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Abstract. A novel two-dimensional (2D), layered, helical supramolecular architecture constructed via coop-
erative hydrogen bond and halogen bonds was synthesized and characterized: [(BMBA),(TPB)], (1) [BMBA =
3-bromo-2-methylbenzoic acid, TPB = 1,2,3,4-tetra-(4-pyridyl)-butane]. Density functional theory (DFT) cal-
culations were carried out to investigate the nature of intermolecular interactions between BMBA and TPB.
The cooperation between hydrogen bond and halogen bond in building up the open organic architecture was
demonstrated elaborately. Complex 1 exhibits strong photoluminescence and high thermal stability. The nature
of electronic transitions in the photoluminescent process was investigated by means of time-dependent DFT
(TDDFT) calculations and molecular orbital analyses, revealing that the luminescent property of the heli-
cal supramolecular architecture of 1 was ligand-based. Periodic DFT calculations show that 1 is an electrical

insulator with a band gap of 3.29 eV.
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1. Introduction

As is well-known, crystal engineering comprises of an
understanding of specific intermolecular interactions,
such as hydrogen bonding (HB), halogen bonding (XB),
electrostatic interaction and van der Waals force, which
govern the crystal packing and thus allow designing
solids with tailored physical, chemical and biological
properties.!™ Therefore, they play a very important role
in many fields as diverse as materials, medicine and
interdisciplinary science, and hence become the subject
of intense research interest from both experimental and
theoretical points of view. Of all the intermolecular
interactions, HB is the most common and important
type of weak interaction.® During the past decade, the
XB interaction is also under active investigation,”™!!
in parallel with those of HB in terms of strength and
directionality.'?

The highly selective, directional nature and appro-
priate strength make them ideal for use in the con-
struction and stabilization of large noncovalently linked
supramolecular architectures.*!> Besides a plenty of

*For correspondence
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supramolecular architectures based on HB, many
architectures based on XB have been intensively
studied and can now be considered as a potential
option in design and synthesis of new organic supra-
molecular systems with desired architectures and func-
tions.>* Recently, the competition between HB and
XB in molecular assembly has been explored by some
researchers.'*"' More importantly, effective supramo-
lecular synthetic strategies around a hierarchy of archi-
tectures that comprise both HB and XB through
systematic co-crystallization reactions were prelimina-
rily developed and many high-dimensional molecular-
scale networks with attractive properties have been well
documented.'*"'® However, the recognition of HB and
XB-driven supramolecular architectures from experi-
mental and theoretical points of view is still largely
unexplored.!”-!8

It is known that with the rapid development of
computational chemistry in the past decade, theoreti-
cal modelling of supramolecular chemistry has become
more mature than ever. Many important chemical and
physical properties of the chemical system can be pre-
dicted from various computational techniques. Density
functional theory (DFT) has long been recognized as a

1895



1896

better alternative tool in the study of organic chemical
systems than the ab initio methods, because of the fact
that it is computationally less demanding for inclu-
sion of electron correlation. Moreover, DFT approaches
have been demonstrated to be successful in helping to
understand intermolecular interactions in many differ-
ent systems. '3

In the present paper, we report the synthesis, char-
acterization, stability, fluorescence and thermodynamic
properties of a novel 2D supramolecular architecture
with 2; helical system, [(BMBA),(TPB)], (1) (BMBA
= 3-bromo-2-methylbenzoic acid, TPB = 1,2,3,4-tetra-
(4-pyridyl)-butane, Scheme 1). This complex demon-
strates that HB and XB, which most often are seen
in competition can also cooperate in building up open
organic architectures. The nature of HB and XB inter-
actions, dimerization, crystal packing and photolumi-
nescence assignment were also investigated by DFT
and TDDFT calculations. The experimental and the-
oretical structural studies will undoubtedly assist in
developing versatile strategies for the assembly of high-
dimensional molecular architectures comprising both
types of bonds.

2. Experimental and Computational Methods
2.1 Materials and Methods

All the reagents and solvents were commercially avail-
able and used as received. 2,3,4,5-Tetra-(4-pyridyl)-
thiophene was synthesized as reported®* and then
reductively desulfurated to get the ligand 1,2,3,4-tetra-
(4-pyridyl)-butane (TPB, Scheme 1).% The elemental
analysis was carried out with a Perkin-Elmer 240C
elemental analyzer. The IR spectrum was recorded
using KBr pellets in the range of 4000—400 cm~! on a
Bruker Vector 22 spectrometer. 'H and '*C NMR spec-
tra were recorded on a Bruker DRX-400 spectrometer
at ambient temperature with tetramethylsilane (TMS)
as internal reference. The powder X-ray diffraction

HO\C ¢O
CHa,
Br
—ep BMBA
Scheme 1. Building blocks of the supramolecular
architecture.
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(PXRD) pattern was recorded on a RigakuD/max-
RA rotating anode X-ray diffractometer with graphite
monochromatic Cu Ka (A = 1.542 A) radiation at room
temperature. Thermogravimetric analysis (TGA) was
performed on a simultaneous SDT 2960 thermal ana-
lyzer under flowing N, with a heating rate of 10°C/min
from ambient temperature to 800°C. Luminescence
spectra for the solid sample of 1 were recorded with a
Hitachi 850 fluorescence spectrophotometer.

2.2 Synthesis of [(BMBA),(TPB)[n (1)

Complex 1 was synthesized hydrothermally in a 23 mL
Teflon-lined autoclave by heating a mixture of equal
mole (0.2 mmol) of BMBA (0.0430 g) and TPB
(0.0732 g) in a 10 mL of water-ethanol (1:1 v/v) solu-
tion at 120°C for 72 h. After the mixture was slowly
cooled to room temperature, light yellow block-shaped
crystals were obtained. (yield: 48.6%). M.p. 175°C.
Anal. Calc. (%) for: C40H3¢Br,N,O4: C, 60.31; H, 4.56;
N, 7.03. Found (%): C, 60.24; H, 4.71; N: 6.91. IR
(KBr, cm™'): 3411 s, 3052 w, 2426 m, 1955 m, 1699
m, 1610 s, 1559 m, 1419 m, 1356 w, 1262 w, 1066 m,
1028 w, 1000 m, 938 w, 828 s, 758 m, 692 m, 629 w,
590 w, 574 m, 539 m.

2.3 X-ray crystallographic study

Single crystals of complex 1 in appropriate dimensions
were collected for structure determination on a Bruker
SMART APEX CCD diffractometer using graphite-
monochromatized Mo/Ka radiation (A = 0.71073 A)
at room temperature using the w-scan technique. Data
reductions and absorption corrections were performed
with the SAINT? and SADABS? software packages,
respectively. The structures were solved by direct meth-
ods using the SHELXS-97 program?® and were further
refined by the full-matrix least-squares technique using
the SHELXL-97 program.” All the non-hydrogen
atoms were refined with anisotropic displacement
parameters, and hydrogen atoms were generated geo-
metrically with assigned isotropic thermal parame-
ters. Analytical expressions of neutral-atom scattering
factors were employed, and anomalous dispersion
corrections were incorporated.

2.4  Computational details

Two possible dimers and related monomers obtained
from the crystal structure were used to calculate
and evaluate their geometric and electronic properties
(Figure S1 in Supplementary Information). Dimer
I consists of an intermolecular hydrogen bond
O1—HI1A...N1 (The symmetry code for #A is “1—x,
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—y, 2—2"), while dimer II consists of a halo-
gen bond C16—Brl...N2. Geometry optimizations
were carried out using hybrid DFT method at the
MPWI1PWO1 (modified Perdew-Wang exchange func-
tional and Perdew-Wang 91 correlation functional)®
level with the 6-31G** basis set.’! Geometries were
fully optimized without any symmetry restriction by the
Berny method. To characterize the nature of stationary
point and to determine the zero-point vibrational energy
(ZPVE) correction, harmonic vibrational analysis was
performed subsequently on each optimized structure
at the same level. According to the previous studies,
the DFT computed harmonic vibrational frequencies
are usually larger than those observed experimentally;
so, the scale factor of 0.96 was used uniformly to
take into account the systematic overestimation of
vibrational frequencies in the MPW1PW91/6-31G**
calculations.?> Based on the scaled harmonic frequen-
cies thermodynamic properties and expected changes
upon dimerization were derived from the principles of
statistical thermodynamics.*® The interaction energies
among the complex were evaluated from the energy dif-
ferences between the dimers and the monomers. The
basis set superposition error (BSSE) was determined for
the interaction systems using the standard counterpoise
correction method of Boys and Bernardi.** To verify
the suitability of the basis set used, single-point calcu-
lations were further carried out for all the dimers with
the 6-3114++G(3df,3pd) basis set.>>*® All calculations
concerning the gas phase were performed with the
Gaussian09 program.’

The crystal structure determined by X-ray diffrac-
tion was used for the computation of bulk proper-
ties, including the electronic band structure, density of
states, and optical properties.®® The calculations were
performed using the DFT method with Vanderbilt-
type ultrasoft pseudopotentials®® and a plane-wave
expansion of the wave functions as implemented
in the CASTEP code.*® The generalized gradient
approximation (GGA) functional proposed by Perdew,
Burke and Ernzerhof (PBE)*' was employed and the
cutoff energy of plane waves was set to 260.0 eV. The
electronic wave functions were obtained by the Pulay
density-mixing scheme*? and Brillouin zone sampling
was performed by using the special Monkhost-Pack
scheme.*

3. Results and Discussion
3.1 Synthesis and characterization

Complex 1 was synthesized under the hydrothermal
reaction from the corresponding precursors, resulting
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Figure 1. 'H NMR spectra of complex 1. (a) TPB; (b) and

BMBA; (c) in DMSO. *indicates the signal of the solvent.

in pale yellow block crystals. It is soluble in polar sol-
vents such as DMSO and characterized by the NMR
spectroscopy preliminarily. An excellent agreement is
exhibited in the '"H NMR spectra of the complex 1
and the ligands, indicating absence of any impurity
(Figure 1). Also, the chemical structure of the complex
was verified by *C NMR spectrum (Figure S2, in Sup-
plementary Information). During self-assembly of the
complex from the ligands, only a broad signal at high
magnetic field was observed that was assigned to the
weakened proton of O—H in the ligand BMBA. This
may be attributed to the formation of intermolecular
hydrogen bonding. Moreover, from the integral anal-
ysis of 'H-NMR, it can be found that 1 was formed
by BMBA and TPB in a ratio of 2:1. The powder X-
ray diffraction (PXRD) was used to check the phase
purity of the bulk sample in the solid-state. As shown in
Figure 2, the main diffraction peaks of the PXRD
for the as-synthesized sample have been indexed.
The reflection positions and relative intensity of the
measured PXRD pattern closely match the simulated
pattern generated from the result of single crystal
diffraction, indicating that it is a pure product.

3.2 Crystal structure and optimized structure

X-ray diffraction study reveals that complex 1 crys-
tallizes in a centrosymmetric monoclinic space group
P2,/n (Table S1 in Supplementary Information), and
the asymmetric unit contains one BMBA and half
TPB (Figure 3a). Noteworthy fact is that TPB contains
four equivalent discrete N-donor sites with approximate
bond angles of 53.9° and 126.1° between two adjacent
y-methylpyridine and four N-donor atoms in a plane.
So, it can behave as both HB- and XB-acceptor sites.
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Figure 2. The simulated and measured PXRD patterns of
complex 1.

As for the ligand BMBA, it also has two sites for
potentially binding processes and therefore it is also a
potential candidate to be engaged in simultaneous HB
and XB. As anticipated, there are two kinds of inter-
molecular interactions between BMBA and TPB in the
supramolecular architecture (Figure 3b). One is the
typical hydrogen bond O—H.- - - N [O- - - N 2.5908(4) A,
H.--N 1.7790(3) A, ZO—H---N 170.209(18)°], and
the other is the attractive halogen bond C—Br---N
[C---N 5.1879(6) A, Br---N 3.3818(4) A, ZC—Br- - -
N 160.664(7)°]. The halogen bond is only slightly shorter
than the sum of the van der Waals radius (3.44 A),““
indicating that it is a weak interaction. The reported
molecular architectures assembled by C—Br---N
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Figure 3.
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intermolecular interactions with Br--- N distances in
the range of 3.192(4)-3.324(3) A and C—Br---N
angles ranging from 160.17(11) to 172.38(13)° were
observed.*® The geometrical parameters for the halo-
gen bond found in our study are comparable to the
reported Br--- N contacts. This XB interaction is not
neglected, while C—Br---N seems to cooperate with
strong hydrogen bond O—H---N in our investigated
structure. Therefore, the bond length and angle of halo-
gen bond may be influenced by the primary source
of halogen bond. This was further demonstrated by
DFT calculations on possible dimers of TPB and
BMBA, which were inferred from the crystal structure
of complex 1 which consisted of one HB and one XB
(I, O—H- - -N; II, C—Br- - - N), respectively (Figure S1).

Propagation of such hydrogen and halogen bonding
interactions leads to the formation of 2D helical archi-
tecture (Figure 4), demonstrating the feasibility of such
a structure entirely due to noncovalent interactions. By
closer inspection, one BMBA and half TPB are found
to assemble by alternative intermolecular interactions to
give an infinite cylindrical 2, helix through spontaneous
assembly. The other half TPB molecule is assembled
in the neighboring helix. The helical pitch, given by
one full rotation around the 2, helical axis, is 15.939(3)
A. The left- and right-handed helixes are alternately
arranged to make the whole architecture racemic. The
distance between the repeating parts of the helical
chains is ca. 15.2 A and the size of the helical channel
is ca. 11.1 x 12.8 A. Based on our understanding of
supramolecular architectures, this is the first report on
the 2D open organic architecture with a racemic helical
system driven by mixed HB and XB.
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(a) The asymmetric unit of complex 1 with atomic displacement ellipsoids drawn at the

50% probability level. (b) Intermolecular interactions consist of O—H---N [O--- N 2.5908(4) A H N
1.7790(3) A, ZO-H---N 170.209(18)°] and C—Br--- N [C---N 5.1879(6) A, Br---N 3.3818(4) A,

ZC—Br---N 160.664(7)°] in complex 1.
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ih)

Figure 4. The supramolecular helical architecture of com-
plex 1 viewed from different directions.

Two possible dimers formed by the intermolecular
interactions and two related monomers were optimized
at the MPW1PW91/6-31G** level (Figure S1). There
are no imaginary frequencies for any of the structures,
indicating that these structures are indeed the minima
on their potential energy surfaces. Some of the fully
optimized geometrical parameters together with the
experimental data were summarized in Tables S2-S4
(Supplementary Information). It is noted that most of
the optimized bond lengths are slightly larger than the
experimental values. This may originate from the theo-
retical calculations which belong to isolated molecules
in the gaseous phase at 0 K, while the experimental
results of the complex was performed in the solid phase.
The deviations in the bond lengths between experimen-
tal and calculated geometries are all within 0.03 A for
monomers and dimers I-II, except for the bond C13-
O1 with a larger discrepancy of ca. 0.05 A (Table S2).
This is due to Ol which is involved in forming
the strong hydrogen bond O1—HI1A...N1 (O1...Nl1,
2.5908(4) A, Table S4). Similarly, the larger devia-
tions in the bond angles mainly occur on those atoms
involved in the hydrogen or halogen bonds, such as O1-
C13-02, C16-C17-C18, C15-C16-C17, and C2-C3-C6.
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The largest deviation between experimental and the-
oretical bond angles are 1.154, 3.423, 3.412, and
3.513° for TPB, BMBA and dimers I-II, respectively
(Table S3). It can be concluded that precision in the
calculations is satisfactory and the MPWI1PW91/6-
31G* method is suitable for the supramolecular system
studied here.

3.3 Stability and fluorescence study

To further demonstrate the stability of the complex
1, thermal gravimetric analysis (TGA) was performed
(Figure 5). It was observed that the first weight loss
begins at 175°C. Subsequently, consecutive decompo-
sitions take place, leading to the total destruction of
the complex. Clearly, it is possible to conclude that the
architecture of complex 1 is stable within a high tem-
perature region and worthy of further investigation as a
candidate of thermally stable material.

At room temperature, excitation of solid samples of
complex 1 at ca. 351 nm produces a strong blue fluo-
rescence emission band at ca. 401 nm (Figure 6a). To
better understand the nature of the luminescent emission,
TDDFT calculations were carried out to investigate
the electronic transitions in the photoluminescent pro-
cess of complex 1. The results indicate that the low-
est energy emission of complex 1 is dominated by the
transition of LUMO — HOMO and assigned to
an excited-state intra-ligand charge transfer (ILCT)
character. The HOMO mainly consists of 7 orbitals of
BMBA, while the LUMO is mostly composed of 7 *
orbitals of two pyridine rings of TPB (Figure 6b). The
energy gap between HOMO and LUMO is 3.58 eV,
which agrees reasonably with the experimental value
3.09 eV (401 nm). The deviation may result from
intermolecular interactions such as HB and XB, which
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Figure 5. TGA of complex 1.
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(a) Fluorescent excitation and emission spectra of 1 in the solid state at room

temperature. (b) Contour plots of frontier orbitals of 1.

play an essential role in decreasing the HOMO-LUMO
45
gap.

3.4 Interaction energies

The interaction energies between TPB and BMBA were
calculated by MPW1PW91/6-31G** method and listed
in Table 1. The negative value indicates attractive inter-
molecular interaction, while the positive value indi-
cates repulsive interaction. The results show that even
after the BSSE and ZPVE corrections, the total ener-
gies of dimers I and II are still smaller than the sum
of monomers, implying that the dimers I and II formed
by the ligands TPB and BMBA are stable with attrac-
tive intermolecular interactions. Also noteworthy is that
the corrected interaction energy for the dimer I is
—44.49 kJ/mol and that for the dimer II is —2.32
kJ/mol. Because dimers I and II are both connected
by only one weak intermolecular interaction (Table S4),
the interaction energy can be approximately attributed
to the intermolecular hydrogen bond and halogen bond,

respectively. Therefore, the binding energy for each
hydrogen bond O1—HI1A...N1 in dimer I is ca. 44
kJ/mol. This value is of high in comparison with those
reported previously (8—54 kJ/mol)* and almost as
large as thrice the best experimental estimate of the dis-
sociation energy of the water dimer (~3 x 15 kJ/mol),*’
indicating that this hydrogen bond is very strong. In the
case of dimer II, the binding energy for each halogen
bond C16—Brl...N2 is smaller (ca. 2 kJ/mol), show-
ing that the tertiary carbon atom acts as a weak halogen
donor. Hence, it is concluded that the hydrogen bonding
OI—H1A...N1 is far stronger than C16—Brl...N2
and plays a more important role in the crystal pack-
ing of the complex 1. Accordingly, the stability of
dimers is in the order of I > II, which is consistent with that
judged from the total electronic energies of dimers I and
II (Table 1).

To determine the appropriateness of the chosen basis
set (6-31G**) for the calculations, the interaction ener-
gies have also been calculated at the MPWI1PWO91/
6-3114++G** level. The differences in the uncorrected

Table 1. Interaction energies between the monomers calculated at different levels.
ZPVE/ BSSE/ Interaction Energy/kJ- mol~'¢

Method Molecule. E/a.u. kI'mol~! kJ-mol™' AE AEc AEc zpvE
MPW1PWO91/6-31G** TPB —1146.5685493 1088.3438

BMBA  —3031.3033265 354.1404

DimerI —4177.8938081 1445.6380 10.07 —57.58 —47.51 —44.49

Dimer I —4177.8777674 1443.6993 1198 —15.47 —3.49 —-2.32
MPW 1PWO91/6-311++G(3df,3pd)” TPB —1146.8841185 1088.3438

BMBA  —3033.8901147 354.1404

DimerI —4180.792244 1445.6380  0.47 —47.29 —46.81 —43.79

Dimer I —4180.7755829 1443.6993 0.77 —3.54 =277 —1.60

“AFE is the uncorrected interaction energy, AEc is the interaction energy corrected for BSSE, and AE¢ zpyg is the inter-
action energy corrected for both BSSE and ZPVE, where the scaling factor for ZPVE is 0.96. ”E at the MPW1PW91/6-
3114++G**//MPW1PW91/6-31G** level, ZPVE at the MPW1PW91/6-31G** level.
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interaction energies (A E) caused by two different basis
sets are at most within 12 kJ/mol, while those in the
interaction energies corrected by BSSE (A E¢) are only
within 1 kJ/mol. This indicates that the BSSE cor-
rection is necessary for the calculations of 6-31G**
basis set. On the other hand, both the corrected and
uncorrected interaction energies with the 6-311++4G**
basis set give the same stability order for the dimers as
the 6-31G** basis set, although the BSSE computed
at the MPW1PWO1/6-311+4-G** level is smaller than
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that at the MPW1PW91/6-31G* level. This suggests
that the 6-31G** basis set is suitable and reliable
for studying the intermolecular interactions in the title
complex.

3.5 Thermodynamic properties

In order to elucidate the dimerization process, ther-
modynamic properties of dimers I, II and related
monomers were investigated with the statistical

Table 2. Thermodynamic properties of monomers and dimers at different temperatures®.

Structure  T/K €9, /J-mol~"- K=" §¢ /J-mol~"- K~! Hy /kJ-mol~" ASy/J-mol~"- K~" AHy/kJ-mol~" AGr/kJ-mol™!
TPB 200 267.01 613.72 32.52
298.15 394.86 743.63 64.87
400 527.37 878.53 111.96
500 637.93 1008.50 170.41
600 726.94 1132.98 238.82
700 798.35 1250.60 315.21
800 856.40 1361.12 398.05
900 904.29 1464.84 486.15
1000 944.27 1562.24 578.64
1100 977.95 1653.87 674.80
1200 1006.52 1740.22 774.06
BMBA 200 123.82 375.94 15.51
298.15 168.53 433.77 29.88
400 210.65 489.34 49.24
500 24497 540.16 72.08
600 272.50 587.35 98.01
700 294.60 631.08 126.40
800 312.61 671.63 156.79
900 327.51 709.33 188.82
1000 340.01 744.50 222.21
Dimer I 200 402.06 823.21 49.09 —166.45 —53.50 —20.21
298.15 574.07 1015.30 96.87 —162.10 —52.44 —4.11
400 749.11 1208.95 164.42 —158.92 —51.34 12.23
500 894.85 1392.31 246.87 —156.35 —50.18 28.00
600 1012.36 1566.24 342.44 —154.09 —48.95 43.51
700 1106.79 1729.64 448.57 —152.04 —47.60 58.83
800 1183.65 1882.62 563.22 —150.13 —46.18 73.93
900 1247.11 2025.81 684.85 —148.36 —44.68 88.85
1000 1300.10 2160.03 812.29 —146.71 —43.12 103.59
1100 1344.75 2286.09 944.60 —145.20 —41.52 118.20
1200 1382.63 2404.77 1081.02 —143.77 —39.88 132.65
Dimer IT 200 406.86 864.77 50.38 —124.89 —11.95 13.03
298.15 579.61 1058.95 98.68 —118.45 —10.37 24.94
400 754.37 1254.21 166.79 —113.66 —8.71 36.75
500 899.33 1438.66 249.72 —110.00 —7.07 47.93
600 1015.92 1613.33 345.70 —107.00 —5.43 58.77
700 1109.47 1777.22 452.14 —104.46 —3.77 69.35
800 1185.56 1930.50 567.02 —102.25 —2.12 79.68
900 1248.37 2073.88 688.81 —100.29 —0.46 89.80
1000 1300.86 2208.20 816.35 —98.54 1.20 99.74
1100 1345.13 2334.32 948.71 —-96.97 2.85 109.52
1200 1382.72 2453.02 1085.15 —95.52 4.51 119.13

TAST = (S;)Dimer—(S;)tPB—(S))BMBA: AH7 = (H,) + E+ ZPVE)Dimer—(H,, + E+ ZPVE)1pg—(H,, + E+ ZPVE)pMmBa;
AGr = AHr—T ASt. The scale factor of 0.96 is imposed for frequencies.
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thermodynamics method.* As can be seen from Table
2, some features were observed. First, thermodynamic
functions of dimers and monomers increase with the
temperature. This is because of the intensified vibra-
tional movement at a higher temperature which con-
tributes more to the thermodynamic functions, while
at a lower temperature the main contributions to the
thermodynamic functions come from the translations
and rotations of the molecules. The intuitive illustration
of the quantitative relationships between the thermo-
dynamic functions and the temperature are as follows
(only the dimer I was taken as an example):

Cy,, =12.06+2.17T — 8.66 x 107*T?,
R* = 0.9988, SD = 12.86, P < 0.0001
8% =393.38 +2.23T —4.62 x 10777,
R*=1.0,SD = 1.74, P < 0.0001

H? = —61.15+ 0.40T + 4.67 x 10772,
R? = 0.9996, SD = 8.37, P < 0.0001

As the temperature increases, the increments for both
C;,, and S} decrease but that for H) increases con-
stantly. However, since the coefficients of 72 are very
small, these correlations approximate to linear equa-
tions. In other words, thermodynamic functions of the
monomers and dimers increase linearly with the tem-
perature. And the values of C) . S, and H, at any
temperature can be obtained based on these equations.
This may be helpful for further studies on other physical
and chemical properties of the title complex.

During the transformation of the monomers to the
dimer I, both the entropy and enthalpy changes are neg-
ative (ASy<0, AH7r<0) as the temperature increases
up to 1200 K, indicating that the dimerization is an
exothermic process accompanied by a decrease in the
degree of disorder. As for dimer II, the entropy change
is also negative at any temperature from 200 to 1200 K,
while the enthalpy change becomes positive for the tem-
perature over 900 K. Therefore, the dimerization of II
is only an exothermic process for the temperature under
900 K. The order of (A Hr)y>(AH7); gives the same
sequence, I > IT as the binding energies.

Furthermore, during the dimerization processes, the
changes of Gibbs free energies (AGr) are negative for
the dimer I under 300 K while those for II are all
positive at any temperature. This suggests that dimer
I can be spontaneously produced from the isolated
monomers at the room temperature, and the dimeriza-
tion process for II cannot occur spontaneously. This
feature demonstrates that a supramolecular architecture
can be assembled via a spontaneous process at the room
temperature through the intermolecular hydrogen bond
OI—HI1A.--N1 between BMBA and TPB. Judged by
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the values of AGy, the stability order of dimers below
900 K follows as I>II, consistent with that given
by the interaction energy. However, above 900 K, the
A G value gives a different stability order (II>I). This
implies that the halogen bonding C16—Br1- - - N2 may
be more essential for the crystal packing of complex 1
for the temperature above 900 K.

3.6 Band structure and density of states

As well known, band gap is an important parameter to
characterize the electronic structure of solids. So, based
on the experimental crystal structure of the complex
1, the electronic band structure along different sym-
metry directions of the Brillouin zone was studied
(Figure 7). For clarity, only six upper occupied electro-
nic bands (valence bands) and six lower unoccupied
electronic bands (conduction bands) were magnified.
Both the valence bands and conduction bands are gen-
erally quite flat along different symmetry directions of
the Brillouin zone. The maximum dispersion the band is
0.05 eV which correspond to the first lowest unoc-
cupied crystalline orbital around 3.29 eV. Also note-
worthy is that both the valence bands and conduction
bands are two-fold degenerate. When small changes
in charge state occur, some orbitals are stabilized and
others are destabilized, which eliminates the degen-
eracy of occupied crystalline orbitals and unoccupied
crystalline orbitals which could lead to minor Jahn-
Teller distortions.*® The energy gap between the high-
est occupied crystalline orbital (HOCO) and the lowest
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Figure 7. Band structure of the complex 1 along different
symmetry directions of the Brillouin zone. The Fermi energy
is shown as a dashed horizontal line.
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unoccupied crystalline orbital (LUCO) for the title
complex is 3.29 eV, indicating that it is an electrical
insulator. Compared with the experiment results,
the band gaps are always underestimated by DFT
calculations. And the real band gap may be slightly
larger these calculated results.

The total electronic density of states (DOS) was also
calculated to obtain more information about the bond-
ing nature of complex 1. In the upper valence band, the
crystal has a sharp peak near the Fermi level, which
shows that the top valence band of the band structure
is flat (Figure 8). The peak is predominately from the
p states. After that, several main peaks in the upper
valence band are superimposed by the s and p states.
The conduction band is dominated by the p states.
These all indicate that the p states play an important
role in the chemical reactions of the title complex.

A better understanding of the band character can be
further examined directly by projecting the DOS on the
atom-centered orbitals (Figure 8). It can be seen that in
the upper valence bands close to the Fermi level, the p
states of C, N, O in —C=0, and Br atoms make more
important contributions than those of the atoms H and
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Figure 8. Total and partial density of states (DOS) of the

complex 1. The Fermi energy is shown as a dashed vertical
line.
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O in —OH. It is hence expected that the upper valence
bands mainly consist of the C, N, O in —C=0, and Br
atoms. In contrast, the conduction bands are dominated
by the p states of C, N and O atoms. Therefore, the ring
atoms of C and N are mixed up in the six-member ring
which is consistent with the analytical result from the
determined crystal structure.

4. Conclusions

An interesting 2D helical supramolecular architecture
driven by hydrogen and halogen bonding was syn-
thesized and characterized. Experimental results have
been fully rationalized at the molecular level via DFT
and TDDFT calculations. The cooperation between HB
and XB in building up open organic architectures was
successfully demonstrated, although the former is far
stronger than the latter. At room temperature, the dimer-
ization of TPB and BMBA is an exothermic process
accompanied by a decrease in the degree of disorder,
and a supramolecular architecture can be assembled
via a spontaneous process through the intermolecu-
lar hydrogen bonding O—H---N. Thermogravimetric
analysis and luminescence spectroscopy indicate that
complex 1 is a potential candidate of thermally sta-
ble blue fluorescent materials with the intra-ligand
charge transfer character. Band structure and density
of states calculations show that the crystal of com-
plex 1 is an electrical insulator with a band gap of
329 eV.

Supplementary Information

CCDC 758843 contains supplementary crystallogra
phic data of complex 1. The data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax:
t44 1223 336033) or e-mail: deposit@ccdc.cam.ac.uk.
Figures S1 and S2, and the details of crystal param-
eters, data collection and refinements for the complex
1 are summarized in Table S1 in Supporting Informa-
tion. Selected bond lengths and angles are listed in
Tables S2—S4. Supplementary Information is available
at www.ias.ac.in/chemsci.
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