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Here we have prepared a dihydrochloride salt dihydrate of the well-known trans-1,2-bis(4-pyridyl)ethene
(BPE) featuring both photoluminescent and nonlinear optical properties. In its triclinic lattice (space group
P1), BPE cations are stacked face-to-tail through =---n interactions between the spacer double-bonded
carbons and the protonated pyridyl ring, with a slippage of 3.45 A always towards the same direction,
which is common in other NLO crystals. The existence of inversion symmetry was suggested in its crystal
structure, which was ruled out by the SHG emission centred at 487 nm upon excitation at 974 nm. While
the fully optimized single molecule of the divalent BPE cation in the gas phase had almost null g, fiot fct
and fyec values calculated at the CAM-B3LYP/NLO-V//B3LYP/6-31G* level of theory, these values differed
from zero in the crystal conformation. More interestingly, a ca. 4-fold increase in S, @ and g was ob-
served for the n---m stacked four-molecules as found in its crystal structure. Lastly, this BPE material pre-
sents high photoluminescence emission centred at 425 nm under excitation at 366 nm, being therefore a
multifunctional optical crystal form.
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Introduction

Second order non-linear optical (NLO) properties have been
largely investigated in many inorganic and organic materials.*
Currently, the design and screening of organic materials with
NLO efficiency significantly higher than that of inorganic
ones are much focused on.” There are two main requirements
for a crystal form of a molecular compound to exhibit NLO
properties. The first is intramolecular, namely, the organic
compound should have donor-acceptor m-electron moieties
spaced by conjugated bridges, i.e., there is a n-electron delo-
calization path crossing through the n-electron rich and poor
functional groups.’ Besides having a polarizable n-cloud with
electron donating and accepting groups, the second essential
feature of such compounds is intermolecular, as they must
crystallize without centrosymmetry in the crystal lattice.* Such
an intermolecular requirement is treated as a challenge in
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crystal engineering applied to crystalline NLO materials be-
cause of their high molecular dipole moment as a conse-
quence of terminal donor and acceptor m-electron moieties.
As expected, dipole-dipole interactions are strong in these
materials and they do drive an antiparallel fashion of packing
in order to cancel out each dipole.>® As a result, an inversion
center does occur in the crystal lattice of most molecular com-
pounds conceived to present a NLO feature, which is respon-
sible for vanishing the macroscopic second order polarizabil-
ity from the crystal. However, several examples overcoming
this undesirable crystal packing tendency from a NLO point
of view are reported in the literature.”

As part of our continuous studies dealing with crystal en-
gineering in molecular crystals, here we were concerned in
planning a new promising NLO-exhibiting material invoking
ground chemical principles for simple organic compounds.
For this purpose, trans-1,2-bis(4-pyridyl)ethene (BPE), a well-
known and straightforward molecule even without the intra-
molecular NLO requirement, was chosen for a crystal engi-
neering strategy. This compound does not contain any
n-electron acceptor group at one of its tails, even though
there is a presence of m-electron donor pyridyl nitrogen and
also m-electron delocalization encompassing its whole molec-
ular backbone. To the best of our knowledge, BPE has been
investigated as a ligand for transition metal ion complexes

This journal is © The Royal Society of Chemistry 2017
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and cocrystals conceived for NLO applications,® but no NLO
study on the crystal forms made up of only BPE, or of BPE to-
gether with crystallization matrix component(s) has been
found in the literature thus far. We have here prepared a di-
hydrochloride salt dihydrate of BPE through the protonation
of both pyridyl nitrogens using hydrochloric acid. The pro-
tonated form of BPE has crystallized in a non-
centrosymmetric space group which was confirmed based on
the second harmonic generation (SHG) from the crystals,
since pseudo symmetry effects have introduced doubt on
crystallization in a higher-symmetry centrosymmetric space
group. In this study, we report the preparation, structural elu-
cidation, DFT calculations and SHG signal of this organic salt
dihydrate candidate for NLO application, together with the
photoluminescence (PL) excitation and emission results for
this multifunctional optical material.

Experimental
Preparation of the BPE dihydrochloride salt dihydrate

Firstly, a quantity of 2 mg of BPE (0.011 mmol) was dissolved
in isopropyl alcohol (5 mL) under stirring for 5 min at room
temperature (25 °C). In sequence, this solution was mixed
with another solution of hydrochloric acid in water at a 0.28
mol L™" concentration (0.25 ml, 0.07 mmol) under stirring (5
min, 25 °C). After slow evaporation of the resulting solution
upon standing (15 days, 25 °C), needles were formed on the
bottom and sides of the glass crystallizer. The totality of the
synthesis and the crystal phase purity were confirmed
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Fig. 1 Powder X-ray diffractograms of the BPE dihydrochloride salt
dihydrate simulated from the single-crystal structure (red) and experi-
mentally acquired (black). Intensity data were acquired at 298 K using
graphite monochromatized CuKa radiation (2 = 0.15418 nm) generated
at 40 kV and 30 mA on a Shimadzu XRD-6000 diffractometer (contin-
uous #-20 scan mode with a scan speed of 1.000° min™%, a collection
step of 0.020°, divergence and scattering slits at 1.000°, and receiving
slit at 0.300 mm).
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through the powder X-ray diffraction technique after SHG
measurement (Fig. 1).

Structure determination of BPE dihydrochloride salt
dihydrate

A needle-shaped single crystal measuring 0.24 x 0.10 x 0.05
mm?® was isolated from the glass crystallizer and mounted on
a 100 pm loop (MiTeGen MicroLoops™). Next, the crystal
was centered on the goniostat of a Bruker-AXS Kappa Duo
diffractometer with an APEX II CCD detector. MoKo. radiation
from an IuS microsource with multilayer optics was employed
for X-ray intensity collection at 23 °C. The diffraction frames
were recorded by ¢ and o scans using APEX2 software’ for
data collection strategy and frame acquisition. Raw dataset
treatment including indexing, integrating, reducing and scal-
ing of Bragg reflections was also performed using the pro-
gram APEX2.° The structure was solved by direct methods
with SHELXS-97,'° wherein C, N, O and Cl were directly
assigned from the electron density Fourier map. The initial
model was refined by the full-matrix least squares method
using F* with SHELXL-97.'° Anisotropic and isotropic atomic
displacement parameters were set for non-hydrogen and hy-
drogen atoms, respectively. Each hydrogen had its isotropic
displacement parameter fixed [Ujso(H) = 1.2 Ueq(C or N) or 1.5
Ueq(O)]- Hydrogens bonded to carbons were positioned stereo-
chemically with constrained C-H bond lengths of 0.93 A fol-
lowing the riding model, while hydrogens bonded to water ox-
ygens and protonated pyridyl nitrogen were doubtlessly
assigned from the electron density difference Fourier map.
The coordinates of water and N'-H hydrogens were
constrained after their assignment. In addition, the central
double-bonded carbons were found to be disordered over two
sets of 50% occupancy sites each. The programs MERCURY"!
and ORTEP-3 (ref. 12) were used within the WinGX'? software
package to prepare the artwork representations. CCDC refer-
ence number 1489318 contains the crystal data for the BPE di-
hydrochloride salt dihydrate in the space group P1 (Table 1).

SHG measurements of BPE dihydrochloride salt dihydrate

The second harmonic emission intensity of the crystals was
evaluated by a Second Harmonic Generation (SHG) measure-
ment setup. The 974 nm output of a CW diode laser
(Crystalaser) operating at different powers was used as the
pump beam. The crystals as obtained after slow solvent evap-
oration, i.e., without either breaking or powdering them, were
mounted in a random orientation onto a fixed mirror stage
with an angle of 45° related to the pump beam, and the SHG
signal was collected at reflectance configuration at 90° with
respect to the pump beam using a double monochromator
and a Hamamatsu photomultiplier tube, both integrated in
the Fluorolog FL3-221 equipment (Horiba Jobin-Yvon). The
signals around ca. 487 nm were collected by using emission
slits of 2 nm, a time integration of 1 second, and increments
of 0.2 nm.
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Table 1 Crystal data and refinement statistics of the BPE dihydrochloride salt dihydrate [(C;,H;,N,)Cly(H,0),] in different space groups (data collection

at 296 K using MoKa beam)

Space group r1 r1 Cc2 Cm C2/m
a (A) 4.75320(10) 18.3146(4)

b (A) 8.1538(2) 8.1538(2)

c () 10.0237(2) 4.75320(10)

a(°) 113.9970(10) 90

Q) 91.2750(10) 91.3970(10)

7 (9) 90.0030(10) 90

V(A% 354.801(13) 709.60(3)

z/z" 11 1/0.5 2/0.5 2/0.5 2/0.25
Unique reflections 2496 1438 1443 1349 774
Unique reflections with I > 20(I) 2261 1305 1312 1242 717
Symmetry factor (Rin) 0.0341 0.0518 0.0526 0.0377 0.0542
Completeness to Oax (%)/0max (°) 99.8/26.36 99.9/26.36

F(000) 152 304

Parameters refined 182 91 82 103 53
Goodness-of-fit on F* 1.109 1.097 0.977 1.154 1.970
Final R, factor for I > 20(I) 0.0493 0.0691 0.0782 0.0675 0.1189
WR, factor for all data 0.1569 0.1836 0.2366 0.1818 0.3887
Largest diff. peak/hole (E/AS) 0.305/-0.286 0.366/-0.729 0.458/-0.608 0.379/-0.757 0.596/-1.626

“ Z and Z' numbers are relative to the (C;,H;5N,)Cly(H,0), formula.

Theoretical calculations of NLO parameters

All calculations were performed using Gaussian 09."* The ge-
ometries of the single molecule and the cluster of four mole-
cules were extracted from the crystal structure of the BPE di-
hydrochloride salt dihydrate. Firstly, prior to the electrical
property calculation, two different strategies were carried out
for the geometry optimization of the single-molecule. In one
of them, the conformation found in the crystal was fully opti-
mized without constraints (full optimization), while in the
other one only the CH and NH bonds were optimized by
freezing the coordinates of all C and N atoms (partial optimi-
zation). This last approach was employed for the four n--n
stacked molecules. In all cases, the geometry optimizations
were performed at the B3LYP/6-31G* level of theory. All the
electrical properties were next computed at the CAM-B3LYP/
NLO-V level of theory, using the B3LYP/6-31G* optimized ge-
ometries as inputs. The hybrid exchange-correlation func-
tional CAM-B3LYP is the long-range corrected version of
B3LYP that accounts for the true asymptotic behavior at long
interelectronic distances.'* NLO-V is a valence-double-zeta-
polarized (VDZP) basis set that represents the augmented and
re-contracted version of the Ahlrichs VDZ basis set, with ra-
dial exponents optimized for NLO calculations.”® The combi-
nation of the CAM-B3LYP functional with the NLO-V basis set
was found to provide satisfactory predictions of NLO proper-
ties of organic molecules.'®> The NLO-V basis set is not avail-
able in Gaussian 09, and was downloaded from http://bse.
pnl.gov/bse/portal.

The average first hyperpolarizability values (f.) were cal-
culated according to:

Ba=\B +B + B
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where the Cartesian S, f, and S, elements were calculated
from the tensor elements S, according to:

1 .
B =§Z(ﬂikk + B+ By Wk=x.y. 250 =x,.2

The projection of S, in the dipole moment direction (Syec)
was computed according to:

B = o 4B
vee - “IJ‘

PL excitation and emission measurements of BPE
dihydrochloride salt dihydrate

PL excitation and emission spectra were recorded using a
double monochromator and a Hamamatsu photomultiplier
tube as the detector (Fluorolog FL3-221 from Horiba Jobin-
Yvon), under excitations from a Xe arc lamp delivering 450
W. The bandpass was fixed at 1.0 nm, and each point was
collected at each 1.0 nm. The emission color coordinates of
the BPE crystals were determined using the experimental
setup based on the PL emission spectra recorded by an inte-
grating sphere and the software FluorEssence V3.5 integrated
with the spectrofluorimeter (Fluorolog FL3-221, Horiba Jobin-
Yvon). To measure the diffuse reflectance spectrum of the
BPE dihydrochloride salt dihydrate, BaSO, powder was used
as the reference material, and the spectrum was collected
from 250 to 1400 nm. The absorption relates to the optical
transition of electrons from the valence band to the conduc-
tion band and can be used to determine the character and
values of the optical bandgap E, of the crystals. Therefore,
the optical bandgap of the sample was calculated on the

This journal is © The Royal Society of Chemistry 2017
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basis of the diffuse reflectance spectra using the equation:

F(R)= A(hvh—v E,)"

where FA(R) = (1 - R)*/(2R) is the Kubelka-Munk function,'® R
is the ratio between the diffuse reflectance from the sample
and a reference material (in this study, BaSO,), A is a con-
stant, hv is the incident photon energy, and m is 1/2 or 2 for
undirected and direct transitions, respectively. Thus the value
of the direct bandgap E, for the crystal was obtained by ex-
trapolating the linear part of the plot of (F(R)kv)” versus hv to
Zero.

Results and discussion
Crystal structure

BPE is a weak NLO-phore in its neutral form due to the pres-
ence of two m-electron donor pyridyl nitrogens at the mole-
cule tails hindering charge transfer along the molecular skel-
eton. Likewise, the protonation of both pyridyl nitrogens
would give rise to a divalent cationic molecule with two
n-electron acceptor iminium moieties with higher intramolec-
ular charge transfer ability. Furthermore, intermolecular
charge transfer occurs as a consequence of the face-to-tail
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stacking of protonated BPE molecules along the [100] direc-
tion through 77 interactions (Fig. 2). Such interactions are
established between the donor m-electrons from the spacer
double-bonded n-electron-rich carbons and the m-acceptor
protonated electron-deficient pyridyl rings, which is possible
due to the stacking of the translation-symmetry related mole-
cules to have a slippage of 3.45 A (Fig. 2). It is important to
observe that such a face-to-tail stacking fashion does not re-
sult in a zigzag chain with alternating slippage directions. In
the dihydrochloride salt dihydrate of BPE, the slippage in the
stacking of BPE molecules occurs always towards the same
direction as it occurs in the promising NLO crystal of
p-nitrobenzylidene-p-phenylamineaniline.” This results in all
chains of stacked molecules running in the same direction,
with the intermolecular dipole-moment pointing towards the
same direction and then avoiding their cancellation if other-
wise they had been on opposite directions. Such a growth di-
rection of the chains is another interesting crystal packing
feature impacting on the SHG of our salt as it was already ob-
served in the crystals of potential NLO materials.®"’
Concerning the metrics of the key n---n interactions responsi-
ble for charge transfer here, the distances between the cen-
troids calculated through C6 (or C6D) and C7 (or C7D) and
through pyridyl rings A (N1, C1 to C5) and B (N2, C8 to C12)
are 3.519(2) A (or 3.547(2) A) and 3.500(2) A (or 3.472(2) A),
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Fig. 2 A view of the crystal structure of the BPE dihydrochloride salt dihydrate (right) and insets of the asymmetric unit (top; non-hydrogen atoms
as 30% probability ellipsoids) and supramolecular chains (hydrogen bonds and 7---n interactions are shown as dashed black and green lines,

respectively).
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respectively, without a stacking bend angle. Such interactions
are significantly energetic and therefore favoured due to the
fact that the acceptor n-cloud is positively polarized as in the
case of our crystal form of BPE present with one net positive
charge at each pyridyl ring.

The two chloride anions and the divalent cation of BPE
found in the non-centrosymmetric triclinic unit cell are hy-
drogen bonded through N'-H:--CI, forming a planar neutral
building block (BPE)Cl,, with a RMSD value calculated for
the least square plane crossing through its sixteen non hydro-
gen atoms of 0.0298 A if calculated with C6 and C7 or 0.0327
A if calculated with C6D and C7D. There are no significant
differences in the hydrogen bonding geometric parameters of
the two crystallographically independent N'-H:-- CI” hydro-
gen bonds which could reflect a noteworthy dipole moment
through the (BPE)CI, bluing block, except for the angle of the
interactions slightly differing by 3° (Table 2). These building
blocks are packed side-to-side and head-to-head into a two-
dimensional sheet through nonclassical C-H---Cl” bonds in-
volving the two CH moieties at 3 and 5 positions of both
pyridyl rings and chloride counterions from neighboring
building blocks. Whether the (BPE)Cl, units are packed side-
to-side through these interactions, they form a planar chain.
Each planar chain is further packed head-to-head to another
one, with a rise of 1.0 A (Fig. 2).

Water molecules play an important role in the crystal as-
sembly of the dihydrochloride salt dihydrate (Fig. 2). They
form a hydrogen bonded wire growing along the [100] direc-
tion. In these wires, each crystallographically independent
water molecule is a hydrogen bond donor to the oxygen of
another one. The other hydrogen of each water molecule is
engaged in hydrogen bonding with chloride anions of
stacked building blocks. However, one water molecule is a
hydrogen bond donor to chloride interacting with pyridyl,
while the other crystallographically independent water is hy-
drogen bonded to chloride connected to pyridyl ring B. Con-
sequently, these two water molecules are alternated into the
wires to interact with stacked building blocks forming chains
packed onto the (100) plane (Fig. 2).

We have evaluated the presence of higher symmetry in the
crystal structure of the dihydrochloride salt dihydrate of BPE.
Symmetry elements of the C-centered monoclinic setting
(space group C2/m) were found using PLATON.'® We have

Table 2 Geometry of intermolecular hydrogen bonds in the BPE di-
hydrochloride salt dihydrate (distances in A and angles in ©)

Motifs D-H--A D-H H-A DA D-H--A
Py’ -Cl” N1P-H1P---Cl1 0.86 2.15 3.008(6) 176
N2P-H2P---CI2 0.86 2.15  3.006(6) 173
C1-H1---CI2 0.93 2.67 3.545(9) 158
C5-H5---CI2 0.93 2.68  3.552(9) 157
C10-H10---Cl1 0.93 2.67  3.543(9) 157
C11-H11---Cl1 0.93 2.67 3.546(9) 158
Water-Cl- O1W-H1W--Cl1  0.84 2.37 3.126(8) 150
O2W-H3W--Cl2  0.99 2.16 3.120(8) 162
Water-water O1W-H2W---O2W 0.85 2.01  2.641(9) 130
O2W-H4W---O1W  0.99 1.90  2.632(9) 129
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Fig. 3 (a) SHG emission spectra of BPE dihydrochloride salt dihydrate
crystals, excited by a CW diode laser operating at ~974 nm with
different powers. (b) SHG intensity values at ~487 nm as a function of
the CW diode laser power and a calculated curve from a quadratic
function (red line).

thus checked carefully the systematic extinctions. Neither re-
flection has violated the systematic extinction condition for
the presence of the C-centering, ie., no reflection with an
odd (i + k) sum was observed (mean Int./ocInt. < 2.0). The
structure was then solved and refined in all C2, Cm and C2/m
space groups, but the outputted refinement statistics were
worse than those outputted by the refinement in the P1 space
group, as can be viewed in Table 1. Besides that, geometry
faults in the open-chain and non-definite positive ellipsoids
were observed if refined in C2 and Cm space groups, respec-
tively. Furthermore, the presence of inversion symmetry as
occurs in the refined C2/m and P1 space groups was excluded
through SHG by the BPE dihydrochloride salt dihydrate crys-
tals, which have also yielded statistical parameters worse
than those from refinement in P1. Therefore, we concluded
this to be a typical pseudo centrosymmetric case besides a
pseudo C-centered lattice with odd (% + k) sum reflections be-
ing systematically weak but not absent. Despite that SHG is
typically observed in noncentrosymmetric materials,"® how-
ever, a few compounds can be solved in centrosymmetric
space groups with residual non-centrosymmetry concluded

This journal is © The Royal Society of Chemistry 2017
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from SHG, as occurs in the complex [Zn,(benzoate),(4-
styrylpyridine),].>° This complex has been successfully refined
in the C2/c space group despite the presence of SHG. In this
structure, a true crystallographic inversion centre is found in
the middle of the paddle wheel shaped discrete coordination
complex molecule. The observed large second-order
nonlinearity is attributed to a small excess of polarity packing
there. In our structure, there is polarity in the BPE*" molecu-
lar backbone as well as in its packing, as can be seen in se-
quence in the theoretical NLO parameters. This study then
reinforces the importance of assessing if a higher symmetry
is in fact in the crystal lattice, since important properties
depending on the absence of centrosymmetry, such as NLO,
can even be neglected in an early stage of screening for these
materials upon forcing a crystal to assume symmetry that it
only appears to have.

Experimental SHG

Fig. 3 illustrates the SHG signal centered at ca. 487 nm of the
BPE dihydrochloride salt dihydrate crystals. For these mea-
surements, different powers delivered by a CW diode laser
emitting at ~974 nm were used. To confirm that the second
harmonic of the laser was not present, a measurement was
made using only the mirror (without sample), and, as
expected, no signal was detected. Fig. 3(a) shows the depen-
dence of the SHG intensity (~487 nm) on the fundamental
beam (~974 nm) incident power ranging between 40 mWwW
and 220 mW. In fact, upon increasing the laser power onto
the BPE dihydrochloride salt dihydrate crystals, the sample
SHG signal presents a high increase. A best fitting was
performed from a quadratic function, Fig. 3(b) (straight
red line), and a good adjusted R-square of 0.99823 was
obtained. This quadratic behavior agrees well with
nonlinear optical theory prediction,> and, in the studied la-
ser power range of 40-220 mW, we have not detected a satu-
ration effect at higher powers, considering that each point of
the spectra was collected for 1 second. Our results suggest
that these new BPE dihydrochloride salt dihydrate crystals
are suitable for small size devices which require nonlinear
optical properties, such as microlasers, for example. We have
also attempted to measure SHG from the powder sample
obtained after grinding the crystals, but no SHG intensity
was acquired with the same experimental optical setup used
for the crystals before powdering them. Such SHG quenching
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through powdering larger crystals was also observed in the
centrosymmetric complex [Zn,(benzoate),(4-styrylpyridine),]
present with residual non-centrosymmetry.>’

Theoretical insights into second-order nonlinearity

In addition to the SHG measurement, we have also analyzed
theoretically the microscopic NLO response of BPE in its fully
protonated form as found in the dihydrochloride salt
dihydrate. The dipole moment (), average polarizability (),
average first hyperpolarizability (8. and projection in the
dipole-moment direction (fy..) with a static field (v = 0) were
estimated, at the CAM-B3LYP/NLO-V// level of theory, for sin-
gle and four-molecules (Table 3).

Full optimization has converged to a twisted BPE cation,
with an angle between the pyridyl planes of ca. 16°, while
partial optimization has outputted a planar molecule resem-
bling the crystal conformation as a consequence of freezing
all C-C and C-N bonds during geometrical optimization. The
fully optimized molecule had almost null g, S and Pyec,
which reflects its non-polarity. However, these values differ
from zero in the crystal conformation (partial optimization),
revealing a molecular polarity gain upon crystallization in the
dihydrochloride salt dihydrate. More interestingly, a ca.
4-fold increase in the main NLO descriptor S, and also in o
and u was observed for the tetramer of 1**, reflecting the po-
lar stacking fashion of four molecules by means of n--n
interactions.

Face-to-tail stacking is responsible for pointing the inter-
molecular charge transfer (CT) direction (see below) of all
molecules in the same direction, resulting in a large increase
in the microscopic theoretical NLO parameters which are
proportional to the number of packed molecules. Here, it is
important to take into account that all n---n stacked chains
grow in the same direction, i.e., they are not inverted in the
crystal lattice, which would cancel intermolecularly the CT.
Such a CT orientation does not occur in centrosymmetric
crystals featuring face-to-face molecular stacking, wherein
each molecule is antiparallel-pillared on each other, thus can-
celling the overall macroscopic CT.® Likewise, intramolecular
CT also occurs in the crystal conformation. This can be de-
rived from the two-state model,>> where the CT contribution
to the overall first hyperpolarizability, namely, fcr, prevails.
The fcr is related to the transition features from the ground
state (g) to the excited state (e), being proportional to the

Table 3 Dipole moment (x), average polarizability («), average first hyperpolarizability (5.d). and its projection in the dipole moment direction (fyec)

(static field) calculated for the fully protonated form of BPB

Input 4 (Debye) a (107 esu) Brot (107° esu) Poee (107%° esu)
BPE*"* 0.15 2.20 3.56 2.63

BPE2*? 0.08 2.42 0.0013 0.0010

4 BPE>"**¢ 0.58 8.35 12.55 4.67

“ The conformation found in the dihydrochloride salt dihydrate has been inputted in the calculations, but only the CH and NH bonds were
optimized at the B3LYP/6-31G* level of theory before extracting the shown NLO parameters at the CAM-B3LYP/NLOV// level. ® Contrary to the
previous footnote, all bonds were fully optimized. ¢ The four molecules are n-- 7 stacked neighbors as shown in Fig. 2.

This journal is © The Royal Society of Chemistry 2017
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MO 48 (HOMO) (a) MO 49 (LUMO)

AE =3.86 eV
f=0.9063

MO 48 (HOMO) (b)

MO 49 (LUMO)

Fig. 4 Molecular orbitals involved in the charge transfer transition
calculated at the CAM-B3LYP/NLOV// level by optimizing either only
(@) C-H and N-H bonds (partial optimization) or (b) all bonds (full opti-
mization) at the B3LYP/6-31G* level of theory. HOMO and LUMO rep-
resent the ground and excited states, respectively. f, AE and Ax denote
the oscillator strength, transition energy and the change in dipole mo-
ment upon excitation, respectively.

(f Aw)IAE® ratio, wherein f, AE and Au are the oscillator
strength, transition energy and the change in dipole moment
upon excitation. Substituting into this expression the values
given in Fig. 4, where the main molecular orbitals (MOs) of
the two electronic states involved in the intramolecular CT
transition are shown, fcr values of 5 x 10 and 298 x 10™* D
eV were calculated for the fully and partially optimized sin-
gle molecules, respectively. These values are in agreement
with the corresponding S, values shown in Table 3 (0.0013 x
107*° esu and 3.56 x 10~*° esu for full and partial optimiza-
tions, respectively). Therefore, intramolecular CT contributes
to the NLO response of the dihydrochloride salt dihydrate of
BPE. This should also be the case for the packed four-
molecules; however, the two-state model is not enough to as-
sess the individual contributions to the NLO response, be-
cause the transitions have contributions from several excita-
tion levels and they do not allow ascertaining precisely the
CT.>> Even so, intermolecular CT is found in the face-to-tail
n---n stacked four-molecules (Fig. 2). Such an interaction is
supported on the distribution of the main MOs. The HOMO
orbital is mainly located over the double-bonded carbons C6
and C7, while LUMO is mostly distributed over their neigh-
boring single bonds and pyridyl rings from two stacked
molecules.

Photoluminescence emission measurements

In Fig. 5, the photoluminescence (PL) excitation and emis-
sion spectra of BPE dihydrochloride salt dihydrate crystals
are presented. The excitation spectrum was acquired moni-
toring the emission at 425 nm, which was the only emission
band observed. Also, emission spectra are shown for excita-
tions at 280, 335 and 366 nm wavelengths (4.43 eV, 3.70 eV,
and 3.39 eV respectively). Three bands between 270 and 370
nm are observed in the excitation photoluminescence spec-
tra, which led to a broad band emission between 370 nm and
550 nm (ultraviolet, violet, blue and green emissions), with
the maximum at 425 nm (2.91 eV). This PL emission can be
related to the LUMO to HOMO transition and some energy
lost to vibrational oscillations. Note in Fig. 4(b) that the en-
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Fig. 5 Photoluminescence excitation and emission spectra of BPE

dihydrochloride salt dihydrate crystals.

ergy difference between LUMO and HOMO is 3.86 eV, being
close to the excitation band centre at 3.70 eV (335 nm). How-
ever, the highest emission occurs for the excitation in the
lowest energy band at 3.39 eV (366 nm), and probably the ex-
cited levels are coupled to the phonon modes of the crystal.
This broad band emission of BPE dihydrochloride salt
dihydrate crystals seems to be useful for optical applications
in OLEDs, such as light emitters.

Fig. 6 shows the colorimetric coordinates (x = 0.22 and y =
0.16, closed blue circle) of our crystal, being closer to blue
color (x = 0.17 and y = 0.00), but shifted to standard white
color (x = 0.33 and y = 0.33, open circle in Fig. 6), characteriz-
ing thus a cold-white PL emission. This bluish emission color
is desired for solid state lighting (SSL) applications.

The diffuse reflectance spectrum of BPE dihydrochloride
salt dihydrate crystals is illustrated in Fig. 7, with its strong
optical bandgap absorption around 379 nm. In fact, the ma-
terial absorbs from 600 nm to 250 nm, but the highest ab-
sorption occurs between 425 nm and 250 nm. As shown in
Fig. 7, the direct bandgap E, for the crystal is 3.27 eV. This E,
value is smaller than that calculated and shown above (3.86

0.9
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CIEy

0.4

0.3

0.24
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Fig. 6 CIE 1931 color coordinates of the PL emission from BPE
dihydrochloride salt dihydrate crystals.
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Fig. 7 Diffuse reflectance spectrum of BPE dihydrochloride salt

dihydrate crystals from 250 to 1400 nm, and its bandgap
determination.

eV). It may be due to the fact that this calculated E, took into
account a fully-optimized molecule and did not consider any
lattice defect or environment which could have introduced
new electronic levels inside the crystal bandgap.

Conclusions

Here we have prepared a new NLO material from the well-
known BPE invoking the fundamental acid-base concept. Its
synthesis is practical, easy and rapid, requiring only one step,
besides presenting low cost and 100% yield. It is character-
ized by the presence of a planar hydrogen bonded building
block (BPE)Cl, and two water molecules in the triclinic unit
cell. The protonated BPE molecules are stacked face-to-tail
along the [100] direction through 7---7 interactions. Such in-
teractions are established between the donor m-electrons
from the spacer double-bonded carbons and the acceptor
protonated pyridyl ring. Furthermore, there is a slippage of
3.45 A in the stacking of BPE cations always stacked towards
the same direction, which is found commonly in other NLO
crystals. Even though its crystal structure has been solved
and refined in the space group P1, this material has a pseudo
centrosymmetry. However, SHG measurements and theoreti-
cal NLO parameters, calculated at the CAM-B3LYP/NLO-V//
B3LYP/6-31G* level of theory for the crystal conformation and
its aggregate, have confirmed the absence of a true inversion
centre in the structure. When compared to one single BPE
cation in its locked crystal conformation, there was a ca.
4-fold increase in the main NLO descriptor S, as well as in
o and u for the molecular cluster made up of four n--m
stacked BPE cations. Therefore, such a face-to-tail stacking
fashion through n---n interactions between the n-electron
rich double-bonded carbons and the m-acceptor protonated
pyridyl ring has been responsible for the magnification of the
first hyperpolarizability and thus the found macroscopic NLO
response. On the other hand, g, fior, fcr and fye. did not de-
viate significantly from zero for the gas phase BPE cation.
Therefore, the dihydrochloride sat dihydrate form of the

This journal is © The Royal Society of Chemistry 2017
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long-time studied BPE is a promising candidate for NLO ap-
plications. Also, this new NLO material presents a broad
band photoluminescence emission with a maximum at 425
nm, having the highest emission intensity for 366 nm excita-
tion. It is a smart optical material with dual functionality
which can be tuned according to need in optical devices.
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