy family were quite similar to each other,
indicating the optical properties related to thec&bnic transition have little or nothing to dotlwihe
alkyl bridges, which can be justified by TD-DFT calations. Theoretical reproduction reveals thht al
main absorption bands should be predominately medigs thet — 1* transitions and the electronic

structures of frontier orbitals are not disturbeg the alkyl bridges. So the lengthening and the
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conformations of alkyl bridges have small effectlw-Vis spectra. Thus, this study provides a better
understanding of the role that alkyl linking grougsn play in the changing of photophysical and
electronic properties of dimers. Namely, these ertgs of the materials can be rationally prediected

relatively straightforward to determine.
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Highlights:

e Singlecrysta structures of 4 out of 6 dimers were determined.
e UV-Visand luminescent properties have been evaluated.
e DFT/B3LYP/6-311+G(d,p) method was employed to interpret optical properties.

e Theeffectsof varying bridging length appended on dimers were explored.



